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A B S T R A C T   

The interest in occupant interaction with building controls and automation systems is growing due to the wider 
availability of embedded sensing devices and automated or intelligent building components that can integrate 
building control strategies with occupant-centred data and lead to greater occupant satisfaction and reduction in 
energy consumption. An area of particular interest is the interaction strategies between occupants and the so 
called automated facades, such as dynamic shading devices and switchable glazing. Occupant-Facade in
teractions are often disruptive and source of dissatisfaction because of conflicts between competing re
quirements, e.g. energy-efficiency and indoor environmental quality. To solve these conflicts, expertise from 
several disciplines is required, including Behavioural Science and Building Physics, but the absence of common 
research frameworks impedes knowledge transfer between different fields of expertise. This paper reviews 
existing multi-disciplinary research on occupant interaction with facades, buildings and automation systems and 
provides a new classification scheme of Occupant-Facade interaction. The scheme is based on an extensive re
view of interactive scenarios between occupants and facades that are summarised in this paper. The classification 
scheme was found to be successful in: 1) capturing the multidisciplinary nature of interactive scenarios by 
clarifying relationships between components; 2) identifying similarities and characteristics among interactive 
scenarios; 3) understanding research gaps. The classification scheme proposed in this paper has the potential to 
be a useful tool for the multi-disciplinary research community in this field. The review also showed that more 
research is needed to characterise the holistic and multi-disciplinary effect of occupant interaction with intel
ligent building components.   

1. Introduction 

The requirements for high-performance buildings have become more 
complex in recent years [1] due to the need for low-carbon construction 
[2] and the growing awareness relationships between indoor environ
mental quality (IEQ) and occupant health, wellbeing and productivity 
[3]. Building automation is a promising solution for low-energy build
ings, particularly when actuation systems and ubiquitous sensing de
vices are used in conjunction with Artificial Intelligence (AI) (Fig. 1a) in 
and outside buildings [4]. AI algorithms can process many information 
streams from sensing devices, and allow intelligent building components 
to make autonomous decisions that aim to optimise operational building 
performance [5]. For instance, environmental control systems can be 
automatically adjusted to anticipate or respond to changing 

environmental conditions and meet occupant comfort requirements 
whilst minimising energy use [6]. 

This growing number of so called smart/dynamic/adaptive/intelli
gent building components has also increased the number of possible 
interactions that occupants can have with building components. For 
instance, occupants can now communicate with automated building 
control strategies and actively influence them [1]. Automated or intel
ligent control systems can also monitor occupant behaviour and 
response to adapt to and learn from the daily routines of people [8]. 
However, despite the level of technological development of building 
automation systems, occupants are often dissatisfied with control stra
tegies and related interactions with automated systems [9]. Automated 
control systems often give rise to conflicts, namely: 1) Occupant needs 
for personal control and energy-efficient automation strategies [10]; 2) 
Energy-efficiency strategies versus IEQ [7,11]; 3) Different needs for 
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occupant holistic satisfaction, such as maximising daylight whilst con
trolling overheating [12]; 4) Complexity and Ease-of-use [13]; 5) Indi
vidual expectations in multi-occupant spaces [14](Fig. 1-b). A 
well-considered design of smart building components requires therefore 
to meet multi-domain requirements and interest is growing for novel 
methods that could help to assess them. 

Facades represent a direct means for occupants to control and change 
the indoor environment thereby providing a significant scope for 
interaction between occupants and automated or intelligent building 
components [15]. Historically, occupant interaction with facades has 
always been crucial in ensuring occupants satisfaction with their level of 
personal control (e.g. opening a window or drawing a curtain) [16]. The 
advent of smart materials and automated controls has led to the devel
opment of so-called automated, intelligent, adaptive, smart or dynamic 
facades. These facades can dynamically modify their properties (e.g. 
modulating thermal or solar energy transmission, air flow and/or 
daylight) in response to changing indoor demands and outdoor condi
tions. Intelligent Facades have the potential to improve IEQ levels while 
reducing building energy use [17]. Examples of such building technol
ogies include switchable and smart glazing, dynamic shading devices or 

automated operable windows. However, documented case studies show 
that ill-considered design of occupant interaction with automated fa
cades can lead to poor building performance and low occupant satis
faction [15,18–20]. The reasons for this mismatch between predicted 
and actual occupant satisfaction with automated buildings facades 
performance are intrinsically multi-disciplinary [21]. 

Ongoing research that investigates, and seeks to improve, the 
interaction between occupants and automated or intelligent facades or 
buildings is carried out from multiple disciplines, including: automation 
engineering, building physics, environmental psychology and user 
experience design. There is a notable lack of comprehensive studies that 
capture the multi-component and multi-disciplinary complexity of 
occupant interaction with intelligent facades and automation systems 
[22]. There is at present no common classification scheme or taxonomy 
for characterising Occupant-Facade or Occupant-Building interactions 
across different disciplines. Each of these disciplines has its own set of 
paradigms, taxonomies and research methods and uses its own 
discipline-specific terminology. Without a common framework, the 
generalization of findings on occupant preferences and interactions 
across multidisciplinary research areas is challenging, and results often 
remain confined to single discipline domains [22]. Because of this 
knowledge gap, previous review studies on Occupant-Building or 
Occupant-Facade interaction have mostly focused on a single compo
nents of occupant interaction with intelligent facades or automation 
systems (Fig. 1). For instance, previous works reviewed occupant-centric 
control strategies for energy performance [5] or thermal comfort [23]. 
In addition, existing reviews on occupant interaction with facades are 
typically confined to specific interactions with specific components, 
such as occupant interaction with windows [24] or with blinds [25]. 

The aim of this study is to produce a classification scheme that 
captures the combinations and permutations of Occupant-Facade in
teractions and investigates different interactive scenarios from the 
perspective of the occupant. This is achieved by: (i) reviewing existing 
multi-disciplinary research and consulting with the broader research 
community to develop the new classification scheme described in Sec
tion 2; (ii) Using a carefully selected number of case studies of Occupant- 
Facade interaction to test and validate the classification scheme as 
shown in Section 3; (iii) Using the classification scheme to gain new 
insights on this field of research, discussed in the Section 4, and (iv) 
draw overarching conclusions in Section 5. The classification scheme 

Abbreviation list 

AI Artificial Intelligence 
B Building Service 
Ei Indoor Environment 
Eo Outdoor Environment 
F Facade 
HCI Human Computer Interaction 
HVAC Heating Ventilation Air Conditioning 
I Direct Interaction 
IAQ Indoor Air Quality 
IEQ Indoor Environmental Quality 
O Occupant 
L Control Logic 
Lm AI-Enhanced Control Logic 
S Automatic Sensing  

Fig. 1. Building automation principal components (a): 1. Sensing devices, 2. Actuation systems of building components, 3.Control logics; (b) Occupant multi- 
sensorial requirements for holistic environmental satisfaction: Thermal comfort, Visual comfort, View, Indoor Air Quality (IAQ), Personal control and Interaction, 
Vibration control and Acoustic comfort [7]. 
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proposed in this paper endeavours to facilitate cross-communication of 
results among different disciplines and provide a novel ground and 
common language for researchers and practitioners from different fields 
of expertise. 

2. Development of the scheme 

2.1. Research boundary definition 

The main research focus of this research is the interaction between 
occupants and façades (“Main research focus” in Fig. 2). As shown in 
Fig. 2, the research domain of Occupant-Facade interaction lies at the 
cross of two wider research boundaries: Occupant-Building Interaction, 
since facades are a type of building components, and Occupant- 
Automation System Interaction, since buildings and facades can be 
controlled by an automation systems. Findings from these two wider 
research domain can provide useful insights on Occupant-Facade 
Interaction and, therefore, the following research domain in Fig. 2 will 
also be reviewed: Occupant-Building Interaction, Occupant-Automation 
system Interaction and Occupant-Automated/Intelligent Building 
Interaction. The research domain of Occupant-Automated Facade 
interaction is also included under the research domain of Occupant- 
Facade interaction, since Automated and Intelligent Facades are a sub- 
group of Facades and therefore research on occupant interaction with 
automated facades is also reviewed. 

This research paper aims to investigate interaction scenarios from 
the perspective of occupants in order to provide a classification scheme 
of the alternative manners in which the occupant can interact with the 
facades, therefore this review does not include a review of sensing and 
actuation technologies or of control strategies, which has been previ
ously and respectively done by Ref. [5,26,27]. 

2.2. Existing reviews and classification schemes on occupant interaction 
with automation systems 

The main studies that classify or review occupant interaction with 
facades or automation systems from a large variety of disciplines are 
shown in Table 1. Multi-disciplinary research on occupant interaction 
has mainly focused on understanding occupant behaviour in relation to 
its effect on energy efficiency [21,28,29], while single discipline re
searches have mainly investigated occupant interaction with individual 
aspects of automation systems, such as automation level [30], occupant 
decision process [31], factors influencing occupant behaviour [24] or 

occupant-centred control strategies for automated services or facades 
[5]. Very few aspects have been investigated from more than one 
discipline, such as the impact of contextual factors on occupant behav
iour [26,34]. Two studies in particular have framed occupant interac
tion in a multi-discipline perspective, which includes environmental, 
personal and behavioural aspects: i) D’Oca et al. [21] provides a 
high-level framework for classifying impactful factors in occupant 
interaction with buildings; factors are classified under three different 
domains: environmental, personal and behavioural; within the envi
ronmental factors, social and physical factors are evaluated separately; 
environmental physical factors could potentially include the level of 
automation and interaction of occupant with intelligent facades or 
buildings; ii) Von Grabe [33] specifies a larger number of environmental 
and building factors and provides a preliminary framework that includes 
both physical (building and environmental), individual and social fac
tors. However, both these multi-discipline frameworks provide a high 
level understanding and they cannot go into the detail of how alternative 
interactions affect occupants. Similarly, Occupant-Facade Interactions 
are not currently regulated by EU standards or guidelines. The only 
exception is the 2018 revision of the European Energy Performance of 
Buildings Directive (EPBD) [34], which aims to further promote smart 
building technologies and establish Smart Readiness Indicator (SRI) for 
buildings, with a focus on comfort, convenience, wellbeing & health, 
maintenance & fault prediction and information to occupants. However, 
the EPBD does not provide guidelines for a satisfactory design of 
Occupant-Facade interaction. 

Several taxonomies also exist in the field of Human-Computer 
Interaction (HCI) and Computer Science and they provide a detailed 
classification of different levels of automation [30], but they fail to 
include any consideration on the effect of automation on occupants. For 
instance, the concept of Building Operating System has been recently 
introduced [35], however this framework includes only building man
agers and interfaces are therefore considered only for providing infor
mation on or control over the Operating System. Similarly, in the 
Building Sciences, Jung and Jazizadeh [27] provided a classification 
scheme that frames interactive scenarios according the type of control 
strategy, building and measurement technique, and the performance 
level of sensing and actuating devices. Although this classification 
scheme is helpful to frame an interactive scenario within alternative 
physical characteristics of buildings and devices, the application of this 
taxonomy remains limited to Building science and does not include any 
social science aspects, such as occupant response to alternative inter
active scenarios or occupant preferred level of interaction. A new 

Fig. 2. Definition of the main research boundaries.  
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comprehensive classification scheme is therefore needed to improve the 
existing but limited multi-disciplinary frameworks. 

2.3. Domain selection: main components and interactive scenarios 

The main components and interaction mechanisms that form the 
focus of the current study were identified from common typologies 
found in literature and through broader discussion with the research 
community, such as EU COST Action TU1403 “Adaptive Facade 
Network” [46]. The resulting facade typologies classified in terms of 
their type and mode of actuation system are shown in Table 2. The ty
pologies range from manually actuated facades to AI-automated facades 
with increasing levels of sophistication of the actuation system. 

2.4. Interaction diagram and classification scheme 

A new classification scheme was developed by the authors and based 
on the existing classification schemes described in section 2.1 and it is 
presented in Fig. 3. The classification scheme identifies four main 
physical components: the Occupant (O), as single or group, the control 
Logic or “Operating system” of the Intelligent Facade and automation 
system (L), the hardware or physical array of facade components (F) and 
the Building Services (B). “B” includes artificial lighting, heating, cool
ing and ventilation management systems. A distinction is made between 
conventional rule-based Logics (L) and learning ones (Lm), which 
correspond to automation systems without and with AI-enhanced ca
pabilities respectively. 

Each component can interact with the others and create an 

alternative interactive scenario. The interaction is represented by an 
arrow. The proposed classification scheme identifies two main cate
gories of interaction relatively to their level of intrusiveness and aim: 
Direct Interactions (I) where a direct request of action, feedback or in
formation display is made between two physical components, and 
Automatic Sensing (S), where there is an indirect interaction between two 
physical components through sensing devices. This notation was then 
extended in order to sub-classify alternative interactive scenarios found 
in the review. The following types of Direct Interactions have been 
identified: 1) Control action Ia; 2) Feedback request If; and 3) Display of 
information Id. Similarly, the Automatic Sensing was classified accord
ing to the aim of the sensing action: sensing of occupants (such as 
physiological or facial characteristics) So or monitoring of occupant 
adaptive actions Sa; sensing of indoor environment Si; sensing of outdoor 
environment Sext and sensing of the facade Sf. The classification scheme 
proposed can therefore be used to decompose complex Occupant-Facade 
scenarios into the constituent interactions. 

3. Validation of the scheme for different interactive scenarios 

The classification scheme was validated, by testing it on intelligent 
facades found in real world and theoretical case studies. The case studies 
were selected based on the authors’ experience and, subsequently, their 
discussions with the broader research community, namely the Working 
Group 3 (WG3) of the EU COST Action TU1403 “Adaptive Facade 
Network” [46]. Several key-words were then chosen to continue the 
research in online scientific research databases and a broad review was 
conducted to identify studies on intelligent facades. More information 

Table 1 
Main studies that review or classify occupant interaction with automated systems or buildings.  

Discipline Aim of the study Taxonomy or synthesis tool Ref. Year 

Social Sciences Understand the decision making process of occupants 
when interacting with buildings 

Cognitive framework for energy-relevant occupant interaction [31–36] 2016–2018 

Understand impactful contextual factors in human 
interaction with buildings 

Data acquisition and analysis method for context of energy [31] 2016 

Environmental Psychology Improve understanding of how and why occupant 
interact with buildings 

None or not applicable [37] 2015 

Multi-discipline: Social 
Sciences and Building 
Physics 

Frame occupant behavioural adaptations and building 
controls to determine impacts on occupant comfort 
and energy consumption 

Multi-disciplinary research framework and survey design 
procedure 

[21] 2017 

Big data for research on household energy 
consumption behaviours 

None or not applicable [28] 2016 

Review of energy-related behaviours affecting energy 
use in whole building life cycle 

None or not applicable [29] 2018 

Computer Science Develop a comprehensive building operating system 
(BOS) 

Framework for implementing in one platform all the existing 
applications 

[35] 2013 

Review building automation systems None or not applicable [38] 2016 
Review conflict detection methods in building 
automation systems 

Framework for automatic detection of conflicts [39] 2014 

Ergonomics Classify the levels of automations 8 levels according to the level of automation and intelligence [30] 2016 
Human-Computer 

interaction 
Elucidate occupant activities with augmented objects 
at home 

List of recommendations [40] 2019 

Review of emotion-oriented requirements of smart 
buildings 

Emotion-oriented requirements for Smart-home systems [41] 2019 

Building Science Occupant interaction with window blinds None or not applicable [25] 2012 
Contextual factors influencing occupant behaviour Framework for occupant behaviour modelling [42] 2014 
Methods for in-situ monitoring of occupant behaviours None or not applicable [43] 2017 
Driving factors and contextual events influencing 
occupant behaviour in buildings 

None or not applicable [24] 2017 

Occupancy-based lighting controls None or not applicable [44] 2017 
Control strategy for occupant thermal comfort None or not applicable [23] 2017 
Occupant-centred control strategy for HVAC Summary of occupant-centred control strategies to reduce 

energy use 
[5] 2018 

Smart-building sensing system for IEQ Summary of key sensing technologies [26] 2019 
Optimised control systems for comfort and energy 
efficiency in smart buildings 

Summary of state-of-art research on optimised controls [45] 2014 

Classify HVAC operations with occupant in the loop 5-tier taxonomy according: mode of inclusion of occupant in 
the loop, building type, measurement techniques, sensing 
performance, HVAC performance 

[27] 2019  
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on the literature review methodology is presented in the Appendix A. 
The classification scheme was applied to each case study and results 

from this validation are reported in Table 3. Case studies, which are 
grouped according their characteristic interactive scenario indicated in 

Table 2, and the main references are reported in Table 3. 

4. Insights gained from classification scheme 

4.1. Characteristics of each interaction class and future research needs 

Table 3 groups the results of the literature review according the 
proposed classification scheme. This arrangement is useful to: i) clarify 
relationships between main components; ii) highlight the characteristics 
of each interactive scenario and similarities between alternative sce
narios, and iii) identify future research needs for each type of interactive 
scenario. The classification scheme captures and represents the large 
number and distinct types of interactions encountered in the case 
studies. Case studies under the same group of interactive scenario in 
Table 3 reported similar characteristics that were then summarised in 
Table 4 as: i) the advantages and disadvantages of each interaction, ii) 
the triggers of occupant satisfaction for each class of interaction, iii) 
contextual factors affecting occupant satisfaction, and iv) research gaps. 
From Table 4 the following insights are drawn: 

Table 2 
Type of facades and actuation system investigated.  

1. Presence of 
actuation 
mechanism 

2. Type of 
actuation 
mechanism 

3. Mode of actuation 4. Level of 
automation of the 
actuation system 

STATIC 
No actuation 
mechanism    

DYNAMIC [47] 
A minimum of 
one type of 
actuation 
mechanism 

SELF- 
ADJUSTED 
MANUAL 

Intrinsic material 
properties [48] 
Local control [25] 
Remote control [49]   

AUTOMATED Environmental 
sensing [50] 
Occupant-centred 
[51] 

Rule-based 
controls [52] 
AI-enhanced 
controls [53]  

Fig. 3. Interaction diagram and classification scheme of occupant facade interaction.  
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Table 3 
Review of available interactive scenarios according to the classification scheme, description and examples and main references [13,18,24,25,44,48,49,53–139]. 
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� There are no general and universal design solutions for satis
factory interaction strategies: The large number of contextual 
factors listed in Table 4 shows that design principles for satisfactory 
interaction scenarios are difficult to be generalised. Satisfactory 
levels of interaction require bespoke design solutions, which 
consider both local occupant expectations and background or other 
contextual factors such as building typology. Therefore, flexible or 
adaptive solutions that could be tailored to case by case scenarios 
and ensure high level of personalisation are required. 
� The holistic effects of interactive scenarios on occupant satis

faction are yet to be fully-captured: The research gaps reported in 
Table 4 highlight the need for more research on the holistic effect of 
interactions on occupants. Methods from Human-Computer Inter
action and Human-Building Interaction could help designers to meet 
these new demands [140]. In the design stage, the use of “Personas” 
and techniques for mapping the spatial context of interaction iden
tify means to improve usability [141]. When prototypes are avail
able, the use of task analysis, interviews and focus groups could be 
useful tools to assess occupant response to them. When prototypes 
are not available, virtual reality and novel computational design 
classification schemes [142] could be used to assess occupant 
response to novel interactive systems. Several methods could be used 
to investigate occupant response in alternative interactive scenarios, 
such as video recording, monitoring physiological responses [143] 
and eye movement [144].  
� Interfaces play a key role in ensuring occupant satisfaction with 

interaction strategies: A well-considered design of interfaces is 
widely recognised by existing research as a key trigger of Occupant 
satisfaction in many type of Interaction strategies (Table 4). More 
interdisciplinary research is here needed to define the concept of 
ease-of-use and to improve both the functional and psychosocial fit 
with the user [141]. The level and mode of interaction should vary 
with the context, user and function. Krukar et al. [140] have already 
tried to extend the concept of “Usability” from HCI studies, rede
fining it as “user experience”, which better embraces the large 

number or occupant needs when interacting with Intelligent facades. 
Use of novel interfaces in the built environment is still underdevel
oped. Research on wearable technologies and affective 
human-computer interaction provides several options of novel 
interface design [145]. Facial expressions can be used to detect levels 
of emotions [145,146] or environmental satisfaction in a contact-less 
manner, however they may not always be detectable [147]. Cosma 
and Simha [148] suggested that just one arm could be a sufficient 
indicator of thermal sensations, while Li et al. [149] and Ghahramani 
et al. [112] focused on facial skin temperature as a useful bio-signal 
for comfort preferences. Several other studies have investigated 
physiological signals such as heart rate for environmental control 
[149,150], or peripheral temperature and skin conductivity for 
emotion or comfort detection [151–153]. Brain to computer in
terfaces, such as electroencephalographic (EEG) signals, have also 
the potential of disclosing large amount of information on occupants 
[147,154,155], brain monitoring has the risk to become too invasive 
for environmental control strategies in ordinary daily basis.  
� Interactive strategies have ethical and privacy consequences 

that need to be addressed: All the Automatic Sensing interactions 
in Table 4 report issues related to ethics, privacy, surveillance and 
datafication, especially when large datasets are collected on indi
vidual preferences [156], physiological responses and mood, pro
ductivity or well-being conditions. Ethical concerns have led to the 
development of new governmental guidelines [157] and the current 
wealth of research that attempts to address such ethical concerns. As 
pointed out by Cascone [158], main concerns are related to: 1) 
ensuring occupant awareness and permission in collecting such data; 
2) protecting personal data in safe storages; 3) limiting accessibility 
to the data to not authorised personnel and breaching of confidential 
data. Consequently, the development of new effective methods for 
not-intrusive occupant data collection will have to face ethical 
challenges and more research is needed to answer the new ethical 
questions, opened by an “unprecedent degree of intimacy” between 
occupants and automation controls [159]. In this sense, a clear 
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understanding of the benefits and advantages of embedded 
computing in buildings would be needed to override and outweigh 
potential privacy and security disadvantages [160]. 

4.2. Towards a desired interaction strategy 

The interactive scenarios described by Fig. 3 and shown in Table 3 
present a broad range of alternative levels of control Logic and occupant- 
centred data. Fig. 4 shows the range of possible interactive scenarios 
according the level of Sophistication of the Logic and the adaptability of 
the facade (as described in Table 2) and the degree of Occupant Inter
action with the system. The Occupant-Facade scenarios shown in 
Table 3 can be ranked in terms of increasing level of occupant interac
tion. The first scenario on the left is characterised by the absence of 
interactions between Occupants and Logic. Moving along the x axis, the 
level of interaction increases. In scenarios with only control actions Is, 
occupant can either manually operate the facade or just override auto
mated strategies. In scenarios with feedback If or display request Id users 
can also explicitly express their preference or receive information. 
Lastly, occupant preferences are automatically sensed by the Logic in S 
type interactions. In this sense, the interactive scenarios located at the 
right bottom corner of Fig. 4 are characterised by high level of person
alisation, since they present many types and levels of occupant inter
action. These interactive scenarios also have the potential of 
maintaining high levels of energy efficiency due to the Intelligence of the 
control strategy and the adaptability of the facade. Increasing levels of 
sophistication of the control logic and adaptability of the facade advo
cate the idea of control strategies as “butlers” that suggest [174] envi
ronmental changes rather than strictly control the environment. 

The degree of Occupant interaction and Sophistication of the Logic- 
Facade system could also be adjusted at different stages of the building 
life [175]. Levels of automatic control could gradually increase together, 
and in parallel, with their user acceptance. In this sense, Ball and Call
aghan [175] reported a user evaluation of an “adjustable autonomy 
system”, whose levels of control were gradually increased, as the user 
gained confidence with the interactive system. In doing so, an interac
tion strategy as part of the learning process could progressively move 

towards the lower parts of the graph in Fig. 4, becoming more “asser
tive” and having the potential of gradually optimising energy efficiency 
whilst maintaining high levels of occupant acceptance. 

The emphasis goes then on entrusting users with the appropriate 
levels of perceived control and types of interaction in time, as presented 
in the classification scheme. The design of Occupant-Facade interaction 
should select the interaction strategy (e.g. Control action, Display 
request, Feedback request or Automatic Sensing) according its “effec
tiveness” [165] and deliver the most appropriate one [166], rather than 
just providing a large number of possible interactions Eventually, a 
special emphasis should be on the “required degree of responsiveness” to 
achieve a satisfactory user-facade interaction, considering that signifi
cant individual differences exist between occupants [20] and effects of 
the control domain of facades. 

The Logic could also be designed focusing on the “personality” that 
users tend to attribute to control systems [72], since levels of automation 
or personal control are perceived by occupants accordingly to “person
ality” features. Low levels of automation have been previously perceived 
by users as less ‘extravert and open’ than systems with a “medium level 
of automation”, which were also considered to be more “emotionally 
stable and agreeable” [137]. 

5. Conclusion 

Artificial intelligence and a new generation of interfaces have the 
potential to enhance occupant interaction with intelligent buildings and 
facades, creating new interactive scenarios where occupants are con
nected with control loops, providing human-centred solutions. The 
advent of these technologies is expanding the notion of personal control: 
intelligent buildings do not allow occupants to just control the envi
ronment, but also to condition it with their preferred levels of daylight, 
thermal qualities and other environmental characteristics. However, 
effective interaction strategies where occupants are able to communi
cate the whole extent of their multisensorial experience to the Logic are 
yet to be achieved. 

Designing for satisfactory user interaction requires multi- 
disciplinary approaches, which would benefit from a comprehensive 

Fig. 4. Intelligence of the control systems versus level of occupant interaction in the interactive scenarios classified in Table 3. The interaction scenarios are defined 
in Table 3. 
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classification scheme that enables cross-communication between 
different fields of expertise. This paper reviews previous multi-discipline 
taxonomies in the built environment in order to provide a common 
classification scheme for practitioners and researchers working on 
Occupant Interaction with Intelligent Facades. The proposed classifica
tion scheme consists of an interaction diagram and an associated tax
onomy notation that can be used to communicate across different 
disciplines. The new classification scheme captures the multidisci
plinary nature of Occupant-Facade interaction and it can therefore be 
used to communicate findings across disciplines. The classification 
scheme helps to clarify relationships between main components and to 
arrange the interactions between occupants and facades in groups, ac
cording their similarities and characteristics. From this, it was found that 
there are two main type of Interactive scenarios: Action Interaction and 
Automatic Sensing. A summary of the characteristics of each type of 
interaction is shown in this paper. However, future work will need to 
investigate these interactive scenarios in relation to cost, complexity and 
reliability in order to inform optimal design solutions for Occupant - 
Facade interaction. These interactions are highly case-specific and time- 
varying, depending on the facade and logic typology, building design 
and occupant needs. Therefore, universal solutions and generic design 
guidelines are difficult to be achieved. 

The proposed scheme aims to capture the combinations and per
mutations of Occupant-Facade interactions and, hence, only partially 
includes Building Services. More research is therefore needed to include 
the effect of occupant interaction with other building components. 
Moreover, this paper evaluates only the effect of interactive scenarios on 
occupant satisfaction, which is only one aspect of the multi-domain re
quirements of occupant-centric smart buildings. For a well-considered 
occupant-centric design and operation of smart buildings, this scheme 
needs to be used in combination with the existing frameworks that aims 
to capture the wider effects of smart buildings on occupants, such as 
wellbeing & health or ease of maintenance and efficiency of smart 
building components. 
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Appendix A 

The literature review was performed using the following search en
gines: Science Direct, Google Scholar and Taylor and Francis. The 
following list of keywords was used: 

Occupant AND interaction AND façade. 
User AND Interaction AND Buildings. 
Personal control AND Automation AND Building. 
Human comfort AND Automation. 
Automatic AND Sensing AND Occupants. 
Automated Blinds AND Comfort. 
Automated Blinds AND Occupant AND Interaction. 
Automated Blinds AND Interaction. 

Automated AND Occupant AND Feedback. 
Window AND Occupant AND Feedback. 
Window AND Occupant AND Feedback. 
Window AND User AND Feedback. 
Control strategies AND facade AND Override. 
Switchable glazing AND Occupant AND Interaction. 
Facade AND Communication AND performance. 
Envelope AND Communication AND performance. 
Facade AND Information AND Performance. 
Facade AND Computer in Human Interaction. 
Building Intelligence AND Occupant Behaviour. 
Information AND Occupant AND Envelope. 
IoT AND Buildings AND Comfort. 
The collected papers were analysed during the three years of the 

COST Action TU1403. The final selection of paper was performed: i) 
reading the full papers ii) selecting only the ones containing information 
related to the aim of the review. 

References 

[1] K. Konis, S. Selkowitz, Effective daylighting with high-performance facades, in: 
Effective Daylighting with High-Performance Facades, Springer International 
Publishing, 2017, pp. 251–269. 

[2] A.E. Fenner, et al., The carbon footprint of buildings: a review of methodologies 
and applications, Renew. Sustain. Energy Rev. (2018) 1142–1152. 

[3] D. Clements-Croome, Why does the Environment matter?, in: Beyond 
Environmental Comfort, Boon Lay Ong Routledge, New York, 2013, pp. 139–160. 

[4] S. Ahmadi-Karvigh, B. Becerik-Gerber, L. Soibelman, Intelligent adaptive 
Automation: a framework for an activity-driven and user-centered building 
automation, Energy Build. (2019) 184–199. 

[5] S. Naylor, M. Gillott, T. Lau, A review of occupant-centric building control 
strategies to reduce building energy use, Renew. Sustain. Energy Rev. 96 (August 
2016) (2018) 1–10. 

[6] J. Kim, S. Schiavon, G. Brager, Personal comfort models – a new paradigm in 
thermal comfort for occupant-centric environmental control, Build. Environ. 
(2018) 114–124. 

[7] A. Luna-navarro, M. Overend, Towards human-centred intelligent envelopes : a 
framework for capturing the holistic effect of smart façades on occupant comfort 
and satisfaction, in: 7th International Building Physics Conference IBPC 2018, 
2018. 

[8] N. J€ager, H. Schn€adelbach, J. Hale, Embodied interactions with adaptive 
architecture, in: Architecture and Interaction: Human Computer Interaction in 
Space and Place, Dalton, N., 2016, pp. 183–202. 

[9] J.K. Day, W. O’Brien, Oh behave! Survey stories and lessons learned from 
building occupants in high-performance buildings, Energy Res. Soc. Sci. (2017) 
11–20. 

[10] V. Fabi, G. Spigliantini, S.P. Corgnati, Insights on smart home concept and 
occupants’ interaction with building controls, Energy Procedia 111 (September 
2016) (2017) 759–769. 

[11] E.H. Borgstein, R. Lamberts, J.L.M. Hensen, Mapping failures in energy and 
environmental performance of buildings, Energy Build. (2018) 476–485. 

[12] P. Bluyssen, M. Oostra, D. Meertins, Understanding the indoor Environment : how 
to assess and improve indoor environmental quality of People ?, in: Proc. CLIMA 
2013 11th REHVA World Congr. 8th Int. Conf. IAQVEC "Energy Effic. Smart Heal. 
Build., 2013. 

[13] B. Meerbeek, M. te Kulve, T. Gritti, M. Aarts, E. van Loenen, E. Aarts, Building 
automation and perceived control: a field study on motorized exterior blinds in 
Dutch offices, Build. Environ. 79 (2014) 66–77. 

[14] T. Lashina, S. Chraibi, M. Despenic, P. Shrubsole, A. Rosemann, E. van Loenen, 
Sharing lighting control in an open office: doing one’s best to avoid conflict, 
Build. Environ. (2019) 1–10. 

[15] L.G. Bakker, E.C.M. Hoes-van Oeffelen, R.C.G.M. Loonen, J.L.M. Hensen, User 
satisfaction and interaction with automated dynamic facades: a pilot study, Build. 
Environ. 78 (2014) 44–52. 

[16] G.S. Brager, et al., Operable windows, personal control, and occupant comfort, 
Build. Eng. 110 (I) (2004) 17–35. 

[17] S. Attia, S. Bilir, T. Safy, C. Struck, R. Loonen, F. Goia, Current trends and future 
challenges in the performance assessment of adaptive façade systems, Energy 
Build. (2018) 165–182. 

[18] S. Stevens, Intelligent facades : occupant control and satisfaction, Int. J. Sol. 
Energy 21 (2–3) (2001) 147–160. 

[19] S. Attia, S. Garat, M. Cools, Development and validation of a survey for well-being 
and interaction assessment by occupants in office buildings with adaptive 
facades, Build. Environ. (2019) 268–276. 

[20] S. Ahmadi-Karvigh, A. Ghahramani, B. Becerik-Gerber, L. Soibelman, One size 
does not fit all: understanding user preferences for building automation systems, 
Energy Build. 145 (2017) 163–173. 

[21] S. D’Oca, C.F. Chen, T. Hong, Z. Belafi, Synthesizing building physics with social 
psychology: an interdisciplinary framework for context and occupant behavior in 
office buildings, Energy Res. Soc. Sci. 34 (April) (2017) 240–251. 

A. Luna-Navarro et al.                                                                                                                                                                                                                         

http://refhub.elsevier.com/S0360-1323(20)30239-0/sref1
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref1
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref1
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref2
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref2
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref3
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref3
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref4
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref4
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref4
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref5
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref5
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref5
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref6
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref6
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref6
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref7
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref7
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref7
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref7
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref8
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref8
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref8
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref9
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref9
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref9
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref10
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref10
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref10
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref11
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref11
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref12
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref12
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref12
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref12
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref13
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref13
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref13
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref14
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref14
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref14
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref15
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref15
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref15
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref16
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref16
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref17
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref17
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref17
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref18
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref18
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref19
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref19
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref19
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref20
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref20
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref20
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref21
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref21
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref21


Building and Environment 177 (2020) 106880

11

[22] T. Hong, D. Yan, S. D’Oca, C. fei Chen, Ten questions concerning occupant 
behavior in buildings: the big picture, Build. Environ. 114 (2017) 518–530. 

[23] J.Y. Park, Z. Nagy, Comprehensive analysis of the relationship between thermal 
comfort and building control research - a data-driven literature review, Renew. 
Sustain. Energy Rev. (2017) 2664–2679. 

[24] F. Stazi, F. Naspi, M. D’Orazio, A literature review on driving factors and 
contextual events influencing occupants’ behaviours in buildings, Build. Environ. 
118 (2017) 40–66. 

[25] K. Van Den Wymelenberg, Patterns of occupant interaction with window blinds: a 
literature review, Energy Build. 51 (2012) (2012) 165–176. 

[26] B. Dong, V. Prakash, F. Feng, Z. O’Neill, A review of smart building sensing 
system for better indoor environment control, Energy Build. (2019) 29–46. 

[27] W. Jung, F. Jazizadeh, Human-in-the-loop HVAC operations: a quantitative 
review on occupancy, comfort, and energy-efficiency dimensions, Appl. Energy 
(2019) 1471–1508. 

[28] K. Zhou, S. Yang, Understanding household energy consumption behavior: the 
contribution of energy big data analytics, Renew. Sustain. Energy Rev. (2016) 
810–819. 

[29] S. D’Oca, T. Hong, J. Langevin, The human dimensions of energy use in buildings: 
a review, Renew. Sustain. Energy Rev. (2018) 732–742. 

[30] M. Vagia, A.A. Transeth, S.A. Fjerdingen, A literature review on the levels of 
automation during the years. What are the different taxonomies that have been 
proposed? Appl. Ergon. (2016) 190–202. 

[31] J. Von Grabe, How do occupants decide their interactions with the building? from 
qualitative data to a psychological framework of human-building-interaction, 
Energy Res. Soc. Sci. 14 (2016) 46–60. 

[32] F. Stazi, F. Naspi, M. D’Orazio, A literature review on driving factors and 
contextual events influencing occupants’ behaviours in buildings, Build. Environ. 
118 (2017) 40–66. 

[33] J. Von Grabe, The systematic identification and organization of the context of 
energy-relevant human interaction with buildings - a pilot study in Germany, 
Energy Res. Soc. Sci. (2016) 75–95. 

[34] T. M€arzinger, D. €Osterreicher, Supporting the smart readiness indicator-A 
methodology to integrate a quantitative assessment of the load shifting potential 
of smart buildings, Energies 12 (2019) 1–22. 

[35] S. Dawson-haggerty, et al., BOSS: building operating system services, in: Proc. 
10th USENIX Conf. Networked Syst. Des. Implement., 2013. 

[36] J. von Grabe, A preliminary cognitive model for the prediction of energy-relevant 
human interaction with buildings, Cognit. Syst. Res. 49 (2018) 65–82. 

[37] J. Langevin, P.L. Gurian, J. Wen, Tracking the human-building interaction: a 
longitudinal field study of occupant behavior in air-conditioned offices, 
J. Environ. Psychol. 42 (2015) 94–115. 

[38] P. Domingues, P. Carreira, R. Vieira, W. Kastner, Building automation systems: 
concepts and technology review, Comput. Stand. Interfac. 45 (2016) 1–12. 

[39] P. Carreira, S. Resendes, A.C. Santos, Towards automatic conflict detection in 
home and building automation systems, in: Pervasive and Mobile Computing, 
2014. 

[40] A. Bellucci, A. Vianello, Y. Florack, L. Micallef, G. Jacucci, Augmenting objects at 
home through programmable sensor tokens: a design journey, Int. J. Hum. 
Comput. Stud. 122 (2019) 211–231. 

[41] M.K. Curumsing, N. Fernando, M. Abdelrazek, R. Vasa, K. Mouzakis, J. Grundy, 
Understanding the impact of emotions on software: a case study in requirements 
gathering and evaluation, J. Syst. Software 147 (2019) 215–229. 

[42] W. O’Brien, H.B. Gunay, The contextual factors contributing to occupants’ 
adaptive comfort behaviors in offices - a review and proposed modeling 
framework, Build. Environ. 77 (2014) 77–88. 

[43] S. Gilani, W. O’Brien, Review of current methods, opportunities, and challenges 
for in-situ monitoring to support occupant modelling in office spaces, J. Build. 
Perform. Simul. 10 (5–6) (2017) 444–470. 

[44] C. De Bakker, M. Aries, H. Kort, A. Rosemann, Occupancy-based lighting control 
in open-plan of fi ce spaces : a state-of-the-art review, Build. Environ. 112 (2017) 
308–321. 

[45] P.H. Shaikh, N.B.M. Nor, P. Nallagownden, I. Elamvazuthi, T. Ibrahim, A review 
on optimized control systems for building energy and comfort management of 
smart sustainable buildings, Renew. Sustain. Energy Rev. (2014) 409–429. 

[46] F.W. Laura Aelenei, Marcin Brzezicki, Ulrich Knaack, Andreas Luible, Marco 
Perino, Adaptive Facade Network, TU Delft, 2015. 

[47] L. Aelenei, D. Aelenei, R. Romano, E.S. Mazzucchelli, M. Brzezicki, J.M. Rico- 
Martinez (Eds.), Case Studies – Adaptive Facade Network, TU Delf Open, 2018. 

[48] M. Juaristi, T. G�omez-Acebo, A. Monge-Barrio, Qualitative analysis of promising 
materials and technologies for the design and evaluation of Climate Adaptive 
Opaque Façades, Build. Environ. 482–501 (2018). 

[49] Y. Sutter, D. Dumortier, M. Fontoynont, The use of shading systems in VDU task 
offices: a pilot study, Energy Build. 38 (7) (2006) 780–789. 

[50] S. Jain, V. Garg, A review of open loop control strategies for shades , blinds and 
integrated lighting by use of real-time daylight prediction methods, Build. 
Environ. 135 (March) (2018) 352–364. 

[51] B. Grinde, G.G. Patil, Biophilia: does visual contact with nature impact on health 
and well-being? Int. J. Environ. Res. Publ. Health 6 (9) (2009) 2332–2343. 

[52] R.C.G.M. Loonen, M. Tr�cka, D. C�ostola, J.L.M. Hensen, Climate adaptive building 
shells: state-of-the-art and future challenges, Renew. Sustain. Energy Rev. (2013) 
483–493. 

[53] J.Y. Park, T. Dougherty, H. Fritz, Z. Nagy, LightLearn: an adaptive and occupant 
centered controller for lighting based on reinforcement learning, Build. Environ. 
147 (January 2019) (2019) 397–414. 

[54] F. Kuznik, D. David, K. Johannes, J.J. Roux, A review on phase change materials 
integrated in building walls, Renew. Sustain. Energy Rev. (2011), 379-3. 

[55] E. Taveres-Cachat, S. Grynning, O. Almas, F. Goia, Advanced transparent facades: 
market available products and associated challenges in building performance 
simulation, in: Energy Procedia, 2017. 

[56] R.C.G.M. Loonen, M. Tr�cka, D. C�ostola, J.L.M. Hensen, Climate adaptive building 
shells: state-of-the-art and future challenges, Renew. Sustain. Energy Rev. 25 
(2013) 483–493. 

[57] Y. Zhang, P. Barrett, Factors influencing occupants’ blind-control behaviour in a 
naturally ventilated office building, Build. Environ. 54 (2012) 137–147. 

[58] W. O’Brien, K. Kapsis, A.K. Athienitis, Manually-operated window shade patterns 
in office buildings: a critical review, Build. Environ. 60 (2013) 319–338. 

[59] L. Sanati, M. Utzinger, The effect of window shading design on occupant use of 
blinds and electric lighting, Build. Environ. 64 (2013) 67–76. 

[60] D. Daum, F. Haldi, N. Morel, A personalized measure of thermal comfort for 
building controls, Build. Environ. 46 (1) (2011) 3–11. 

[61] C. Reinhart, K. Voss, Monitoring manual control of electric lighting and blinds, 
Light. Res. Technol. 35 (3) (2003) 243–260. 

[62] V. Inkarojrit, Monitoring and modelling of manually-controlled Venetian blinds 
in private offices: a pilot study, J. Build. Perform. Simul. 1 (2) (2008) 75–89. 

[63] F. Naspi, M. Arnesano, L. Zampetti, F. Stazi, G.M. Revel, M. D’Orazio, 
Experimental study on occupants’ interaction with windows and lights in 
Mediterranean offices during the non-heating season, Build. Environ. 127 
(September 2017) (2018) 221–238. 

[64] K. Konis, Evaluating daylighting effectiveness and occupant visual comfort in a 
side-lit open-plan office building in San Francisco, California, Build. Environ. 59 
(2013) 662–677. 

[65] P. Correia da Silva, V. Leal, M. Andersen, Occupants interaction with electric 
lighting and shading systems in real single-occupied offices: results from a 
monitoring campaign, Build. Environ. 64 (2013) 152–168. 

[66] F. Haldi, D. Robinson, Interactions with window openings by office occupants, 
Build. Environ. 44 (2009) 2378–2395. 

[67] F. Haldi, D. Robinson, Adaptive actions on shading devices in response to local 
visual stimuli, J. Build. Perform. Simul. 3 (2) (2010) 135–153. 

[68] K. Ackerly, L. Baker, G. Brager, Window Use in Mixed-Mode Buildings: a 
Literature Review, 2011. 

[69] V. Fabi, R.V. Andersen, S. Corgnati, B.W. Olesen, Occupants’ window opening 
behaviour: a literature review of factors influencing occupant behaviour and 
models, Build. Environ. 58 (2012) 188–198. 

[70] A. Wiethoff, S. Gehring, Designing interaction with media façades, in: Proc. Des. 
Interact. Syst. Conf. - DIS, vol. 12, 2012, p. 308. 

[71] P.T. Fischer, E. Hornecker, Urban HCI, in: Proc. 2012 ACM Annu. Conf. Hum. 
Factors Comput. Syst. - CHI, vol. 12, 2012, p. 307. 

[72] S. Khashe, G. Lucas, B. Becerik-Gerber, J. Gratch, Buildings with persona: towards 
effective building-occupant communication, Comput. Hum. Behav. 75 (2017) 
607–618. 

[73] K. Buchanan, R. Russo, B. Anderson, Feeding back about eco-feedback: how do 
consumers use and respond to energy monitors? Energy Pol. 73 (2014) 138–146. 

[74] S. Karjalainen, Consumer preferences for feedback on household electricity 
consumption, Energy Build. 43 (2–3) (2011) 458–467. 

[75] R.K. Jain, J.E. Taylor, G. Peschiera, Assessing eco-feedback interface usage and 
design to drive energy efficiency in buildings, Energy Build. 48 (2012) 8–17. 

[76] A. Francisco, H. Truong, A. Khosrowpour, J.E. Taylor, N. Mohammadi, Occupant 
perceptions of building information model-based energy visualizations in eco- 
feedback systems, Appl. Energy 221 (April) (2018) 220–228. 

[77] A. Khosrowpour, Y. Xie, J.E. Taylor, Y. Hong, One size does not fit all: 
establishing the need for targeted eco-feedback, Appl. Energy (2016) 523–530. 

[78] K. Ackerly, G. Brager, Window signalling systems: control strategies and occupant 
behaviour, in: Building Research and Information, vol. 41, 2013, pp. 342–360, 3. 

[79] K. Ackerly, G.S. Brager, Window signaling systems: control strategies & occupant 
behavior, in: 7th Wind. Conf. Chang. Context Comf. An Unpredictable World, No. 
April, 2012, pp. 12–15. 

[80] L.L. Fernandes, E.S. Lee, G. Ward, Lighting energy savings potential of split-pane 
electrochromic windows controlled for daylighting with visual comfort, Energy 
Build. 61 (2013) 8–20. 

[81] Y.C. Chan, A. Tzempelikos, Efficient Venetian blind control strategies considering 
daylight utilization and glare protection, Sol. Energy 98 (PC) (2013) 241–254. 

[82] C. Goovaerts, F. Descamps, V.A. Jacobs, Shading control strategy to avoid visual 
discomfort by using a low-cost camera: a field study of two cases, Build. Environ. 
(2017) 26–38. 

[83] V. Inkarojrit, Balancing Comfort: Occupants’ Control of Window Blinds in Private 
Offices, UC Berkeley, 2005. 

[84] T. Iwata, T. Taniguchi, R. Sakuma, Automated blind control based on glare 
prevention with dimmable light in open-plan offices, Build. Environ. 113 (2017) 
232–246. 

[85] L. Karlsen, P. Heiselberg, I. Bryn, H. Johra, Solar shading control strategy for 
office buildings in cold climate, Energy Build. (2016) 316–328. 

[86] E.S. Lee, D.L. Dibartolomeo, J.H. Klems, M. Yazdanian, S.E. Selkowitz, Monitored 
energy performance of electrochromic windows controlled for daylight and visual 
comfort, Build. Eng. 38 (2006) 30–44. 

[87] R. Loonen, J. Hensen, Smart windows with dynamic spectral selectivity–a scoping 
study, Proc. Build. Simul. (2015) 2158–2165. 

[88] S. Zhang, D. Birru, An open-loop Venetian blind control to avoid direct sunlight 
and enhance daylight utilization, Sol. Energy (2012) 860–866. 

A. Luna-Navarro et al.                                                                                                                                                                                                                         

http://refhub.elsevier.com/S0360-1323(20)30239-0/sref22
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref22
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref23
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref23
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref23
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref24
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref24
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref24
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref25
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref25
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref26
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref26
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref27
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref27
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref27
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref28
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref28
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref28
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref29
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref29
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref30
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref30
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref30
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref31
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref31
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref31
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref32
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref32
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref32
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref33
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref33
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref33
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref34
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref34
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref34
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref35
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref35
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref36
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref36
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref37
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref37
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref37
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref38
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref38
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref39
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref39
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref39
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref40
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref40
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref40
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref41
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref41
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref41
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref42
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref42
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref42
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref43
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref43
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref43
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref44
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref44
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref44
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref45
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref45
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref45
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref46
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref46
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref47
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref47
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref48
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref48
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref48
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref49
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref49
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref50
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref50
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref50
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref51
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref51
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref52
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref52
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref52
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref53
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref53
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref53
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref54
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref54
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref55
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref55
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref55
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref56
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref56
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref56
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref57
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref57
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref58
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref58
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref59
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref59
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref60
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref60
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref61
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref61
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref62
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref62
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref63
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref63
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref63
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref63
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref64
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref64
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref64
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref65
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref65
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref65
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref66
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref66
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref67
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref67
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref68
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref68
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref69
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref69
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref69
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref70
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref70
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref71
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref71
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref72
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref72
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref72
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref73
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref73
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref74
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref74
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref75
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref75
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref76
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref76
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref76
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref77
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref77
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref78
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref78
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref79
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref79
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref79
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref80
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref80
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref80
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref81
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref81
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref82
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref82
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref82
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref83
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref83
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref84
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref84
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref84
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref85
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref85
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref86
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref86
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref86
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref87
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref87
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref88
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref88


Building and Environment 177 (2020) 106880

12

[89] B. Dong, K.P. Lam, A real-time model predictive control for building heating and 
cooling systems based on the occupancy behavior pattern detection and local 
weather forecasting, Build. Simul. (7) (2014) 89–106. 

[90] M.H. Oh, K.H. Lee, J.H. Yoon, Automated control strategies of inside slat-type 
blind considering visual comfort and building energy performance, Energy Build. 
(2012) 728–737. 

[91] M. Konstantoglou, A. Tsangrassoulis, Dynamic operation of daylighting and 
shading systems: a literature review, Renew. Sustain. Energy Rev. 60 (2016) 
268–283. 

[92] Y. Wang, J. Kuckelkorn, Y. Liu, A state of art review on methodologies for control 
strategies in low energy buildings in the period from 2006 to 2016, Energy Build. 
(2017) 27–40. 

[93] M. Schmidt, C. Åhlund, Smart buildings as Cyber-Physical Systems: data-driven 
predictive control strategies for energy efficiency, Renew. Sustain. Energy Rev. 90 
(2018) 742–756. 

[94] Y.C. Chan, A. Tzempelikos, Efficient Venetian blind control strategies considering 
daylight utilization and glare protection, Sol. Energy 98 (2013) 241–254. 

[95] F. Favoino, F. Fiorito, A. Cannavale, G. Ranzi, M. Overend, Optimal control and 
performance of photovoltachromic switchable glazing for building integration in 
temperate climates, Appl. Energy 178 (2016) 943–961. 

[96] A. De Gracia, C. Fern�andez, A. Castell, C. Mateu, L.F. Cabeza, Control of a PCM 
ventilated facade using reinforcement learning techniques, Energy Build. 106 
(2015) 234–242. 

[97] F. Oldewurtel, et al., Use of model predictive control and weather forecasts for 
energy efficient building climate control, Energy Build. 45 (2012) 15–27. 

[98] G. Bianchini, M. Casini, D. Pepe, A. Vicino, G.G. Zanvettor, An integrated model 
predictive control approach for optimal HVAC and energy storage operation in 
large-scale buildings, Appl. Energy (2019) 327–340. 

[99] L. Yang, Z. Nagy, P. Goffin, A. Schlueter, Reinforcement learning for optimal 
control of low exergy buildings, Appl. Energy (2015) 577–586. 

[100] Y. Chen, L.K. Norford, H.W. Samuelson, A. Malkawi, Optimal control of HVAC 
and window systems for natural ventilation through reinforcement learning, 
Energy Build. (2018) 195–205. 

[101] B. Coffey, Integrated Control of Operable Fenestration Systems and Thermally 
Massive HVAC Systems, 2012, pp. 1–58. 

[102] S. Ahmadi-Karvigh, A. Ghahramani, B. Becerik-Gerber, L. Soibelman, Real-time 
activity recognition for energy efficiency in buildings, Appl. Energy (2018) 
146–160. 

[103] N. Moulton, J. Del Rocco, J.T. Kider Jr., S.M. Fiore, An affective kinetic building 
façade system : mood swing, in: 13th Conf. Adv. Build. Ski. Bern Switz., 2018, 
pp. 407–416, no. C. 

[104] M. Aftab, C. Chen, C.K. Chau, T. Rahwan, Automatic HVAC control with real-time 
occupancy recognition and simulation-guided model predictive control in low- 
cost embedded system, Energy Build. (2017) 141–156. 

[105] H. Zou, Y. Zhou, H. Jiang, S.C. Chien, L. Xie, C.J. Spanos, WinLight: a WiFi-based 
occupancy-driven lighting control system for smart building, Energy Build. 158 
(2018) 924–938. 

[106] Y. Peng, A. Rysanek, Z. Nagy, A. Schlüter, Occupancy learning-based demand- 
driven cooling control for office spaces, Build. Environ. (2017) 145–160. 

[107] F. Jazizadeh, W. Jung, Personalized thermal comfort inference using RGB video 
images for distributed HVAC control, Appl. Energy 220 (March) (2018) 829–841. 

[108] W. Li, J. Zhang, T. Zhao, Indoor thermal environment optimal control for thermal 
comfort and energy saving based on online monitoring of thermal sensation, 
Energy Build. (2019) 57–67. 

[109] D. Li, C. Menassa, V.R. Kamat, Non-intrusive interpretation of human thermal 
comfort through analysis of facial infrared thermography, Energy Build. 176 
(2018) 246–261. 

[110] D. Li, C.C. Menassa, V.R. Kamat, Robust non-intrusive interpretation of occupant 
thermal comfort in built environments with low-cost networked thermal cameras, 
Appl. Energy 251 (May) (2019). 

[111] A. Ghahramani, G. Castro, B. Becerik-Gerber, X. Yu, Infrared thermography of 
human face for monitoring thermoregulation performance and estimating 
personal thermal comfort, Build. Environ. 109 (2016) 1–11. 

[112] A. Ghahramani, G. Castro, S.A. Karvigh, B. Becerik-Gerber, Towards unsupervised 
learning of thermal comfort using infrared thermography, Appl. Energy 211 (July 
2017) (2018) 41–49. 

[113] F. Jazizadeh, A. Ghahramani, B. Becerik-Gerber, T. Kichkaylo, M. Orosz, Human- 
building interaction framework for personalized thermal comfort-driven systems 
in office buildings, J. Comput. Civ. Eng. 28 (1) (2014) 2–16. 

[114] K. Konis, M. Annavaram, The Occupant Mobile Gateway: a participatory sensing 
and machine-learning approach for occupant-aware energy management, Build. 
Environ. 118 (2017) 1–13. 

[115] S.K. Gupta, et al., BEES: real-time occupant feedback and environmental learning 
framework for collaborative thermal management in multi-zone, multi-occupant 
buildings, Energy Build. (2016) 142–152. 

[116] S. Lee, I. Bilionis, P. Karava, A. Tzempelikos, A Bayesian approach for 
probabilistic classification and inference of occupant thermal preferences in office 
buildings, Build. Environ. (2017) 323–343. 

[117] A. Ghahramani, C. Tang, B. Becerik-Gerber, An online learning approach for 
quantifying personalized thermal comfort via adaptive stochastic modeling, 
Build. Environ. (2015) 86–96. 

[118] W. Liu, Z. Lian, B. Zhao, A neural network evaluation model for individual 
thermal comfort, Energy Build. (2007) 1115–1122. 

[119] P.X. Gao, S. Keshav, SPOT: a smart personalized office thermal control system, in: 
Proceedings of the the Fourth International Conference on Future Energy Systems 
- E-Energy, vol. 13, 2013. 

[120] A.H. Lam, Y. Yuan, D. Wang, An occupant-participatory approach for thermal 
comfort enhancement and energy conservation in buildings, in: “, Proc. 5th Int. 
Conf. Futur. Energy Syst. - E-Energy ’, vol. 14, 2014, pp. 133–143. 

[121] Z. Cheng, Q. Zhao, F. Wang, Y. Jiang, L. Xia, J. Ding, Satisfaction based Q- 
learning for integrated lighting and blind control, Energy Build. 127 (2016) 
43–55. 

[122] J. Xiong, et al., Inferring personalized visual satisfaction profiles in daylit offices 
from comparative preferences using a Bayesian approach, Build. Environ. (2018) 
74–88. 

[123] E.S. Lee, E.S. Claybaugh, M. Lafrance, End user impacts of automated 
electrochromic windows in a pilot retrofit application, Energy Build. 47 (2012) 
267–284. 

[124] C, V. Reinhart, F, Monitoring manual control of electric lighting and blinds, Light. 
Res. Technol. 3 (2003) 243–258. 

[125] J. Kim, Y. Park, M. Yeo, K. Kim, An experimental study on the environmental 
performance of the automated blind in summer, Build. Environ. 44 (7) (2009) 
1517–1527. 

[126] T. Inoue, T. Kawase, T. Ibamoto, S. Takakusa, Y. Matsuo, The development of an 
optimal control system for window shading devices based on investigations in 
office buildings, ASHRAE Trans. 94 (1988) 1034–1049. 

[127] S. Escuyer, M. Fontoynont, Lighting controls: a field study of office workers’ 
reactions, Light. Res. Technol. 33 (2) (2001) 77–94. 

[128] P. Bader, H.V. Le, J. Strotzer, N. Henze, Exploring interactions with smart 
windows for sunlight control, in: Proc. 2017 CHI Conf. Ext. Abstr. Hum. Factors 
Comput. Syst., 2017, pp. 2373–2380. 

[129] D. Cardoso, A. Argun, C.A. Rocha, J. Gonzalez, Drawing transparencies: 
‘responsible responsiveness’ in spaces through organic electrochromism, in: 27th 
eCAADe Conf. Proc., 2009. 

[130] B. Krietemeyer, K. Rogler, Real-time multi-zone building performance impacts of 
occupant interaction with dynamic façade systems, in: eCAADe, vol. 33, 2015. 

[131] A. Guillemin, N. Morel, Experimental results of a self-adaptive integrated control 
system in buildings: a pilot study, Sol. Energy 72 (5) (2002) 397–403. 

[132] M.J. Skelly, An Investigation into the Control of Automated Venetian Blinds, 
University of Bath, 2002. 

[133] F. Jazizadeh, A. Ghahramani, B. Becerik-Gerber, T. Kichkaylo, M. Orosz, User-led 
decentralized thermal comfort driven HVAC operations for improved efficiency in 
office buildings, Energy Build. (2014) 398–410. 

[134] J. Kim, Y. Zhou, S. Schiavon, P. Raftery, G. Brager, Personal comfort models: 
predicting individuals’ thermal preference using occupant heating and cooling 
behavior and machine learning, Build. Environ. 129 (2018) 96–106. 

[135] Z. Nagy, F.Y. Yong, A. Schlueter, Occupant centered lighting control: a user study 
on balancing comfort, acceptance, and energy consumption, Energy Build. 126 
(2016) 310–322. 

[136] H.B. Gunay, W. O’Brien, I. Beausoleil-Morrison, S. Gilani, Development and 
implementation of an adaptive lighting and blinds control algorithm, Build. 
Environ. 113 (2017) 185–199. 

[137] B.W. Meerbeek, C. de Bakker, Y.A.W. de Kort, E.J. van Loenen, T. Bergman, 
Automated blinds with light feedback to increase occupant satisfaction and 
energy saving, Build. Environ. 103 (2016) 70–85. 

[138] S. Karjalainen, V. Lappalainen, Integrated control and user interfaces for a space, 
Build. Environ. 46 (4) (2011) 938–944. 

[139] N. Balfe, S. Sharples, J.R. Wilson, Understanding is key: an analysis of factors 
pertaining to trust in a real-world automation system, Hum. Factors (2018) 
477–495. 

[140] J. Krukar, R.C. Dalton, C. Holscher, Applying HCI methods and concepts to 
architectural design (or why architects could use HCI even if they don’t know it), 
in: N.S. Dalton, H. Schnadelbach, M. Wiberg, T. Varoudis (Eds.), In Architecture 
and Interaction, Springer, 2016, pp. 17–35. 

[141] C. Dalton, Interaction design in the built environment: designing for the ‘universal 
user, Stud. Health Technol. Inf. (2016) 314–323. 

[142] B. Krietemeyer, B. Andow, A. Dyson, A computational design framework 
supporting human interaction with environmentally-responsive building 
envelopes, Int. J. Architect. Comput. 13 (2015) 1–24. 

[143] B. Park, Psychophysiology as a tool for hci research: promises and pitfalls, in: 
Lecture Notes in Computer Science (Including Subseries Lecture Notes in Artificial 
Intelligence and Lecture Notes in Bioinformatics), 2009. 

[144] K. Holmqvist, M. Nystrom, R. Andersson, R. Dewhurst, H. Jarodzka, J. Van de 
Weijer, Eye Tracking: a Comprehensive Guide to Methods and Measures, Oxford 
University Press, Oxford, 2011. 

[145] M. Allen, M. Overend, Can a building read your mind ? Results from a small trial 
in facial action unit detection, J. Phys. Conf. Ser. CISBAT 1343 (2019) 2019. 

[146] M. Pantic, L.J.M. Rothkrantz, Automatic analysis of facial expressions: the state of 
the art, IEEE Trans. Pattern Anal. Mach. Intell. 22 (2000) 1424–1445. 

[147] E.T. Esfahani, V. Sundararajan, Using brain–computer interfaces to detect human 
satisfaction in human–robot interaction, Int. J. Humanoid Rob. (2011) 87–101. 

[148] A.C. Cosma, R. Simha, Thermal comfort modeling in transient conditions using 
real-time local body temperature extraction with a thermographic camera, Build. 
Environ. 143 (April) (2018) 36–47. 

[149] W. Li, J. Zhang, T. Zhao, R. Liang, Experimental research of online monitoring 
and evaluation method of human thermal sensation in different active states 
based on wristband device, Energy Build. 173 (2018) 613–622. 

[150] T. Hamatani, A. Uchiyama, T. Higashino, A solar radiation model and parameter 
calibration in a human thermal model using a wearable sensor, in: Dicomo, 2015, 
pp. 1–5. 

A. Luna-Navarro et al.                                                                                                                                                                                                                         

http://refhub.elsevier.com/S0360-1323(20)30239-0/sref89
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref89
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref89
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref90
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref90
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref90
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref91
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref91
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref91
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref92
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref92
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref92
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref93
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref93
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref93
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref94
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref94
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref95
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref95
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref95
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref96
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref96
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref96
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref97
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref97
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref98
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref98
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref98
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref99
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref99
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref100
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref100
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref100
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref101
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref101
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref102
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref102
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref102
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref103
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref103
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref103
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref104
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref104
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref104
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref105
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref105
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref105
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref106
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref106
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref107
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref107
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref108
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref108
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref108
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref109
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref109
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref109
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref110
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref110
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref110
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref111
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref111
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref111
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref112
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref112
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref112
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref113
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref113
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref113
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref114
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref114
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref114
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref115
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref115
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref115
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref116
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref116
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref116
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref117
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref117
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref117
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref118
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref118
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref119
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref119
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref119
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref120
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref120
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref120
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref121
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref121
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref121
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref122
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref122
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref122
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref123
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref123
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref123
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref124
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref124
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref125
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref125
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref125
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref126
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref126
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref126
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref127
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref127
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref128
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref128
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref128
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref129
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref129
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref129
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref130
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref130
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref131
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref131
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref132
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref132
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref133
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref133
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref133
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref134
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref134
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref134
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref135
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref135
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref135
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref136
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref136
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref136
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref137
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref137
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref137
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref138
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref138
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref139
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref139
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref139
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref140
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref140
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref140
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref140
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref141
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref141
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref142
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref142
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref142
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref143
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref143
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref143
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref144
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref144
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref144
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref145
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref145
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref146
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref146
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref147
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref147
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref148
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref148
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref148
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref149
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref149
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref149
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref150
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref150
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref150


Building and Environment 177 (2020) 106880

13

[151] K. Takahashi, Remarks on svm-based emotion recognition from multi-modal bio- 
potential signals, in: IEEE Int Workshop on Robot and Human Interactive 
Commun, 2004, pp. 95–100. 

[152] K.H. Kim, S.W. Bang, S.R. Kim, Emotion recognition system using short term 
monitoring of physiological signals, Med. Biol. Eng. Comput. (2004) 419–427. 

[153] T. Chaudhuri, D. Zhai, Y.C. Soh, H. Li, L. Xie, Thermal comfort prediction using 
normalized skin temperature in a uniform built environment, Energy Build. 159 
(2018) 426–440. 

[154] C.A. Frantzidis, C. Bratsas, C.L. Papadelis, E. Konstantinidis, C. Pappas, P. 
D. Bamidis, Toward emotion aware computing: an integrated approach using 
multichannel neurophysiological recordings and affective visual stimuli, IEEE 
Trans. Inf. Technol. Biomed. 14 (2010) 589–597. 

[155] X. Shan, E.H. Yang, J. Zhou, V.W.C. Chang, Human-building interaction under 
various indoor temperatures through neural-signal electroencephalogram (EEG) 
methods, Build. Environ. 129 (December 2017) (2018) 46–53. 

[156] R. Kitchin, The ethics of smart cities and urban science, Philos. Trans. R. Soc. A 
Math. Phys. Eng. Sci. 374 (2016). 

[157] EU Commission, 2018 Reform of EU Data Protection Rules, European 
Commission, 2018. 

[158] Y. Cascone, M. Ferrara, L. Giovannini, G. Serale, Ethical issues of monitoring 
sensor networks for energy efficiency in smart buildings: a case study, in: Energy 
Procedia, 2017. 

[159] H. Schn€adelbach, A. Irune, D. Kirk, K. Glover, P. Brundell, ExoBuilding: 
physiologically driven adaptive architecture, ACM Trans. Comput. Interact. 19 
(2012). 

[160] V. Callaghan, G. Clarke, J. Chin, Some socio-technical aspects of intelligent 
buildings and pervasive computing research, Intell. Build. Int. (2009) 56–74. 

[161] M. Paciuk, The role of personal control of the environment in thermal comfort 
and satisfaction at the workplace, in: EDRA 21 vol. 651942, 1990, pp. 303–312. 

[162] D.A. Norman, How might people interact with agents, Commun. ACM 37 (7) 
(1994) 68–71. 

[163] J. Day, L. Heschong, Understanding behavior potential: the role of building 
interfaces, in: ACEEE Summer Study on Energy Efficiency in Buildings, 2016, 
pp. 1–13. 

[164] A. Leaman, B. Bordass, Productivity in buildings: the ‘killer’ variables, Build. Res. 
Inf. 27 (1) (1999) 4–19. 

[165] R.T. Hellwig, Perceived control in indoor environments: a conceptual approach, 
Build. Res. Inf. 43 (March) (2015) 302–315. 

[166] A.C. Boerstra, Personal Control over Indoor Climate in Offices, Eindhoven 
University of Technology, 2016. 

[167] R. Cohen, P. Ruyssevelt, M. Standeven, W. Bordass, a Leaman, Building 
intelligence in use: lessons from the probe project, in: Proc. EIBG Conf., 1998, 
p. 98. 

[168] S. Attia, Evaluation of adaptive facades: the case study of Al Bahr Towers in the 
UAE, QScience Proc. 2 (6) (2017). 

[169] A. Luna-Navarro, et al., Occupant-adaptive façade interaction: relationships and 
conflicts, in: FAÇADE 2018 Final Conference of COST TU1403 “Adaptive Facades 
Network” Lucerne, November 26/27 2018, 2018. 

[170] F. Jazizadeh, F.M. Marin, B. Becerik-Gerber, A thermal preference scale for 
personalized comfort profile identification via participatory sensing, Build. 
Environ. 68 (2013) 140–149. 

[171] D. Lehrer, J. Vasudev, Visualizing information to improve building performance: 
a study of expert users, in: 2010 ACEEE Summer Study on Energy Efficiency in 
Buildings, 2010. 

[172] S. D’Oca, A.L. Pisello, M. De Simone, V.M. Barthelmes, T. Hong, S.P. Corgnati, 
Human-building interaction at work: findings from an interdisciplinary cross- 
country survey in Italy, Build. Environ. (2018) 147–159. 

[173] W. Leaman, Adrian Bordass, Keeping occupants ‘satisfied, Energy Environ. 
Manag. 2nd Quarte (2000) 21–27. 

[174] A.D. Galasiu, J.A. Veitch, Occupant preferences and satisfaction with the 
luminous environment and control systems in daylit offices: a literature review, 
Energy Build. 38 (7) (2006) 728–742. 

[175] M. Ball, V. Callaghan, Managing control, convenience and autonomy, Ambient 
Intell. Smart Environ. 12 (2012) 159–196. 

A. Luna-Navarro et al.                                                                                                                                                                                                                         

http://refhub.elsevier.com/S0360-1323(20)30239-0/sref151
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref151
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref151
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref152
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref152
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref153
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref153
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref153
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref154
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref154
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref154
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref154
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref155
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref155
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref155
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref156
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref156
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref157
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref157
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref158
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref158
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref158
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref159
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref159
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref159
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref160
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref160
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref161
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref161
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref162
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref162
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref163
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref163
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref163
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref164
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref164
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref165
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref165
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref166
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref166
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref167
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref167
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref167
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref168
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref168
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref169
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref169
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref169
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref170
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref170
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref170
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref171
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref171
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref171
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref172
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref172
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref172
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref173
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref173
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref174
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref174
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref174
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref175
http://refhub.elsevier.com/S0360-1323(20)30239-0/sref175

	Occupant-Facade interaction: a review and classification scheme
	1 Introduction
	2 Development of the scheme
	2.1 Research boundary definition
	2.2 Existing reviews and classification schemes on occupant interaction with automation systems
	2.3 Domain selection: main components and interactive scenarios
	2.4 Interaction diagram and classification scheme

	3 Validation of the scheme for different interactive scenarios
	4 Insights gained from classification scheme
	4.1 Characteristics of each interaction class and future research needs
	4.2 Towards a desired interaction strategy

	5 Conclusion
	Declaration of competing interest
	Acknowledgements
	Appendix A Acknowledgements
	References


