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Ambient Assisted Living (AAL) applications leverage per-
vasive sensing and ambient intelligence technologies to en-
able older people to live independently and to support their
social inclusion and connectedness. Wearable sensors can be
used to gather the elderly’s activities of daily living (ADLSs)
data, thus enabling remote monitoring. Lately, ambient dis-
plays have been deployed to relay activity information in
the periphery of the caregivers’ attention in order to increase
awareness of the activities of the elderly and to create a sense
of connectedness. Moreover, there is accumulated evidence
demonstrating the ability of ambient displays to influence
and promote social connectedness between the elderly and
their caregivers. In recent years, intelligent ambient light-
ing, a subclass of ambient displays, is emerging as an effec-
tive tool for conveying physical activity information. Exist-
ing literature suggests lighting encodings or configurations
combining color, rate of change, position and brightness to
communicate such information. Within AAL, there is little
empirical evidence surrounding ambient lighting encodings
that support this cause effectively. In this paper, we present
an exploratory study investigating how potential caregivers
perceive and interpret ambient lighting configurations for
presenting activity information of the elderly. User prefer-
ence, change noticeability and accuracy of the interpretation
of three ambient lighting configurations were evaluated.
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1. INTRODUCTION

Ambient intelligent solutions can have positive implica-
tions on improving the health and well-being of older adults
[10]. A widely accepted definition of Ambient Intelligence
(Aml), was introduced in 2001 by the ISTAG [9], an EU ad-
visory group, to demonstrate a new approach to designing
intelligent environments with a user-centric focus on improv-
ing the quality of life. An excerpt from the ISTAG mantra
[9], describes an AmlI world where, “People are surrounded
by intelligent intuitive interfaces that are embedded in all
kinds of objects and an environment that is capable of recog-
nising and responding to the presence of different individuals
in a seamless, unobtrusive and often invisible way.” Within
Aml environments, such as ambient assisted living (AAL),
human activity recognition (HAR), i.e. the recognition and
monitoring of activities of daily living (ADL) is a distinctive
feature to support independent living among older adults.
A common approach to HAR, includes the deployment of
wearable sensors such as accelerometers and gyroscopes to
support context awareness [26].

As we experience a new wave of AAL technologies, privacy
and protection of personal information remains as one of the
biggest challenges surrounding the continuous monitoring of
people [3, 10]. Explicit presentation of users’ activities such
as “walking”, “sleeping”, “cooking” among others often cause
users to express privacy concerns about their personal infor-
mation. Pedersen and Sokoler in [24], proposed a “kind of
shielding” of personal activity information through abstrac-
tion, exploiting features such as visual or auditory cues to
provide “non-attentional demanding awareness”.

Peripheral awareness is defined in [24] as, “our ability to
maintain and constantly update a sense of our social and
physical context.” Ambient information systems, an appli-
cation area of ambient intelligence, is grounded in the theo-
ries of peripheral awareness, whereby information is subtly
portrayed in the periphery of the user’s attention. This al-
lows users to receive information in the background while
performing other tasks in the foreground. In a digital era,



people are often inundated with information, from emails to
a variety of social media applications [20]. Ambient displays
are part of the solution to reducing the amount of infor-
mation mentally processed by providing an overview of the
content. Moreover, ambient displays [16], capitalize on the
principle of calm technology [28], as they transition effort-
lessly from the foreground to the background of the user’s
attention. Thus, a critical feature of ambient displays is their
capability to be perceived at a quick glance, which triggers
pre-attentive processing to reduce the user’s cognitive load.
Moreover, ambient displays should not distract users from
performing their main tasks. In AAL environments, ambi-
ent displays hold promise as they can present information
to users whenever and wherever needed, to support con-
text awareness and to improve interpersonal relationships
as demonstrated in [21].

Importantly, when designing ambient lighting displays the
designer has to establish a context for decoding the infor-
mation [22]. Specifically, in order to grasp the information
received, the viewer has know the meaning of each lighting
characteristic. In certain instances, users can understand in-
tuitively or they can be explicitly told about the significance
of the encoding [20, 22]. Occasionally, there are discrepan-
cies between the designer’s intention of the encoding and
the viewers interpretation of the encoding. In reality, what
matters most is what is understood by the viewer and not
the designer’s intention [22].

This paper builds on the proposal in [3, 4, 7] to present ac-
tivity information using subtle ambient lighting displays to
support social connectedness and context awareness between
the elderly and their caregivers. Following this proposal, a
smartphone activity recognition system was developed us-
ing the hybrid SVM-HMM model with an overall accuracy
of 99.7% [5]. This model was used to classify six activ-
ity states namely, walking, walking upstairs, walking down-
stairs, standing, laying and sitting. To provide abstraction
and privacy protection, the complexity of activity states was
reduced to activity levels [6]. In this work, the six activ-
ity states have been discretized into three activity levels i.e.
“resting”, “passive” and “active”. This abstraction of activity
states into activity levels was based on user generated map-
pings. Users mapped activity states to levels based on their
jobs and opinions of which activity states they considered to
be active, passive or resting. As a continuation of the work
in [5, 6], we seek to investigate how ambient lighting param-
eters can be exploited to encode activity information. What
is lacking for designers are consistent design guidelines for
encoding activity information within an AAL context.

In this paper, we focus on the design and evaluation of
three lighting configurations taking into consideration po-
sition of the light source, frequency of light changes and
lighting color properties (hue and brightness). Inspired by
the work in [19], we designed a study where participants had
to identify light changes and state their preferences for the
lighting configurations. Matviienko et al. designed a study
where participants had to map lighting patterns to a set of
scenarios. However, our study was centered around an AAL
context with the goal of finding the best lighting parameters
for encoding the elderly’s activity information. Based on the
aforementioned requirements we evaluated:

e noticeability and accuracy of interpretations of the light-
ing configurations. We assume a glanceable ambient
light, which gives clear information would be less dis-

tracting and easily move from the foreground to the
background of attention.

e subjective attributes such as usefulness, suitability, in-
tuitiveness, etc., towards the system. We hypothesize
that the higher the subjective positive attitudes to-
ward the ambient lighting configuration, the more the
likely it will be adopted.

e user’s perceptions on future system adoption and their
recommendations for lighting parameters to encode ac-
tivity information.

2. RELATED WORK

In an AAL setting, the integration of lighting, the In-
ternet and sensors can realize systems that go beyond il-
lumination. In particular, lighting through the Internet of
Things (IOT), is capable of sensing and communicating vast
amounts of data from the environment. Thus, light has
huge potential for enabling context awareness and enhanc-
ing well-being. Also, the varying visual properties of light
e.g., colour, brightness, saturation, position and frequency
of changes discussed in [3, 20] make it ideal for encoding
physical activity information. Within AAL, the rendering
of activity information through ambient displays has demon-
strated potential for strengthening connectivity between the
elderly and their caregivers [21]. For instance, the Snow-
Globe, an ambient lighting display was used to encode move-
ment information in an AAL context, for creating inter-
personal awareness between two remote persons. In this
design, movement information was rendered using a mea-
sure of purple light and fluttering snowflakes. When com-
munication was initiated by one person, the other person’s
snowgloble reflected a bright orange light accompanied by
fluttering snowflakes. Similarly, the Casablanca Intentional
Presence Lamp [13], conveyed presence information to two
remote users using different images and colour. In another
scenario, the Lumitouch [2] deployed ambient light for emo-
tional communication. However, in these studies the infor-
mation encoded was varied and as such was lacking in a
consistent framework for encoding activity information es-
pecially for an AAL context.

Previous studies have exploited lighting features for con-
veying physical activity information using different encod-
ings. For instance, ActivMON is a wrist-based ambient
display, which uses coloured lighting to inform users about
their activity levels [1]. In addition, a pulsing light is used
to convey information about the activity levels of others.
ActivMON uses a colour fade from red-to-green, where red
shows no daily activity while green demonstrates that the
user’s daily activity goal is achieved. A fast pulsing light
indicates high physical activity levels for other users while
a slow pulsing light shows their inactivity. The HealthBar
[17] is an ambient lighting display, deployed in working envi-
ronments to counteract the effects of prolonged sitting. The
HealthBar exploits a light tube placed at the user’s desk,
which fades from green-to-red. A fully charged HealthBar is
initially set to green and gradually fades to red to prompt the
user to take a break. If the break is not initiated, a pulsing
light is used as a break reminder. In a similar way, ambient
light was deployed through the Movelamp [11] to stimulate
increased movement in office environments. Using a Philips
Living Colours lamp, the Movelamp was positioned in the



user’s peripheral vision. It changed using a colour fade from
green-to-red with increasing brightness. Green shows peri-
ods of physical activity while red displays no activity, the
brightness was a medium to alert the user’s attention [11].
The Pediluma ambient display, is a shoe accessory that uses
one colour (green), with varying intensities to visualize the
wearer’s physical activity [15]. More physical activity is re-
flected with a brighter glow, encouraging users to increase
their activity levels.

Overall, we observed that colour, brightness, position and
a pulsing light are the four most common combination of
lighting parameters to encode activity information. How-
ever, within an AAL context, a pulsing light would be more
relevant to convey an emergency or crisis situation, which is
not an intended goal of this research. As an aside, most of
the earlier studies on ambient light displays encoding activ-
ity information have focussed primarily on how the receipt of
the information influenced the users’ activity levels. Quan-
titative evidence showing how people perceive the visual in-
formation received is largely left unexplored. As mentioned
earlier, ambient displays are meant to trigger pre-attentive
processing, an intuitive process often based on instinct, snap
judgements and gut feelings as mentioned in [12]. As Glad-
well argues, rapid cognition is not always correct, which in
this case, can be harmful within an AAL setting. Conse-
quently, opening up the problem space for researchers to
explore whether the caregiver’s perception of activity en-
codings at a glance, matches with the physical reality of the
elder’s activities.

A considerable amount of work has been published on
design guidelines for the design [8, 25, 27] and assessment
of ambient displays [16, 18]. These design guidelines and
heuristics were used to set the initial requirements for our
ambient lighting display. However, they were still too gen-
eral and more specificity would better assist designers to
tailor ambient lighting solutions to encode physical activity
information. In an attempt to fill this gap, Matviienko et al.
[19] derived a set of guidelines for encoding lighting param-
eters. Yet, these guidelines were not matching the intended
outcome of our overall research i.e. not only to provide con-
text awareness but also to enhance the social connectedness
experience through the use of lighting parameters such as
colour.

Therefore, the specific colour choice should not only con-
vey activity information but also evoke a subtle sense of
remote presence based on the elder’s current activity level.
In retrospect, the derived lighting patterns for presenting
situations in [19], were not sufficient for both end-goals as
the authors recommended different colours for status infor-
mation classes showing presence and physical activity data.
Consequently, driving the need for one colour scheme that
could achieve both outcomes.

To fill this gap, we reviewed the literature on colour sym-
bolism. Our findings showed varied interpretations on colour,
which were heavily reliant on culture, age and situational
context. For example, the authors in [23] demonstrated
affective implications of lighting colour using colour emo-
tion scales such as “passive” or “active”. The more reddish
the colour, yielded a more “active” colour emotion response
by both elderly and younger adults while higher variations
of blue were in most instances ranked as more passive by
both user groups. Moreover, as demonstrated in [6], red was
useful for showing high activity levels while simultaneously

evoking an invigorating sense of presence, while blue was
convenient for showing periods of low activity levels with a
lesser degree of remote presence. These findings helped to
set the stage for the design choice on the colour scheme.

3. METHODOLOGY

As we strive for more appropriate guidelines for encod-
ing activity information to fit an AAL context, a controlled
experiment was designed with two parts. Specifically, we fo-
cused on understanding how potential caregivers perceived
and decoded lighting cues and examined their preferences
for lighting parameters for encoding the elderly’s physical
activity information to provide context awareness and illicit
feelings of social connectedness. A review of published work
and a user-centered approach were adopted to design three
lighting configurations.

3.1 Participants

Fourteen (14) participants were recruited from the Univer-
sity of Genova to take part in the experiment, which lasted
50 minutes per participant. The demographics were as fol-
lows: 64.3% were between 25—34, while 21.4% were between
18 — 24 and 14.3% were between 35 — 44 years. The sam-
ple was comprised of 85.7% males and 14.3% females, while
66.7% were students and 33.3% were employed. The sample
was predominantly Italian (5 males and 1 female), followed
by Pakistani (3 males), with small numbers of other nation-
alities such as Tunisian (1 male), Colombian (1 male), Ira-
nian (1 male), Indian (1 female) and Lebanese (1 male). All
participants had normal or corrected-to-normal visual acuity
and were tested for colour vision deficits using the Ishihara
color blindness test [14]. Participants were informed of the
required procedure and signed their consent form.

3.2 Design

The primary goal of this experiment was to empirically as-
sess the users’ perspectives regarding the use of lighting pa-
rameters to convey activity information of an elderly person
to a caregiver in order to support social connectedness and
context awareness. Accordingly, the lighting parameters de-
ployed must be glanceableable, non-distracting and aesthet-
ically pleasing in order to evoke a subtle sense of presence.
Based on existing literature and a cognitive walk-through
with six prospective users to inspect their interpretations of
lighting parameters (position, rate of change and color prop-
erties) on encoded activity information, we had three main
findings:

e Ambient light must be glanceable, easily controlled
(e.g., turned on or off, adjust the brightness levels etc.,)
and should be positioned within the field of view of
the users. As mentioned in [3], participants were more
in favour of lighting applications that can be easily
incorporated in their everyday routines. One recom-
mendation of a light source that would readily fit this
criterion, was a desk lamp.

e A pulsing light might be too distracting and fails to
inconspicuously convey activity information.

e The most obvious properties of light (hue and bright-
ness) should be varied smoothly to subtly convey ac-
tivity information.



e Red was more favoured to represent a high activity
level, green for an intermediate level and blue for rest-
ing.

As discussed earlier, a user can at any point in time be in one
of three activity levels: active, passive or resting. Each ac-
tivity level can be represented by one distinct lighting color
property. Also, the amount of time a user stays in an ac-
tivity level is another dimension that can be overtly relayed
(represented by lighting color property) or covertly relayed
(intuitively decerned by users). Based on these findings,
three lighting configurations (X,Y,Z) were designed.
Configuration X can convey both changes in activity lev-
els and also the temporal duration of stay in a particular
level. Figure 1, shows configuration X, where red, green and

- a -

AiAnoe Jo uoneing

- ~ - ~
SN L

Change in activity level
Figure 1: Lighting Configuration X

blue lights represent active, passive and resting levels re-
spectively, while changes in light intensity depict how long
a person has stayed in a specific activity level. From [6],
our human activity detection model can detect a user’s ac-
tivity level every 1.28 seconds. Consequently, the minimum
amount of time for the ambient lighting color change is 1.28
seconds. For this experiment, the brightness for an activity
level was initially set to 33.3%, while activity levels lasting
for more than 10 seconds and 20 seconds were set to 66.6%
and 100% respectively.

Inspired by the Pediluma [15], configuration Y exploited
changes in brightness of a single default green color to convey
changes in activity levels. Temporal duration of activity
levels was not overtly conveyed. Configuration Y is depicted
in figure 2.

»
)
»

”””J(-.‘,-H-;a-;g_;;i-ﬁ-activity level
Figure 2: Lighting Configuration Y

To convey changes in activity levels, configuration Z em-
ployed changes in lighting color in the same manner as con-

figuration X. Like configuration Y, the temporal duration of
activity levels was not overtly represented. Figure 3, demon-
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Figure 3: Lighting Configuration Z

strates lighting configuration Z.

3.3 Experiment setup and procedure

The experiment was carried out in a room, located at the
University of Genova, with dimensions of 10.4 x 4.3 meters.
The walls and ceiling were off-white and the floor consisted
of marble tiles. The ambient light source was a desk lamp
exploiting the Philips Hue, a connected lighting system that
enables lighting color properties to be controlled over a net-
work. The Philips Hue is furnished with a network bridge for
connecting to the internet and provides an API for building
custom applications to control the light over the network. A
hand held tally counter was used by participants to monitor
the changes in lighting color. The experiment was divided
into two phases using a repeated measures design method-
ology. Figure 4, illustrates an example of a participant per-
forming the experiment.

Figure 4: An example of a participant performing experi-
ment

Phase one investigated how quickly participants processed
the ambient information at a glance and examined the accu-
racy of recognition of the lighting changes. Notably, in this
phase, participants were told that activity information was
encoded through different lighting patterns without specify-
ing the details of the mappings. A set of five practice trials
were deployed to allow participants to familiarize themselves
with the protocol and to clarify their misconceptions. Sub-
sequently, they were given a total of three block trials with
a randomized presentation of lighting configurations X, Y
and Z with each block comprising of ten trials. The unified
length of each trial was 30 seconds with each activity lasting
a minimum of 1.28 seconds (i.e. the minimum detectable ac-
tivity duration of the hybrid SVM-HMM HAR model). Par-
ticipants were instructed to click the counter each time they



noticed a change in light. Following the display of each light-
ing pattern, the participant had 30 seconds to respond to the
questions concerning each trial. With respect to the accu-
racy of change noticeability, participants were to refer to the
counter and respond how many times they noticed changes
in the light. The total change count was the final number
seen on the hand-held tally counter. Participants then se-
lected the correct description of the presented configuration
from a list of options. Additionally, participants were asked
to report the summation of the number of distinct lighting
configurations observed and describe their interpretations of
what each configuration tried to convey.

In phase two, the significance of the lighting parameters
and their mappings to activity levels (passive, active, rest-
ing) for each lighting configuration was explained. Subse-
quently, an activities of daily living (ADL) scenario of an
elderly person was described to each participant, then he
or she viewed the simulated activity information for light-
ing configurations X, Y and Z in a randomized order. After
viewing each lighting configuration, participants performed
a heuristic evaluation in terms of ten desirable features (use-
fulness, suitable abstraction, suitability, interest, percepti-
bility and distinctiveness, noticeability, intuitiveness, learn-
ing ease, distraction and aesthetics). Finally, participants
ranked the lighting configurations from most to least pre-
ferred and provided their qualitative feedback.

4. RESULTS

Regarding the lighting color property, change noticeabil-
ity and accuracy of interpretations, the root mean squared
errors (RMSE) of the reported change counts and interpreta-
tions were calculated per participant for each configuration.
Overall, three RMSE’s per participant were obtained per
configuration. Figure 5, displays a box plot of the errors.

Configuration Y Configuration Z
Configurations

Configuration X

Figure 5: Boxplot of RMSEs of noticed changes and accu-
racy of interpretations

An analysis of variance (one-way ANOVA) of the RM-
SEs was calculated using the R Project for Statistical Com-
puting. An F' value of 7.6 with a p value of 0.00156 was
obtained. This revealed a statistically significant reported
mean error difference (p < 0.05) among the three config-
urations. A Tukey post-hoc (HSD) test was conducted to
determine, which reported errors differed. Reported errors
differed significantly between configurations X and Y (p =
0.002) and between X and Z (p = 0.01). However, there was
no significant difference in reported errors between configu-
rations Y and Z (p = 0.78). This suggests that configuration
X was more susceptible to misinterpretations compared to
configurations Y and Z.

With reference to the heuristic evaluation of the configu-
rations, in terms of desirable features, the sum of positive
and negative perceived attributes were computed for each
configuration. For a desired attribute, “strongly agree” car-
ried weight of 2, “agree” = 1, “neither agree nor agree” = 0,
“disagree” = -1 and “strongly disagree” = -2 and the opposite
for a non-desirable attribute. User responses are presented
in figures 6, 7 and 8.

Configuration X
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suitable abstraction
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sparked interest . Strongly disagree
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Figure 6: Heuristic evaluation of Configuration X

Configuration Y

usefulness
suitable abstraction
suitability

sparked interest . Strongly disagree

perceptible & distinct . Disagree
noticeability . Neither agree nor disagree
intuitive B aoree
easy to learn . Strongly agree

distracting
aesthetically pleasing

o
N

4 6 8 10
Number of participants

N
>

Figure 7: Heuristic evaluation of Configuration Y

Configuration Z
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Figure 8: Heuristic evaluation of Configuration Z

The configurations received a sum of 82, 56 and 105 for
X, Y and Z respectively. A one-way ANOVA revealed a
statistically significant difference in the mean of perceived
positive attributes with F' = 4.05 and p = 0.029. A Tukey
post-hoc (HSD) test revealed a statistically significant differ-
ence between only configuration Z and Y (p = 0.022). This
shows that participants had more positive attitudes toward
configuration Z compared to Y.

Finally, figure 9 shows the ranking of preferences of the
configurations with a rank of 3 being the most preferred and
1 being the least preferred. A one-way ANOVA of the rank-
ing revealed a statistically significant difference (F = 23.93
and p = 1.65e¢ — 07) between user preferences of the con-
figurations. A Tukey post-hoc (HSD) test showed that par-
ticipants preferred configuration Z to configuration Y (p =
1.6e — 06) and configuration X to Y (p = 1.6e — 06). The
preference difference between configurations Z and X was
not statistically significant.
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Figure 9: Scatter plot of user preference rank

5. DISCUSSION AND CONCLUSION

The aim of this study was to assess three different lighting
configurations to derive the best lighting parameters for en-
coding activity information in an AAL context. Confirming
our expectations, more errors were experienced with config-
uration X (three colours and three intensity levels), when
compared to configurations Y and Z. Our participants con-
firmed in their reflection, that configuration X had too many
changes i.e. both in hue and brightness, and consequently
misidentification was a common occurrence with this config-
uration. Based on our observation of participants, changes
in brightness were often misclassified as changes in colour.

There was no statistical significance for change noticeabil-
ity for configurations Y and Z. Notably, participants in their
qualitative assessment mentioned that configuration Y (one
colour changing its brightness on three levels), was too sub-
tle and confusing. They generally articulated that important
notifications could be easily missed with this configuration.
For example, one participant mentioned, “with one colour
and three intensity levels, it is more difficult to notice the
changes in intensity. Also, when both colour and intensity
changed in configuration X, it was confusing.” Moreover,
with configuration Y, some participants mentioned that they
were more engaged in thinking only about one type of activ-
ity, while configuration Z made them think about changes
in activities while intuitively discerning the concept of time.
We hypothesize that configuration Z (3 colours at the same
intensity) had less errors due to its easily distinguishable
properties such as lighting colour with constant brightness.
Overall, the results suggest that a higher cognitive load was
experienced with configuration X.

In retrospect, participants generally preferred configura-
tion Z for encoding activity information. When the lighting
configuration was shown the colour of the lights was red
for active, green for passive and blue for resting. Partici-
pants generally indicated that the intuitive meaning of these
colours were effortlessly mapped to activity levels.

With respect to suitability, participants articulated that

lighting configuration Z, had specific lighting properties, which

made it particularly suitable for encoding activity informa-
tion. These include, it provided suitable abstraction of per-
sonal information and a clear mapping of activity informa-
tion, its aesthetic quality, noticeability, intuitiveness, little
distraction and ease of learning. However, with the intro-
duction of ambient lighting systems in AAL environments,
privacy was a major concern among our participants.

Building on the previous research on ambient displays, the
recommendations and experiment results, we now present a
few design guidelines for the encoding of activity information
for an AAL context.

e Devise clear mappings for representing activity infor-

mation with lighting. Brightness might not be ap-
propriate as it often becomes confusing. However, if
brightness is used, sudden changes in intensity should
be avoided.

e Abstraction is necessary to ensure the privacy of per-
sonal information.

e Lighting changes should be intuitive and match the
user’s mental model of the other person’s activities.
Moreover, the lighting parameters used should create
a dynamic understanding of the changes in the other
person’s environment.

e Designers should not overwhelm its users with too many
changes of lighting parameters.

e The lighting source should be aesthetically pleasing
and should be smoothly integrated into the user’s en-
vironment.

e When choosing the colour, the effects of colour on af-
fect should be considered. Red is suitable for high
periods of activity, green for periods of relaxation and
blue for resting periods. However, this can be based on
personal taste, situational context and cultural diver-
sity. The use of one colour with varying intensities to
represent different activity levels might not be accept-
able as changes could be frequently indistinguishable.

e Designers should consider the temporal nature of ac-
tivity information and as such the duration of activities
should be intuitively perceived by viewers. Moreover,
it might be prudent to exploit light’s parameters to
show the history of an elder’s activities in time.

In summary, the findings of our exploratory study pro-
vided insights into the perceptions of the lighting parame-
ters to inform the design of an ambient lighting display to
portray activity information for an AAL context. The study
shows the relevance of lighting parameters such as colour to
encode activity information for easy interpretation, minimal
distraction and reduced mental effort. This could have im-
plications for the design of future ambient lighting displays
within an AAL context because of its great potential for
increasing awareness and affective responses.
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