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Abstract
Automatic control of HVAC and artificial lights has been

one of the popular methods for achieving energy-efficient
buildings. The current systems operate using fixed set-
point controls, which are usually based on a conservative ap-
proach. Additionally, the lighting systems require additional
sensor deployment to cope up with continuous fluctuation
of natural light intensity. In this work, we describe a smart
system called indoor Lighting and Temperature Controller
(iLTC), which eliminates the fixed set-points and require-
ment of additional light sensors. iLTC decides operating set-
points more aggressively, which is energy optimal and it tries
to provide maximal user comfort to all the co-occupants in a
shared space. The flexibility in choosing energy optimal set-
points stems from the knowledge of comprehensive temper-
ature and lighting comfort functions of individuals. To track
the fluctuations in natural light intensity, we employ a smart
estimation technique that requires light measurements only
once during the training phase. Using the proposed system,
we show the energy consumption by HVAC can be reduced
up to 39%. Similarly, compared to traditional on/off based
and multilevel lighting systems with iLTC, energy consump-
tion can be reduced up to 33% and 60%, respectively. We
also provide qualitative user experience evaluation.

Categories and Subject Descriptors
H.4 [Information Systems Applications]: Miscella-

neous; H.1.2 [User/Machine Systems]: Human Factors

General Terms
Energy-efficiency, Algorithms, Estimation

Keywords
comfort preference learning, shared space, individual

comfort, shared lighting control, shared HVAC control

Figure 1: In iLTC a room-level controller sets an energy opti-
mal operating point for the lighting and HVAC systems con-
sidering the comfort preferences of all the occupants.

1 Introduction
People spend more than 80% of their time in indoor en-

vironments [7]. Suitable lighting and thermal comfort plays
a significant role in their physical and physiological well-
being and productivity [21]. A significant amount of en-
ergy is spent on illuminating work places properly and also
maintaining thermal comfort. According to the United States
Energy Information Administration (EIA), HVAC (heating,
ventilation, and air conditioning) and artificial lighting sys-
tems account for about 32% and 25% of electricity usage
in residential and commercial buildings [4]. Thus efficient
usage of the HVAC and lighting is one major step towards
reducing the energy consumption in indoor spaces.

Typically, building energy management systems (BEMS)
are installed to lower the energy cost by automatically con-
trolling the actuators1 based on the ambient conditions and
occupancy [6, 8]. The trick to achieve higher energy-
efficiency is to exploit natural conditions as much as possible
and using the actuators to complement only the inadequacy,
if any, in the natural conditions. However, most of these sys-
tems operate within a conservative range or set-point that is
amenable to a large number of people providing only an av-
erage comfortable environment. For example, Monash set-
point trials [3] suggested that ideally the temperature range
of 21° C - 23° C, can provide thermal comfort to most of
the occupants. However, HVAC operating set-point can also
be chosen from a broader temperature range (19° C – 28° C)
based on external conditions and thermal preferences of the
users in the building. Similarly, the suggested 500 lux for
an office environment may not be sufficient for some elderly
people [23] and for young people lesser lumens may be suffi-

1In the rest of this article the term actuators is used for both HVAC and
artificial lighting systems.
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cient. Thus developing a user-centric automation method per
room can reduce the energy consumption and, pari passu in-
crease comfort level.

With many occupants in a shared space like office, there
is a tradeoff in achieving the preferred comfort levels of
users and yet achieving energy efficiency. In this work,
we build and test indoor Light and Temperature Controler
(iLTC), which is a smart system that achieves a fine-balance
while using this tradeoff. A brief overview of the system is
shown in Fig. 1. Unlike traditional BEMS, iLTC employs
a room-level controller2 to decide on an energy optimal op-
erating set-point for the actuators while trying to make all
the co-occupants feel comfortable with respect to their com-
fort preferences. That is, the feeling of thermal and lighting
comfort is not a single temperature or light intensity value
for a person, but a range of values within which user can feel
“equally” comfortable. Thus, iLTC needs to learn about the
thermal and visual comfort preferences of each individual.

Implementing iLTC is highly challenging for the follow-
ing reasons: First, operating set-point for the actuators is a
mere number. It is not easy to correlate comfort levels of
humans with a certain light intensity and temperature value.
A tangible scale of comfort levels needs to be mapped onto
the numbers that can decide the set-points. Second, thermal
comfort level varies significantly from person to person. On
the other hand, HVAC energy consumption is highly depen-
dent on the temperature difference between indoor and out-
door environments. Complete information about the com-
fortable temperature range of each co-occupant is required
to decide on a common temperature set-point while keeping
HVAC consuming lowest possible energy. Third, lighting
comfort level also varies significantly from person to per-
son [10]. Further, unlike temperature, light intensity also
varies significantly at various locations inside a room. Thus,
we need a mechanism to identify natural light intensity at a
desired location (e.g., work-desk of a user).

This article addresses the above challenges and provides
a complete working solution. Specifically we make the fol-
lowing contributions and some of them are, hitherto, unex-
plored.
1. We develop a layered design for iLTC that can offer
room-level control for the lighting and HVAC systems. The
system supports distributed implementation and thus it is
scalable in terms of number of rooms and occupants (Sec-
tion 3).

2. Our system employs a non-intrusive mechanism to derive
user comfort preferences with minimal user intervention and
training. We provide comprehensive mapping functions for
a person, which can indicate comfort levels of the person for
any given light and temperature value. To the best of our
knowledge, we are the first to provide such a comprehensive
mapping functions (Section 4).

3. We estimate the natural light intensity at the work-desk
of users by utilizing light sensor available in their smart-
phones. We derive a relationship between the light inten-

2This could be a simple addendum to the main controller of the HVAC
in the building.

sity measured by smartphone sensor and the outdoor light
intensity with a single sensor. This eliminates the huge cost
of deployment of additional sensors and their management
(Section 4).

4. We propose an algorithm to determine the most energy
optimal operating set-point for HVAC and lighting systems
while making all the co-occupants comfortable. The option
of choosing a set-point from a range of comfort values offers
a wide scope for energy savings (Section 5).

The core of iLTC is implemented using Java, while an
Android application was developed to collect preferences of
users. Matlab scripts are used for various model develop-
ments. We collected user preference data from 21 partici-
pants housed in different rooms to create individual temper-
ature and lighting comfort functions. A detailed evaluation
of iLTC is performed based on these comfort functions to
measure energy savings. Furthermore, the proposed iLTC
system was tested and evaluated by many users.

2 Related Work
A significant amount of energy is wasted by the HVAC

and artificial lighting systems in a building due to their in-
efficient usage. Thus, a large body of current works fo-
cuses on the efficient usage of these systems from various
aspects. Simple solutions proposed to save energy elicit turn-
ing off the actuators automatically when there are no occu-
pants [10, 13]. The occupancy is detected using some sensor-
based mechanisms. ThermoCoach [19] provides a personal-
ized thermostat recommendation exploiting occupancy pat-
tern. However, the technique used cannot be applied for
shared spaces where there are multiple occupants.

Another set of work focuses on the reduction in energy
consumption and stable operation of the HVAC systems.
While some of the research efforts have been to optimize
operational efficiency of the HVAC for a given set-point tem-
perature [12, 14], a significant number of work also em-
phasize on selecting a suitable set-point temperature for the
HVAC in order to fulfill thermal comfort of the occupants.
There are two main methods for determining thermal com-
fort, heat-balanced way and the adaptive approach. The pre-
dicted mean value (PMV) is the heat-balanced way and de-
pends on six parameters: metabolic rate, clothing insulation,
air temperature, radiant temperature, air speed and humid-
ity. Most of these parameters are difficult to obtain from
typical sensors in BEMSs and hence the PMV proves to be
impractical. The adaptive approach focuses on the adapta-
tion of human psychological and physiological behavior [7].
Rather than using the traditional PMV model, which as-
signs a static comfort level to a user, recent studies have
shown that participatory-based approaches can be used to op-
timize user thermal comfort and consequently reducing en-
ergy costs [11, 15, 17].

Participatory approaches allow occupants to give feed-
back based on their comfort level. From the feedback a con-
sensus about common comfort value can be derived. One
major challenge for such a system is that the set-point is re-
silient to outliers and thus a mechanism is required to cope
up with the outliers. Zhang et. al [25] provided a strategy
that overcomes outliers. Another challenge is to find the
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balance between intrusiveness and user involvement in or-
der for the occupants to maintain their incentive to partici-
pate. Most of these existing works require additional sensor
deployment or detailed user information (preferences, demo-
graphics, etc.) and generate a fixed optimal set-point for each
occupant given a room, which provides limited flexibility to
decide set-point temperature. Erickson et. al [9] have used a
participatory sensing approach to customize the HVAC con-
ditioning. However, their approach does not consider shared
spaces with multiple co-occupants. Moreover, it requires a
significant amount of user participation to learn about one’s
comfort preferences.

With respect to reducing energy consumption by the light-
ing systems, the basic idea is to use artificial lights only when
it is necessary. To do this light intensity inside the room
need to be known. As the natural light level can change
across days without any fixed pattern and also the light in-
tensity varies at different locations within a room, measure-
ments need to be done continuously at every location of
interest. Thus many researchers have deployed a number
of sensor nodes to monitor the fluctuation in natural light
level [22, 5, 18]. However these approaches are intrusive
and cumbersome.

In contrast to the above, we focus on: (a) selecting an
energy optimal set-point as opposed to the fixed set-point;
(b) employing only one reference sensor to provide the out-
door light intensity and using it to estimate the light intensity
at desired locations across rooms; and c) use minimal data
from occupants to learn their temperature and lighting com-
fort preferences.

3 iLTC: System Design
The system design for iLTC follows a layered design prin-

cipal as described by Sarkar et. al for IoT applications [20]
(Fig. 2). The system is divided into three layers - (i) vir-
tual object (VO), (ii) composite virtual object (CVO), and
(iii) service layers.

VOs are the digital world representation of the physical
objects. A VO provides interface to access and control its
associated physical object. Thus any entity (e.g., an applica-
tion) can interact with any physical object without knowing
the explicit interfacing mechanism. The CVO is a mash-up
of one or more VOs. Based on the application requirements,
multiple physical objects may need to collaborate and work
harmoniously. A CVO facilitates this without hampering the
independent operations of the physical objects. A CVO is a
smaller unit to run any application logic. Specifically, it col-
lects data from the desired VOs, processes the data and sends
control signals. Not to mention, CVOs can also collaborate
among themselves to cater to higher levels of application re-
quirements. The service layer plays the role of an intelligent
interface between the user and the execution engine (CVO).
It creates appropriate services based on user request/input
and coordinate among CVOs to provide the service. It can
also create a service without explicit user request. All the
three layers are wrapped within a placeholder called ‘dae-
mon’.

There are two major building blocks for iLTC – ‘user dae-
mon’ and ‘room daemon’. A user daemon is associated with

Figure 2: Layered design of iLTC and interactions amongst
various components of its two main building blocks – the
room daemon and the user daemon.

each user and it is hosted on her smartphone. The proposed
system employed a smart-phone based App to learn indi-
vidual temperature and lighting comfort levels for various
temperature and light intensity values. The data collected
through the App is utilized to create comprehensive comfort
function. On the other hand, any activity associated with a
room is handled by the room daemon. For each room in a
building, a separate instance of room daemon is created for
their independent operations. These daemons can be hosted
on a centralized server at the building or at a room-level em-
bedded device. The virtual representations of the actuators
(VO) are hosted by the associated room daemon. Addition-
ally, a temperature and humidity sensor is required for every
room to get thermal feedback. As the modern HVAC sys-
tems can maintain a near homogeneous temperature within
a room, it eliminates various thermal zones within a room.
Thus, a single temperature sensor for a room is sufficient.
The corresponding VO is hosted by the room daemon.

The proposed system uses artificial lights only when the
received natural light at the work-desk fall below the comfort
level. The natural light intensity at various positions inside a
room varies significantly, and it keeps on changing. Thus, a
trivial solution is to deploy light sensor at every work-desks.
In this work, we use a smart technique to avoid deployment
of multiple light sensors inside a room. Rather we use a sin-
gle light sensor for the whole building, and the effective nat-
ural light intensity at each user desk is estimated using this
solitary sensor data. This reference light sensor is used by
all users and room daemons, and is not part of either of the
user and room daemons. Thus, the associated VO is hosted
at a centralized location, which can be accessed by all stake-
holders.

4 User Daemon
The user daemon obtains the preferences through the user

interface and builds a comprehensive comfort function for
thermal and visual preferences. In this section, we describe
how individual user preferences are obtained and modeled.
Furthermore, we also discuss how to estimate natural light
intensity at a user’s work-desk using only a single reference
light sensor.

A user daemon hosts three CVOs – ‘light profile’, ‘tem-
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(a) Application screenshot (b) Comfort levels

Figure 3: Screenshot of the App for collecting user prefer-
ences mapping them into a numeric scale.

perature profile’, and ‘location’. While the profile CVOs
learn preferences of users during the training period, the lo-
cation CVO identifies whether the user is inside a room or
not. This binary classification of user presence is performed
using WiFi based indoor localization. We utilized exist-
ing WiFi access points deployed in the building along with
smartphones of occupants. When a movement is detected
(i.e., change in accelerometer data or step detector), the data
collection for localization is initiated. The localization has
training and evaluation phases. During the training phase,
WiFi scans are performed periodically at the user location
(in her office room). This phase is also called the finger-
printing stage, where data from WiFi scanning is used to de-
termine the list of visible WiFi Access Points (APs) and their
Received Signal Strength (RSS) along with the timestamp.
Since, only room-level occupancy is required the duration of
training phase can be varied. The feature vectors for different
periods at each location are used as training set for classifi-
cation. A Bayesian classifier model is built on the feature
vectors to determine the presence of users in the room [16].
In the evaluation phase upon detection of movement, new
feature vector is evaluated with the classifier model to deter-
mine if the user has left the room or not.

4.1 Individual User Profiling
The core of iLTC is to build individual comfort profiles

for temperature and lighting. For a person, maximum ther-
mal comfort is not a single temperature value rather a range
of temperature values. Similarly, visual comfort also spans
over a range of light intensities. Most users cannot easily
correlate their comfort levels with temperature or light in-
tensity values. Even if they do, there is a chance of signifi-
cant deviations. To this end, iLTC utilizes a smartphone App
to learn the preferences, coupled with precise measurements
from corresponding sensors. When new users enter the sys-
tem, we consider a conservative approach with respect to her
preferences. Initially, we assign preference values derived
from survey/ASHRAE, which are then personalized based
on the preferences data collected over time.

4.1.1 Collection of user preferences
Thermal comfort of a person for a particular temperature

cannot be determined without the feedback from the person.
We use both explicit and implicit way of learning the pref-
erences (feedback on comfort levels) – explicitly by asking

the users to indicate their comfort levels and implicitly (later
while iLTC is in operation) when the user overrides the con-
troller settings. This allows dynamic adaptation of comfort
preferences. Furthermore, if the new setting is significantly
different, then preferences are adapted again by collecting
additional voting data from the user. Thus, by capturing the
changes in user preferences overtime, iLTC eliminates any
outliers.

A screenshot of the App, which is used to collect feed-
back, is shown in Fig. 3a. To indicate comfort a seven-
point scale is used as suggested by the American Society
of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE). However, we convert the traditional numeric
scale of [-3,+3] to [1,4] (see Fig. 3b), because indicator level
‘neutral’ is given the highest preference, whereas indicator
level ‘cold’ and ‘hot’ are given the lowest preference. To
learn the visual comfort a similar scaling is also adapted as
indicated in Fig. 3. The data collected from the App is used
to model the comfort preferences for temperature and light.
Note that the explicit data collection is done only in the be-
ginning when a user becomes part of iLTC.

Our goal is to create comprehensive comfort functions
that can indicate the comfort level of the person for any given
temperature or light intensity. To build such a function, ide-
ally, we should have comfort level indicator for each possible
value, which is not a feasible option. Thus we collected a few
comfort indicators and then we try to model them. The data
collection was conducted from 21 users with 5 different eth-
nic background, age varying from 24 to 51 years. The data
collection is done over several weeks with a dedicated sensor
node deployed in each of the rooms of the occupants (partic-
ipants). Next, we explain the mapping from these measure-
ments to comfort levels.

4.1.2 Modeling user profile: mapping from room tem-
perature and luminance to comfort levels

Whenever a person indicates her comfort level, it is reg-
istered with its corresponding sensor values. During func-
tion creation, we cluster these comfort indicators in multi-
ple equal sized bins. The bin size indicates a small range
of sensor values for which user comfort remains unchanged.
Different bin sizes were empirically evaluated across all the
participants to determine the optimal bin size. More details
on selecting appropriate bin size is discussed in Section 6.
After analyzing user preference data collected from multiple
users, we notice that thermal comfort function can be repre-
sented using a Gaussian function (eq. 1), whereas the light
preference function can be represented using a Beta function
(eq. 2).

FT (α, t) = α1 exp−(
t−α2

α3
)2

(1)

FL(β, l) = β1l(β2−1)(1− l)β3−1 (2)

For every user, the parameters (α and β) of these functions
differ. Based on the comfort indicators, we derive the indi-
vidual function parameters using the least square curve fit-
ting. To derive a reflective function from the limited samples,
we assume that any temperature beyond 14° C and 30° C will
be uncomfortable for any person. Thus, with the existing
comfort indicator data set, we add two additional data points
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Figure 4: Comfort function of an individual based on preference voting, and common comfort range of a room based on
individual comfort functions of all the co-occupants.

of these two extreme temperatures with comfort value 0 us-
ing the least square method. Similarly, for light these two
extreme values are 0 and 1200 lux.

Fig. 4a shows the clustered preference data and the ther-
mal comfort function derived for an individual. From this
function, we can conclude that this particular user feels max-
imum comfort within the range of 20.25° C and 24° C . When
multiple users occupy a room, a common comfort range
needs to be determined. Fig. 4b and 4c, shows the common
comfort range in two different rooms occupied by different
set of people (each room with two occupants). It is clear that
common comfort range of two different rooms can be quite
different based on the individual comfort ranges of the oc-
cupants. Thus, a common temperature set-point for all the
room can cause discomfort for some of the occupants or it
will expend more energy by the HVAC or lighting systems
or both. iLTC exploits the comfort ranges of all the occu-
pants in a room to determine the most energy optimal HVAC
set-point for the room. Moreover, the comfort range for a
user is location independent and it can be carried over when
user changes her location.

Similarly, the clustered lighting comfort indicators and
the fitted comfort function for two users is shown in Fig. 5.
From these figures, we can conclude that the minimum de-
sirable luminescence varies significantly from person to per-
son. Unlike temperature, a common comfort range for light-
ing need not be derived for following reasons. First, when
the light intensity becomes uncomfortable due to superflu-
ous light, the artificial lighting system cannot be used to re-
duce the intensity (like a HVAC through cooling). Rather, the
lighting systems remain completely off and window blinds
can be used to block additional sunlight. Second, the partic-
ular light intensity from the lighting systems can illuminate
differently at various parts of the room. Thus, a work-desk
close to window might get sufficient sunlight, while a work-
desk far away from the window might experience light de-
ficiency. As the received light intensity from a light source
(natural or artificial) differs from desk-to-desk, only individ-
ual visual comfort threshold need to be considered.
4.2 Modeling of received light at work-desks

As the light intensity varies within a room, it is important
to measure the amount of natural light reaching each work-
desk for a particular outdoor light intensity. Thus a single
light sensor is not sufficient to measure the amount of natural

light at different locations (in case there are more occupants
in a room). Moreover, setting a particular set-point (bright-
ness level) for a light unit does not mean a uniform light in-
tensity in all parts of the room. This necessitates measuring
received amount of light at the work-desks of the users from
different sources of lights – artificial and natural.

4.2.1 Modeling of received natural light
iLTC employs the smartphone light-sensor of a user to

measure the received light intensity at his/her work-desk.
However, for natural light, one time measurement using the
smartphone is not sufficient as the natural light can vary over
the days. To resolve this, we use one reference light sen-
sor. Based on the measurement tuple of the reference light
sensor and the smartphone light sensor, a relationship is es-
tablished. This can be used to derive received natural light at
the work-desk when there is a particular outdoor light inten-
sity. Our goal is not to measure light intensity at every part
of the room, but only at the work-desk of the occupant. Once
this measurement is done, the relationship remains the same
until the user changes his/her work-desk.

Though the gradient of light intensity can be expressed
as, lr = ls

4πd2 , where ls and lr are the light intensity at the
source and at a distance d from the source respectively, the
gradient of light intensity inside a room cannot be described
using the same relation. However, a similar form of relation-
ship can be seen between outdoor and indoor light intensity
as, lu = a1 ∗ lo +a2, where lu and lo are the light intensity at
the user work-desk and outdoor respectively. To determine
the unknown parameters (a1 and a2) for a work-desk, we col-
lected light values for a day after the user becomes part of the
iLTC system (using her smartphone). Using the training data
set, the parameters are estimated using least square method.
Once these parameters are known for the work-desk, the re-
ceived natural light can be estimated based on the reference
light sensor values.

Intuitively, it is clear that once the parameters are found,
the same parameters can be used to estimate light values for
that location irrespective of the room and window dimension.
However, the estimation accuracy suffers significantly if the
same set of parameters is used irrespective of time of the
day and weather condition. To improve the estimation accu-
racy, our approach splits the data set collected into multiple
segments based on the light intensity values of the reference
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Figure 5: Comfort functions of individuals based on prefer-
ence vote and lower bound of lighting comfort.

sensor. Then for each of these segments, we find the set of
parameters.

Another important factor that influences the accuracy of
natural light estimation is the visibility of the sun from the
window (time of the day). Thus, we divide the data into
various segments based on the location of the Sun and ori-
entation of the window in the measurement room, and then
determine the estimation parameters. Our detailed evalua-
tion shows that dividing the data set into two parts – when
the Sun is visible from the window, and when it is not vis-
ible from the window – improves estimation accuracy. By
visibility of Sun, we mean the Sun’s location is within the
visible area of the sky through the window. Thus, to esti-
mate the natural light at a work-desk, the right set of esti-
mation parameters are chosen based on Sun’s visibility from
the window and light intensity segment of the reference light
sensor. Though the visibility of Sun from a window changes
drastically throughout the year, it can be easily determined.
If the direction of the window and geographical location of
the room (latitude and longitude) are known, visibility of
Sun can easily be derived from the Sun’s azimuth. To derive
Sun’s azimuth, we have used the algorithm provided by the
measurement and instrumentation data center (MIDC) of the
national renewable energy laboratory (NREL) [1]. This is a
one-time data collection activity to determine the direction
of the window and geographical location of the room.

4.2.2 Modeling received artificial light
Similar to the natural light, the amount of received artifi-

cial light also varies within a room. Thus, it is also neces-
sary to measure the amount of received light from each of
the light units at the work-desk of a user. During the training
period, we turn on the light units in appropriate steps to mea-
sure the received light intensity from each of the light units
at the work-desks. The light units were set to full brightness.

Using the collected data, the gradient of brightness can be
determined. For every light unit, there is a different gradient
at different work-desks.

In building iLTC, we made the following two assumptions
about modeling of preference: (a) since the temperature pref-
erences is not location dependent, it can be utilized across
various rooms, including a common meeting room and home
environments; (b) the same is applicable for visual comfort.
However, in a different room the gradient of light intensity
from Sun and artificial sources varies differently. This neces-
sitates a different set of parameters to model received light
intensity for different work-desks. Since a user spends most
of his/her time at a particular work-desk, one training cam-
paign is sufficient.

5 Room Daemon
Most of the real-time activities are handled at the room

daemon. Whenever a user enters or leaves the room the set-
points for the actuators need to be adjusted. Moreover, if
the natural conditions change, that also influences the set-
point values of the actuators. Each room daemon hosts three
CVOs – ‘main thread’, ‘light controller’, and ‘temperature
controller’.
5.1 Main thread CVO

The main thread CVO manages overall execution of the
room daemon. When a person enters a room, it sends an ‘ar-
rival message’ to the room daemon. This message contains
the identity of the users and their preferences. Upon detect-
ing arrival of an occupant, the daemon communicates pref-
erence values to the controller CVOs. It also makes a tempo-
rary local copy of the user preferences along with marking
the presence of the user. It periodically monitors presence of
occupants inside the room, and instructs the controller CVOs
to adjust set-points of the actuators if required. On the other
hand, the user daemon sends periodic ‘hello messages’ to in-
dicate the presence. If no hello message is received from a
user for significant amount of time, CVO assumes that the
user has left the room, and removes her comfort preferences.
If the user daemon itself identifies that the user left the room,
it explicitly sends a ‘departure message’ to the room daemon.
Whenever a departure is detected, the controller CVOs are
invoked to adjust the set-points if required.
5.2 Light controller CVO

The goal of the light controller CVO is to ensure usage
of artificial light only when the natural light is insufficient
for lighting comfort. Given that it knows the amount of re-
ceived natural light at a work-desk (ln) and the correspond-
ing user preference regarding the lighting comfort (lp) (see
Section 4.2), the amount of light deficiency can easily be
calculated (ld = lp− ln). Using the artificial light modeling
described earlier, received amount of light at the work-desk
can also be calculated if a particular light unit illuminates
at certain brightness. Based on these, the CVO can decide
the minimum brightness for each light unit so that the light
deficiency of the user can be supplemented. A minimum
amount of energy consumption is ensured since lower bright-
ness means lower energy consumption.

When there are multiple occupants inside a room, a cer-
tain brightness level for the light units may not satisfy every-
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Figure 6: A three step algorithm to decide set-points of the light units inside a room when there is one or more occupant(s).

one’s lighting preference. Thus, to fulfill light deficiency of
all the occupants while maintaining lower energy consump-
tion, a suitable combination of set-points (brightness level)
for each light unit needs to be decided. We formulate this as
an optimization problem and it is given below.

min
n

∑
i=1

l(i) (3)

subject to :
n

∑
i=1

A(l(i), i,u)≥ dl(u), ∀u, (4)

where, A(l, i, j) = a1(i, j)× l +a2(i, j). (5)

The objective of the optimization problem is to select a
combination of set-points for each light unit in a room such
that the light deficiency is fulfilled while having minimum
energy consumption. If a light unit i sets its brightness to
l(i), then the received light amount for user u can be cal-
culated using 5. Eventually, the combined received light
amount should be at least equal to the light deficiency ld(u).
If there are 4 light units and each light unit have 16 brightness
levels, there are a total of 65536 combinations to choose an
optimal brightness level. Light intensity can change quickly
within a short time period. Thus, the light controller needs
to adjust the set-points every now and then. Selecting an
optimal set-point out of all possible combinations can incur
significant computational cost. Thus, we propose a heuristic
algorithm to find the set-point that maximizes user comfort
and minimize energy consumed.

A brief overview of the algorithm is shown in Fig. 6. First,
a combination of optimal set-points for all the light units are
derived for each of the occupants based on her light defi-
ciency. The common set-point for a particular light unit is
decided by taking the maximum among individual bright-
ness levels required for all the occupants affected by that
light unit. This ensures that everyone would receive suf-
ficient amount of light. In the final step of the algorithm,
the brightness levels are decreased one step at a time to see
whether this new combination can fulfill the deficiency of all
the occupants. This iterative process stops, when no further
decrease in brightness level is possible. Here the algorithm

assumes that the brightness level of the light units can be
varied. However, for traditional lighting system with only
two states (on/off), we use a similar but simpler technique to
decide whether a light unit should be On or Off at any time
instant. When there is a quick drop in natural light levels,
the brightness levels are not increased immediately, rather a
similar iterative approach is considered but with faster rate
of change in brightness level. This ensures occupants do not
notice any immediate fluctuation in the light units.

5.3 Temperature controller CVO
The temperature controller CVO decides temperature set-

point for the HVAC, which maximizes the comfort of all oc-
cupants and minimizes HVAC energy consumption. Current
HVAC systems are quite efficient in terms of maintaining
a room temperature based on the given set point. Further-
more, with the introduction of zone heating, HVAC systems
can now eliminate hot or cold spots in a room and maintain
a set temperature value across the room. Moreover, several
research efforts are conducted to determine the optimal pre-
conditioned temperature of a room before an occupant ar-
rives or after she leaves. In this regard, this paper focuses
on how to obtain an optimal temperature set-point, which
maximizes the comfort of all occupants and minimizes the
energy consumed by the HVAC system. Determining a set-
point is not trivial when there are multiple occupants present
in a room. The temperature controller CVO finds the com-
mon comfort range of occupants based on the preferences
collected previously.

A HVAC can be at three different operating states – de-
fault, heating or cooling. Default is a state when the HVAC
consumes minimal amount of energy – without loss of gen-
erality, it can be the Off state. In heating state, the HVAC
blows warm air inside the room such that the room temper-
ature reaches a set-point value. The warmth of the air is de-
cided based on difference between the desired set-point tem-
perature and current temperature, whereas the energy con-
sumption depends on the difference between the desired set-
point temperature and outdoor temperature. In the cooling
state, HVAC operation is similar.
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Figure 7: State diagram of the HVAC operation and as-
sociated temperature set-point (st ) assignment. Transitions
among the states depend on the room temperature (rt ), out-
side temperature (ot ), number of occupants (Oc), and the
common thermal comfort range (< bl ,bu >) of all the oc-
cupants.

We now describe how HVAC states are switched and how
the set-point temperature is decided (Fig. 7) so that all the oc-
cupants feel comfortable. In the beginning, the HVAC is in
the default state and its set-point is set to zero (st = 0). When
an occupant enters the room, the room daemon receives her
thermal comfort function. Then, the temperature controller
CVO finds a comfort range for the person, which includes a
lower (bl) and upper (bu) bound. The CVO also gets the cur-
rent room temperature (rt ) from the temperature sensor VO.
If the current room temperature is within this bound, then
HVAC continues to remain in the default state. The CVO
periodically checks if the room temperature falls out of this
bound, and changes its operating state. This can happen for
two reasons: (i) the room temperature changes due to occu-
pants and/or the outdoor temperature; and (ii) the bounds of
the comfort range are modified (narrowed) because of a new
occupant entering the room. Hence our system periodically
monitors the user presence in the room and the current tem-
perature to maximize user comfort.

In case, the room temperature falls below the lower bound
of the common comfort range (rt < bl), the HVAC enters
the heating state, and the set-point is set to this lower bound
(st = bl). This ensures that all the occupants comfort pref-
erences are met. At the heating state, if a new occupant
leaves/arrives, the bounds for the common comfort range
are modified. If the lower bound increases compared to the
previous one (bl = bl + β), that means the heating need to
be continued and the set-point is adjusted to the new lower
bound. In case the lower bound gets reduced, there is a pos-
sibility of decreasing the heating intensity. If the new lower
bound is significantly higher than the outside temperature
(bl −ot > θ), then the set-point is adjusted to the new lower
bound and the HVAC continues in this state. Otherwise the
HVAC is switched to the default state. At the heating state,
if all the occupants leaves the room (Oc) or the room temper-
ature reaches sufficiently higher than the set-point tempera-
ture (rt >= st + θ), the HVAC enters the default state with
set-point being zero. The switching between heating to de-
fault state is guarded with a threshold θ to ensure that the
state change does not happen frequently. A similar switch-
ing happens on the right side of the state diagram when room
temperature goes beyond the upper bound of the common
comfort range and the HVAC enters the cooling state. As
mentioned earlier, this work focus on deciding the optimal
set-point and assumes that the current HVAC system is ca-
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pable of maintaining the set temperature value based on the
physical conditions of the room. Thus by constantly mon-
itoring the room condition and occupancy, iLTC adapts the
set-points to maximize user comfort and minimize energy
consumption of the HVAC system.

6 Evaluation
In this section, we describe our experimental setup and

provide details of all the sensors used during the setup. Fur-
ther, we present results regarding modeling of received light
at the user work-desk and energy savings incurred with the
deployment of iLTC system in shared environments.

6.1 Experimental Setup
Our iLTC system was deployed in an office environment

with multiple rooms. The number of lights, window size and
room size can vary depending upon the building considered.
However, the functioning of the iLTC system is independent
of these parameters. The set of devices used for our mea-
surements, actuation and data collection includes: (i) Moteiv
tmote-sky sensor nodes measuring temperature and light in-
tensity in indoor and outdoor locations, (ii) Smartphones
from different manufacturers for localization and user com-
fort indicator, (iii) Philips hue light bulbs for indoor lighting,
and (iv) Plugwise circles were used to measure energy con-
sumption of the hue bulbs.

Our experimentation considered 21 participants in an of-
fice environment from 5 different ethnic background with
age varying from 25 to 51. The participant list includes both
male and female users and all the users had their smartphone.
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Figure 10: Based on the estimation of the received natural light at two work-desks, and their corresponding light preferences
set-points are decided for the light units.

6.2 Results
The goal of iLTC is to decide set-points for the actua-

tors such that (i) all the co-occupants in a room can be pro-
vided maximal comfort; and (ii) the energy consumption by
the actuators is kept minimal. Deciding light unit set-point
requires information about deficiency in natural light condi-
tions. Thus, we first show the natural light estimation at the
user work-desk using the estimation technique proposed in
Section 4.2. Fig. 8 shows the estimation error of the received
natural light at two work-desks. It can be seen that, when
the whole day data is considered a high error is associated
with the estimation. On the other hand, by splitting the data
set based on visibility of sun significantly reduces the esti-
mation error. This is mainly due to the consideration of rate
of change of natural light with respect to sun visibility at the
user work-desk.

Fig. 9 shows the light intensity steps (in lux) and the cor-
responding number of instances when the occupant noticed
the change in light intensity. We experimented this across
participants and the average results are shown in Fig. 9. It
can be seen that, when the combined received light intensity
at the work-desk changes in a bigger steps more number of
users feel annoyed. From our experiments, we determined
25 lux to be the step change, applied when increasing or de-
creasing the light intensity to prevent user inconvenience. In
Section 4.1, we discussed that a range of temperature and
light values are clustered into bin before deriving the com-
fort functions. For the light values, a bin size of 25 lux is
used for the range of 0 to 1200 lux (This is also clear from
Fig. 9). For temperature, it starts from 14° C until 30° C with
a bin size of 0.25° C , that means any comfort label indicator
for the range 18° C to 18.25° C is mapped to 18° C .

The light intensity for the hue bulbs considered in our ex-
perimentation are within the range 600 to 16000 lux near the
source, and the energy consumption ranges from 0.58 W/s to
5.4 W/s. Unlike the temperature set-point, setting a particu-
lar brightness of light units does not guarantee the required
level of lighting comfort at the user’s work-desk as the light
intensity degrades significantly while moving away from the
source. Consider two users inside a room with minimum
light comfort preference of 300 and 381 lux (Fig. 5). Fig. 10a
shows the amount of natural light received at the work-desks
over a time period. The light samples are measured every
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ison between iLTC and the optimal light level selection.

10 s. During the real deployment of the system, the measured
value of received light intensity will not be available. Thus,
we use an estimate of received amount of light using the ref-
erence sensor as described earlier. It can be seen that, the
estimated light intensity closely follows the actual received
light intensity. This estimated light is used as input for the
light controller CVO.

As mentioned in Section 4.2, we measured the gradient of
light intensity from each source at each work-desks. Fig. 10b
shows the total amount of light seen at the source (with all
six lights) and the received light intensity at the user work-
desks. The decrease of received light at the work-desks is
indeed due to distance from the artificial lights. Furthermore,
Fig. 10c shows the total perceived light at the work-desk by
considering both natural and artificial light. It can be seen
that, lighting preferences of both the occupants are always
met by adjusting the brightness level of the lighting system
when necessary.

As mentioned in Section 5.2, the light controller CVO
uses a computationally inexpensive algorithm to decide the
set-points. From Fig. 10c, it is clear that the algorithm serves
the purpose of providing lighting comfort to all the occu-
pants. To evaluate efficiency of the algorithm, we derived
the set-points using an optimal solution and compared it with
iLTC solution. The optimal solution is found by testing all
the possible combinations of brightness levels.
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Fig. 11 shows the combined brightness of all the light
units using the optimal and iLTC set-point solutions. As
the energy consumption is directly proportional to the bright-
ness level, this also reflects the level of energy consumption.
From the figure, we can conclude that the iLTC solution is
very close to the optimal solution. To be precise, iLTC uses
only 6.92% higher light than the optimal solution. However,
the number of iterations to find a suitable brightness levels
using iLTC is mere 0.01% of the optimal solution. There is
another significant drawback with the optimal solution. In
order to find the least energy consuming brightness levels,
the optimal solution can change the brightness levels of the
light units too frequently with certain change in natural light
level. This may cause annoying experience to the users. On
the other hand, iLTC ensures that whenever the brightness
level gets decreased, it decrease by only one level of bright-
ness (a closer look at Fig. 11 for samples between 1950 and
2050). From our empirical evaluation, we found that a lux
difference of 25 is unnoticeable by the users at their work-
desk and we used that as the minimum brightness step (see
Fig. 9). This ensures that the user will hardly notice any
change in the brightness when decreasing the light intensity.

Fig. 12 shows the reduction in light intensity to maintain
user comfort and minimize energy consumption across two
lamp units. It can be seen that the light intensity is reduced
iteratively such that not more than 25 lux difference is per-
ceived at the user’s work-desk. This approach ensures sud-
den fluctuations in natural light do not affect the user com-
fort. Moreover, when the natural light is not sufficient, artifi-
cial lights are turned ON to maintain the user comfort levels.
For example, in evening the natural light perceived at the
user work-desk might be lower than the comfort preference.
During this stage, we follow an iterative approach to increase
the lux value, but at a faster rate rather than abrupt change in
lux causing inconvenience to the user. Fig. 13 shows the rise
in lux value to maintain user comfort across two light units.
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Thus iLTC avoids both abrupt increase and decrease in light
intensity and follows a iterative approach to achieve the same
without causing too much inconvenience to the users.

We also conducted a post-deployment user evaluation to
determine the efficacy of the system (Fig. 14). Based on the
user preferences collected, the set-points for the lighting sys-
tem and the brightness level of the light units were constantly
adapted. The feedback was collected using a questionnaire
available on the smartphone App. The questionnaire com-
prised of questions related to visual comfort feeling. Each
user selects one of the comfort levels viz., (i) hostile, (ii) un-
comfortable, (iii) amicable, and (iv) preferable based on the
current set-points decided by the iLTC. The post-deployment
evaluation was conducted on several days to generalize the
outcome. On an average 78% of the feedback from 21 par-
ticipants indicated preferable comfort feeling when the light
intensity was adjusted due to either insufficient light inten-
sity or excess light intensity. 22% feedback received indi-
cated amicable feeling at certain time periods. A closer look
revealed that these are due to the variation in comfort prefer-
ence of the user and also due to sudden fluctuations in natural
light perceived at the user work-desks. This change is pref-

Table 1: Reduction of energy consumption by iLTC as com-
pared to fixed and stepwise switching of the light units.

Sunny day Cloudy day
Switching
Method

Multi-step
light

On/off
light

Multi-step
light

On/off
light

Fixed 56.25% 31.20% 60.71% 33.06%
Stepwise 31.03% – 35.29% –
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Figure 16: Comparison of energy consumption by the HVAC
for fixed set-point technique and iLTC. Considering the total
yearly consumption, iLTC is 39% and 27% less expensive
based on the outdoor temperature in two cities.

erence was further considered to adapt the user preference
models accordingly.

Finally, to evaluate the efficiency of the light con-
troller, we compared iLTC with two switching mechanisms.
(i) Fixed switching – where the light units are turned on to the
maximum levels when the outdoor light intensity drops be-
yond a certain threshold. This threshold is decided when ei-
ther of the users face light deficiency. (ii) Stepwise switching
– where the light units are turned on with varying brightness
with the variation of outdoor light intensity. We tested these
strategies on the data sets for a sunny day and a cloudy day,
where on the cloudy day indoor light intensity was insuffi-
cient for the occupants almost throughout the day. The total
energy consumption by all the light units is shown in Fig. 15
when various switching strategies are used. All the strate-
gies considered include occupancy detection before turning
on the lights. iLTC based switching consumes the least en-
ergy as compared to other strategies. This is mainly due to
the individual control of brightness level at each light unit.
Table 1 shows the total reduction in energy consumption by
iLTC as compared to fixed and stepwise switching mecha-
nisms.

To compare the energy consumption of the HVAC,
we adopted the energy-temperature correlation model P =

| λ

M (ti− to)| as described in [24], where P is the amount of
energy consumed by the HVAC system in one second, λ is

the conductivity of a particular room, M is the efficiency of
the HVAC system, and ti and to are the indoor and outdoor
temperatures respectively. For a particular room, λ and M
are constant. So, the HVAC energy consumption is mainly
dependent on the difference in set-point temperature and out-
door temperature. Additional details of the HVAC system
such as duct type, radiation/convection, air re-circulation is
not considered as it varies from one HVAC system to another
and also dependent on the building characteristics. Our ob-
jective is to show the potential energy savings by finding the
optimal set-point to maximize user comfort and minimize
energy consumption. Thus we use a simpler energy model
based on difference between indoor set-point and outdoor
temperature as described in [24].

For our evaluation, we fixed the values of λ and M to be
70.5 J/s.K and 0.14, respectively (from [24]). We consider
two rooms at two different parts of the world – (i) Delft, the
Netherlands, and (ii) Delhi, India. We collected the yearly
weather data for these two cities from public repositories [2].
Also there were two occupants in these rooms in both the
places with comfort range spanning from 21.75° C to 26.5° C
(Fig. 4b), and from 18.75° C to 22.25° C (Fig. 4c). iLTC sets
the room temperature based on the common comfort range of
the occupants and the outdoor temperature, whereas a fixed
temperature set-point strategy selects a fixed temperature for
rooms irrespective of the comfort preferences of the occu-
pants. However, we assume that the fixed set-points also
vary between 21° C to 23° C from winter to summer months.
Both the strategies employed occupancy detection before se-
lecting a set-point.

The total energy consumption of the HVAC on a monthly
basis is shown in Fig. 16. In most of the cases, iLTC incurs
significantly less energy consumption than the fixed set-point
strategy. However during the winter season in India, iLTC in-
duces more energy consumption. This is because the lower
bound of the common comfort range is 21.75° C , where the
fixed-point strategy sets the temperature to 21° C . But, when
yearly basis energy consumption is calculated, iLTC out-
performs fixed-point strategy in terms of lesser energy con-
sumption. In India, the total yearly energy consumption is
6032 kWh and 9881 kWh for the two methods, respectively.
On the other hand, in Netherlands, they are 13129 kWh and
9595 kWh, respectively. Thus, iLTC reduces energy con-
sumption by 39% and 27% in the respective cities.
6.3 Discussion

As demonstrated in the previous sections, iLTC system
can decide a set-point to reduce energy consumption to max-
imize the comfort level for all the co-occupants in a shared
space. However, there are a few challenges that need to
be addressed: (i) The light intensity values collected from
smartphone of users may vary due to the heterogeneity of
the sensors used by different manufacturers. Hence, the data
collected needs to be calibrated to derive accurate user com-
fort preferences. Data calibration can be easily performed
by comparing the sensed data with a baseline sensor data.
(ii) In some scenarios, there may not be any common com-
fort range between the co-occupants in a shared space. It
could even be discontinuous when more than two occupants
share the space. iLTC then determines a set-point to save
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energy and also minimize the average discomfort for all the
co-occupants. (iii) The efficiency of traditional BEMS can
be very low, when there is frequent user movement. Our
iterative approach in iLTC for controlling the actuators en-
sures that frequent movement of users does not affect the
overall comfort drastically. (iv) The HVAC model utilized
here shows the energy saving considering only the temper-
ature difference between outdoor and indoors, however so-
phisticated simulation tools can be employed to derive de-
tailed energy savings by considering other building parame-
ters such as duct type, air re-circulation, zone thermal stor-
age, etc. iLTC can take any given model and tries to set the
operating point; (v) Since iLTC system measures the cur-
rent light intensity and temperature at a specific space, it
is agnostic with respect to building type and the surround-
ing spaces. It learns the comfort preferences and decides on
energy optimal set-points. Hence iLTC can also be used in
large shared spaces with multiple occupants; (vi) User in-
volvement in iLTC is minimal where new users can join and
leave the system freely.
7 Conclusions

We developed an indoor environment controlling system
called iLTC that offers automated HVAC and lighting con-
trol at the room level trying to match individual user prefer-
ences. Instead of choosing a conservative set-point for the
actuators that can provide nominal comfort to the occupants
in a shared space, it decides a set-point that can be energy op-
timal while tuning the settings to cater to the comfort levels
of all co-occupants. The system learns preferences of each
individuals based on human perception of comfort through
the developed smartphone App. We developed a comprehen-
sive comfort representation function from a few comfort in-
dicators using the collected data, and reduced explicit human
intervention. We leveraged the light sensor in a smartphone
to monitor the received light at users desk in addition to a
single reference light sensor for all the users in the building.
Thus iLTC reduces the deployment and management costs of
multiple light sensors. Results show that iLTC set-point se-
lection can reduce energy consumption up to 39% and 60%
by the HVAC and lighting systems, respectively, compared
to the fixed set-point mechanism. We evaluated iLTC with
21 participants housed in multiple rooms and qualitative user
evaluation shows over 78% of the participants felt comfort-
able with the deployed iLTC system. We plan to extend this
to multiple rooms and more occupants.
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