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Abstract

Office buildings especially workplaces are not tailor-made to meet personal indoor requirements of comfort. Therefore, it is
a challenge to meet individual-level comfort in these buildings without compromising energy efficiency. This paper presents
and analyzes an intelligent lighting system for the visual comfort of individuals and the energy efficiency of buildings.
The proposed lighting system best uses historical user preferences, collaborative user preferences, and historical energy
consumption data through a recommender systems-based intelligent algorithm to generate proffered lighting set-point and
optimize energy consumption of the lighting system. The system is a wireless sensor—actuator network-based and makes use
of illumination sensors and occupancy sensors, which measure the ambient light, detect the user’s presence, and controls the
intensity of light on a user’s work area. The Smart Android App allows the user to modify light intensities depending on visual
comfort or the activity-based needs of users. Results from the testbed show that the proposed lighting system is around 72%
energy efficient than the conventional fluorescent lighting system while providing individual visual comfort to the occupants.
This energy efficiency is achieved through the combined effects of using energy-efficient LED lighting system and automatic
as well as manual lighting control through intelligent algorithm and smart app, respectively, used in the system.

Keywords Visual comfort - Smart application - Wireless sensor and actuator network (WSAN) - Intelligent algorithms -
Smart buildings

1 Introduction 1880 and 1920 by new technologies, which made them

more efficacious [1]. However, they consumed more energy.
In 1880, Thomas Edison invented the incandescent lamp.  With technological advancements, energy-efficient solutions
Incandescent lamps were improved significantly between  to lighting were invented. The twenty-first century is an era
where Compact Fluorescent Lamps (CFL) and Light Emit-
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The proposed intelligent smart lighting system uses high-
efficiency fixtures along with automatic control to make
adjustments depending on daylight available and user com-
fort, with the help of smart app. This is done to optimize
and conserve energy as well as it allows an individual to
control the lights remotely. Also, significant energy conser-
vation is due to avoiding the use of artificial lights. In simple
words, the natural light from the sun is used as an alternative
to artificial lights whenever the situation permits, and also
to give user comfort by changing the brightness of lights
through a mobile application. This mobile app allows users
to switch between manual and automatic mode based on their
seat number, thereby giving more flexibility in using a smart
lighting system remotely. The proposed system generates
optimized lighting set-point and reduces energy consumption
with the best uses of historical user preferences, collabo-
rative user preferences, and historical energy consumption
data through a recommender system-based intelligent algo-
rithm. The intelligent algorithm learns the preferences and
energy consumption of individual users based on histori-
cal data and gives optimum suggestions. However, if the
user(s) are not satisfied with the light intensity generated
by the intelligent algorithm, then he/she can change the light
intensity through the app in their personal devices. These
suggestions help to control the building environment only
while meeting energy efficiency and individual comfort. The
individual lighting comfort indices (visual perception) along
with collecting environmental conditions from various sen-
sors to form massive amounts of data. Our empirical study
shows that the proposed lighting system achieves around 72%
energy efficiency compared to the conventional fluorescent
lighting system at the same time provides individual visual
comfort. This energy efficiency is achieved through the com-
bined effects of using energy-efficient LED lighting system
and automatic as well as manual lighting control through
intelligent algorithm and smart app, respectively, used in the
system. Our contributions in this work can be summarized
as follows.

e We developed a WASN-based smart lighting system
framework for individual visual comfort and energy effi-
ciency in office building.

e We developed a recommender system-based intelligent
algorithm that generates optimized lighting set-point and
reduces energy consumption with the best uses of histor-
ical user preferences, collaborative user preferences, and
historical energy consumption data.

e Weimplemented and deployed the proposed lighting sys-
tem on a lab-scale testbed.

This is the way this article is organized as a reminder.

Section 2 describes related works done in this area and the
shortfalling of the existing system. Section 3 introduces the
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system model and hardware platform. Section 4 presents
the central system. A complete smart application design and
details are described in Sect. 5. Section 6 presents the results
and discussion. Finally, Sect. 7 provides a conclusion of the
work and talks about the future research direction.

2 Related works

Smart lighting systems are gaining popularity and have
immense potential to provide user’s visual comfort and
energy efficiency. Shankar et al. [4], proposed a smart LED
lighting system, which enhances energy saving by control-
ling the daylight harvesting and other lighting parameters
in the office building. The proposed lighting system keeps
users’ visual preference on priority. The lighting system
utilizes pyroelectric material-based passive infrared (PIR)
sensor to monitor the occupants’ movement and a photosen-
sor to collect the illuminance data of the indoor environment
as well as utilizes these data to control the intensity of LED
lights and daylight harvesting for satisfying the visual prefer-
ence of all occupants and minimize the waste of energy in the
office building. Zarindast et al. [5] developed an auto-routine
and color scheme recommender system that utilizes histor-
ical data and machine learning methods to understand user
preferences and predict their preferred light colors to control
a smart lighting system, accordingly. To do so, they analyzed
users’ daily logs, geographical location, temporal and usage
information and build a trained predictive model. Jiang et al.
[6] presented a multiple-input multiple-output control system
integrated with daylight harvesting. Based on their idea, they
have implemented a energy-efficient greenhouse lighting.
They regulate intensity of dimmable multispectrum light-
emitting diode (LED) fixtures for achieving desired spectral
irradiance levels and color ratios while harvesting daylight as
much as possible. By considering the affect of environmental
conditions, a fractional order Newton-based extremum seek-
ing control (ESC) method is utilized in the proposed system to
improve the tracking accuracy and convergence speed. Lee
et al. [7] design and implement a Leader—Follower Smart
Office Lighting Control System Based on IoT Technology.
The goal of the system is energy saving through the coor-
dinated operation of a system counter and an infrared (IR)
human movement sensor. An autonomous and energy effi-
cient street lighting system has proposed by Tukymbekov et
al. [8]. The lighting system achieves this via uniaxial solar
tracker and wireless sensor network based on weather fore-
cast to adapt and minimize energy consumption of lampposts
during night time. Pardo-Bosch et al. [9] propose a frame-
work for the implementation of smart public lighting in cities
from a business perspective. The proposed framework has
been validated through the pilot experience in the munici-
pality of San Sebastian. This framework has been developed
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Fig.1 The architecture of the
smart lighting system
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using the City Model Canvas (CMC) to assess the net bal-
ance of the policies and actions involved in the new business
model and the Value Creation Ecosystem (VCE) to construct
the business model network.

Synthesis Review of the existing literature revels that
previous works mostly focused on controlling lights based
on instantaneous lighting condition, user preference, and
energy consumption. They never consider historical user
preferences, collaborative user preferences, and energy con-
sumption for controlling the lights. However, historical
preferences and energy consumption play important role to
generate proffered lighting set-point and optimize energy
consumption of the lighting system. In this work, we devel-
oped an intelligent lighting system that can control lights
automatically base on historical user preferences, collabora-
tive user preferences, and historical energy consumption for
individual visual comfort and energy efficiency.

3 System architecture

The proposed system consists of sensor—actuator nodes [10]
and wireless communication between the nodes and the
server through the local lighting agent. It consists of a local
lighting agent that takes inputs from Personal agents, Illumi-
nation sensors, and Passive Infrared (PIR) sensors. The local
lighting agent (co-ordinator) sends signals to a collection
of various LED light sources, each operating as a sensor—
actuator node in the network. Communication between nodes
in the network is achieved through XBee [11] protocol. Fig-
ure 1 represents the architecture of the smart lighting system.
In the proposed architecture, lighting agent and sensors are
assumed to be stationary, so ZigBee network provides a stable
and low power connectivity between them. However, per-
sonal agents are mobile as well as WiFi network is commonly
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available in these devices. So, personal agents are connected
with the server through WiFi connectivity. Sensor nodes are
provided some computing capability for data analysis and fil-
tration to distribute computation load throughout the system
and reduce network overhead, which improves system per-
formance. Server collects the system wide data through local
lighting agent and feeds the historical as well as current data
to the intelligent algorithm running on it. Lighting set-points
generated by the intelligent algorithm is fed to the actuators
through ZigBee connectivity for controlling the lights. All
three components of the system are described in this section.
Figure 2 shows an advanced hardware platform developed
for use in intelligent lighting systems. The platform contains
a range of different sensors and the important components,
which are described in detail in the following sections.

3.1 PIR sensor

All objects emit heat energy (when the temperature is above
absolute zero) which is not visible to human eyes. This is
because every object radiates at infrared wavelengths that can
only be detected by electronic devices. PIR sensor works in
accordance with reflection from objects or detecting infrared
radiations emitted. It is used normally in PIR-based motion
detectors to perceive the behavior of objects in the spatial
domain, therefore, highly useful in automatically-triggered
lighting systems [12] and burglar alarms. Figure 3 shows the
Panasonic Infrared Array Sensor Grid Eye AMG8833 [13],
a high-precision infrared array sensor based on advanced
MEMS technology, for detecting the presence of a user,
which is important for turning the lights on/off based on user
occupancy for preserving energy.

@ Springer
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Fig.2 Developed
sensor—actuator node

Fig.3 PIR sensor

Fig.4 Illumination sensor

3.2 lllumination sensor

The ambient light level or illuminance in the room can be
measured with the help of a sensor. The ambient light sensor
is used in this application is Austria MicroSystems TSL2561.
It can essentially convert the light intensity into an optical-to-
digital converter with a digital signal output has a broadband
photodiode (visible and infrared light) combined with an
infrared-responsive photodiode on a CMOS integrated cir-
cuit [14].

This photodiode current is converted to digital output by
two integrating ADCs (Analog to digital converter), which
can be fed to a microprocessor where illuminance in lux
is derived using an empirical formula. Figure 4 shows the
illumination sensor used in the proposed system. This sen-
sor provides accurate measure of illumination on user’s desk
from some distance while they are mounted at the ceiling.
This measurement plays a vital role for controlling light
intensity.

@ Springer
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Fig.5 Structure of personal agents

3.3 Personal agents

In the proposed system, the personal agent is the agent(s) of
the user(s) in the digital domain and can adapt the lighting
requirement according to individual lighting needs such as
mobiles, tablets, and PC, etc. The user(s) use designed smart
Android apps on their personal agent(s) to interact with wire-
less sensor networks. Figure 5 shows the devices used as
personal agents like mobiles, tablets, and PC. Personal agent
presents graphical interface to user(s) to input their lighting
preferences to the system.

3.4 Local lighting agent

The principal controller in the local lighting is the Arduino
Uno, one microcontroller board based on ATmega328P, pro-
grammed by an Integrated Development Environment (IDE)
called Arduino Software. Local lighting agents act as con-
troller to the lighting system. This controller controls light
intensity of the lights based on lighting set-point generated
by intelligent algorithm or inputs from the personal agent.
The process variable in the control system is the parameter
being controlled, which, in this case, is the illumination of
the working area. In the feedback control system, the process
variable is measured by a sensor and feeds it back to the sys-
tem. On the other hand, the set point is the command value
to control the process variable. The controller calculates the
difference between the feedback signal and setpoint to drive
the actuator of the system. In the Smart Lighting System,
the actuators are various light sources that alter the illumi-
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nance according to signals received by the controller. Since
there is continuous monitoring of system variables, compared
with the reference value, if different, then corrective action is
taken by the controller so that the measured variable follows
the reference closely. This mode of control is known as a
closed-loop control system. The system operates in an infi-
nite loop in order to monitor system parameters at a constant
rate. The coordinator runs a Proportional-Integral (PI) con-
troller within it and tries to bring the working area luminance
to the required reference set point. The communication to
the coordinator is carried out via a ZigBee transceiver using
a Processing code. There are many network configurations
available in ZigBee. In this research work, the star network
is configured to connect the coordinator to the end devices.

3.5 Intelligent algorithm

The proposed system uses a recommendation scheme to
statistically analyze the user’s historical visual preferences,
collaborative visual preferences, and historical energy con-
sumption data and generates recommended set-point for light
intensity for visual comfort of the users and energy effi-
ciency. In the proposed recommendation scheme, first, the
Manhattan distance [15] based on preferences and energy
consumption is calculated from each user to the target user
(T). Thereafter, distances are normalized to make them uni-
form and combined together to get the final recommended
set-point.

Due to alarge range of user preferences, the historical user
preferences are divided into different levels. The number of
levels (p) is decided based on the user’s visual sensation and
a value is assigned to each level of user preference based on
the flowing equation:

P1, Plofpa < pi
P2, Pn < Pa < Pl
Pi =13 DP3 DPh=<Da<Dps (D

where p; assigned preference for ith level and p,, py,, and
pp are the actual preference, lowest preference, and highest
preference values, respectively. Actual preference means the
user-preferred lux level at that time of the day. Based on
the assigned preference each user’s preference profile (P;) is
created. For simplicity, in our proposed system, we divided
the preference values varying from 200 to 600 lux in 4 equal
levels, i.e., p = 4. Preference profile of u;th user (P;) is
prepared like:

i
’ p[.[dl }9

i
’ p[rd2}9

Pi = {{p;ldls p;zd]: pl3d1’ .o

i i i
{pl1d2’ plzdz’ ptgdz’ te

b p;rdg}’ ceey
’pll‘rds}’ }’ (2)

i i i
{pt1d3’p12d3’pt3d3”"

i i i
{ptlda’ptzds’ptsds""

where total time in a day is divided into t time slots.
There may be multiple preference values in each time
slot. However, a candidate preference value pfj A j €
{1,2,3,...,t}andk € {1,2,3,...,68} is calculated by
averaging all the preferences in that time slot. § is the number
of the preceding days data considered for creation of pref-
erence profile of each occupant. The historical preference
window slides with the progress of days. For simplicity, in
our proposed system, a day (that means office hours from
9:00 AM to 6:00 PM) is divided into 3 equal time slots (i.e.,
7 = 3) and we considered 30 days preceding records (i.e.,
8 = 30).

Then, the preference-based Manhattan Distance for the
target user is calculated as by Eq. 3:

r,s

M = Pi=Prl= ) (plq —Pla) 3)
j=1,k=1

where ¢; the jth time of the day and dj the kth preceding
day of the collected historical preference. Next, energy-based
Manhattan Distance is calculated from all the user to a target
user by Eq. 4:

r,é

M{ =l E;—Erll= ) (€4 —elq)- @
j=1k=1

Both the distances are on a different scale. So, we need to
normalize the by their Z-score. The Z-score of preference-
based Manhattan Distances (Z)) is calculated by Eq. 5:

MP — pu(MP)
=T &)
o(MP)
Z-score of energy-based Manhattan Distances (Z,) is cal-
culated by Eq. 6:

Zo = w (6)
o(M¢e)

Thereafter, both the Z-scores are summed up to calculate
the final Z-score (Z) as follows

Z=7Z,+Z,. @)
At last, the user’s profile (4;) with the minimum Z-
score is selected and the recommended light intensity (L;r a4,)

extracted from the selected user profile. Here, ¢, is the time
of the recommendation and d, day of the recommendation.
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Fig.6 Architecture of the
proposed system
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The light intensity (L;'r 4,)1 1s sent to the actuator of the task
light of the target user to set the light intensity.

This Recommender System (RS) based algorithm for
learning individual user preferences from historical data and
offers recommendations for light intensity set-point. These
suggestions contribute to the intelligent control of the built
environment while meeting individual comfort and energy
efficiency. The individual lighting comfort indices (visual
perception) along with ambient conditions from various sen-
sors are gathered and stored in a data store. This data is used
for extracting individual user preferences and their similari-
ties using content-based and collaborative recommendation
techniques to generate recommendations. The high-level sys-
tem architecture of the proposed system is shown in Fig. 6.
It has the following components: mobile-based personal
agent, indoor lighting condition monitoring system, data
management system, intelligent algorithms, sensor-actuator
nodes, and building WiFi systems. These components help to
redesign the testbed lighting system to a real-time collection
of time-dependent user preferences, room lighting conditions
and system operating conditions.

A simplified working technique of the proposed algorithm
is shown in Fig. 7. Historical visual comfort preferences
of individual occupants are gathered and stored in a data
store. Existing content-based and collaborative recommen-
dation tools [ 16—19] use these data to extract individual visual
preferences and find out similarities between different user
preferences to generate recommendations for light intensity
set-point.

Generally, the recommender system uses historical prefer-
ences and similarities between multiple individuals to make
some recommendations. The workflow of the proposed sys-
tem is described in Algorithm 1. In this algorithm, the user
preferences and environmental sensor data are first retrieved
from the data store. Thereafter, similarity among the stored
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Fig.7 Data processing and flow in the proposed system

data is generated. Based on the similarity, a recommenda-
tion is generated. The generated recommendation is directly
made to the building lighting systems. The proposed system
has been implemented using Python [20] to integrate it with
the smart lighting system. Recommendations thus generated
by the proposed system is rendered to the actuator.

The Algorithm 1 generates recommended light reference
set-points according to the preferences of historical users and
energy consumption. This approach learns and predicts the
individual user preferences and provide information for opti-
mized control of their built environment. Thus, the overall
system achieves a well-balanced indoor environment meet-
ing individual needs in terms of visual comfort. If the user(s)
are not satisfied with the light intensity generated by the intel-
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Algorithm 1

Input: U: List of users

u: Target user

upres: Historical user preferences

ecomp: Historical energy consumption

d: Target day

t: Target time

Output: R: Recommended light set-point

Begin
U <« Collect list of users from hardware
upref < Collect user preference from App
ecomp < Collect individual energy consumption from actuators
Store U, u pref, and ecomp in data store
Prepare user preference and energy consumption data frame
Calculate user preference and energy consumption manhattan dis-

tance
Calculate user preference and energy consumption Z-score
Calculate total Z-score for normalization
R <« Light intensity (lux) of user having highest Z-score at d and t
Send R to actuator of user u

End

ligent algorithm then he/she can change the light intensity
through the app in their personal devices. The new prefer-
ence value will be stored in the database to be used by the
intelligent algorithm to generate more accurate lighting set-
point later.

4 Central system

An important part of the system model is Smart Android
Application. As compared to iOS (iPhone Operating System)
Android is an open-source platform for app development,
thus, for this research work, an Android app is developed.

A local server acts as a central system. It helps to estab-
lish communication with the client, in this case, an Android
app and the hardware of the proposed Smart Lighting sys-
tem. A server provides many functionalities like sharing data
or resources between multiple clients, performing computa-
tions, etc. The typical working flow of client—server system
is: a client sends a request to the server, performs some com-
putations or actions, and sends back the response in the form
of a result or acknowledgment to the client.

Fig.8 Block diagram of central
system

Java Code

—
|

Smart Android App

™=

The proposed Central System consists of a WAMP server,
PHP scripting language, and MySQL database. Any request
from the user of the Android app is communicated to the
server via the PHP code, user preferences are saved in the
database and finally, the control action is taken on the hard-
ware of the Smart Lighting System. Figure 8 shows the flow
of commands from the personal agent to the database. Com-
ponents of a central system are described below.

4.1 Server

WAMP is the acronym for Apache, Windows, MySQL, PHP,
where Apache is the webserver, PHP is server-side scripting
language [21] and MySQL is the database. All of them being
open source software can be downloaded separately. So, in
this work, WAMP server is used to host the central system.

4.2 Database

MySQL is a convenient choice for this work. It, being an
open-source DBMS, is a part of the WAMP server. MySQL
is a Relational Database (RDB) and Structured Query Lan-
guage (SQL) is used for querying and updating data as well
as for the administration of the database [22]. It has replica-
tion features and can export and import data. Due to these
features, MySQL database is used in the proposed system to
store historical user visual preference, energy consumption
data, and user data.

5 Smart lighting application (app)

The smart lighting system has two sets of luminance control
available to users. The first case is the daylight-based control
where the set-point is hard-wired into the system. By consid-
ering the current room brightness and the desired brightness,
the coordinator sends signals to the end nodes to set the
brightness value. In another control mechanism, a user can
change the light intensities according to his/her visual com-
fort that is not dependent on ambient room luminance. These
two cases are called Manual mode and Automatic mode.

. PHP code

Rhp) |

PHP file WAMP Server MySQL Database
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Seat Number
Enter your seat number from 1to 3

SUBMIT

SWITCH OFF

(a) Prompt to Enter Seat Number

Fig.9 Different pages of the app

5.1 Control modes

In the manual mode of the intelligent lighting system, a single
user has full control of the LED lights. Follows an open-loop
control algorithm without interference from lighting sensors.
In other words, the illumination sensor node is put into sleep
mode. It saves power compared to the automatic mode, in
which, all nodes in the networks are in active mode. Users
use a smart app to change the settings of the LED lights
according to their visual comfort. The lights are distinguished
separately and can be individually controlled by entering the
seat number of the user. A slider on the mobile application
allows users to modify the brightness.

On the other hand, in the Automatic Mode of the Smart
Lighting system, the illumination sensor is in the normal
operation mode. The control algorithm is closed loop where
the lighting sensor node provides feedback on the brightness
of the room. This allows the LED lights to emit light at a
lower brightness when daylight penetrates the room, thus
improving energy efficiency. The brightness of the room has
a fixed luminance value and the intelligent lighting system
strives to maintain this value. The lights in the building can
be automatically illuminated according to the brightness of
the room. In this automated control, the user interference is
meager. Thisresults in critical energy savings as the control of

@ Springer

D=

+ 2 B0z BB 716 PM

Smart Lighting System

set value

CHANGE BRIGHTNESS

(b) Home Page

.. Please set Brightness
—

LoGOUT

(c¢) Brightness setting

lighting is day-light dependent. The instructions for selecting
the smart app for these modes is explained in Sects. 5.2 and
5.3 as follows.

5.2 Design of smart app

As discussed in the previous section, a smart app is designed
in Android Studio [23]. In this research work, two versions of
the smart app are developed, Android Smart Phones [24] and
Android Tablets, respectively. The App is easily installable
on any Android smart devices and users have full control of
the lighting conditions in his/her surroundings.

A user must log in to the system to use different modes of the
smart lighting system. The login information is stored in the
MySQL database. If a user is not logged in, a new registration
can be initiated. However, it is important for an existing user
to remember his/her login credential for a smooth login. On
successful login, a Welcome page is displayed. To go to the
home page, the user is first asked to enter his seat number
(Fig. 9a). This seat number is assigned to the user and stored
in the database. The smart app home page (Fig. 9b) allows
the user to choose between different modes to operate the
intelligent lighting system; accordingly, the user is guided to
other pages of the application. A user is prompted to enter
his/her current location as shown in Fig. 9a. This allows the
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individual user to reach the lights that are directly relevant to
him. The choice of position also eliminates conflicts between
users within the same work zone. The illumination of the
lights can be changed by moving the slider in the application,
as shown in Fig. 9c, for better visual comfort.

The light intensity is automatically adapted to daylight
and the illuminance is entered according to the intelligent
algorithm. This leads to critical energy savings. The light
intensities are set automatically by the system. However, the
user can prioritize these values by adjusting the slider on the
mobile application to override them.

5.3 Communication protocol

It is simple to design the user interface of app in Android
Studio. However, it is challenging to have smooth commu-
nication between the smart app and the hardware via the
server. Communication between Android app and the server
is an important requirement as we have to collect user selec-
tion in the database and take control of actions needed.
There are many communication protocols available of which
HTTP (Hypertext Transfer Protocol) is commonly used. It is
an application-level protocol and is the foundation for data
communication for the Internet (www). It is used in many
scenarios like downloading an image, uploading binary data
to the server, etc. POST and GET are the two most common
methods of HTTP for request and response between client
and server. Volley is an HTTP library, which is used in this
research work that makes networking for Android easier and
faster. It offers simultaneous and multiple network connec-
tions and is easily customized.

6 Results and discussion

For testing the software and hardware of the intelligent
lighting system, a testbed was set up at the Department of
Electrical and Computer Engineering, Electrical Machines
and Drives Laboratory (EMDL) at the National University of
Singapore. The testbed comprises three main working areas
where each user/researcher is assigned an individual cubical.
These compartments are equipped with personalized (task)
lights that can be controlled via the smart app installed on the
user’s smartphone/tablet. Out of these three rooms, the smart
lighting system is installed in two of them (researcher room
2 and 3, refer to Fig. 17) so that the third room (researcher
room 1 in Fig. 18) acts as a reference. A Lutron-based system
is also installed in the room, which also acts as a reference
point for the developed lighting system. In each of the rooms
2 and 3, we installed few background lights for lighting the
entire room with a fixed illumination level and a task light on
top of each workspace, which can be controlled by the user(s)

through the smart app as per their preference of illumination
at his/her workspace

6.1 Simulation

Several simulations were carried out to select the lighting and
illumination settings. This section explains the methodology
and simulation results. Figure 10 illustrates the arrangement
of task light (1) and background light (2) in room 2 at EMDL.
Table 1 shows the number of lights deployed in the room 2.

Case study (Scenario 1):

As perthe above lighting layout and selected Luminaire parts,
the lighting simulation software (DIALux) with all luminaire
parts working at 100% results to below lighting lux distribu-
tion:

The height of the room is 2.0 m, Mounting height 2.0 m,
Light Loss factor 0.80, and the value in Lux Scaleis 1:110. As
observed from the simulated result (Fig. 11), a minimum of
500 Lux is achievable on each work desk. And, the required
power consumption and Lighting Power Density are com-
puted as shown in Table 2.

The simulated results meet the minimum design require-
ment of Singapore Standard:

855m
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=
2

T ® ® ! 501
@ @ ® ® 5 84
® ® ® ® 200
@ ® ® ©) 182
® @ ® ® 069

0.00 1.80 342 503 6.62 B55m

Fig. 10 Researcher room 2 layout plan

Table 1 Luminaire parts list

No. Pieces Designation
16 Davis lighting MSO38619W4K LED downlight
2 12 Davis lighting NURW240TDC4K recessed diffused
troffer
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Table2 Luminaire parts list

Luminaire parts list

No. Pieces Designation (correction factor) @ (Luminaire) [Im] ® (Lamps) [Im] P [W]
16 Davis lighting MSO38619W4K LED downlight (1.000) 1722 1722 18.3
2 12 Davis lighting NURW240TDC4K recessed diffused troffer (1.000) 3894 3894 38.0
Total 74,275 Total 74,275 748.8
Specific connected load: 10.24 W/m? = 1.58 W/m2/100 1x (ground area: 73.10 m?)
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Fig. 11 Lux distribution in researcher room 2 with 100% brightness

1. Light Power Density < 12 W/m? SS 530: 2014 Code of
practice for energy efficiency standard for building ser-
vices and equipment

2. Typical Office working plane Lux level is around 300-
500 Lux
SS 531-1: 2006 (2013) Code of practice for lighting of
workplaces—Indoor

Case study (Scenario 2):
This scenario works with all luminaire parts (2) and 10 out
of 16 luminaire parts (1) working at 100% result to below
lighting lux distribution as show in Table 3.

After the reduction of the user in the room to 10, each
user still achieves the minimum of 500 Lux on work desks, as
shown in simulation result (Fig. 12). Comparing the scenarios

Table 3 Luminaire parts list

Fig. 12 Lux distribution in researcher room 2 with 10 out of 16 lumi-
naire part working in 100% brightness

1 and 2, there is a 14% (from 748.8 to 693 W) reduction in
power usage when 6 users’ task lights are off (i.e. not present).
The above 2 scenarios show the possibility of power usage
reduction by monitoring user presence activity and control
the task light working capacity at their work desk.

6.2 Testbed

One of the rooms (researcher room 3 as shown in Fig. 13b)
has harvested daylight through windows, while the other
room does not have such facility. All the members of these
two rooms have a separate workspace. There are evenly dis-
tributed background light in each room and each workspace
have a task light. Separate central regulator within that room

Luminaire parts list

No. Pieces Designation (correction factor) @ (Luminaire) [Im] ® (Lamps) [Im] P [W]
10 Davis lighting MSO38619W4K LED downlight (1.000) 1722 1722 18.3
2 12 Davis lighting NURW240TDC4K recessed diffused troffer (1.000) 3894 3894 38.0
Total 63,943 Total 63,943 639.0

Specific connected load: 8.74 W/m? = 2.30 W/m?/100 Ix (ground area: 73.10 m?)
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(a) Researcher Room 2 in EMDL acting as test-bed for Smart (b) Researcher Room 3 in EMDL acting as test-bed for Smart

Lighting System.

Lighting System.

Fig. 13 a Researcher room 2 in EMDL acting as testbed for smart lighting system. b Researcher room 3 in EMDL acting as testbed for smart

lighting system

Table4 Luminaire parts list

Parameter Value
Number of occupants in room 2 16
Number of occupants in room 3 12
Number of background lights in room 2 12
Number of background lights in room 3 8
Number of task lights in room 2 16
Number of task lights in room 3 12
Number of days of historical data (§) 30
Number of time zones (7) 3
Number of preference levels (p) 4
Range of light intensity variation 300-600 Lux

Fig. 14 Smart lighting system installed in researcher room 3 with day-
light harvesting

controls background light intensity in each room. Each par-
ticipant manually controls the intensity of their respective
task light via the smart app installed on their mobile devices.
The intelligent algorithm operating on the server can also
automatically control the intensity of the task light. After the
initial installation of the proposed system, residents manu-
ally control their respective task lights via a smart app. Their
preference and energy consumption data are stored in the
data store of the server.

Lights are controlled automatically by the intelligent algo-
rithm after few days of manual system run. Occupants can
also override the recommended light set-point based on their
preference by the input from smart app. The specific config-
uration parameters of the system deployed in the EMDL are
given in Table 4.

A coordinator is used to send and receive the values from
illumination sensors and to send control actions after reading
preferences from the database. The processing code running
on the server reads the values from the database and sends
them to sending coordinator, which is then processed by the
controller and final action is taken by changing the brightness
of the light. Figure 14 shows the testbed; researcher room 3
with daylight harvesting and Fig. 15 shows the researcher
room 1 used as a reference point, respectively. A user in each
cubicle is empowered to modify the brightness of light based
on seat number to suit his/her visual comfort. The Android
Smart App is installed on every user’s smart phone/tablet so
that they can interact with the system. The intelligent algo-
rithm suggests the user different light intensities for optimal
energy consumption.
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Fig. 15 Researcher room 1 for reference (no installations made)

6.3 Results from testbed

Total energy consumption (kWh) is recorded for 9 office
hours (9 am to 6 pm). Data collection for each scenario is
performed for 2 weeks and the total test run over 2 months.
Data collection for weekends (Saturday and Sunday) was
also done but excluded from the analysis as there were very
few users (non-working days) of the smart lighting system.
Three lux level of background illumination is collected such
that the average lux on workplace without task lights are:

(1) 200 Lux (to meet *min lux level for Archives)
(2) 100 Lux (to meet *min lux level for corridor)
(3) 50 Lux (to meet *min lux level for corridor at night)

*Above lux requirement is mention in Code of practice
for lighting of work places—indoor [25].

Total Energy Consumption (kWh)

Day 1 DAY 2 DAY3 DAY 4 DAY S DAY 6
» floom 2 background @ 200 lux

w fioom 2/3 fluorescent
» Room 3 full capacity LED

= Roam 2 full capacity LED
' Roam 3 background @ 200 Lux

(a)

Average number of Users in rooms

®fRoom 2

= Room 3

DAY 1 DAYZ DAY 3 DAY 4 DAY S DAY6

Fig. 17 Average number of users in testbed

Figure 16a shows the comparison of total energy con-
sumption while Fig. 16b show the comparison of per user
energy consumption in researcher rooms 2 and 3 for a period
of 9 hours (office hours). All these figures show a comparison
between fluorescent, LED, and background light fixed at 200
Lux. It is seen that the replacement of fluorescent lamps with
LEDs results in a reduction in energy consumption, which
is further reduced when the lux level is fixed at 200 lux and
the users can use task light according to their preferences.
The energy consumption per user varies with the number of
users during office hours. Day 5 shows more energy con-
sumption per user due to fewer of users present on that day
(refer to Fig. 17). A major part of this energy consumption is
attributed due to background lights. The results are normal-
ized according to the presence of users on the testbed during
office hours. Here, the apparent user is defined as the number
of users appeared to be present for full 9 hours’ time period in
the testbed, which is based on the sum of all the users present
during the working hours.

Energy Consumption (kWh)

40000
35000
30000
25000
20000

15000

Q5000

00000

DAYl DAy 2 DAY 3 DaYa DAY S DAY &

® Roam 2 fluorescent ® Room 2 full capacity LED # Roam 2 background @ 200 hux

Teoon 3 fluorescent = Room 3 full capacity LED

(b)

® floom 3 background @ 200 Lux

Fig. 16 a Comparison of total energy consumption between rooms 2 and 3, b comparison of per user energy consumption of rooms 2 and 3
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Room 2

Room 3

m Background

= Tasklight ®Background  ® Tasklight

Fig.18 Task Lights power distribution (kW) in the testbed (background
(100%))

Room 3

Room 2

® Background  ® Tasklight

m Background

 Tasklight

Fig.19 Task Lights power distribution (kW) in the testbed (background
(30%))

Room 2 Room 3

13% 12%
87% 28%

m Background  m Tasklight m Background — m Tasklight

Fig.20 Task Lights power distribution (kW) in the testbed (background
(10%))

Figures 18, 19 and 20 show the task light’s power distri-
bution in the rooms when the background light’s intensity
is fixed at 100%, 30%, and 10%, respectively. Task light’s
power consumption increases with the decrease in back-
ground light and it also varies with the number of users
present in the rooms. It is clear from the results that task
light’s contributions to the total energy consumption of the
room increase when the background lights are dimmed. As
well, the total energy consumption also decreases due to the
reduction of the background light’s intensity without com-
promising the standard lighting required in an office building.

Based on the above results and their analyses, there is a
reduction of around 72% (Fig. 16) for total energy consump-

tion per day when background lux (200 lux) is reduced and
user presence is closely monitored as compared to a lighting
system without monitoring on user presence at their respec-
tive work desk. This energy efficiency is achieved through the
combined effects of using energy-efficient LED lighting sys-
tem and automatic as well as manual lighting control through
intelligent algorithm and smart app, respectively, used in the
system. In the scenarios, where daylight can be harvested fur-
ther reduction of background lights (up to 10% or 50 lux in
testbed) lead to much better energy saving (up to 78%) while
maintaining lux levels through harvested daylight [25].

7 Conclusion

This work has presented an Intelligent Lighting System
for Individual Visual Comfort and Energy efficiency in
office buildings. The lighting system incorporates informa-
tion and communication technologies to modify brightness
with the help of smart sensors, actuators, and a recommender
system-based intelligent algorithm. An intelligent algorithm
is developed to suggest to users the optimum light intensi-
ties based on their historical visual preferences, collaborative
visual preferences and historical energy consumptions. The
lights control can be automated according to the daylighting
or occupant’s activity-based needs. ZigBee, which is a low
power communication protocol is used for establishing the
network between the gateway and lighting agents. A Smart
Lighting Android App is developed, which can control the
heterogeneous lights enabling intelligent functions. The light
intensities can be modified according to the visual comfort
of a user/occupants using the smart App. A testbed is cre-
ated comprising of background lights, task lights, and an
advanced hardware platform containing multiple arrays of
sensors. The results show that there is a significant saving of
total energy consumption each day, up to 78% when back-
ground light luminance is reduced, and user presence, visual
preference, and energy consumption are monitored as com-
pared to a lighting system without monitoring all of these. In
the future, we have a plan to achieve individual comfort con-
sidering thermal, Indoor Air Quality (IAQ) while optimizing
overall energy consumption.
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