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Abstract. In the built space, building occupants, their behaviours and
control actions are research areas that have gained a lot of attention.
This is well justified since energy behaviours can result in differences
of up to 25% in building energy consumption. Previous research
recommends exploring ways to influence occupants' energy behaviour
— through eco-feedback and by directly engaging occupants with
building controls. Very little attention has been given to the role digital
art and design can play in soliciting and changing human energy-related
actions and behaviours in the built space. This paper proposes a new
process that combines eco-feedback, gamification, and ecological
digital art to trigger occupants to take immediate and precise control
actions in the built space. We design, deploy and test this by creating
an immersive human-building-interaction apparatus, which we place in
a month-long exhibition. This experimental interface was informed by
a novel vision for engagement-based human-building interactions
deeply rooted in aesthetics, digital art and design. It also uses digital art
to mediate between the occupants and energy-performance of spaces by
redefining their relationship with and perception of energy — moving
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from metrics and quantities understanding to one that is art and
emotion-based. The analysis reveals that this new type of human-
engagement-based interactive building-control mechanism can add a
significant layer of influence on energy-related actions — without
revoking the individuals' ability to control their environment. It also
highlights digital design and art's power in guiding actions and
interactions with the built space.

Keywords. Human building interactions (HBI); occupant behaviour (OA); ecological
feedback (eco-feedback); gamification; energy behaviour; immediate actions.
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1. Introduction

In the built space, building occupants, their behaviours and control actions are
research areas that have gained much attention. This is well justified since
energy behaviours can result in differences of up to 25% in building energy
consumption (Stazi et al., 2017). Additionally, building controls are one of the
areas that have been rapidly advancing due to the application of new
information technologies, such as automation, artificial intelligence and big
data (Day et al., 2020). Most of the current work on the topic is focused on
predicting occupant behaviour and automating building controls, without
intending to change occupants' behaviour nor their modes of interactions with
the building and its components (Swaminathan et al., 2018; Tamas et al.,
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2020). However, these smart building controls' technical, social and ethical
challenges are becoming ever more apparent.

On the other hand, eco-feedback, which aims to inform users or actors about
the consequences of their actions to reduce negative impacts, has been
reported as an effective means for influencing behaviour (Buchanan et al.,
2014; Jain et al., 2012; Khosrowpour et al., 2018). Adversely, little attention
has been given to studying the design parameters, game-logics, and the logics
that can allow feedback technologies to solicit specific behaviours from
occupants.

This paper moves beyond the current mainstream building-control automation
research and other forms of "smart utopias" (Darby, 2014) to explore a new
engagement-based process that combines eco-feedback, gamification, and
ecological digital art to trigger occupants to take immediate and precise
control actions in the built space. Through this exploration, the paper attempts
to answer the following question: Can real-time artistic eco-feedback be an
effective way to trigger targeted indoor environmental control actions?

2. Background
2.1. CONTROLS AND OCCUPANT BEHAVIOR

Occupants' behaviour and their priorities are influenced by various external
factors (Ozcelik et al., 2019; Stazi et al., 2017). Today, many automation and
control models, even those proposing what is known as human-in-the-loop
controls, assume that discomfort is one of the major drivers for triggering
interaction with building controls (Aryal and Becerik-Gerber, 2018; Gupta
and Kar, 2018; Park et al., 2019).

While meeting the occupants' comfort expectations appears to be a
relevant strategy for smart controls, it might be missing on the potential to
direct users to take more environmentally favourable actions. Also, in the
context of the global environmental crisis (Jain et al., 2012; Vandevyvere and
Heynen, 2014), comfort-focused control approaches disregard many
important ecological, ethical (related to prioritizing humans and their over
nature or resource consumption), cultural/beliefs and even biological factors
(Cole and Brown, 2009). Additionally, many studies have highlighted that
occupants willingly accept minor or temporary discomfort — when given the
correct, material or psychological, incentive, in the form of rewards or
compensations (Deuble and de Dear, 2012; Eichler et al., 2017).

Thus, the question arises, how can occupants be persuaded to take control
actions that are more favourable to the building or the environment?
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2.2. ECOLOGICAL FEEDBACK

Feedback, and ecological feedback in specific, is one of the external
parameters known to influence human behaviour in built spaces (2014).
Previous work, such as that of Jain et al. (2012), has shown that the
engagement-character of control interfaces or their interactive-ness is directly
linked to possible energy reduction. Other studies have also reported on the
success of eco-feedback in raising awareness and possibly creating medium
and long-term occupant behaviour changes (Buchanan et al., 2014; Gulbinas
and Taylor, 2014; Tiefenbeck et al., 2019).

However, the current work on eco-feedback remains focused on long-term

metrics and overall consumption and saving trends. Certainly, the
consequences (such as energy savings) are essential to consider in eco-
feedback approaches' success. However, little research has attempted to study
directly the range of actions that can result from eco-feedback — precisely
immediate actions that answer to eco-feedback. Also, very little attention has
been given to understanding the role digital art and design can play in the
process of soliciting and changing human energy-related actions and
behaviours in the built space (Gunay et al., 2014; Orland et al., 2014; Zhuang
and Wu, 2019).
While Janda (2011) suggest that we approach eco-feedback in buildings as a
form of pedagogy, most published work depends on providing occupants with
direct data (such as energy consumption metrics or savings metrics) or
messages (such as red indicators for high usage and green indicators for eco-
usage, or text information related to comfort or efficiency) (Zhuang and Wu,
2019). This approach is novel and has been barely explored in the built
environment — except for the work of (Cucuzzella, 2019; Cucuzzella et al.,
2019). Also, little published research have focused on exploring ambient and
alternative (i.e. non-technical and non-quantitative) eco-feedback and
interfaces — with few exception such as the work of Rodgers and Bartram
(2011).

3. Methodology

To answer the proposed research question and to explore the potential of
artistic and ambient eco-feedback to trigger targeted, or specific, indoor
environmental control actions, we design, deploy and test an immersive
human-building-interaction apparatus. We place our experiment in a month-
long exhibition. The setup included a living-room-like space, equipped with
3-indoor environment devices (a heater, fan, and 2-lights), and a large screen
with a control pad. The large screen allowed for an immersive experience.
Each of the 3 devices included a non-invasive AC current sensor. We use
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electric current information to create real-time artistic visualizations. We
design 3 different profiles (sleep, workout and study) with different target
levels for the equipment (for example, in the sleep profile, the heater was set
to level 1, and the fan and lights are off). The setup can be seen in Figure 1.

Figure 1. Experiment Setup

The logic of the interface was designed to be simple. When the participants
first enter the space, they are prompted to reset all devices to the zero (0) level,
pick up the control pad, and select one of 3 profiles. Each of the profiles had
its specific device target levels. The artistic visuals moved a cross a spectrum
of conditions, between two opposing extremes: (1) a state of harmony and (2)
a state of agitation. As the devices' settings approach the target levels, the
visual would progressively approach harmony. We made the difference
between the two states very obvious during the design process. Figure 2 shows
an example of the workout profile transition from harmony to out of sync.

Figure 2. The workout visuals in the harmonious, uneasy (intermediate), irritated states (from
left to right)
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The interaction's goal was for the participants to arrive to a state of harmony
by executing control actions on the 3 devices. We gave the participants the
option to use hints along the way (which appeared in the form of text on the
screen) — to help them achieve the target. When the users were satisfied with
the settings, they were required to press "SUBMIT". Figure 3 presents the
overall interaction process.

Invitation Select profile Intertact Submit

eReset the ePresented with eReal time visual eEvaluation of
devices to zero visual harmony feedback performance
(0) level ePresented with e Possibility of *Request to

ePick up the basic using hints return devices

controler and

instructions

to 0 level

select a profile

Figure 3. Interaction process

We collect data about the time it took for the users to from the start of the
interaction to the moment they submitted, the number of hints used for each
interaction, and the 3 devices' levels at the SUBMIT moment. We assess the
submitted answer's accuracy, ranging from 3-all correct, 2 or 1 — partially
correct, and O-incorrect. We complemented the quantitative data with
informal discussions with the participants.

4. Results and Discussion

4.1. GENERAL RESULTS

We collect 197 data points throughout the month-long setup. The basic data
analysis shows that in close to one-third of the cases, the participants were
able to arrive at the correct settings for the selected profile. In about 50% of
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the time, they figured out one or two of the parameters, and in less than 20%
of the cases, they were not able to get to any correct parameters. These results
are illustrated in Figure 4 (left).

We find that the average humber of hints used was 0.7 (median of 0 hints, and
a mode of 0 hints), with a standard deviation of 1.4 hints. The distribution
shows most participants did not use any hints (about 65% of the cases) and
about 20% of the cases 1 hint was used, and in about 15.75% of the cases two
or more hints were used. These findings are illustrated in Figure 4 (right).
The engagement time recorded for the cases had an average of 27.6 seconds
and a standard deviation of 24.9. Figure 5 presents the Pareto chart of the
engagement time, showing close to 50% of the cases below 20s of engagement
time.

Accuracy Hints used

18.27 % 15.74%

49.24%

Incorrect
Partially-correct (1/2)

= Fully-correct = No Hints = 1 Hint = 2 Hints or more

Figure 4. Results — left: accuracy and right: hints used

The results show that the artistic eco-feedback setup we used was able to
trigger occupants to take the specific control actions required and reach all or
some of the correct parameters in more than 80% of the time. To reach the
device levels of the profile required the participants to modify 3 independent
devices. It is important to note that the participants did not have earlier
knowledge of the required device levels, they did not know how their control
actions affect the visuals they saw on the screen, and they had no
numerical/quantitative data related to the devices' energy. They also did these
control actions with little or no assistance (in the form of hints) and were able
to attain outcomes in less than 20 seconds.
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Figure 5. Pareto chart for the engagement time

4.2. CORRELATIONS BETWEEN EXPERIMENT PARAMETERS

Using the Spearman's Rank-Order correlation, we find a highly significant
positive correlation between the hints used and the engagement time (i.e. the
more hints used the longer the engagement time), a highly significant positive
correlation between the hints used and the accuracy (i.e. the more hints used
the more accurate the solution), and we find a weak correlation between the
engagement time and the accuracy of the solution. These findings are
presented in Table 1.

TABLE 1. Correlation between the different variables of the experiment.

Hints used Accuracy
Engagement time (s) R 0.361 0.169
99 p-Value 1.81x107*** 0.0177*
i R? - 0.434
Hints used p -Value - 1.97 x 10-10 *%*

* p <0.05, ** p < 0.01, *** p < 0.001

4.3. INFERENCES AND RELATION TO AVAILABLE KNOWLEDGE

The collected measurements and the occupants' discussion revealed a number
of important dimensions that are key for developing new modes of interactions
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with buildings. These developments have been suggested by Day et al. (2020)
and others as an urgent task in the field of smart building controls.

A.

Art and design-based interfaces can help users take actions that are not
rooted in their need for comfort. Thus we might consider that interactive
eco-feedback tools can trigger users to take actions that would be
considered illogical or irrational under normal conditions (O’Brien and
Gunay, 2014). For example, we find that occupants have turned on both
the fan and heater in a very small space — when triggered by the interface
to do so (in more than 50% of the cases requiring such action to occur).
While  most participants  indicated that there was no
environmental/comfort motive for changing the devices (since the space
environment was controlled), that the heater and fan cause discomfort in
the small space, and that the equipment (specifically the fan and heater)
were significantly overpowered for room size — they still took actions that
contradict these comments.

We find that the priorities of indoor control actions have shifted to meet
the profiles selected' requirements. Previous publications, such as Ozcelik
et al. (2019), suggested that lighting or visual comfort actions usually take
precedence. Our experiment shows that the visual dominance reported by
is replaced by thermal or multimodal action dominance when triggered by
the interface to do so.

That very little or no "material™ rewards (such as monetary or score-based
rewards) were needed to trigger participants to take action. Instead, the
visual appeal of the art-form acted as a form of psychological incentive
mechanism. This is clear since most participants noted that the visual's
ambient nature made them appealing to watch.

There is a clear potential to explore building controls and interaction as a
form of companionship — where the long-term relationship needs to be
developed, maintained and fostered. Such an approach has been studied
previously in the "Tamagotchi Effect”, where owners developed
emotional attachments to their virtual pets.

Janda's (2011) suggestion to consider HBI and building control interfaces
as a form of pedagogy is as relevant today as it was 10 years ago. This
places building controls and HBI beyond a "simple" engineering or
technical problem — referring to complex problems as defined by (Rittel
and Webber, 1973). We find that further explorations in the field of design
are needed to study the forms, modes and logics of building controls. We
propose that exploring the theoretical underpinnings of human-building
interactions is necessary to make the technical engineering developments
meaningfully applicable in real-world contexts.
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While theoretical in nature, this experiment's findings placed the issue of
human behaviour in built spaces at the intersection of the fields of design, art,
engineering, and education. The findings suggest that, researchers can move
away of depending on occupants' knowledge about their long-term energy
consumption or savings to concentrate on providing occupants with prompt
positive stimuli regarding their short-term energy-actions (de Dear, 2011) —
and on ways to deliver immediate action-reward mechanisms through enticing
visuals and interactions. This would transition energy eco-feedback from
objective reporting to form of coaching (through step-by-step guidance) —
where occupants are presented with options to take immediate and precise
control actions that are within their means. This contrasts to other messages
that are broad in their focus or that fall beyond the user's capacity. Such an
approach would also place energy eco-feedback as a for of modern digital
companionship — as explored in the work of (Chenetal., 2012; Floridi, 2008;
Kumar et al., 2019; Pfadenhauer, 2015).

5. Conclusion

In this research, we investigate the topic of indoor environment building
control from an alternative approach. We find that the current focus of most
published work is centred on prediction and automation issues. We find that,
while there are calls for more interactive and engaging interfaces to be
developed, little attention has been given to studying the content, logic and
form of eco-feedback in an indoor environment — including non-metric based
feedback methods. Additionally, available work is highly focused on
analyzing the long- and medium- term consequences of eco-feedback (such as
energy savings). However, no work has focused on studying the immediate
occupancy control actions that can result from exposure to eco-feedback.

In the face of these gaps, we, designed and deployed a new system that uses
art as an ambient eco-feedback mode, intending to trigger occupants to take
specific control actions. During the 1 month experiment, we collected close to
200 data points. We found that, despite the abstract nature of the required
actions' feedback and ambiguity, participants were successful in attaining the
pre-defined target levels for 3 indoor devices. We also found that participants
were very efficient and generally accurate when figuring the devices' required
setup — with 1 or more of the 3 devices levels set correctly in an average of
about 27 seconds.

While the findings here cannot be directly transferable to real-building
situations, they highlight that giving users control (as opposed to revoking
control through automation), while guiding them to make decisions can
translate to positive and accurate control of indoor parameters. Such
interaction and engagement-focused control strategy would also develop the
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users' awareness of the consequences of their actions and lead occupants to
possibly develop meaningful “relationships” with their buildings. The
exploration here can help answer the design gaps identified in recent reviews
of the topic (Day et al., 2020).

Acknowledgements

We would like to thank Aya Doma for her excellent assistance and insights the statistical
analysis. We would like to thank Anghelos Coulon for his work on the software design and
setup of the experimental interface. We would also like to thank Gabriel Pefia for setting up the
experimental space and providing the experience of sitting in a living room. We would like to
thank Anna Waclawek of Concordia University's 4th Space for organizing the Cities event.

This research did not directly receive specific grants from funding agencies in the public,
commercial, or not-for-profit sectors. However, the researchers would like to recognize the
support of the Canadian Social Science and Humanities Research Council for their support, and
Sherif Goubran would also like to acknowledge the support received through the Vanier Canada
Graduate Scholarship and the Concordia Public Scholar Program.

References

ARYAL, A. and BECERIK-GERBER, B. (2018), “Energy consequences of Comfort-driven
temperature setpoints in office buildings”, Energy and Buildings, Elsevier B.V., Vol.
177, pp. 33-46.

BucHANAN, K., Russo, R. and ANDERSON, B. (2014), “Feeding back about eco-feedback:
How do consumers use and respond to energy monitors?”, Energy Policy, Elsevier,
Vol. 73, pp. 138-146.

CHEN, H.M., LIN, C.W., HsIEH, S.H., CHAO, H.F., CHEN, C.S., SHIU, R.S., YE, S.R., ET AL.
(2012), “Persuasive feedback model for inducing energy conservation behaviors of
building users based on interaction with a virtual object”, Energy and Buildings,
Elsevier B.V., Vol. 45, pp. 106-115.

CoLE, R.J. and BROWN, Z. (2009), “Reconciling human and automated intelligence in the
provision of occupant comfort”, Intelligent Buildings International, VVol. 1 No. 1, pp.
39-55.

CucuzzeLLA, C. (2019), “Eco-didactic design in the public realm”, in Mambretti, S. and i
Garcia, J.L.M. (Eds.), The Sustainable City XIII, VVol. 238, Sustainable City, Valencia,
Spain, pp. 283-289.

CucuzzeLLA, C., HAMMOND, C.1., GOUBRAN, S. and LALONDE, C. (Eds.). (2019), “Du
Didactisme en Architecture / On Didacticism in Architecture”, Cahiers de Recherche
Du LEAP, Potential Architecture Books, Montreal, QC.

DARBY, S.J. (2014), “Smart energy technologies in everyday life. Smart Utopia?”, Energy
Research & Social Science, Vol. 1, pp. 240-241.



12 S. GOUBRAN, C. CUCUZZELLA AND M. OUF

DAY, J.K., MCILVENNIE, C., BRACKLEY, C., TARANTINI, M., P1SELLI, C., HAHN, J., O’BRIEN,
W., ET AL. (2020), “A review of select human-building interfaces and their relationship
to human behavior, energy use and occupant comfort”, Building and Environment,
Elsevier Ltd, Vol. 178 No. April, p. 106920.

DE DEAR, R. (2011), “Revisiting an old hypothesis of human thermal perception: alliesthesia”,
Building Research & Information, VVol. 39 No. 2, pp. 108-117.

DeUBLE, M.P. and DE DEAR, R.J. (2012), “Green occupants for green buildings: The missing
link?”, Building and Environment, Elsevier Ltd, Vol. 56, pp. 21-27.

EICHLER, A., DARIVIANAKIS, G. and LYGEROS, J. (2017), “Humans in the Loop: A Stochastic
Predictive Approach to Building Energy Management in the Presence of Unpredictable
Users”, IFAC-PapersOnLine, Elsevier B.V., Vol. 50 No. 1, pp. 14471-14476.

FLORIDI, L. (2008), “Artificial intelligence’s new frontier: Artificial companions and the
fourth revolution”, Metaphilosophy, Vol. 39 No. 4-5, pp. 651-655.

GULBINAS, R. and TAYLOR, J.E. (2014), “Effects of real-time eco-feedback and organizational
network dynamics on energy efficient behavior in commercial buildings”, Energy and
Buildings, Elsevier B.V., Vol. 84, pp. 493-500.

GUNAY, H.B., O’BRIEN, W., BEAUSOLEIL-MORRISON, |. and PERNA, A. (2014), “On the
behavioral effects of residential electricity submetering in a heating season”, Building
and Environment, Elsevier Ltd, Vol. 81, pp. 396-403.

GUPTA, S.K. and KaR, K. (2018), “Human-in-the-Loop Thermal Management for Smart
Buildings”, in J., W. and Mishra, S. (Eds.), Intelligent Building Control Systems,
Springer, Cham, pp. 191-217.

JaIN, R.K., TAYLOR, J.E. and PESCHIERA, G. (2012), “Assessing eco-feedback interface usage
and design to drive energy efficiency in buildings”, Energy and Buildings, Elsevier
B.V., Department of Civil Engineering and Engineering Mechanics, Columbia
University, S.W. Mudd Building, 500 West 120th Street, New York, NY 10027,
United States, Vol. 48, pp. 8-17.

JANDA, K.B. (2011), “Buildings don’t use energy: People do”, Architectural Science Review,
Vol. 54 No. 1, pp. 15-22.

KHOSROWPOUR, A., JAIN, R.K., TAYLOR, J.E., PESCHIERA, G., CHEN, J. and GULBINAS, R.
(2018), “A review of occupant energy feedback research: Opportunities for
methodological fusion at the intersection of experimentation, analytics, surveys and
simulation”, Applied Energy, Elsevier, Vol. 218 No. September 2017, pp. 304-316.

KUMAR, P., BRAR, G.S., SINGH, S., NIKOLOVSKI, S., BAGHAEE, H.R. and BALKI¢, Z. (2019),
“Perspectives and intensification of energy efficiency in commercial and residential
buildings using strategic auditing and demand-side management”, Energies, MDPI
AG, Electrical and Instrumentation Engineering, Thapar Institute of Engineering and
Technology, Patiala, Punjab 147004, India, Vol. 12 No. 23, available
at:https://doi.org/10.3390/en12234539.

O’BRIEN, W. and GUNAY, H.B. (2014), “The contextual factors contributing to occupants’
adaptive comfort behaviors in offices - A review and proposed modeling framework”,
Building and Environment, Elsevier Ltd, Vol. 77, pp. 77-87.

ORLAND, B., RAM, N., LANG, D., HOUSER, K., KLING, N. and CocclA, M. (2014), “Saving
energy in an office environment: A serious game intervention”, Energy and Buildings,



ECO-NUDGING: INTERACTIVE DIGITAL DESIGN TO SOLICIT IMMEDIATE
ENERGY ACTIONS IN THE BUILT SPACE 13

Elsevier B.V., Vol. 74, pp. 43-52.

OzCELIK, G., BECERIK-GERBER, B. and CHUGH, R. (2019), “Understanding human-building
interactions under multimodal discomfort”, Building and Environment, Elsevier, Vol.
151 No. December 2018, pp. 280-290.

PARK, J.Y., OUF, M.M., GUNAY, B., PENG, Y., O’BRIEN, W., KIERGAARD, M.B. and NAGY, Z.
(2019), “A critical review of field implementations of occupant-centric building
controls”, Building and Environment, Elsevier, Vol. 165 No. May, p. 106351.

PFADENHAUER, M. (2015), “The Contemporary Appeal of Artificial Companions: Social
Robots as Vehicles to Cultural Worlds of Experience”, Information Society, Vol. 31
No. 3, pp. 284-293.

RITTEL, H.W.J. and WEBBER, M.M. (1973), “Dilemmas in a general theory of planning”,
Policy Sciences, Vol. 4 No. December 1969, pp. 155-169.

RODGERS, J. and BARTRAM, L. (2011), “Exploring ambient and artistic visualization for
residential energy use feedback”, IEEE Transactions on Visualization and Computer
Graphics, IEEE, Vol. 17 No. 12, pp. 2489-2497.

StAzI, F., NAspl, F. and D’ORAzIO, M. (2017), “A literature review on driving factors and
contextual events influencing occupants’ behaviours in buildings”, Building and
Environment, Elsevier Ltd, Vol. 118, pp. 40-66.

SWAMINATHAN, S., WANG, X., ZHou, B. and BALDI, S. (2018), “A University Building Test
Case for Occupancy-Based Building Automation”, Energies, Vol. 11 No. 11, p. 3145.

TAMAS, R., OuF, M.M. and O’BRIEN, W. (2020), “A field study on the effect of building
automation on perceived comfort and control in institutional buildings”, Architectural
Science Review, Vol. 63 No. 1, pp. 74-86.

TIEFENBECK, V., WORNER, A., SCHOB, S., FLEISCH, E. and STAAKE, T. (2019), “Real-time
feedback promotes energy conservation in the absence of volunteer selection bias and
monetary incentives”, Nature Energy, VVol. 4 No. 1, pp. 35-41.

VANDEVYVERE, H. and HEYNEN, H. (2014), “Sustainable Development, Architecture and
Modernism: Aspects of an Ongoing Controversy”, Arts, Vol. 3 No. 4, pp. 350-366.

ZHUANG, X. and Wu, C. (2019), “The effect of interactive feedback on attitude and behavior
change in setting air conditioners in the workplace”, Energy and Buildings, Elsevier
B.V., Vol. 183, pp. 739-748.



