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Abstract
In commercial buildings, smart lighting control systems are applied to
minimize the electrical energy consumption. These systems use occupancy
and light sensor data to adapt artificial light in accordance with changing
occupancy and daylight conditions. In these systems, the performance relies
on a pre-calibration phase to achieve daylight adaptation of artificial light.
Since the pre-calibrated value is achieved by artificial light, the changes
of daylight and/or reflectance changes can cause deviations against desired
illumination. For example, the deviation takes place when the daylight
distribution is affected by the reflectance changes in the environment. Additionally, these systems cannot account for individual user preferences at
the workplace in real-time.
A contribution of this thesis is to introduce human interaction to the
smart lighting control system, taking user’s satisfaction into account to
achieve better performance in terms of the desired illumination. A proposed sensor-driven human-in-the-loop lighting control system is developed
to incorporates user feedback in addtion to occupancy and light sensor inputs. Camera-based visible light communication (VLC) is applied for the
user to identify the luminaires within its neighborhood by its smartphone
camera. Also, the intensity sensed by the smartphone camera is used as
the illumination information offered from the user. A control algorithm is
designed that incorporates these user inputs along with occupancy and light
sensor inputs to determine the dimming levels of the luminaires to achieve
illumination levels acceptable to users.
The performance of the proposed lighting control system is compared with
the state-of-the-art lighting control system in an experimental office space
environment.
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Chapter 1

Introduction
1.1

Motivation

Artificial light, as one of the major energy consumption components in commercial buildings, accounts for 19 percent of the total energy consumption [1]. Among the waste of energy consumption from the artificial light,
studies have shown there are two main contributions of the waste of energy [2]. The first is the lack of control with respect to occupancy status.
The luminaires are not switched off when the user is not present in the
workplace. Here, the workplace is defined as a physical zone or a working
region that users can occupy. The second is the unawareness of daylight.
When sufficient amount of daylight is provided to the environment, the
luminaires are still offering fixed amount of illumination. In this case, overillumination costs unnecessary energy consumption. To reduce the amount
of energy consumed by a lighting system, it is no surprise that smart control
and management methodologies are applied to indoor lighting [3].
To meet the need of occupant’s visual comfort under energy saving requirements, daylight and occupancy adaptation lighting control strategies
are established [4–13]. In this type of lighting control system, the amount
of artificial light is provided in accordance with the available amount of
daylight according to the occupancy status. For example, as the European
standard specifies, lighting sources (artificial light, natural light, etc) are required to provide an average illumination of 500 lx in occupied workplaces,
and an average illumination of 300 lx in unoccupied workplaces [14].
Therefore, to obtain the information about illumination and user presence,
light sensors and occupancy sensors are located to provide the illumination
information and presence status. In practice, light sensors are located at the
ceiling to measure the illumination at the workplace [9–12] as shown in Fig.
1.1. This configuration benefits from its simplified sensor commissioning.
Sensor commissioning relates to the placement, installation and wiring of
sensors to the power source. However, the illumination of interest at the
1

workplace is at the height of a desk, over a horizontal plane. Since the
sensors are located at the ceiling, the measured value is not the same as the
target illumination at the workplace. Because of this, a calibration phase
is applied to map the illumination measured at the workplace to the value
sensed by the ceiling light sensor.

Figure 1.1: System configuration of the indoor lighting control system.
Under this configuration, a given change of value sensed by the ceiling light
sensor may not always reflect the illumination variation at the workplace
[15–17]. For example, the impact can come from reflectance changes of the
workplace. Due to the shadow of the user body or movement of objects
in the environment, the reflectance is different from the measured during
calibration phase [15, 16]. The increment of reflectance changes will result
in under-illumination at the workplace. Meanwhile, under certain daylight
conditions, the combination of artificial light and daylight cannot result
in the preferred changes of illumination on the workplace surface [16, 17].
This is because the daylight value contributes to the workplace sensed by
the ceiling light sensor is different from the calibrated value using artificial
light. The corresponding behavior, for instance, leads to under-illumination
over workplaces [15–17].
On the other hand, the established lighting control strategies [4–13] do
not consider user’s lighting preference. The occupant has no control over
the provided illumination from the lighting control system; it can only take
the amount of illumination provided by the pre-calibrated lighting control
system. Whereas studies have shown that users are not always satisfied with
the illumination provided by the lighting system [18]. Since there is a wide
2

distribution of individual’s preference on illumination levels, users have their
own preferences of the desired illumination. Meanwhile, the office worker’s
productivity and cognition [19, 20] are directly related to its surrounding
lighting environment. It has been approved the worker’s productivity can
be improved by giving the control of illumination in the office space [21].
However, at the current stage, knowledge about user’s reaction to lighting
changes are still limited and cannot be utilized by the lighting control system to meet individual’s lighting preference [18]. Current research is facing
a challenge to provide a more user-friendly and controllable lighting environment to users in the field of lighting control system [22].

1.2

Problem Statement

As mentioned above, the challenges of the state-of-the-art lighting control
system can be summarized into two points:
• Due to the configuration of the system, lighting control system cannot always maintain a constant illumination at the workplace under
different environment changes. Such situations compromise the performance of the system with respect to the desired illumination.
• When occupants notice the illumination deviation and are dissatisfied
with their lighting conditions in the office space, they have no control
to adjust the illumination back to the desired level.
In order to maintain the illumination at the workplace, researchers have
either propose to place light sensors at the workplaces [23] or to combine the
utilization of ceiling light sensors and workplace light sensors [24] together
to improve the achieved illumination. But these systems are unaware of
user preference about the provided illumination. On the other hand, the
field of personalized lighting control focuses more on the study of preference
difference that individuals present under different tasks [25]. The occupants
in tests are usually provided with dimmer [26–28] for each of the luminaires
to adjust the illumination to the desired level. The disadvantage is that this
type of settings requires a large volume of manual inputs such as the location
of the occupants and the luminaires of interest to control. Meanwhile, the
lighting control is only applied to a stand-alone luminaire. Alternatively,
we consider a solution to apply user feedback and control of the current
workplace illumination to the state-of-the-art lighting control system, with
the aim of maintaining the illumination at the workplace as well as meeting
user needs.
To achieve this objective, the following questions are answered:
• Given the widespread use of smartphones, can a smartphone and its
camera be used to provide illumination feedback to the lighting control
system to meet requirements at the workplace and/or user needs?
3

• How should a lighting control strategy be designed to take into account
such user feedback, along with the measurements from ceiling light
sensors and occupancy sensors?
• To what extent does this system improve the performance compared
to the state-of-the-art lighting control system?
Consequently, the thesis proposes a user-in-the-loop smart lighting control system, using sensor data from the user’s smartphone to provide user
feedback of the illumination so as to maintain the desired illumination level
according to user preference at the workplace.
In order to realize the proposed system, the following technical steps are
taken:
• Method of transmitting the luminaire identification information in the
lighting control system for the user to detect the luminaires within its
workplace.
• Obtaining the information from the smartphone to provide illumination feedback at the workplace to the lighting control system.
• A mobile application for the user to set up control for the lighting
system along with providing feedback of the illumination at the workplace.
• A lighting control algorithm that takes both the ceiling light sensors
and user feedback information into account to provide the desired illumination.

1.3

System Description

In this section, the state-of-the-art lighting control system and the proposed
lighting control system (as depicted in Fig. 1.2) are introduced. Key features are described in detail to illustrate the corresponding challenges of the
system.

1.3.1

State-of-the-art Lighting Control System

The state-of-the-art lighting control system in an office space is shown in
Fig. 1.2(a). The luminaries are located at the ceiling, a light sensor and
an occupancy sensor are co-located at each of the luminaires, providing the
illumination information and the occupancy status respectively.
The luminaries and sensors are connected to a central controller. For each
control cycle, light and occupancy sensors send illumination and occupancy
values to the central controller. Based on the sensing inputs, the central
controller adjusts the dimming levels for the luminaires and transmits the
values to the respective luminaries.
4

(a) The state-of-the-art lighting control system

(b) The proposed lighting control system

Figure 1.2: Illustration of 1.2(a) the state-of-the-art lighting control system
and 1.2(b) the proposed lighting control system.
In this system, the illumination value sensed by the light sensor is the
total contribution from all light sources (artificial light, natural light, etc.)
reflected back from the workplace. Recall that, the workplace is the working
region that occupants can take and the illumination value of interest is at
the height of a desk. According to this configuration, a calibration phase
is performed to map the illumination value at the workplace to the value
5

sensed by the ceiling light sensor. Details about the calibration phase are
described in Section 2.1.1.
Because the illumination provided by the lighting control system relies on
the feedback from the ceiling light sensor only, user feedback and control of
the current illumination at the workplace is not considered in this system.

1.3.2

Proposed Lighting Control System

The proposed lighting control system in an office space is shown in Fig.
1.2(b). In comparison to the state-of-the-art lighting control system, the
proposed lighting control system introduces human interactions in order to
provide the desired illumination at the workplace, using the smartphone as
an additional feedback source.
When a user is at his/her workplace and desires a change in illumination,
he/she obtains image captures using a smartphone camera. Image captures
can be implemented as a smartphone app. Two types of information are
derived from processing the camera images.
One, the user uses the smartphone camera to detect the identifiers of its
surrounding luminaries within the workplace. Camera-based visible light
communication (VLC) is applied to detect the unique identity of a luminaire. In camera-based visible light communication, the luminaire is designed
as the transmitter while the smartphone camera is used as the receiver to
decode the information transmitted from the luminaire. In this case, the
artificial light can illuminate the environment while transmitting the luminaire’s identity. On the receiver side, the smartphone camera can receive
the total illumination from all light sources at the workplace along with the
identification information of the luminaire. The smartphone camera is set
up with a pre-defined configuration to receive the above information. The
information is captured in images when users are capturing its surroundings, especially the luminaires within its workplace. The captured image
will be transmitted to the central controller for it to decode the identity of
the luminaire.
When the luminaires within the user’s workplace are identified by their
IDs, the user is able to adjust the illumination provided by the lighting
control system. According to the satisfaction of current illumination at the
workplace, the user can either choose to send an increment or decrement
control message to the controller to adapt the illumination at the workplace. To adapt the illumination at the workplace, the second information
provided by the smartphone camera is the processed image information, i.e.,
the average image pixel intensity. The average image pixel intensity is used
by the central controller as a notion of the illumination at the workplace
during the control process.
The central controller has a pre-determined increment/decrement step for
each control cycle of the luminaire to ensure the change of its dimming level
6

is within a certain range. If the user is satisfied with the current illumination,
he will send a stop command via the control message to the central controller
to terminate the control process, otherwise, the lighting control process will
continue. When the lighting system reaches its maximum dimming level
output, a message will be sent to the user to inform that illumination from
the lighting system cannot be increased further.
In this proposed lighting control system, a user with a smartphone is able
to provide feedback related to the satisfaction with the current illumination
value at his/her workplace, Such system incorporates the user-in-the-loop
component so that the lighting controller can adapt the light output of the
luminaires to occupancy, daylight and user satisfaction with the achieved
workplace illumination.

1.4

Thesis Organization

The rest of this thesis is organized as follows. In Chapter 2, the state-ofthe-art lighting control algorithm and its calibration phase are described. In
the same chapter, camera-based visible light communication (VLC) is introduced for luminaire’s identity tagging. Chapter 3 presents the VLC model
of this lighting control system. The key features and set-up of the VLC
components are discussed, as well as its evaluation. Next, in Chapter 4,
the proposed user-in-the-loop smart lighting control algorithm is described.
Chapter 5 represents the testing results obtained from the real-world experimental testbed. Three lighting control scenarios are given, along with the
evaluation of the performance. Lastly, conclusions of the proposed lighting
control system and the improvements suggested for future work are summarized in Chapter 6.

7
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Chapter 2

Preliminaries
This chapter describes the state-of-the-art in two fields that are related to
this thesis: indoor lighting control algorithm and camera-based visible light
communication (VLC). Indoor lighting control algorithm is introduced to
understand the setup of the lighting control system, while the introduction
of camera-based visible light communication is done to present how the
light emitting diode (LED) can be modulated to transmit the identification
information (ID) of the LED luminaire, and how the smartphone camera
can receive and decode such modulated luminaire ID.
Section 2.1 describes the lighting control algorithm associated with the
latest lighting control system. The calibration phase is also introduced to
illustrate how the calibrated values contribute to the control of the lighting
system. Section 2.2 presents the related work of camera-based VLC, the key
principle of LED-to-camera communication and the modulation of luminaire
ID are discussed in detail.

2.1

State-of-the-art Lighting Control Algorithm

Based on Section 1.3.1, the description of the state-of-the-art lighting control
system, a calibration phase and the lighting control algorithm are applied to
realize the automatic control of the lighting system. Section 2.1.1 describes
the calibration phase. The lighting control algorithm is given in Section
2.1.2 to represent how the luminaire’s dimming level output is optimized
during the control process.

2.1.1

Calibration Phase

Consider a lighting control system with luminaires in the office room, each of
co-locates a light sensor and an occupancy sensor. The central controller receives the information from light sensors and occupancy sensors to compute
the dimming level output for each of the luminaires.
9

During calibration phase, a dark-room (without the illumination contribution from daylight) environment is used to determine A, the illumination
contribution matrix. The matrix has a size of M × N , which represents the
illumination of all luminaires sensed by the ceiling light sensors,


A1,1
 ..
A= .
AM,1

···
..
.
···


A1,M
.. 
. 
AM,N

where Am,n is the illumination contribution sensed by ceiling light sensor
m, from luminaire n with its maximum intensity while other luminaires are
completely off.
Since the light sensor value is not the value of illumination measured at
the workplace, the illumination contribution A is used to determine the
reference set-point for ceiling light sensor m. It is described as
c∗m =

N
X

Am,n , ∀m

(2.1)

n=1

where N is the number of luminaires in the system. The reference set-point
c∗m is then used to set up a linear mapping of the light value obtained from
a ceiling light sensor and the illumination measured at the workplace.
As the European norm suggests [14], occupied zones require 500 lx in average, while unoccupied zones require 300 lx in average, the target reference
∗ for each ceiling light sensor m is specified as
set-point lm

∗
lm


500 ∗


c , if zone under luminaire m is occupied

Wave m
=
300 ∗



c , otherwise
Wave m

(2.2)

where Wave is the average illumination value measured by a light meter
over the entire office space when all luminaires are set to its corresponding
maximum intensity. In this way, the target reference set-point of the ceiling
lighting sensor can correspond to the desired illumination at the workplace.

2.1.2

Lighting Control Algorithm

The desired control behavior of the system is to maintain the target illumination at the workplace while minimizing the power consumption. Let d be
the dimming level vector of the luminaires in the system. The dimming level
describes the intensity of light output of a LED luminaire [29]. For LED
luminaire, the power consumption is proportional to its light output. Since
the light output of a LED luminaire has a linear relation with respect to its
10

dimming level [10], minimizing the dimming level of the luminaires can as a
result minimizing the power consumption of the lighting control system.
Meanwhile, to maintain the illumination at the workplace, the light sensor
value measured at the ceiling should be equal to or above the target reference
set-point. Here, the light sensor value is the combination of all light sources,
e.g., artificial light and daylight.
The objective of the lighting control system can now be described as an
optimization problem [30] which should meet the constraints that the power
consumption is minimized while the estimated light sensor values are equal
to or above the reference set-points. Then the desired dimming level vector
d∗ of the system is obtained as a solution to this problem, which can be
described as
∗ 2
d∗(k) = arg min kAd + s(k−1) − lm
k
d
X
∗
Am,n dn + s(k−1)
≥ lm
, ∀m

m
n
subject to

0 ≤ dm ≤ 1, ∀m

(2.3)

(k)

where sm is the daylight contribution obtained from ceiling light sensor m
at iteration k, which is an estimated value based on the light sensor value
lm , such as
X
(k)
s(k)
≈
l
−
Am,n d(k)
(2.4)
m
m
n .
n

The first inequality constraint guarantees the total illumination from artificial light and natural light is always above the target illumination, while the
second inequality constraint sets safeguard on the output range of dimming
level, which is between 0 when the luminaire is off and 1 when the luminaire
outputs its maximum intensity.
Nonetheless, the desired dimming level cannot be applied directly as the
dimming level of the luminaires in next iteration. An extra step is taken to
ensure the lighting system has a smooth and stable performance, within a
reasonable responding time. As a result, the dimming level at iteration k is
determined as
d(k) = d(k−1) + ∆d(k)
∆d(k) = max(−δd 1, min(δd 1, η(d∗(k) − d(k−1) ))

(2.5)

where ∆d(k) is the adjusting value the dimming level can take for the next
iteration, while δd determines the maximum/minimum value of ∆d(k) , and
1 is a vector of ones. The parameter η is chosen between 0 and 1. The block
diagram of the state-of-the-art lighting control system is shown in Fig. 2.1.
11

Figure 2.1: Block diagram of the state-of-the-art control loop.
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2.2

Camera-based Visible Light Communication

In the field of visible light communication (VLC), literature has demonstrated that a communication link can be built up between the lighting
sources (mostly LEDs) and the smartphone [31–35], namely light-to-camera
communication, or camera-based VLC. This thesis uses the key features of
camera-based VLC, to develop the link between the lighting control system
and the user.

2.2.1

Rolling Shutter Effect

(a) Global shutter mechanism

(b) Rolling Shutter mechanism

Figure 2.2: Global shutter and rolling shutter.
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Danakis [31] et al. firstly exploit the rolling shutter mechanism of CMOS
camera to realize camera-based VLC. The rolling shutter mechanism is one
of the two methods implemented on digital camera sensors to capture an
image, the other mechanism is the global shutter.
The global shutter is commonly used on CCD camera sensors, where the
entire sensor array is exposed to incoming light at the same time, in other
words, all pixels capture the light simultaneously. As shown in Fig. 2.2(a),
the exposure of each column in one image frame happens at the same time
instant. After the exposure duration, the data readout of the image is then
transferred column by column before the exposure of the next frame.
Contrary to this, the rolling shutter, which is widely used on CMOS cameras in smartphones, exposes the image sensor array in a sequential way. The
exposure of one single column is operated after the readout of the previous
column. Illustrated in Fig. 2.2(b), it is clear that for a single frame captured
by a CMOS camera sensor, the beginning time of exposure for each column
is different. The delay of the starting point of exposure between columns
can result in image distortion when capturing a fast moving object, but it
can be used in VLC to receive modulated signals from LEDs.
When the LED is modulated with a time varying signal, the incoming
photons are also changing. As a result, the intensity of pixels in one column
is different from the intensity of pixels in another [34]. Consider p(t) as the
incoming photons to one pixel in column n, the intensity of the pixel can be
expressed as
Z

(n−1)Tr +Te

Ipixel =

p(t) dt

(2.6)

(n−1)Tr

where Tr is the readout time for each of the columns exposure and Te is the
exposure time of the pixel. The exposure time determines the duration the
pixel exposures to light. An example is given in Fig. 2.3 to represent how
the modulated luminaire signal is captured as bright and dark strips by the
rolling shutter CMOS camera.
The LED (or luminaire) is modulated by a square wave with a given
frequency fT x . To present the modulated signal in the image, the exposure
time needs to be chosen. This is an adjustable parameter that users can set
manually. When the transmitting frequency is higher than the inverse of the
exposure time 1/Te , while lower than the readout rate of the rolling shutter,
the modulated signal can be detected as strips. The readout rate of the
camera determines the width of the captured strip. Since the readout rate
of the camera is a device-related constant, the width captured in the image
does not change when using the same transmitting frequency [33]. However,
faster exposure times Te will result in a sharper boundary between the bright
and the dark strips.
The green dashed line in Fig. 2.3 represents the case that one image
14

Figure 2.3: Image captured by rolling shutter camera.
column is exposed to light when the luminaire has a high value, while the
blue dashed line shows that another column is exposed to light when the
luminaire has a low value. At the end of the exposure of the entire image,
the modulated luminaire is captured as bright and dark strips.

2.2.2

LED Modulation

Based on previous research work, there is no unified approach to modulate
the transmitting signal. Generally speaking, modulation of the transmitting
signal relies on the objective of the proposed application. In this section,
previous approaches are discussed to present how our system can benefit
from these approaches.
Light-to-camera communication and indoor positioning are two main fields
studied by VLC researchers. For light-to-camera communication, researchers have been working on how to encode data while maintaining data rate
[36]. Whereas for indoor positioning, the focus is on modulating the luminaire’s landmark/ID, to identify luminaires localization anchors [37]. Table
2.1 summarizes the recent research projects with its target application field
and modulation methodology.
Camera VLC [31] is the first application of smartphone camera-based
VLC. The authors use on-off keying (OOK) modulation with Manchester
15

Project
Camera VLC [31]
CamCom [32]
Visual landmark [33]
RollingLight [34]
Luxapose [35]

Application
Modulation
Communication
OOK + PE*
Communication
UFSOOK
Localization
BFSK
Communication
FSK
Localization
pure tone (+ PE*)
* PE: Manchester coding

Frame
Multiple
Multiple
Multiple
Multiple
Single

Table 2.1: Modulation approaches exploited by recent research.
coding to transmit the signal. It is intended to transmit ASCII characters
to the receiving camera. The transmitting signal is split into blocks. Each
block consists of a header, a block number, the data and a trailer. To receive
a message containing 72 characters, 23.1 frames are needed. However, the
header of the message block can introduce around 40Hz of frequency from
the light source, resulting in noticeable flickering to the user. To minimize
the impact of flickering, the authors impose a DC bias. Since the DC bias
produces a shorter distance between the on and off state of the transmitting
signal, this decreases its modulation range. On the camera receiver side, this
also reduces the signal-to-noise ratio (SNR) because it affects the distinction
between the bright and dark strips.
CamCom [32] uses undersampled frequency shift on-off keying (UFSOOK)
to modulate the transmitting signal. Different frequencies are set for logic
0 and 1. The mark and space frequencies of transmitting signals are also
harmonics of the camera frame rate. The transmitting signal includes the
start frame delimiter and the modulated data. However, to detect a bit,
two frames are required from the camera. If transmitting 10 bits of data
including the start frame delimiter, 22 frames in total are required, which
resulting in a low data rate (around 0.5 bits per frame).
Visual landmark [33] transmits data by using binary frequency shift keying
(BFSK). Each luminaire is modulated with a unique frequency for on-bits
and a shared off-bit frequency. This means the frequency of on-bit is different
for each of the luminaires, while the frequency of off-bit is the same. The
transmitting signal also contains error correction bits, preamble symbol and
pilot symbol. To determine one transmitting signal, camera frames are
recorded first and stitched together to perform decoding.
RollingLight [34] utilizes frequency shift keying (FSK) for data modulation. Each data symbol is presented as a square wave of a unique frequency.
Apart from the data symbols, one transmitting packet also contains a preamble symbol, symbol splitters to distinguish from different data symbols
and an end symbol.
The modulation methods mentioned above all require multiple camera
frames to decode the modulated signal. However, the use of frames can
16

introduce synchronization problem for signal receiving. The synchronization problem is caused by the difference between the frame interval and the
exposure time (see Fig. 2.4). The frame interval determines the time difference between two adjacent frames. Whereas the exposure time determines
the duration of one frame exposures to light. When the exposure time is
shorter than the frame interval, the camera is in the idle state. The idle state
means the camera shutter is shut down, blocking all incoming light. Also
as mentioned in [38], the frames per second (fps) of a camera is not always
stable. Even with a specified fps setting, the number of captured frames varies in practice. In RollingLight [34], the authors extensively explained the
challenges of syncing between the transmitting symbols and camera frames.
In the worst case, mixed symbol and symbol loss can happen due to asynchronous channels. The authors of RollingLight solve this issue by adding
splitters and parity symbols to detect synchronization disorder, but this
requires heavy workload during the image processing stage.

Figure 2.4: The frame interval and the exposure time.

On the contrary, Luxapose [35] proposes to use a single camera frame to
detect the transmitting signal. By doing this, the synchronization is not
needed to be considered. Since this application is used for indoor positioning, the only information that needs to be transmitted is the identifier of
the luminaire. The authors provide three methods to modulate the corresponding signal: 1) pure tone, 2) Manchester coding and 3) hybrid encoding
of the two. For pure tone modulation, the LED luminaire is modulated with
a single frequency. There are 25-30 choices of the modulation frequency the
luminaire can choose. The luminaire identifier is the modulation frequency
of the luminaire. For the Manchester coding modulation, the luminaire
identifier is encoded in the Manchester-coded data. The hybrid encoding
sequentially modulates pure tone and Manchester coded data , alternating
the transmission of the two.
In this thesis, camera-based VLC modulation is built upon the first approach of Luxapose, realizing a light-weight modulation for luminaire landmark. In Section 3.1, the data modulation of camera-based VLC is illustrated in detail.
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2.2.3

Data Demodulation

Corresponding to LED modulation methodologies, there are two approaches
to demodulate the captured image, i.e., spatial domain demodulation and
frequency domain demodulation (see in Table 2.2).
Approach
Spacial domain demodulation
Frequency domain demodulation

Key Character
Strip width in pixel
Strip frequency after DFT

Table 2.2: Demodulation approaches exploited by recent researches.
For spatial domain demodulation, the transmitted data/frequency is demodulated from the strip width in pixels. The relationship between the
transmitting frequency fT x and strip width W can be described as
freadout
2fT x

W =

(2.7)

where freadout is the readout rate of pixels in one row. Since the readout
rate is not changeable for one camera, a lower transmitting frequency has a
wider width in pixels while a higher transmitting frequency has a narrower
width in pixels. As a result, by calculating the width of the bright and dark
strip in pixels, the transmitted frequency and data can be decoded.
As for frequency domain demodulation, the frequency detection is based
on the image Fourier transform (FT). As mentioned in Section 2.2.1, the
bright and dark strips in the image is introduced by the rolling shutter
effect of the camera. Since the sequential exposure of the image always
performs in a pre-determined dimension, a DFT of the 2D image reduces it
into one dimension to determine the transmitting frequency, such as
F (ω) =

N
−1
X

ωy

f (y)e−2πj( N )

(2.8)

y=0

where N is the resolution in the number of pixels in that dimension, and ω is
the corresponding image frequency of y. Since the resulting image frequency
is not the transmitting frequency from the luminaire side, a mapping from
the obtained image frequency to the transmitting frequency is applied to
determine the transmitted data. Details about the data demodulation are
discussed in Section 3.2.
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Chapter 3

Camera-based VLC Model
This chapter discusses the camera-based VLC model used in the proposed
lighting control system. In this model, the luminaire is used as a transmitter. In Section 3.1, the selected modulation method of the transmitter is
described to illustrate how the signal is encoded. The receiver used in the
model is a smartphone. Section 3.2 describes the demodulation method of
the received signal. At the end, Section 3.3 summarizes the evaluation and
improvement of the proposed camera-based VLC model.

3.1

Luminaire Modulation

As mentioned in Section 1.3.2, the proposed lighting control system needs to
change the dimming level of luminaires to meet the desired illumination set
either by the system or the user. When transmitting the modulated signal,
the average light output of the luminaire should be constant, with respect to
its corresponding dimming level. As a result, amplitude modulation (AM)
is considered to modulate the dimming level of the luminaire. Recall the
modulation methods proposed in [35], to modulate the identifier of the luminaire, pure tone modulation is applied to modulate each luminaire with
a single transmitting frequency. Thus, each LED luminaire in the lighting
system has a unique transmitting frequency that allows for individual identification. To avoid flickering, the transmitting frequency is above 1 kHz [39].
At the system level, frequency division multiple access (FDMA) is applied
for camera-based VLC.
The light output of a LED luminaire is controlled by setting its dimming
level 0 ≤ d(t) ≤ 1, where d(t) = 0 and d(t) = 1 indicate respectively that the
luminaire is off and at maximum intensity. The modulation of the dimming
level of a LED luminaire is proposed as
d(t) = d¯ + ∆dp(t)

(3.1)

where d¯ is the desired dimming level, and p(t) is a square wave with trans19

mitting frequency fT x and ∆d is the modulation depth.
An example is given in Fig. 3.1(a) to illustrate the modulation of a luminaire. The luminaire is modulated with 1500 Hz transmitting frequency and
modulation depth ∆d = 0.05. Here, the desired dimming level is d¯ = 0.1.
Fig. 3.1(b) compares the captured luminaire images with the modulated
luminaire signal in Fig. 3.1(a) using two exposure modes. The top image
is captured using auto exposure mode (Te = 1/140s), while the bottom one
is captured using manual exposure mode (Te = 1/8000s). The modulated
signal can only be detected using camera’s manual exposure mode when the
image is underexposured. Note that, only the bright and dark strips along
the columns of the image correspond to the modulated signal, the strips
along the rows in the bottom image is the gap between LED tubes (four in
total in this example) within the fixture of the luminaire.

(a) Modulated luminaire signal

(b) Captured luminiare image

Figure 3.1: Transmitted and received luminaire signal.

3.2

Smartphone Demodulation

To demodulate the signal from the captured image, a luminaire detection
method is firstly applied to find the region for each of the luminaires in the
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image. The luminaire detection method is based on the detection method
proposed in [35] and extends it to rectangular luminaires (step (d) below).
The luminaire detection steps are summarized as follows:
(a) Convert the image to gray scale.
(b) Blur the image to smooth the LED tubes and the fixture.
(c) Apply a binary OTSU [40] filter to separate the LED luminaires from
the background image.
(d) Label the LED luminaires and determine the region of the LED luminaires in the image.

(a) Gray scale image

(b) Blurring

(c) Binary OTSU [40] filter

(d) Luminaire region

Figure 3.2: Luminaire detection method.
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In step (d), each luminaire region is labelled as a connected component in
the binary image, following the approach in [41]. The luminaire region is
determined as the smallest rectangular area that fully contains the connected
component. Fig. 3.2 shows an example of how the luminaire region is
determined.
After the luminaire region is determined, an image processing pipeline
in Fig. 3.3 is applied to the luminaire region before the detection of the
transmitting frequency. Then the transmitting frequency can be detected
in two approaches, i.e., spatial domain demodulation and frequency domain
modulation.

(a) Luminaire region in gray scale

(b) Blurring

(c) Total intensity of pixels along the width of the image

Figure 3.3: Image processing pipeline of the luminaire region.
The processing pipeline is performed as:
(a) Obtain the luminaire region in gray scale image from Fig. 3.2(d).
(b) Blur the image to highlight the bright and dark strips.
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(c) Convert the 2-D image to 1-D signal by summing up the pixel intensity
value along the width of the image.
Note that in step (c), the image width is defined as the number of pixels
in the column. The summation of pixel intensity of each column signal xi
can be described as
xi =

P
X

yj , ∀i ∈ Q

(3.2)

j=1

where P is the total number of pixels in row, and Q is the total number of
pixels in column.
For spatial domain demodulation, the transmitting frequency is detected
by the strip width in pixels as mentioned in Section 2.2.3. For 1-D signal,
the bright and dark strips become high and low level of the signal. Then
the strip width is the same as the width of the signal in high or low level.
To determine the high and low level of the 1-D signal, an adaptive threshold
is applied to the 1-D signal in Fig. 3.3(c). Here the adaptive threshold
is realized by the moving average of the signal using convolution. After
applying the adaptive threshold, the value above the threshold is reset to 1
and the value below the threshold is reset to 0. By calculating the mode of
the width of ones and zeros in pixels, the transmitting frequency is obtained
as described in Eq. (2.7).

Figure 3.4: Adaptive threshold and the determined boundary.
For frequency domain demodulation, discrete Fourier transform (DFT) is
applied to the 1-D signal obtained from Fig. 3.3(c). After filtering out the
DC bias, the image frequency with the maximum amplitude corresponds to
the transmitting frequency of the luminaire. This image frequency can be
described as
ω ∗ = argmax F(ω).
(3.3)
ω

23

By applying the function between the transmitting frequency and the image
frequency, i.e.

ω∗
,
f¯T x =
QTr

(3.4)

the estimated transmitting frequency is obtained. Note that Q is the number of pixels in column and Tr is the read-out time of the camera. Fig. 3.5
illustrates the relation between the transmitting frequency and the normalized image frequency ω∗
Q , while Fig. 3.6 represents an example of how a
luminaire with fT x = 2100 Hz is detected.

Figure 3.5: Mapping between luminaire frequency and image frequency.

Figure 3.6: Frequency detection of the luminaire.
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3.3

Performance Evaluation

This section evaluates how the proposed demodulation performs with respond to the real-world environment. Firstly, the smartphone properties
are described. Then an evaluation of the proposed demodulation is performed. It is based on three changing factors in real practice: 1) Luminaire
dimming level, 2) Environment illumination and 3) Luminaire transmitting
frequency. During the experiments, only one factor is changed at a time
to determine its corresponding influence. We also compare the detection
performance by using spatial domain demodulation and frequency domain
demodulation respectively.
The smartphone for testing is Samsung S7, with the Android version of
6.0.1. The camera properties that are manually controlled are the exposure
time Te and the film speed (ISO). Based on the analysis in [34], these two
properties of the camera are the most significant properties that affect the
ratio between bright and dark strips, i.e., the detection of the transmitting
frequency. Eq. (2.6) shows the exposure time Te affects the intensity of
bright and dark strips. To maximize the ratio of the bright and dark strips,
a short exposure time is chosen. While the film speed or ISO, describes
the sensitivity of the image sensor array to incoming light. A higher ISO
means fewer photons are required to saturate the sensor array. In this case,
dark strips can also be saturated, which means the dark strips are not able
to be distinguished from the bright strips. Thus a low ISO is set for the
camera. Note that, ISO is measured in scale, such as 100, 200, etc. For the
smartphone camera in use, the properties are set to
T = 1/8000 s, ISO = 100.
The experiments are performed in a real-world office room, the detection
accuracy is determined as the percentage of successful detections of the
transmitting frequency from the captured image set, which has a size of
50 images. For spatial domain modulation, The estimated transmitting
frequency f¯T x is classified as correct detection if it is within 50 Hz of the
error range of the actual transmitting frequency fT x , i.e. |f¯T x −fT x | ≤ 50Hz.
Luminaire dimming level. The luminaire used in the test has a transmitting frequency fT x = 2100 Hz. During the test, no daylight (0 lx) is
introduced to the testbed, this is designed to filter out the influence from
the extra lighting source. The dimming level range set during the test is
0.1 ≤ d(t) ≤ 1.
Figure. 3.7 compares the detection performance between the two approaches, i.e., spatial domain demodulation and frequency domain demodulation. Remember, the spatial domain demodulation is based on the width
of the strips in pixels, while the frequency domain demodulation is based
on the corresponding frequency of the strips in frequency domain. In general, the detection accuracy of both approaches decreases when the dimming
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level goes up. However, for the complete dimming level range, the frequency
domain demodulation is more reliable compared with the spatial domain demodulation.

Figure 3.7: Impact of dimming level on detection accuracy.
For spatial domain demodulation, the detection accuracy shows an increasing trend before the dimming level d(t) = 0.4. As the dimming level
increases, the bright strip in the image has a higher intensity value of the
pixel, which enlarges the ratio between the bright and dark strips in the
image. A large ratio between the bright and dark strips results in high detection accuracy. However, when the dimming level is higher than 0.6, i.e.,
d(t) > 0.6, the detection accuracy decreases. With a high dimming level,
the dark strips expose to more incoming light, having a high intensity value
of the pixel. While the bright strips in the image start to saturate, the
increment of intensity value is less than the increment of dark strips. Thus,
the ratio between the bright and dark strips becomes low. In this situation,
the detection accuracy results to a decrement.
For frequency domain demodulation, the detection accuracy decreases
gradually. When the dimming level increases, a higher DC component is
applied to the transmitting signal. Meanwhile, the pixel intensity is also
increasing with respond to a higher DC component. As the DC component
goes up, the pixel intensity starts to saturate. In other words, the intensity
difference between the bright and dark strips decreases. At the same time,
noise is introduced from the luminaire fixture as it shows sharp edges in the
image. The decrement of intensity difference leads to a lower amplitude of
the corresponding frequency while the noise from the luminaire fixture introduces additional frequency to the frequency spectrum. As a result, deviation
of the estimated transmitting frequency takes place when the dimming level
goes up.
Environment illumination. In this test, the transmitting frequency of
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the luminaire is again set to 2100 Hz. During this test, a medium amount of
daylight (230 lx) is applied to the system. The combination of artificial light
and daylight simulates the lighting conditions of an office space in general.
Compared with the first experimental test, the daylight introduces a higher
intensity value bases of the pixels in the image. In Fig.3.8, an example is
given to illustrate the impact of the daylight to the total intensity value for
each of the column.

Figure 3.8: Impact of environment illumination on pixel intensity.
Fig. 3.9 represents how the environment illumination affects the detection accuracy of the two approaches. Compared with the first experiment
without daylight, it can be seen the overall performance decreases for both
spatial domain demodulation and frequency domain demodulation. For both
approaches, environment illumination introduces unavoidable noise to the
received signal.

Figure 3.9: Impact of environment illumination on detection accuracy.
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Luminaire transmitting frequency. To determine the impact of transmitting frequency on the detection accuracy, a luminaire transmitting frequency set ranging from 1500 Hz to 4200 Hz is chosen. For neighbor frequencies, a 300 Hz luminaire frequency separation is determined to distinguish
one from the other. In total, ten transmitting frequencies are evaluated.
This number of transmitting frequencies is sufficient for the luminaires in
a medium-scale office space, with the size of 50 m2 . However, 4200 Hz is
not the highest transmitting frequency that can be detected. The highest
transmitting frequency can goes to 8000 Hz. Meanwhile, with a narrower
frequency separation, e.g., 200 Hz, more luminaire IDs are able to be encoded in the lighting system.
In this test, the dimming level of the luminaire is d(t) = 0.5 and no
daylight (0 lx) is introduced. Fig. 3.10 represents the detection accuracy
obtained from the two approaches. It can be clearly seen that the spatial
domain demodulation shows a descending trend during the test, while the
frequency domain demodulation remains stable.

Figure 3.10: Impact of Tx frequency on detection accuracy.
The detection accuracy of spatial domain demodulation declines because a
higher transmitting frequency results in narrower widths of strips in pixels,
as shown in Fig. 3.11. The narrower strip width affects the accuracy of
boundary detection in Fig. 3.4. In this case, a high transmitting frequency
can be detected as its neighboring transmitting frequency due to the inaccurate boundary alignment of the strips.
However, the frequency domain demodulation is not affected much by the
change of the transmitting frequency. During the test, over 90% of testing
results show that the estimated transmitting frequency obtained after DFT
is the same as the transmitting frequency.
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Figure 3.11: Transmitting frequency and its width in pixels.
From the above testing cases, compared with the spatial domain demodulation, frequency domain demodulation has a better performance on different dimming levels, environment illuminations and transmitting frequencies.
This result is also a correspondence to the luminaire modulation method,
i.e, the luminaire is modulated with unique transmitting frequency, which is
frequency domain modulation. The discussion about spatial domain modulation is descried in Section 6.2.
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Chapter 4

Lighting Control Algorithm
This chapter describes the proposed lighting control algorithm applied to
the lighting system. Different from the state-of-the-art lighting control algorithm, the proposed control algorithm considers user feedback from the
smartphone when adjusting luminaire’s dimming level. With the user feedback, the lighting system is able to adapt artificial light to desired illumination and user preference.
Section 4.1 describes the control flow of the system, with an emphasis on
how the user interacts with the lighting control system. Section 4.2 discusses
the mathematical concepts and the key characteristics behind the proposed
lighting control algorithm of the system.

4.1

Control Flow of The System

As described in Section 1.2, the proposed lighting control system aims at
meeting the workplace illumination requirement as well as user preference.
To achieve this, users are considered in the system to evaluate the illumination at the workplace and provide control/feedback with respect to the
current illumination. As shown in Fig. 4.1, based upon the user’s smartphone, a user control/feedback is introduced into the state-of-the-art lighting
control system.
As can be seen in Fig. 4.1, both the ceiling light sensor and the user
smartphone can receive illumination information. The ceiling light sensor
senses illumination at the ceiling while the user’s smartphone measures illumination at the workplace (dashed line with ’Illumination at the workplace’
label in Fig. 4.1). When the system is able to maintain its desired performance without human interaction, the lighting control is based on the
illumination sensed by the ceiling light sensor. However, when the performance deviation takes place, e.g., under illumination of a workplace caused
by the reflectance changes, user control is applied with an additional illumination information at the workplace. When the user control is required,
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the smartphone needs to decode two pieces of information. The first one
is the luminaire IDs within the given workplace. The requirement of the
luminaire IDs is because the user has no pre-knowledge about his or her
surrounding luminaries within its workplace. However, the adjustment of
the illumination for its workplace should base on the luminaries that contribute illumination to the given workplace. Recall that, the luminaire IDs
are obtained by camera-based VLC.

Figure 4.1: Block diagram of the proposed control loop.
The other information received by the camera is the illumination at the
workplace. This is the total illumination contribution from both luminaries
and daylight. The illumination at the workplace is measured by the average pixel intensity value of the captured image. Note that, the intensity
value represents the brightness of the pixel, which is a function of illumination [42]. By calculating the average intensity of the pixels in an image,
the illumination corresponds to the captured scene (in this case, it is the
workplace of interest) is obtained.
Based on the current illumination at the workplace, the user can choose
to dim up the luminaire if the workplace is under-illumination or vice versa.
This user command is sent as a scaling factor by a control message. This
control message for adjusting the illumination then introduces a calibration
factor to the target set-point of the luminaire. For example, if the user
wants to have a higher illumination, a calibration factor greater than 1 will
be set. To meet the new target set-point of a luminaire, a lighting control
algorithm is applied to adjust the dimming level outputs.
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Figure 4.2: Flowchart of user-in-the-loop lighting control.
Fig. 4.2 represents the flowchart of how the user control loop interacts
with the state-of-the-art to adjust the illumination. When the user control
starts, a scaling factor βr is set to respond to user’s requirement of illumination. Meanwhile, smartphone camera captures the luminaires within
the neighbourhood of the user’s workplace to obtain Nr . The average image pixel intensity wr∗ at this moment is obtained, setting it as the starting
point of the illumination information at the workplace. The reference illumination is determined as the starting point average image pixel intensity
applied with the scaling factor. Then, based on the difference between the
current average image pixel intensity wr and the reference illumination, a
calibration step δm,r is determined.
The calibration step is then applied to the calibration factor αm of the
luminaire. According to the calibration factor, the latest target reference
set-point of the luminaire is obtained. The dimming level outputs of luminaires are then computed via a function to meet the latest target reference
set-points of the luminaires. If the dimming level outputs are within the
maximum range of the luminaires, the process continues, obtaining the illumination at the workplace in the next iteration to compare the illumination
difference against reference illumination.
When there is no calibration step to apply to the calibration factor, i.e.,
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the illumination at the workplace has reached the reference illumination, a
control message is sent to the user, asking whether he/she is satisfied with
the current illumination. The control process ends when the user is satisfied
with the illumination at the workplace or the system has reached to its the
maximum illumination, i.e., all luminaires are illuminating under its the
maximum dimming level.
In the next section, the algorithm behind the user-in-the-loop control
process is discussed, starting from the computation of the dimming level
outputs of the luminaires.

4.2

Description of The Algorithm

In comparison to the state-of-the-art lighting control algorithm described in
Section 2.1, the proposed lighting control algorithm is designed to satisfy
the illumination requirements at the ceiling light sensors as well as user
preferences.
The user provides the following information via the smartphone to the
lighting control system:
1. Illumination preferences. The user is limited to maintain or increment/decrement by a factor β of the current illumination level at its
workplace.
2. Set of neighbouring luminaires. Using camera-based VLC model
described in Chapter 3, the smartphone detects the transmitting frequencies of all the luminaires within its neighbourhood.
3. Average pixel intensity of the captured image. This is a notion
of the illumination at the workplace.
In accordance to this, to obtain the dimming level d for the desired illumination, the proposed lighting control algorithm is considered as
d(k) = d(k−1) + ∆d(k)
∆d(k) = max(−δd 1, min(δd 1, η(d∗(k) − d(k−1) ))
(k−1) ∗ 2
d∗(k) = arg min kAd + s(k−1) − αm
lm k
d
X
(k−1)
(k−1)
Am,n dn + sm
≥ ¯lm
, ∀m

n
subject to

0 ≤ dm ≤ 1, ∀m.

(4.1)

(4.2)

The first constraint of Eq. 4.2 ensures that the combination of the artificial
light and the daylight is always equal to or above the latest target refer(k)
ence set-point ¯lm . While the second constraint prevents the dimming level
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output to be greater than the maximum dimming level the luminaire can
reach.
(k)
The latest target reference set-point ¯lm for iteration k is given by


¯l(k) = min s(k) + c∗ , α(k) l∗ .
m
m
m
m m

(4.3)

This parameter has an upper bound, which is the minima of the summation
of the estimated daylight and the reference set-point of the luminaire, de(k)
noted as sm + c∗m , and the multiplication of the calibration factor and the
(k) ∗
target set-point, αm lm
. The former is the maximum range of the reference
set-point that system can reach, while the latter is the reference set-point set
by the user. This prevents from the user setting a target reference set-point
that is above the maximum value of the system.
(k)
Apart from that, αm is the calibration factor of luminaire m at iteration k
∗ . By default, the calibration factor is set to 1. In
for its reference set-point lm
this case, the system operates under pre-calibrated parameters without user
control, just as the state-of-the-art lighting control algorithm. With user
control, a calibration factor greater or less than 1 is applied to the target
reference set-point in order to adjust the illumination at the workplace. The
calibration factor is chosen by

(k)
αm
=


 α∗(k)

, if ∆d(k)
m ≤ d

m

(4.4)

 α(k−1) , otherwise.
m

During each iteration, update constraint of the calibration factor is determ(k)
(k)
ined by the change of dimming level ∆dm . If the absolute value of ∆dm is
less than or equal to the pre-defined dead band d , the calibration factor can
∗(k)
be updated to the proposed calibration value αm , otherwise the calibration
factor remains the same as the one taken in iteration (k −1). The dead band
d ≥ 0 is used to limit the change of the calibration value. This operation
lowers the update rate of the target reference set-point, which ensures the
increment or decrement of the dimming level is smooth and stable, reducing
the oscillation of the dimming level outputs.
∗(k)
The proposed calibration factor αm is determined by
(
∗(k)
αm

= max αmin , min

(

))

(k−1)
αmax , αm

+

X

(k−1)
δm,p

(4.5)

p

where αmin and αmax are the lower and upper limits the calibration factor
(k)
can reach. The parameter δm,r is the calibration step of luminaire m set by
user r, given as
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(k)
δm,r

1
δstep , if wr(k) ≤ βr wr∗ − ∆ and m ∈ Nr
Pm
= − 1 δ
(k)
∗
step , if wr ≥ βr wr + ∆ and m ∈ Nr


P

m


0
, otherwise







(4.6)

where wr∗ is the average image pixel intensity at the workplace when the user
determines to increase/decrease the illumination. This is set as a starting
(k)
point of illumination for user-in-the-loop lighting control. While wr is the
measured average pixel intensity during iteration k. This value is the representation of current illumination at the workplace. The scaling factor βr is
chosen depending on the control message sent from the user’s smartphone. If
the user determines to increase the illumination, βr > 1, otherwise, βr < 1.
The parameter ∆ ≥ 0 is the margin of the average pixel intensity. This
(k)
margin is applied to reduce fluctuation of δm,r . For each iteration, based
(k)
on the comparison between the current average image pixel intensity wr
∗
and the reference average image pixel intensity βr wr ± ∆ , the calibration
(k)
step δm,r is set to a positive/negative value or zero to adjust the calibration
factor. For example, if the current average image pixel intensity is less than
the reference average image pixel intensity, a calibration step greater than
1 is applied. Pm is the number of users that have luminaire m contributes
illumination to its occupied workplace. And δstep is the step change of
(k)
δm,r . At last, Nr describes the set of luminaires the user detected within its
workplace. The detection of luminaires is performed by camera-based VLC.
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Chapter 5

Experimental Results
This chapter focuses on the evaluation of the proposed lighting control system. The experiments are performed in an experimental office space under
different testing scenarios. Section 5.1 describes the deployment of the given
environmental testbed and the setup of the lighting control system. Section
5.2 evaluates the experimental results against the one obtained from the
reference approach, i.e., the state-of-the-art approach. The results showed
that the proposed lighting control system is more reliable to the changes of
illumination and requirements of user needs.

5.1

Testing Environment

The proposed lighting control system is implemented on an experimental
office space to take real-world scenarios into consideration. The layout of
the office space is illustrated in Fig. 5.1.

Figure 5.1: Office space layout.
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The experimental office space testbed includes N = 8 luminaires, each of
which co-locates a light sensor and an occupancy sensor at the ceiling. As
can be seen from the figure, luminaires are grouped into a 2x4 grid, and
each of them is given with an ID. Correspondingly, the workplace under
each of the luminaire is described as its related zone, e.g. workplace under
luminaire 1 is called zone 1. There are two windows on the north side of the
office with blinds that can be used to control the amount of daylight across
the zones. The height of the office was 3 meters, while the distance between
the table and the luminaire was 2.1 meters approximately. Fig. 5.2 shows a
snapshot of zone 1 in the office space.

Figure 5.2: Snapshot of zone 1.
All the luminaires and sensors in the system are connected to a central
controller via a data acquisition (DAQ) hardware. The DAQ provides the
read-in of the sensor values and the read-out of luminaire dimming levels.
The central controller was run on a computer. The central controller processed the received smartphone images to obtain the information about luminaire’s ID and current workplace illumination. The control message to be
sent to the user was transmitted via the internet from the computer.
The following control parameters were set in the experiments. Wave =
610 lx is the measured average illumination of the office space when all
luminaires are switched on with maximum dimming level outputs. In Eq.
(4.1), δd = 0.05 and η = 0.1, these are selected for the adjusting value the
dimming level can set for the next iteration. The dead band of the absolute
(k)
value of ∆dm is determined as d = 0.1. The upper and lower limits of the
calibration factor are determined as αmin = 0 and αmax = 2. In Eq. (4.6),
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βr = 1.5 is chosen for increasing the illumination and βr = 0.7 is chosen for
decreasing the illumination, while the step change of the calibration factor
is δstep = 0.05.

5.2

Testing Scenarios and Results

To evaluate the performance of the proposed system, we consider the achieved
illumination at the workplace level and at the ceiling light sensors as well
as the dimming levels of the luminaires under three scenarios with changing
occupancy and daylight. For each scenario, the behavior of the proposed
system is compared with that of the reference approach.
Scenario 1: Zone 1 is occupied. In this scenario, the workplace in
zone 1 is occupied by a user. The experiment is performed according to the
following stages:
1. For the first 30 seconds (0 s ≤ t < 30 s), the office is unoccupied
without daylight (both blinds are rolled down).
2. When t = 30 s, zone 1 becomes occupied.
3. At the 250 seconds mark, daylight enters the office (blinds are rolled
up).
4. When t = 480 s, zone 1 is unoccupied and blinds are rolled down.
5. The experiment ends at the 600 seconds mark.
In the first stage, the illumination value at the workplace and ceiling light
sensors is zero as seen in Fig. 5.3(a) and Fig. 5.3(b) and the dimming
levels at the corresponding luminaires is zero (Fig. 5.3(c)). When zone 1
becomes occupied in the second stage, it can be seen from Fig. 5.3(a) that,
in the absence of daylight, the illumination provided by the system at the
workplace is around 450 lx at stable state (t = 80 s). During the calibration
phase, the target reference set-point is set by the average illumination over
the zones. Since zone 1 is at the corner of the office, this value results in
a lower desired illumination. For the proposed system, the user is able to
increase the illumination at the workplace. The user reports luminaires 1,
2 and 3 for control access to the central controller. It can be seen that at
t = 120 s, the illumination has increased to 500 lx as desired by the user. In
Fig. 5.3(c), the dimming levels of luminaires 2 and 3 within the workplace
are increased to respond to the requirement of more illumination. Luminaire
1 is unable to provide more illumination because it has already reached its
maximum dimming level output.
At the 250 seconds mark, daylight enters the office. For the reference lighting control system, the provided illumination at the workplace goes down to
around 350 lx, causing under-illumination at the workplace. As mentioned
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in Section 1.1, this happens because in some cases the mapping of illumination contribution at the workplace provided by the artificial light can be
different from that of the combination of artificial light and daylight. As for
the proposed lighting control, when the user perceives under-illumination,
user control is applied to the system again, thus increasing the illumination
at the workplace back to 500 lx. Again, in Fig. 5.3(c),, luminaires 2 and
3 are dimmed up to illuminate the workplace. When t = 480 s, zone 1 is
unoccupied and blinds are rolled down and the experiment ends at the 600
seconds mark.
Scenario 2: Zone 8 is occupied. In this scenario, a difference workplace is chosen in the office space. During the experiment, workplace in zone
8 is occupied by a user. The experiment can be described as:
1. For the first 30 seconds (0 s ≤ t < 30 s), the office is unoccupied
without daylight (blinds are rolled down).
2. When t = 30 s, zone 8 becomes occupied.
3. At the 250 seconds mark, daylight enters the office (blinds are rolled
up).
4. When t = 480 s, zone 8 is unoccupied and blinds are rolled down.
5. The experiment ends at the 600 seconds mark.
In this scenario, the user is satisfied with the illumination provided by the
system before daylight enters the office (t < 250 s). When daylight enters
the office, the illumination at the workplace in zone 8 decreases to 360 lx
as shown in Fig. 5.4(a). For the proposed system, the user are able to
increase the illumination in zone 8. In this case, the user reports luminaires
6 ,7, 8 for control access to the central controller. As shown in Fig. 5.4(c),
the dimming levels of luminaires 6, 7, 8 are increased to provide a higher
illumination at the workplace. At the end, the user is satisfied with the
illumination when it reaches to 500 lx at the workplace.
Scenario 3: Both zone 1 and zone 8 are occupied. In this scenario,
zone 1 and zone 8 are occupied during the experiment. The description of
the experiment is given as:
1. For the first 30 seconds (0 s ≤ t < 30 s), the office is unoccupied
without daylight (blinds are rolled down).
2. When t = 30 s, zone 8 is occupied.
3. When t = 120 s, zone 1 is occupied by another user.
4. At the 300 seconds mark, daylight enters the office (blinds are rolled
up).
5. When t = 540 s, the user in zone 8 leaves and zone 8 is unoccupied.
6. When t = 660 s, zone 1 is unoccupied and blinds are rolled down.
7. The experiment ends at the 720 seconds mark.
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During the third stage of the experiment, the illumination provided by the
system at the workplace in zone 1 is around 450 lx, as can be seen in Fig.
5.5(a). This does not meet the desired value that the user is satisfied with.
Then the user in zone 1 starts to control its surrounding luminaires at around
t = 200 s. The reported luminaires within its surroundings are luminaires
1, 2 and 3. At t = 240 s, the user is satisfied with the illumination, and
the illumination value at the workplace reaches to 500 lx. When daylight
enters the office in the next stage, The reference system only provides 300
lx of illumination at the workplace in zone 1. However, for the proposed
system, the user starts to control its surrounding luminaires as soon as the
under-illumination is noticed by the user. At t = 400 s, the user is satisfied
with the illumination, and the illumination value goes back to 500 lx. After
the user control process, the illumination in zone 1 remains stable with
respect to the change in occupancy status, i.e., when zone 8 is unoccupied
at t = 540 s.
To summarize, in comparison with the reference lighting control system,
the proposed lighting control system is able to maintain the desired performance. When daylight does not come to the office, the proposed lighting control system is able to adjust the illumination when the reference set-point of
a luminaire does not meet the desired illumination at the workplace. When
daylight comes into the office, the proposed lighting control system restores
the illumination at the workplace when mapping of illumination contribution at the workplace is different from the calibration phase using artificial
light. As a result, the user-in-the-loop lighting control system improves the
performance with respect to the illumination at the workplace, providing
the access of lighting control to the user to meet its personal preference.
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(a) Light meter value measured at the workplace of zone 1

(b) Ceiling light sensor values within zone 1

(c) Dimming levels of luminaires within zone 1

Figure 5.3: System performance under Scenario 1: zone 1 is occupied.
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(a) Light meter value measured at the workplace of zone 8

(b) Ceiling light sensor values within zone 8

(c) Dimming levels of luminaires within zone 8

Figure 5.4: System performance under Scenario 2: zone 8 is occupied.
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(a) Light meter value measured at the workplace of zone 1

(b) Ceiling light sensor values within zone 1

(c) Dimming levels of luminaires within zone 1

Figure 5.5: System performance under Scenario 3: both zone 1 and zone 8
are occupied.
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Chapter 6

Conclusions and Future
Work
6.1

Conclusions

This thesis presented a user-in-the-loop smart lighting control system which
incorporates user feedback in addition to occupancy and light sensor inputs.
It utilizes smartphones to obtain two types of illumination information at
the workplace, in order to adapt luminaire’s dimming level to the desired
illumination or to the user preference. As a result, compared with the stateof-the-art lighting control system, the proposed system takes the user into
consideration, providing the controlling flexibility to users and meanwhile
becoming more intelligent to the changes of the environment.
Camera-based VLC was introduced to determine which luminaries are
within the workplace of interest. The luminaire is modulated to transmit its
ID while illuminating the environment. In this way, the modulated signal is
unnoticeable to the human eye, yet this can be detected by a smartphone
camera. The proposed approach can demodulate the transmitting signal under different conditions, e.g., different luminaire dimming levels or different
daylight illuminations.
Furthermore, a lighting control algorithm was presented to control the
lighting system with the real-time illumination information from the user’s
smartphone, i.e, the average image pixel intensity. Users have the choice
to either increase or decrease the illumination level at the workplace via
a smartphone application. The communication link between the lighting
system’s central controller and the user’s smartphone ensures the central
controller can receive up-to-date illumination at the workplace and user’s
satisfaction about the provided illumination.
At last, the proposed lighting control system was tested in an experimental
office room. Three scenarios were considered to evaluate the performance
of the proposed system. The experimental results showed that, compared
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with the state-of-the-art lighting control system, the proposed system was
more reliable to the changes at the workplace. The user in the workplace
was given more control to determine its surrounding illumination.
In conclusion, the proposed lighting control system improved the performance of the state-of-the-art lighting control system. The improvement was
achieved by applying an additional user control/feedback loop to the current
approach.

6.2

Future Work

The performance of the proposed lighting control system can be further improved from the following aspects. The first is the estimation of the luminaire and daylight contribution respectively of a given workplace. As mentioned before, the performance degradation of the state-of-the-art lighting
control system comes from the difference between calibration environment
and the environment in real practice. For the proposed lighting control
system, the design choice is to re-calibrate the target reference point to
adapt luminaries to the desired illumination. Alternatively, more detailed
re-calibration can be applied to determine current illumination contribution
from each of the luminaires and from the daylight. Once the contribution
vector is determined, the controller can adjust luminaire’s dimming level
according to the latest parameter.
In addition, the methodology of luminaire modulation can be further studied. In the thesis, the frequency domain modulation is applied to distinguish
one luminaire from the other. Alternatively, spatial domain modulation such
as encoding luminaire IDs by a sequence of digital data ’0’ and ’1’ should be
explored to compare the performance difference when more luminaires are
applied to a lighting control system.
Meanwhile, the difference between Light-of-sight (LOS) link and Nonlight-of-sight (NLOS) link should be explored to determine which one has
better performance for camera-based VLC. LOS link requires the user to
capture the luminaire within camera’s field of view (FOV). The transmitted
signal can only be detected when the luminaire is present in the image. As
for NLOS link, the camera can detect the transmitted signal without its
presence in the image. However, the objects in the environment captured
by the camera can introduce noise to signal detection [33], resulting in a
degradation of the signal-to-noise ratio (SNR).
Also, a learning process of user’s preference can be introduced to boost the
performance of the proposed lighting control system. It would be interesting
to investigate how the system may learn user preferences from long-term
data related to user interactions with the system.
At the end, to promote the implementation of this user-in-the-loop smart
lighting control system in practice, smartphone devices using different oper46

ating systems should be studied. Galaxy S7 with Android 6.0.1 is evaluated
in the thesis. Further studies are required to evaluate the performance of
other smartphones with different mobile operating system, e.g, iOS or Windows system.
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