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Abstract
Indoor light energy harvesting plays an important role in field of

renewable energy. Indoor lighting condition is usually described by level of
illumination. However, measured data alone does not by classification of
different light sources, result is not representative. Energy harvesting system
needs to be evaluated after classification to obtain more accurate value.
This is also importance of different light source classification.

In this thesis, a complete set of indoor light energy harvesting system is
introduced, two models are proposed to evaluate energy, robustness is
improved by mixing complex light condition during data collection. Main
task of this thesis is to verify importance of indoor light classification.
Main contribution of this thesis is to fill a gap in energy evaluation, and
built a model with superior performance. In terms of collecting data, this
thesis researches influence factor of data collection to ensure reliability of
accuracy. This work can more accurately collect spectral under different
light conditions. Finally, light energy is evaluated by classification of
indoor light. This model is proven to be closer to true energy value under
real condition. The result shows that classified data is more accurate than
direct calculation of energy,it has a smaller error. In addition, performance
of classifier model used in this thesis has been proven to be excellent,
classifier model can still carry on high-accuracy classification when
measurement data are not included in training data set. This makes it a
low-cost alternative to measuring light condition without spectrometer.

Index terms -- Indoor light energy, classifier model, different light condition,
influence factor, energy evaluation.
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1. Introduction

1.1 Background
Nowadays, renewable energy has become a hot topic. People are aware

that if only use disposable energy, it will soon be exhausted. Therefore,
renewable energy harvesting technology should be the focus of current
energy research. There are many ways to collect renewable energy, such as
windmill power generation, hydroelectric power, solar power generation
and so on. Fig. 1 shows that different energy sources are converted by the
energy conversion device into power. With the advancement of the Internet,
telecommunications and computer technology, there is a demand for a small
and independent power supply in the technology industry. It needs to
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collect few regenerative energy on site according to local conditions and
collect it for use by microelectronic products.

Traditional data collectors require power, power supply usually using
battery, but battery replacement is very troublesome. Need for a small,
stand-alone power source, which collects weak regenerative energy in this
field. Some inexhaustible supply of renewable energy is a good choice to
replace traditional battery. Such as, sunlight, indoor artificial light, wind
power, water power, geothermal heat, tides, nuclear, bridge vibrations, etc.
Above conditions from nature can become renewable energy sources.

Fig. 1 Different energy into electricity output

Among energy sources described above, light is the only energy that
can be seen, which is a kind of kinetic energy. Light is defined as a form of
electromagnetic radiation emitted by hot objects such as lasers, bulbs and
the sun [1]. Light is the most common source of energy, therefore, light
energy is a very important part in the field of energy harvesting. Human
beings realized this long time ago, also made many research on light and
light energy. However, the light can be divided into outdoor light and
indoor light. For outdoor light, although it has characteristics of high light
intensity, the wide range of illumination and more energy harvesting sites,
but it has single spectrum, uncontrollable light intensity, limited light
duration (such as cloudy weather or night, etc.) These will affect the
efficiency of light energy harvesting. For indoor light, first of all, there are
many different light sources that can be selected, which means that the
spectrum is diversified. Second, the light intensity of the light source is
controllable. When the unit lux level of the light intensity is adjusted, the
corresponding light intensity also changes. Finally, the light of the time can
be controlled, when we need the indoor light source to provide light, it can
be illuminated at any time. Therefore, the main difference between indoor
and outdoor light is different light sources, light intensity, illumination time
and energy.

Power
output

Energy
conversion
device

Wind energy
Heat energy
Solar energy
Vibration energy
Nuclear energy
Electromagnetic
energy

.

.
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When people do not have a lot of demand for light energy, indoor light
can provide enough energy, it is also a more stable and diversified choice.
However, in different indoor lighting conditions, relying solely on
measurements to distinguish the type of light source is error prone as the
data obtained are not processed and compared, these are demonstrated at [2]
- [4]. When different indoor light sources of the same light intensity
illuminated, different spectra are produced, which are dictated by their own
physical characteristic. According to this, we need to classify the data
generated by these different indoor light sources to distinguish them.

1.2 Problem formulation
In recent years, most researchers have focused their work on the

sunlight, wind or vibration in nature to tap energy. In contrast, only a few
researches have focused on indoor energy harvesting systems. A large
number of surveys show that most of the day people spend most of their
time in indoor environments. So in order to fill the void in the indoor energy
harvesting field, this thesis was used to research the more potential of the
indoor energy harvesting system. The main problem to be solved in this
paper is: to verify the importance of indoor light classification from the
comparison of energy analysis.

In most researchers, only a small part of the literature has studied
different influencing factors for collecting energy. Different harvesting
environments will directly affect the accuracy of classification and the
efficiency of energy harvesting. In addition, for indoor energy, in the study
of [5], the four common indoor light characteristics were classified and
discussed, but the authors of the literature did not put the results of their
research into the actual environment for verification, this means that it
cannot be proved to be important for the classification of indoor lighting. In
other words, the research of this theory needs to combine the environment
in daily life to verify its robustness. Therefore, it is urgent to study the
factors that influence the collection of light energy and the robustness in the
actual environment.

1.3 Objectives
The aim of this thesis is to verify the importance of indoor light energy

classification by establishing a new model, which can provide higher
robustness to traditional confined models. This new model is compare the
energy of mixed indoor light with outdoor light. It should be used for indoor
light energy harvesting system. The detail objectives addressed in this thesis
are:
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i. Improve classification accuracy.

ii. Evaluate the classification methods.

iii. Investigating the influencing factors of classifier model

robustness.

iv. Evaluate performance of the sensor node for real conditions.

v. Propose a design tool for indoor light energy harvester.

vi. Evaluate unclassified light and classified power errors.

vii. Evaluate unclassified light and classified energy collected

during a day.

1.4 Affection
The affection of this thesis can be divided into several aspects. As for the

discipline field, our new model can improve the accuracy of energy
estimation of the indoor energy harvesting system. The users can use our
model to optimally select the configuration of their system, which can
promote the efficiency of production. For the ethics domain, our effort
supports the renewable sources to provide energy to the device for a long
working period.

1.5 Outline
The remainder of this thesis is organized as follows. chapter 2 reviews

related work.
In order to make all method used by this system clear, all method used

will be separately introduced and clarified in chapter 3.
Then, for sensor used in the system, experimental set up is explicated in

chapter 4.
Moreover, chapter 5 summarizes thesis content and shows conclusion.
Chapter 6 is a conclusion of this thesis and proposes directions for

future working.
Finally, Chapter 7 is a reference list from this thesis.

2. Related work
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Spectral characteristic of different light sources at indoor conditions
have been researched previously [6], thesis investigated optical characteristic
of LED and fluorescent lights in indoor light system, conclusion is that LED
has a lower power consumption, higher fluorescence harmonics. In addition,
at [5], author used MatLab Classification Learner to investigate similar
classification methods, analyze spectra of four different indoor lights at
different lighting levels, and classify these indoor light sources. Moreover, in
previous researches, few researchers have researched influence factor of
light harvesting condition, including method, background, and sensor's
physical structure.

In addition, in [7], author also adopted method of collecting data for a
long period of time, but this paper did not compare indoor light
classification. Previous experience has shown that there are many kinds of
indoor light. People want to accurately assess energy of different indoor
light sources and need to classify their different light sources first. Different
indoor light has its own spectrum, which was mentioned in [8], but this
paper only shows the spectra of different lamp types and does not use a
classifier model to classify them. Therefore, it is very meaningful to classify
indoor light sources, but so far there have been few people who conduct
research in this field.

The new model used in this thesis estimates solar panel output after
classifying indoor light sources. This model uses collected data to classify
different indoor light and build a model by fitting operations. After this
operation, a mathematical model equation model will be generated. In
actual application of the new model stage, the most common lighting
conditions in daily life are used, including a complex lighting condition such
as indoor and outdoor light mixing to test robustness of model. Researches
have shown that this model can obtain more accurate classification result
and energy estimates under complex lighting condition, thereby
highlighting importance of indoor light source classification. [9]

3. Methods

3.1 Methodology Summary
The overview of the methodology is shown in Fig. 2. In order to build

this new energy harvesting system, three sub-modules for collecting and
analyzing data are set up to distinguish the classification performance under
different indoor conditions.
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Fig. 2 The overview of system methodology

For the first stage, this thesis named it "Experimental condition". This
stage is mainly to collect sample data in the darkroom environment, and
these data are used to train the classifier model. In order to make the data
samples more reliable, the data collection at this stage must be performed
under the condition of only the target light source, and the surrounding
environment must be consistent to avoid interference with the accuracy of
the data. This stage also establishes a self-verification step whose purpose is
to verify the robustness of the data collected in the darkroom.

The second stage is named "Empirical condition", because the data
collected during this phase is performed in specific conditions and locations.
The main purpose of this stage is to explore the factors that affect the
classification accuracy of the classifier, which is a very important aspect of
the robustness of the indoor light harvesting system under complex
conditions. This article needs to identify the most influential factors to
ensure the accuracy of the data collected in the actual environment.

The third stage was named "Real condition". All the data collected
during this phase comes from actual conditions in daily life, including pure
indoor light sources and hybrid light sources. This stage is divided into two
categories for comparison, one is the comparison and verification of
short-circuit currents; the other is the comparison of indoor light harvesting
energy, the closer to the true value the collection of energy, the better its
performance.
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3.2 Classifiers

3.2.1 Classification selection
In this work, data collection and linear classification of different light

sources are important steps. Fig. 3 depicts an overview of classifiers used in
this thesis.

Fig. 3 The overview of classifiers

This thesis used a wider range of measurements at data collection step,
which is shown in Table 1. In addition, because of the high light intensity of
the solar simulator, it is more difficult to control when measuring the data,
so it uses extra range and step size, which makes sense when the data needs
to be more comprehensive.

Light Type Range
(lux)

Step size (lux)

Warm LED 50 - 2000 50
Cold LED 50 - 2000 50
Fluorescent 50 - 2000 50
Halogen 50 - 2000 50

Solar Simulator 100 - 20000

The step size from 100
to 5000 lux are 100;
from 5000 to 10000 lux
are 500; from 10000 to
20000 lux are 1000

Table 1 Five different types of light source measurement range and step size

Classifier 1

Classifier 3

Classifier 22

Classifier 2

.

.

.

Data

Collection
Classification

Self-
verification
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The collected data have different spectra, and different light intensities
result in different data when light spectral descriptors and solar panels are
illuminated using the same indoor light. It is difficult to discern these data
directly when we are finish measuring , so the data needs to be classified
after training.

Twenty-two classification methods applied by Classification Learner in
MatLab software are used in training and classification. The names of each
training method and the introduction are shown in Table 2. As can be seen,
the classification methods are divided into four types, which are tree,
discriminant, SVM, and KNN. There are other different classification
methods under each type. These classification methods provide sufficient
basis for researching the classification of indoor light, and the data can be
trained by a variety of classification methods.

Classification Methods Introduction

Linear Discriminant
A fast,easy-to-interpret discriminant

classifier, that creates linear boundaries

between classes

Quadratic Discriminant

A fast,easy-to-interpret discriminant

classifier, that creates elliptical, parabolic or

hyperbolic boundaries between classes

Linear SVM

A support vector machine that makes a

simple linear separation between classes,

using the linear kernel. The easiest SVM

interpret.

Quadratic SVM
A support vector machine that uses the

quadratic kernel.

Cubic SVM
A support vector machine that uses the cubic

kernel.

Fine Gaussian SVM

A support vector machine that makes

finely-detailed distinctions between classes,

using the Gaussian kernel with kernel scale

set to sqrt(P)/4, where P is the number of

predictors.

Medium Gaussian SVM

A support vector machine that makes fewer

distinctions than a Fine Gaussian SVM, using

the Gaussian kernel with kernel scale set to

sqrt(P), where P is the number of predictors.

Coarse Gaussian SVM

A support vector machine that makes coarse

distinctions between classes, using the

Gaussian kernel with kernel scale set to

sqrt(P)*4, where P is the number of

predictors.



Mid Sweden University On The Importance of Light Source Classification
Electronic Design in Indoor Light Energy Harvesting

17

Fine KNN

nearest-neighbor classifier that makes

finely-detailed distinctions between classes,

with the number of neighbors set to 1.

Medium KNN

A nearest-neighbor classifier that makes

fewer distinctions than a Fine KNN, with the

number of neighbors set to 10.

Coarse KNN

A nearest-neighbor classifier that makes

coarse distinctions between classes, with

the number of neighbors set to 100.

Cosine KNN
A nearest-neighbor classifier that uses the

cosine distance metric.

Cubic KNN
A nearest-neighbor classifier that uses the

cubic distance metric.

Weighted KNN
A nearest-neighbor classifier that uses

distance weighting.

Boosted Trees

The model creates an ensemble of medium

decision trees using the AdaBoost algorithm.

Compared to bagging, boosting algorithms

use relatively little time or memory, but

might need more ensemble members.

Bagged Trees

A bootstrap-aggregated ensemble of complex

decision trees. Often very accurate, but can

be slow and memory intensive for large data

sets.

Subspace Discriminant

Good for many predictors, relatively fast for

fitting and prediction, and low on memory

usage, but the accuracy varies depending on

the data. The model creates an ensemble of

Discriminant classifiers using the Random

Subspace algorithm.

Subspace KNN

Use this classifier if you have many

predictors. The model creates an ensemble of

nearest-neighbor classifiers using the

Random Subspace algorithm.

RUSBoosted Trees
Use this classifier if you have skewed data

with many more observations of one class.

Complex Tree

A decision tree with many leaves that makes

many fine distinctions between classes

(maximum number of splits is 100).
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Medium Tree
A medium-complexity decision tree with

fewer leaves(maximum number of splits is

20).

Simple Tree

A simple decision tree with few leaves that

makes coarse distinctions between classes

(maximum number of splits is 4).

Table 2 Twenty two kinds of training methods and introduction [10]

After verifying the accuracy of the above twenty two classifiers, the
robustness of the ten classifiers are excellent. They are circled in the previous
table, and their classification results will be shown in detail in Chapter 5.
These ten classifiers are used as alternative classifiers for the next stage of
data analysis.

3.3 Different Backgrounds
The main purpose of this work is to verify that different backgrounds

produce different spectral characteristics. Fig. 4 shows a schematic of the
collection of spectra generated by different background reflections. To
prevent the light source from affecting sensors, this work places it behind
sensors and uses a fixed lux level fluorescent as the light source. In addition,
for the sensors, they were set up with two experimental groups. One group
is the same distance; the other group is the same light intensity.

Fig. 4 A fixed lux level of fluorescence explores different backgrounds

Sensors

Different backgrounds

Light source Reflected
light

Dark room
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3.3.1 Same Distance (10 cm)
Different backgrounds have an effect on the collection of spectral

characteristics. Fig. 5 shows the full spectrum response for four different
backgrounds. This data collection method is: the sensor is controlled at a
distance of 10 cm from the wall, and a fluorescent light source of the same
light intensity is used so that the sensor receives light reflected by the
background. In other words, the only thing that is changed in this work is
the background colour, which controls the variables very well, and it can
make the experimental results more accurate.

Fig. 5 Full spectrum response in four different background at same distance condition

The above figure shows the full spectrum response from four different
backgrounds. In order to make the spectrum more clear, this thesis will
change the wavelength range to the visible light range: 400nm - 760nm. Its
ordinate does not change. However, for the visible light range, the blue
response range is 400nm - 490nm; the green response range is 490nm -
600nm; the red response range is 600nm - 690nm.
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Fig. 6 Spectral response in different visible light range (400nm - 760nm) at same
distance condition

It can be seen from the analysis that the spectral response has a great
change through different backgrounds. At the same distance, the white
background has higher peaks in all visible ranges. The red background has a
large value in the range of 600nm - 690nm. However, this is the response
range of the red spectrum. On the contrary, its peak value is in the blue
spectrum and the green range but only has the lowest value. The green
background has the largest response at wavelengths from 490nm - 600nm
and low response to other wavelength ranges. The larger peak of the blue
background is in the wavelength range between 400nm - 490nm, and also
has a lower spectral response at other wavelengths.

3.3.2 Same illumination (150 lux)
This method has the same spectral range as the previous one, but for the

same illumination method, this thesis sets the light to a 150 lux level, by
changing the distance between the sensor and the background, the influence
of different background colors on the spectral characteristics is measured.
This method also uses the same light source to ensure the accuracy of the
data. Fig. 7 shows the full spectrum response of four different background
colors under the same illumination.
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Fig. 7 Full spectrum response in four different background at same illumination
condition

This set of images is amplified in the range of 400nm - 760nm. Figure 8
shows the amplified visible spectrum response. In addition, in this method,
the white background wall is 3.5cm to sensors; the red wall is 18.2cm from
sensors; the green wall is 13.3cm; and the blue wall is 14.9cm.

Fig. 8 Spectral response in different visible light range (400nm - 760nm) at same
illumination condition

From Fig. 8, the red background has the largest peak in the wavelength
range of 600nm - 690nm and is lower in the other wavelength ranges. The
green background has the strongest response at the wavelength of 490nm -
600nm, and similarly, it is not obvious in other areas. The peak of the blue
background is the largest between 400nm - 490nm. However, the spectral
response for a white background is at a moderate peak over the full
wavelength range, which is the result of methods that are different from the
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same distance. In addition, Table 3 shows the distance between the sensor
and different background color walls. This table can reflect the reflection of
different color backgrounds under the same lighting conditions.

Background Distance to sensors(cm)
White 3.5
Red 18.2
Green 13.3
Blue 14.9

Table 3 Distance between different background walls and sensors

By analyzing the above table, different backgrounds will result in
different distances, even with the same light intensity. The white
background has the shortest distance, which means that the light energy lost
by the sensor after the light source reflects through the different colored wall
surfaces is the smallest. And from the spectral response of Fig. 8, although
this background is not the largest peak in a certain color interval, it is the
most stable background in the full wavelength range, so the white
background is a more stable choice for the data collection conditions.

3.4 Sensor Nodes
This summary describes and analyzes the power management part of

the sensor node in detail, and calculates the work cycle of the node through
the formula to accurately estimate the collection time.

3.4.1 Power section
In this thesis, the communication and control tasks are achieved based

on Lora technology. In this part, we will not go into detail about the
functions of the Lora technology and would like to mainly focus on the
sensor node current level for different working states, since the required
energy of the whole system is the cardinal interest point of this section. Fig. 9
shows the current behavior of the sensor node in one working period.



Mid Sweden University On The Importance of Light Source Classification
Electronic Design in Indoor Light Energy Harvesting

23

Fig. 9 Sensor node working consumption in different state in one period

For the different states in the figure above, the total current when the
node is working is 0.0442mA, and its working time is 0.0014h. The power at
sleep is 0.550mA and the time is 0.083h. Therefor the total power follows the
equation 3.1.

ss
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1

0

t
)()(

(3.1)

With a total available power of 0.089 mAh, the equation 3.2 can now
calculate how many cycles the sensor node's battery can operate. Among
them, the known battery power is 2200 mAh.

T

Battery

Q
Qn 

(3.2)

After deriving the work cycle, this thesis substitutes the result obtained
by the above formula into the equation 3.3, and can calculate the number of
days that the sensor node works. Which is known to have 86400 seconds a
day.

86400
)5300(day 


n

(3.3)

Through the calculation of the above three formulas, it is finally
concluded that the sensor node after power management can continue to
work for 87 days. This result is sufficient for the indoor light energy
harvesting of the system because it can fulfill the task of working long hours
to collect enough data.

measuring

sending waiting

receiving

Go sleeping

sleeping

Wake up
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3.5 First classifier
This section will focus on introducing a classifier on filtering mixed

light classified as the sunlight. Fig. 10 shows the classification before
filtration, where the horizontal axis represents time and the vertical axis
represents four different types: 1 for warm LED, 2 for cold LED, 3 for
fluorescent, and 4 for sunlight. Due to limited space, this figure shows only
about 15 days of data collection.

Fig. 10 The classifier divides the data under actual conditions into four types of light

After the classification of the four lights was collected, the result of
using the solar classifier was as shown in Fig. 11. Obviously, all the data
classified as sunlight (type 4) in Fig. 10 was deleted. The significance of this
work is that the purpose of this thesis is to study the performance and
significance of indoor light classification, so we need to remove the pure
outdoor light. This classifier is programmed through Matlab software and
has been tested for excellent performance.

Fig. 11 classification by first classifier
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3.6 Modeling
The models for this simulation system are contributed by two parts, one

is surface model operation, and another one is look-up table model
operation.

3.6.1 Surface model
All the true values measured under same ideal indoor condition could

be used to build models. During this process, the curves, which built by the
true value of voltage and current, need to be transformed into a surface
firstly by adding the light intensity value when it measured. Then, a surface
fitting operation will be used to find the equation of it. Fig. 12 shows how a
surface model was built from curves.

Fig. 12 A surface model build by current, Intensity and voltage

The black curves in Fig. 12 are the measurement output of an
amorphous solar panel in a dark room, the light source of them is warm
LED, and the intensity of them was changed from 50Lux to 1000Lux. By
adding the mean value of light intensity when each curve measured, a
surface could be built. Use surface model operation on this surface, a fitting
surface could be got a 3D model. Base on the surface model, the value of one
parameter could be determined by other two parameters.



Mid Sweden University On The Importance of Light Source Classification
Electronic Design in Indoor Light Energy Harvesting

26

3.6.2 Look-up Table model
The look-up model operation was used to eliminate the error of

measurement. Fig. 13 is a power and current measurement of an amorphous
solar panel in a meeting room. Due to the influence from ambient condition,
the measurement noise is unavoidable, so this thesis uses second-order
curve fitting to make the result smoother, rather than just connecting the
points.

Fig. 13 A look-up model curve fitting result

After using this operation on all the measurements, these data could be
thought as true value. The true values from the ideal indoor condition will
be used in surface fitting operation to build the rest of model, and the true
values from the real-world indoor condition will be used to calculate the real
energy output.

4. Experimental Setup

4.1 Collection Condition
A good experimental environment plays a crucial role in the collection

of data. This summary will focus on the data collection aspects at different
stages so that people can have a deeper understanding of the original thesis.

4.1.1 Experimental Condition (Dark room)
The accuracy of the classifier is determined by the accuracy of the data

of different lamp sources, and the quality of the data is determined by the
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environment under the darkroom conditions. Therefore, the darkroom
condition directly determines the accuracy of the model established by the
system. Fig. 14 shows the schematic view of sensors receiving direct light
emitted by different light sources in darkroom conditions.

Fig. 14 Sensor receives direct light in darkroom condition

4.1.2 Empirical Condition (Meeting room)
This work is to test the complex light source in the empirical condition,

and collect data on non-ideal irradiation conditions. Fig. 15 shows the
empirical condition when collecting different kinds of light data. In addition,
in the process of data collection, when collecting the data of the same type of
light source, the system adopts fixed location collection. This work ensures
that the data is collected under the same conditions, reducing errors in data
collection, also reduce the impact on classifier classification accuracy. The
data collected under this empirical condition can be used to verify the
robustness of the experimental data, explore the influencing factors of the
indoor energy harvesting system in a fixed light intensity.
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Sensors
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Fig. 15 The empirical condition when collecting data

This work is meaningful for data collection in the empirical condition.
In complex light conditions, the sensor usually can not ensure to receive
only one kind of light source data, so the indirect light can be a verification
of sensor performance. Fig. 16 is a schematic view of two different
irradiation modes of light.
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Fig. 16 Two different irradiation modes of light

The sensor in the figure receives the light produced from different
angles. For direct light, the sensor is placed perpendicular to the light source,
so that the spectral information received by the sensor is maximally
guaranteed to be from the light source; however, for indirect light, the
sensor is not facing the light source. The sensor can not only receive part of
the direct light, but also can receive part of the light reflected from the wall,
thus more realistic simulation data collection environment under actual
conditions.

4.1.3 Real Conditions (sensor nodes)
The focus of this work is on the introduction of actual conditions. The

ultimate goal of the system is to apply the model to people's lives. Therefore,
this thesis selects four sensor nodes in different positions. Their placement is
shown in Fig. 17, where the four red circle positions are the sensor nodes.
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Fig. 17 Sensor nodes placed in actual conditions
Upper left: N1(meeting room) Upper right: N2(corridor)

Lower left: N3(door) Lower right: N4(office)

In the above figure, N1 is placed in the conference room of the office
area. Its indoor light source is a warm LED, there is no sunlight influence,
but there will be light from the corridor. This node belongs to a pure indoor
environment. N2 is placed in the corridor. Its light source comes from the
fluorescence and there is no other light influence around it, but the
placement of the nodes is not perpendicular to the light source. The N3 is
placed on the gate, Its indoor light source is fluorescent. However, in this
position, the sensor node is directly exposed to sunlight. It belongs to an
condition where strong sunlight is mixed. Finally, the N4 is placed in the
office, its light source is fluorescent. This area is most often used. The nodes
are not directly exposed to the sunlight, but the sunlight through the
windows into the office.

4.2 Light Source Summary

LED
LED is the acronym of light-emitting diode lights. Actually, it is a p-n

junction shown in Fig. 18. That semiconductor can emit photons when the
free electrons are forced to recombine with the electron holes [11].
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Fig. 18[11] Sketch map of the LED

The color of the lights generated by the LED is a function of the
semiconductor band gap. Namely, the colors of the light are determined by
the material of the LED device. Although the LED is costly and the lamp
color selections are finite, its excellent performance and longevity can
counteract these drawbacks. Actually, the LED can keep working for around
1000.000 hours [12]. Hence, it is widely used in kinds of applications because
of its higher cost-effective.

Usually, there exist 2 kinds of LED for users to select: the cold LED and
the warm LED. The main difference between these two is the color of the
light they emit. The warm LED which can generate comfortable light is more
suitable for the living area compare to the cold LED. The spectral power
distribution of each kind of LED is shown in Fig. 19.

Fig. 19[13] The spectral power distribution of the LED
Left: Warm LED Right: Cold LED

Halogen
The halogen lamp shown in Fig. 20 is also the oldest type of lights. The

basic principle of this kind of light is to use an electric current passing
through the filament to generate the light. In this procedure, the filament is
heated by the current, the metal of the filament is vaporized at the meantime.
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This evaporation phenomenon also leads a limited lifetime of this halogen
lamp. To address this problem, several innovations have been done.
Fortunately, both the tungsten filaments and the inert gas filling in the bulb
are promised to slow down the rate of evaporation [11]. However, the
working duration of the halogen lamp is still confined.

On the other hand, the halogen lamp can generate numerous colors of
the lights with low cost to fit the demand of the users, which is desirable for
the most applications. However, its energy efficiency is very poor. The
energy efficiency, we mentioned here is both determined by the efficiency of
the conversion of the electric energy to the visible lights, and the efficiency of
the conversion of the optical power to luminous flux [14]. Therefore, the low
power efficiency of the halogen lamp is due to more than 95% electric
energy is converted to the heat instead of the visible light [11].

Fig. 20[11] Sketch map of Halogen light

The spectral power distribution refers to the curve, which can represent
the radiant intensity generated by the light sources at each wavelength. As
for the indoor lights, the wavelength has a limited range of 360nm - 770nm
within the visible region [29].

Fig. 21 shows the spectral information of the halogen lamp, which is
smooth without the mutation. It is obvious to find out that the radiation
intensity is proportional to the wavelength. Namely, the light, which has a
longer wavelength, will get more power efficiency. In this case, the red
object illuminated by the incandescent lamp can get more photons [30].
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Fig. 21[13] Halogen lamp spectral characteristics

Fluorescent
Fig. 22 shows the structure of the fluorescent. It can emit light follow

these steps. The cathode of the lamp can emit free electrons, when the lamp
is charged by the electric energy. The form of the mercury inside the lamp is
forced to convert from liquid to gas. The photons, which belong to the
ultraviolet wavelength, can be generated when the free electrons combine
with the mercury atoms. However, these photos are invisible. The invisible
photon has the ability to combine with the phosphorus atom and generate
new photon which wavelength is within the visible region [11].

Compare with the halogen lamp, the fluorescent has considerably
higher energy efficiency. Besides, the phosphorus can be changed to
generate several kinds of light colors to suit the wide range of applications.
Nevertheless, the fluorescent is environmentally unfriendly since the
mercury is noxious. Therefore, the lamp has to be carefully disposed after
using [11]. Moreover, the fluorescent is harmful to human eyes, since the
lights will flicker sometimes.

Fig.22[11] Sketch map of the fluorescent
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The spectral power distribution of the fluorescent is depicted in Fig. 23.
As can be shown, the curve has a few mutations, not such smooth like the
halogen lamp. The peaks are around 450nm, 550nm, and 600nm, which refer
to the blue light, the green light, and the red light respectively.

Fig. 23[15] The spectral power distribution of the fluorescent

Solar simulator
A solar simulator (also artificial sunlight) is a device that provides

illumination approximating natural sunlight. The purpose of the solar
simulator is to provide a controllable indoor test facility under laboratory
conditions, used for the testing of solar cells, sun screen, plastics, and other
materials and devices[16]. In this system, the solar simulator is used to
simulate the spectral characteristics of sunlight in the darkroom
environment. Its advantage is that if data is collected from actual conditions,
due to the complex light environment, the characteristics of the data may be
caused by Spectral, also doped with other light source features.

Sunlight
Sunlight(Natural light) is the most common in people's daily life, and

there is direct sunlight, refraction and reflection both indoors and outdoors.
In order to make the model closer to reality, this thesis also analyzes the
spectral characteristics of sunlight, which is shown in Fig. 24.
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Fig. 24[11] Spectra of sunlight in the visible range

Analytical spectra show that sunlight has greater light intensity and its
spectrum is smoother. However, if you look at the full spectrum of the
waveform, it has a wider spectral range, which also includes a large part of
the invisible light (infrared, ultraviolet, etc.). The actual pictures of the five
different indoor lights used in this system are shown in Fig. 25.

Fig. 25 Five different lights

4.3 Light Spectral Descriptor
Fig. 26 is a schematic view of the data collection system. As we can see

that data collection from two branches, one of which is data obtained
directly from four sensors of a light spectral descriptor; the other is data
output from a solar panel to an IV instrument Draw the curve.
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Fig. 26 The data collection system

4.3.1 RGB Sensor
The RGB sensor is a high-accuracy, low-power and small-size red, green

and blue (ISL29125) sensor that interfaces directly with the device's core
processor to automatically adjust display brightness to changing lighting
conditions.Spectral coverage and channel resolution are shown in Fig. 27.
This is a simulated spectrum, the horizontal axis is the wavelength and the
vertical axis is the intensity. In the figure, the red (590nm-660nm), the green
(495nm-590nm) and the blue (410nm-495nm) In the coverage [17].

Fig. 27 The distribution of RGB three colors in the spectrum in ISL29125

4.3.2 Six Channel Sensor
The six channel sensor (AS7262) is a high performance, ultra-low power,

small size, high precision visible light sensor that offers six calibration
spectral channels: green, yellow, blue, orange, violet and red [18]. The
normalized spectral response of the six colors is shown in Fig. 28. Its
horizontal axis is the wavelength and the vertical axis is the normalized
index. The six colors have their own response frequency, which makes the
sensor more accurate in spectral analysis. When indoor light shines on six
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channel sensor, the spectral data can be captured in more detail by this
sensor, which also provides more data for further analysis.

Fig. 28 Spectral response after normalization,Each of 6 colors has a unique response
wavelength

4.3.3 light Intensity Sensor
The TSL2561 is a light-to-digital converter that converts light intensity

into a digital signal output with a direct I2C interface or SMBus interface
[19]. Each device is connected to a bandwidth of photo-diode and an
infrared-responsive photo-diode on a separate CMOS integrated circuit that
has the ability to provide near-good light response in the 20-bit dynamic
range.

4.3.4 Temperature Sensor
The BMP180 is a high-precision sensor for measuring pressure and

temperature data. Temperature is also one of the factors that affect the data
collection, so in this work joined the temperature sensor, to determine
whether the temperature changes in the collection of data.

4.4 Equipment

4.4.1 The Arduino Board
The Arduino board is a device for connecting sensors and computers.

Because sensors can not be connected directly to the computer, Arduino is
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an important link module for this measurement system, the sensing results
of the four sensors are displayed on the serial monitor via Arduino software.

4.4.2 The Flame Spectrometer
The flame spectrometer is a small spectrometer introduced by Ocean

Optics. It is used herein to obtain the spectrum of the light source by ocean
optical software. The advantage of a flame spectrometer is the ability to
capture real-time spectra and preserve the spectral curve, which is of great
help for subsequent data analysis. It has a supporting software called
OceanView [11]. And OceanView can load many different light intensities or
different types of light sources at the same time, which is a very fast way to
analyze different spectra. Fig. 29 shows a schematic of the flame
spectrometer sensing and displaying the spectrum.

Fig. 29 Flame spectrometers produce spectra

The spectra of different indoor lights reflect their respective optical
characteristic. The five indoor light spectra researched in this report are
shown in Fig. 30. They are Fluorescent (Yellow), solar simulator (Green),
Halogen (Purple), Cold LED (Red), and Warm LED (Blue). The five light
sources are measured at a light intensity of 2000 lux, the maximum light
intensity of fluorescent light, and the light intensity of cold LED and warm
LED are small. This proves that fluorescent light is stable sources of energy
for indoor light energy harvesting and provide the highest energy intensity
at the same lux level.
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Fig. 30 Spectra of five different indoor lights at a light intensity at 2000 lux

4.4.3 Solar panels
The key energy harvesting tool in this system is solar panels. This

section will focus on the different performance of solar panels and the
differences between them. Fig. 31 is an overview of the currently common
four types of solar panels. In this system, a crystalline silicon
(SLMD600H10L) and amorphous silicon (AM - 5610) are used.

Fig. 31 Four common solar panels material

4.4.3.1 Crystalline silicon

mono-crystalline silicon
Among the silicon series solar cells, the single crystal silicon solar cell

has the highest conversion efficiency and the most mature technology.
High-performance single-crystal silicon cells are based on high-quality
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mono-crystalline silicon materials and related heat-generating processing
processes.

In this thesis, mono-crystalline silicon (SLMD600H10L) is used as one of
the solar cells, which has the ability to perform well in both high
illumination condition and low illumination condition.. As mentioned above,
such a solar panel has a very high conversion rate and mature technology, so
it is stable and efficient. This is a very good choice for this system.

poly-crystalline silicon
The manufacturing process of the poly-crystalline silicon solar panel is

similar to that of the mono-crystalline silicon solar panel, and although the
photoelectric conversion efficiency is lower than that of the mono-crystalline
silicon solar panel, it is manufactured in large quantities due to its
advantages of low manufacturing cost, simple materials manufacturing, and
power consumption saving[21].

4.4.3.2 Amorphous silicon
Amorphous silicon solar panels and mono-crystalline silicon and

poly-crystalline silicon solar cell production method is completely different,
greatly simplifying the process, silicon material consumption is small, lower
power consumption, its main advantage is that in low light conditions can
generate electricity. However, the main problem existing in amorphous
silicon solar cells is that the photoelectric conversion efficiency is low and
not stable enough[21]. As time goes by, the conversion efficiency decays.
Amorphous silicon solar panel (AM - 5610) is also used in this system.

This system chooses the purpose of a crystalline silicon solar panel and
an amorphous silicon to compare which one is better adapted to the indoor
light conditions.

4.4.3.3 Flexible thin-film
Flexible thin-film solar panels are distinguished from conventional solar

panels[21]. Flexible thin film solar cells do not require the use of glass back
and cover, easy to carry, but the photoelectric conversion efficiency than
conventional crystalline silicon solar panels is low. This thesis have not use
it.

4.4.4 I-V model
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The solar cell model actually consisted of several I-V curves generated
by a specific solar cell under different illumination conditions. We used the
Keysight B2901A Precision Source / Measure Unit (SMU) shown in Fig. 32.
to capture the I-V curve of the solar cell (SLMD600H10L) in the different
illumination situations. This instrument has the ability to perform I-V
measurements with high accuracy [38]. As well as the collected data, the I-V
model is built for 2 purposes. One is used to build the modeling for each
kind of light source, the other is required for the verification modeling.

Fig. 32[22] Keysight B2900A operator panel

As shown in Fig. 33, this is an I-V model drawn from a warm LED lamp.
The total left value is the short-circuit current of the current lux level, and
the maximum power output can be obtained through the curve. These two
values are important data for analyzing energy harvesting. It will directly
affect the establishment accuracy of the model.

Fig. 33 Warm LED I-V curve (50 lux - 1000 lux)

4.5 The Modular
In this thesis, setting up these components of the device to make it

easier to carry is one of the tasks. Fig. 34 - 35 shows a modular system
consisting of four sensors, a Flame spectrometer, a solar panel, and an
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Arduino board. The above components are built together to make the
smaller device more portable when measuring indoor light in different
locations. It has only three output ports: one is the port connecting the four
sensors in series with the Arduino board and the Arduino serial port
directly communicating with the computer; the second is the output port of
the Flame spectrometer, which is directly connected with the computer; the
third is the solar energy The two electrodes of the plate are connected to the
IV curve drawing instrument. This work saves a lot of time, so that we do
not have to reconnect all the equipment after changing the measurement
location.

Fig. 34 Modular over view
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Fig. 35 Modular side view

4.6 INA219 sensor
The short circuit current is measured by the INA219 current sensor with

0.1 mA resolution [23]. The interesting thing is that the current generated by
the solar cell in the real indoor environment is too low to be measured under
0.1 mA resolution (the current is μA level). Therefore, we remove the 0.1
ohm current sense resistor (R100) marked in Fig. 36 and use a 5 ohm resistor
to substitute R100 for changing the resolution. In this way, the resolution is
forced to convert from 0.1mA to 0.02 mA (1 μA).

Fig. 36[23] INA219 current sensor

4.7 Sensor node Structure and Description

4.7.1 Collection Method

Arduino output
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I2C Interface (Between sensor and processor, RF

transceiver)
The two light sensors and a current sensor can be connected to the

transceiver by I2C interface as depicted in Fig. 37.

Fig. 37 An overview of I2C interface

Communication - LoRa (Between the sensor

nodes)
In this thesis, 10 nodes are implemented, constituting the network in

order to collect data. To acquire these data automatically, we use Lora
communication technology, which is a new standard network protocol for
long-range and low-power sensor devices. It is optimized for
battery-powered end-devices that may be either mobile or mounted at a
fixed location [24]. In addition, MySQL Work Bench database can be used to
acquire the collected data of each node. Fig. 38 shows the physical structure
of LoRa.

Fig. 38 LoRa's physical structure
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Data receiver - MySQLWork Bench
This software is mainly used to display the data sent by the sensor node

to the server. Its display structure is shown in Fig. 39. There are data number,
time, code rate and spectral data respectively. The measured data under
these actual conditions will be used to further analysis.

Fig. 39 Receiver data format

4.7.2 Structure
The sensor node is a tool for measuring data under actual conditions.

Fig. 40-41 shows the internal overview of the node and sensors at the top of
the node. Compared to the original researchers, this system has added a new
amorphous silicon solar panel, which is to be able to compare with the
original solar panel, so as to select a solar cell that is more suitable for indoor
light. After research shows that amorphous silicon solar cells are more
suitable for indoor light sources.
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Fig. 40 Internal structure of the sensor node

Fig. 41 Over view of the sensor node
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5. Results

After long-term data collection, analysis and classification, a large
amount of data is used to build the various parts of the system. This section
focuses on the implementation of each sub-module of the system.

5.1 Classification

5.1.1 Improvement of Classification Accuracy
In this thesis, a total of twenty-two classification methods are involved,

purpose of which is to make classification result accurate. In order to make
experiment more obvious, this thesis set up two sets of data sets to test: one
set includes light intensity sensor, temperature sensor, RGB color sensor,
and six channel sensor; The other set does not have six channel sensor.
Contrast between two sets of different methods of training is shown in Table
4.

Classification Accuracy
（Without 6

channel sensor）

Accuracy（With
6 channel
sensor）

Linear
Discriminant

57.1 % 63.6 %

Quadratic
Discriminant

67.8 % 81.8 %

Linear SVM 99.2 % 99.4 %

Quadratic
SVM

100 % 100 %

Cubic SVM 100 % 100 %

Fine Gaussian
SVM

99.1 % 100 %

Medium
Gaussian

SVM

96.4 % 99.2 %

Coarse
Gaussian

SVM

88.7 % 95.0 %

Fine KNN 100 % 100 %

Medium KNN 100 % 100 %

Coarse KNN 99.5 % 100 %
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CoSine KNN 100 % 100 %

Cubic KNN 100 % 100 %

Weighted
KNN

100 % 100 %

Boosted Trees 95.5 % 100 %

Bagged Trees 100 % 100 %

Subspace
Discriminant

67.8 % 80.9 %

Subspace
KNN

100 % 100 %

RUSBoosted
Trees

88.9 % 97.4 %

Complex Tree 100 % 100 %

Medium Tree 88.0 % 95.4 %

Simple Tree 65.0 % 69.7 %

Table 4 Two sets of data comparison results

The thesis compares twelve methods selected from above table, which
makes result of accuracy improvement more intuitive. Table 5 shows
contrast between two methods of accuracy. At last of table, average
precision is calculated. As we can see that with six channel sensor,
classification accuracy has greatly improved.

Table 5 Comparison accuracy of different methods

5.1.2 Self-verification
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Deleting some data of original data and training, it is make data more
representative. In real indoor condition, intensity of light sources can not be
estimated, so people need to find out data in absence of sample Under
classification can still be accurately classified as a linear method. Fig. 42
shows two different kinds of data train processing.

Fig. 42 Training processing of two kinds of data

After removing two to six sets of original data, new data was retrained
by MatLab Classification learner, classification accuracy are shown in table 6.
This is result of adding six channel sensor. Compared with original data, this
thesis conclude that classification method of all KNN is the most stable.
Even if several groups of data in original data samples are deleted,
classification accuracy is still 100%. In addition, the Quadratic SVM, the
Cubic SVM, and the Fine Gaussian SVM classification accuracy is also same
as original data. In subsequent research, KNNs and SVMs classification
methods will be thesis main basis.

Classification With

all

data

Without

2 sets of

data

Without

4 sets of

data

Without

6 sets of

data

Linear

Discriminant

63.6 % 64.7 % 64.0 % 64.1 %

Quadratic

Discriminant

77.2% 80.9 % 79.8 % 80.1 %

Linear SVM 99.4 % 99.5 % 99.5 % 99.3 %

Quadratic

SVM

100 % 100 % 100 % 100 %

Cubic SVM 100 % 100 % 100 % 100 %

Training Model

Original data New Data

Remove 2-6 sets of
the data

Training

Classification Self-verification
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Fine

Gaussian

SVM

100 % 100 % 100 % 100 %

Medium

Gaussian

SVM

99.2 % 99.1 % 99.2 % 99.1 %

Coarse

Gaussian

SVM

95.0 % 94.8 % 94.5 % 94.9 %

Fine KNN 100 % 100 % 100 % 100 %

Medium

KNN

100 % 100 % 100 % 100 %

Coarse KNN 100 % 100 % 100 % 100 %

CoSine KNN 100 % 100 % 100 % 100 %

Cubic KNN 100 % 100 % 100 % 100 %

Weighted

KNN

100 % 100 % 100 % 100 %

Boosted

Trees

100 % 100 % 100 % 100 %

Bagged

Trees

100 % 100 % 100 % 100 %

Subspace

Discriminant

80.9 % 81.6 % 81.3 % 91.8 %

Subspace

KNN

100 % 100 % 100 % 100 %

RUSBoosted

Trees

97.4 % 97.6 % 97.8 % 96.2 %

Complex

Tree

100 % 100 % 100 % 100 %

Medium

Tree

95.4 % 95.0 % 95.4 % 94.5 %

Simple Tree 69.7 % 69.6 % 69.8 % 70.0 %

Table 6 Comparing without two to six sets of data with original data

From classification accuracy of removing two to six sets data, it is not
easy to select some more suitable methods, because thirteen methods
classified accuracy in original data are still keep at 100% in new data. So two
to six sets of data removed from original data are put into new data for
classification training, result of the training are shown in Fig. 43, which the
horizontal axis is number of data to be classified, the vertical axis is five
different classification, of which 1 is Warm LED, 2 is Cold LED, 3 is
fluorescent, 4 is Halogen, 5 is solar simulator, so the vertical axis
classification is five integers.
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Fig. 43 Two to six sets of data are used to training new data

In Fig. 43, some of data in Bagged Trees' second type (Cold LED) are
classified into third type (Fluorescence); In the Boosted Trees method, some
data of first type (Warm LED) are classified into first type; Some of data in
third type (Fluorescence) of the Complex Trees method are assigned to first
type(Warm LED); However, in addition to above three wrong classification,
remaining ten correct classification are shown in lower right corner of Fig. 43,
that each light has same amount of data. During selection stage of classifier,
this thesis have not research the best classification method, because light
sources in complex indoor condition require different methods of
classification for comparison and analysis, collected standard data in dark
room for future research is enough.

Classification method used in this thesis has proven to distinguish
between different common indoor lights, final ten different linear
classification methods were chosen, these methods are stable and
representative, importantly, classification used in this thesis is a low-cost,
high-accuracy method.

5.1.3 Influence Factors of Classification

Boosted TreesBagged Trees

Complex Tree Correct Classification
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After classifying collected data in empirical condition (meeting room),
classification results are sorted out. This section focus on factors affecting
accuracy of classifiers in empirical condition. Table 7- 10 shows classification
accuracy of RGB sensor and 6 channel sensor in meeting room at direct and
indirect light conditions.

Table 7 Direct light classification of 6 channel sensor at meeting room
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Table 8 Direct light classification of RGB sensor at meeting room

Table 9 Indirect light classification of 6 channel sensor at meeting room

Table 10 Indirect light classification of RGB sensor at meeting room

In tables above, accuracy of classification is not significantly different. In
ten classifier models, accuracy of classification will change in certain
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conditions. Interestingly, however, we noticed that the Cubic SVM classifier
of ten classifier models has high classification accuracy, but at meeting room
indirect light condition, accuracy becomes very low, which is special
because of some specific factors that affect classification accuracy of
classifier.

In order to research influencing factors of cubic SVM classifier accuracy,
this thesis will discuss four aspects.

5.1.3.1 The Number of Input Data

First, for 6 channel sensor, violet is removed from six spectral data.
Table 11 shows Cubic SVM classifier's classification after removing violet
data. It can be seen from Table 11 that accuracy of removing violet channel
classification is affected compared with original data. Although accuracy of
direct light has not changed, but accuracy of indirect light increased from
27.7% to 42.9%. This change shows that removing violet channel data has an
effect on accuracy of classification.

Table 11 The Cubic SVM classification after removed violet channel

After removing violet channel data, the Cubic SVM classification
accuracy is changed. This thesis makes guesses that accuracy will be
changed after removing yellow channel and violet channel data. Table 12
shows classification of the Cubic SVM after removing yellow channel and
violet channel data. Indirect light's classification accuracy increased from
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27.7% to 71.4%, compared with accuracy of only removed violet channel,
which was slightly higher. So removing yellow channel and violet channel
has an impact on classifier's classification accuracy.

Table 12 The Cubic SVM classification after removed violet and yellow channels

For removing yellow channel and violet channel data, accuracy is
changed. In order to continue to verify impact of the number of input data
on classification accuracy, only yellow channel data is removed afterwards.
Table 13 is classification result after removing only yellow channel data. As
can be seen from result, accuracy of indirect light increased from 27.7% to
49.9%. Obviously, removing yellow channel has an impact on classification
accuracy of the classifier model.
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Table 13 The Cubic SVM classification after removed yellow channel

Otherwise, this thesis also researches effect of full wavelength (ch0) of
light intensity sensor. Table 14 shows result after removing ch0. One group
is classification results of light intensity sensor and RGB sensor data, and the
other group is classification result of light intensity sensor and 6 channel
sensor data. By contrast, RGB sensor's direct light accuracy dropped from
96.6% to 8%, while 6 channel sensor's indirect light accuracy dropped from
27.7% to 0, regardless of RGB sensor or 6channel sensor classification
accuracy has changed, so the number of light intensity sensor’s input data
also has an impact on accuracy of classification.
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Table 14 The Cubic SVM classification after removed ch0

From above figure shows, ch0 of light intensity sensor will have an
impact on classification accuracy. At following work, this thesis removes full
wavelength (ch0) of light intensity sensor and violet channel of 6 channel
sensor in order to more fully verify the Cubic SVM classifier’s classification
accuracy. Table 15 is result of classification accuracy after removing two sets
of data. Similarly, classification accuracy of RGB sensor and 6 channel sensor
also changed. This shows that ch0 and violet channel will affect classification
accuracy of the Cubic SVM classifier together.
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Table 15 The Cubic SVM classification after removed ch0 and violet channel

5.1.3.2 Type of Classifiers

This thesis explores factors that affect the classification accuracy of the
Cubic SVM classifiers. Because main use of the Cubic SVM and Quadratic
SVM classifier is to solve problems of non-linear data in two-dimensional
space, the principle is to map linearly inseparable data in two-dimensional
space into three-dimensional space, making the data linearly separable.[25]
However, in this system, all of standard data of dark room and real data in
the actual environment are linearly separable. So this thesis guesses that
classification accuracy is also affected by choice of different classifiers.

5.1.3.3 Background Color Difference

Different background colors are also one of factors that affect data
collection. As can be seen from Fig. 44, under same distance condition, white
background has the largest value. This phenomenon proves that after
reflection of light, white background has the least loss, while other colors
have different degrees of loss in different wavelength ranges. Light intensity
sensor can also be analyzed that full-wavelength spectral value of white
background is the largest, which proves that sensor is closest to true light
intensity of white background under same light source illumination.
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Fig. 44 Four different background values under the same distance conditions

In Fig. 45, same illumination ensures that the modular receives same lux
level, but the distance is changed. Because they receive same light intensity,
Ch0 and Ch1 are same, but white background has the shortest distance of 3.5
cm. This proves that even with same light intensity, spectral loss due to
reflection by white background is minimal.

Fig. 45 Four different background values under the same light intensity



Mid Sweden University On The Importance of Light Source Classification
Electronic Design in Indoor Light Energy Harvesting

60

For two figures above, these are proved that white background is a
better choice. For collection of spectral features, it has better stability and less
reflection loss in whole wavelength range. Obviously, white walls are
common in everyday life, but this work provides environmental choices for
collecting data under real condition.

5.1.3.4 The Proportion of Data

After analyzing different background colors, this thesis mainly focuses
on data values. In three different sensors (light intensity sensor, RGB sensor,
6 channel sensor), there are two reasons for analysis that can affect accuracy
of classifier classification.

One of reasons is proportion of data values, which is also the most
important reason for classifier wrong classification. The system due to use of
different types of sensors, sensor manufacturers are also different, this leads
to the different physical structure of sensor. Fig. 46 shows optical sensing
portion of light intensity sensor (TSL2561)(left sensor) , 6 channel sensor
(AS7262a)(middle sensor) and RGB sensor(ISL29125)(right sensor).

Fig. 46 Comparison of three different sensors. Left is light intensity sensor, middle is
6 channel sensor, right is RGB sensor

Through observation, optical sensing portion of light intensity sensor and
RGB sensor are open, and both of them can receive light from different
angles around sensors[26][27]; 6 channel sensor has a box with small holes
located at optical sensing portion above, purpose is to make optical sensing
portion of the 6 channel sensor receive more direct light and shield refracted
light, this work can improve direct light of sensor data.[28] However, when
collecting indirect light data, light intensity sensor and RGB sensor can
receive much light refracted from surrounding environment, so two sensors
can get more light, but most of light at the 6 channel sensor is shielded. This
lead to the classification of light intensity sensor and 6 channel sensor
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together measured proportion of data is wrong, it will eventually affect
classifier classification accuracy.

5.1.4 Solution
Fig. 47 is proportion of data values between RGB sensor and 6 channel

sensor to light intensity sensor when they are exposed to 30 lux level. The
data is clearly seen, 6 channel sensor value is too small, but same set of light
intensity sensor data has a higher value.

Fig. 47 Proportion of data values between RGB sensor and 6 channel sensor to light
intensity sensor

Another reason is size of data value. After getting proportion of data
values will affect classification accuracy, this thesis to explore whether size
of data values will also affect classification accuracy. Because classification
accuracy of 6 channel sensor using the Cubic SVM classifier in meeting room
indirect light conditions is not a good result, a set of 30 lux level data at this
condition is selected as the original data in this thesis. Fig. 48 shows toriginal
data samples selected.

Fig. 48 Original data by a set of 30 lux levle at meeting room indirect
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Each value in original data is multiplied by a constant, respectively, and
then classified to see if the classification is changed. Table 16 is classification
of original data multiplied by different constants. The abscissa is a constant
value, in this work, 10 constants are set, range is 1-10. The vertical axis is
four different light sources.

Table 16 Classification of original data multiplied by different constants

Due to physical structure of 6 channel sensor, this thesis had to abandon
its use in subsequent researches. Although it has higher accuracy than the
RGB sensor and has superior performance under direct light conditions,
researchers can not change its physical structure. If thesis continue to use 6
channel sensor in this system, the spectral characteristics collected under real
conditions will be different from those of other sensors, and it will provide
inaccurate data for analysis of model performance.

5.2 Evaluate Classification

5.2.1 Classification Evaluation
Among above ten selected classifiers, the Quadratic SVM was

eventually used in this thesis because in previous studies, Cubic SVM and
Quadratic SVM have been proved to have good performance. This point

Warm

LED

Cold

LED

Fluore

scent

Halogen
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was mentioned in [5], so this thesis finally chose the Quadratic SVM
randomly as a classifier, which was also superior in previous performance.

5.2.2 Classification Performance
After a long period of sensor node gathering, data obtained is sufficient

for research. Fig. 49 is a result of comparing short-circuit current measured
by sensor node with data measured in the darkroom using the I-V curve.
Three different color lines represent warm LED, cold LED and fluorescent
respectively. Through analysis, three short-circuit current curves have their
own characteristics, which facilitates distinguishing data of sensor nodes. In
addition, six points in Fig. 49 are randomly selected from sensors in four
different positions, where: point one comes from N1; points two and six
come from N3; points three and five come from N4; point four comes from
N2. Their respective light sources have been marked in the upper left corner
of figure.

Fig. 49 Classification of sensor nodes

For six points in figure above, colors represent their classification: red
for classification as warm LED; blue for classification as cold LED; green for
classification as fluorescent; black for classification as sunlight. Interestingly,
points 2, 3, 5, and 6 have not been classified into classification of their light
sources. These seemingly classified “mistakes” are data that mixes sunlight,
so it is proved that light is mixed, and nature of the spectrum will change,
and it will even become something else that does not belong to
characteristics of light source and does not belong to characteristics of
sunlight.

This is a very important research result for thesis. It is because the
spectral characteristics of light source are changed after light source is mixed

4

1

65

3

2
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with sunlight. Therefore, energy of indoor light harvesting system needs to
be evaluated to reduce error. Assume that energy after classification is
evaluated is less than unclassified, and light source is directly evaluated. Of
course, evaluation standard is true energy collected by the sensor node.
Then, work of classifying indoor light source in this thesis will be very
meaningful, because this work can be closer to true value of energy collected
by the sensor node.

To more intuitively demonstrate energy harvesting results and effects of
same indoor light source but different intensity of sunlight source, Fig. 50 -
53 plots power of amorphous silicon solar panel (AM - 5610) within 24 hours
of four different site sensor nodes and their different time periods during a
day. Classification, where red points represents warm LED, blue points
represents cold LED, green points represents fluorescent, and black points is
the sunlight.

Fig. 50 Amorphous silicon solar panel of door sensor node(N3)

The above figure shows the classification and power results with the
most effects of sunlight. During a day, the sunlight directly on sensor node.
Through analysis, it can be known that classifier divides data received by
sensor nodes into cold LED， fluorescent lights and sunlight within time of
sunlight. However, indoor light source in this location is fluorescent, in
other words, only about two hours a day, spectral characteristics are
consistent with source temperature. This node proves that direct sunlight
sensor nodes have a great influence on reception of spectral characteristics of
indoor light sources.
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Fig. 51 Amorphous silicon solar panel of office sensor node(N4)

Above figure shows classification and power results received by sensor
node include sunlight into the office. During a day, the sunlight is indirectly
on sensor node through reflection of white wall. Because indoor light
intensity is small, and sensor node is placed in a position where it can not be
directly irradiated with the sunlight, power of N4 is lower. During time
when there is the sunlight reflection, classifier model classifies light with
fluorescent light as cold LED, fluorescent and sunlight. This result of sensor
node also proves that magnitude of the sunlight will affect classification and
output power.

Fig. 52 Amorphous silicon solar panel of meeting room sensor node(N1)

Results of Fig. 52 are measured at meeting room, and placement of
sensor node is lateral, in other words, light received by sensor node is
indirect light. Interestingly, in empirical condition of meeting room, light
source is a warm LED, but when meeting room is used (light intensity
becomes larger), classifier divides light into fluorescent instead of warm
LED. This result proves that When light is exposed to some kind of loss, its
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spectral properties will change. When loss reaches a certain level, its spectral
characteristics may tend to another kind of light.

Fig. 53 Amorphous silicon solar panel of corridor sensor node(N2)

Fig. 53 shows N2 measured power and classification results. Light
source is fluorescent, which is placed facing light source, but is not located
directly below light. In results of above picture, power change during a day
is very small, and classifier splits all data to correct light source. This result
proves reliability of model used in this system, that is to say it can be ruled
out that “wrong” classification is not caused by classifier performance, but
because the indoor light is mixed with the sunlight.

Similarly, results of classification of mono-crystalline silicon solar panel
(SLMD600H10L) in four different environments are shown in Fig. 54-57.
They were collected under same light conditions and classification as
crystalline solar panels.

Fig. 54 Crystalline silicon solar panel of door sensor node(N3)
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Fig. 55 Crystalline silicon solar panel of office sensor node(N4)

Fig. 56 Crystalline silicon solar panel of meeting room sensor node(N1)

Fig. 57 Crystalline silicon solar panel of corridor sensor node(N2)
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It can be concluded from above four pictures that classification result is
same as amorphous silicon solar panel. Regardless, crystalline silicon solar
panels also prove that classification of classifier model is reliable.

5.3 Error Analyzation
In order to find error of system modeling, this thesis draws curves of

three different models, they are plotted in Fig. 58. Through analysis, it can be
concluded that classified power is closer to true value, while unclassified
power has a larger relative error.

Fig. 58 Real power, classification power, and unclassified of N4

In order to use figures to more accurately express size of error, this
thesis uses value following the equation 5.1 for error calculation. Where true
represents real data measured by sensor node and approximate represents
classification or unclassified value.

100%
value

| value- value| = e
tru

apprtru


(5.1)
Since system needs to collect sensor node data for a long time, Fig. 59 -

61 plot two-week error rate for three sensor nodes. Among them, the
abscissa represents different days and average error, and the ordinate
represents error rate. Since N2 (corridor) classified types are indoor light
sources, this means that there is no strong interference at this node.
Therefore, classification and unclassified energy are same. This thesis will
not repeat them in this part.
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Fig. 59 14 days error rate for N3

As can be seen from Fig. 59, classified error rate is less than unclassified.
In other words, classified accuracy is higher than unclassified data. From
average error rate after classification was 7.43%. However, error rate for
direct energy assessment without classification was 14.66%. That is to say, in
places where sunlight is highly influential, accuracy of classification through
energy assessment is almost double that of direct calculation (7.23%).
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Fig. 60 14 days error rate for N4

Picture above shows two weeks error rate at office node. Average error
rate after classification was 8.25%. Error rate for unclassification direct
energy assessment was 11.36%. At this sensor node, effect of the sunlight is
not as great as N3(door). Obviously, all classification accuracy is higher than
unclassified, which also indicates importance of classification.
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Fig. 61 14 days error rate for N1

Fig. 61 is a comparison of error rates at meeting room. The role of
classification at this node becomes particularly evident. When unclassified,
average error rate in 14 days reached 38.17%, while error rate of energy
assessment by classification was only 5.65%. This is an unacceptable gap. It
means that there will be big differences in energy collected. And the largest
difference between classification and unclassification was nearly 41%.

For N4 (office) is the most common collection, thesis randomly selected
one day and analyzed 24 hours. Results are shown in Fig. 62.
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Fig. 62 One day error rate comparison

The abscissa in figure above is time, its unit is seconds, and first data
collected from this day is start time. The ordinate is error rate. At almost
time of this day, error rate of classification was less than unclassified, which
proved that classification was significant even under different light
intensities.

For four sensor nodes summary, amorphous silicon solar panel (AM -
5610) error analysis is shown in Table 17. Data in the table is calculated by
equation (5.1). They are error rate of four nodes on same day, obviously,
classified power estimation errors are all smaller than unclassified errors,
and classified errors at meeting room conditions are nearly 35% smaller than
unclassified. This is a huge number to assess energy of system. This result
proves that classified data has a smaller error, in other words, classified data
is closer to value of real energy collected by sensor node from real condition
than unclassified data.

Classification Unclassification

N1(Meeting

room)

5.738% 39.897%

N2(Corridor) 8.993% 8.993%

N3(Door) 7.129% 14.318%

N4(Office) 8.554% 10.939%
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Average error 7.603% 18.537%

Table 17 Amorphous silicon solar panel error analysis of sensor nodes

For crystalline silicon, results are shown in table18.

Classification Unclassification

N1(Meeting

room)

4.55% 36.65%

N2(Corridor) 18.98% 18.98%

N3(Door) 10.48% 20.86%

N4(Office) 9.68% 22.17%

Average error 10.92% 24.67%

Table 18 Crystalline silicon solar panel error analysis of sensor nodes

By comparison, it is not difficult to find that average error between
classification and unclassification of crystalline silicon is bigger than
amorphous silicon solar panels. Therefore, this thesis assumes that
amorphous silicon is more suitable for indoor light condition. However, in
case of two different types of solar panels, all of classified errors are less than
unclassified, and it can be shown that classification is very important for
indoor light classification systems.

5.4 Energy Assessments
This paragraph will focus on results of energy harvesting. For indoor

energy harvesting system, it is necessary to assess value of energy as
accurately as possible. Energy calculation can follow the equation 5.2. That is,
obtained power is integrated over time.


1

0
)()(

t

t
tdtPE

(5.2)

Calculated energy values of amorphous silicon solar panel (AM - 5610)
are shown in Table 19. Real energy is directly calculated by sensor node.
Classification energy is calculated based on classification of classifier into
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corresponding indoor light types. Unclassified energy is calculated using
type of indoor light source that directly (in this case only one light source is
used).

True

energ(J)

Classified

energy(J)

Unclassified

energy(J)

N1(Meetin

g room)

0.059 0.056 0.038

N2(Corrid

or)

2.424 2.069 2.069

N3(Door) 19.79 19.33 12.71

N4(Office) 0.758 0.638 0.476

Table 19 Four nodes energy assessment for amorphous silicon solar panel

For evaluation of energy of mono-crystalline silicon (SLMD600H10L),
this thesis also made a research, and results are shown in Table 20.

True

energ(J)

Classified

energy(J)

Unclassified

energy(J)

N1(Meetin

g room)

0.041 0.038 0.020

N2(Corrid

or)

2.065 1.485 1.485

N3(Door) 32.64 30.99 24.19

N4(Office) 2.410 1.697 1.230

Table 20 Four nodes energy assessment for crystalline silicon solar panel

In the above two tables, they are clear that classified energy is closer to
true energy harvesting value, while unclassified energy value is farther
apart.

This result proves that classification is important for indoor light
harvesting systems. When indoor light source is mixed by sunlight, if it is
not classified, whether the power or energy is far from true value of sensor
node, this will bring greater error for energy harvesting assessment. Results
of this thesis show that model established by indoor energy harvesting
system can reduce this error very well, and then evaluate energy collected
under real condition by using method of classifier classification and energy
evaluation. This is very important for indoor energy harvesting systems.

In Table 19 and 20, energy values of four sensor nodes that classified are
closer to true values. This result is focus of research in this thesis. Its purpose
is to verify importance of indoor light classification for energy harvesting.
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Classified energy has a smaller error, which makes evaluation result closer
to true value. N3 has the highest energy in both solar panels, and
performance is good, which shows that under real condition (mixing
sunlight or other light source), this method used in system is also highly
robust.
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6. Conclusion

Harvesting and utilization of light energy has become a hot topic.
However, classification and use of indoor light energy requires more
research, because this field contains enormous potential. Therefore,
exploring significance of indoor light classification and accurately estimating
energy of indoor light harvesting system have become main point of this
thesis.

Throughout thesis, characteristics of various components of indoor light
harvesting system were discovered; different characteristics of indoor light
sources were known; collection environment under three different
conditions was used to improve robustness of the system; two models were
proposed. Evaluate and verify output power and energy of indoor light
harvesting system; use four sensor nodes to collect light information for
completely different conditions; understand four factors that influence
sensor's collection of data; maximum output based on each real situation
Power is validated for each estimation model; results show that energy of
classified light source is closer to real value than without classification.

This result indicates that classification has important significance in
indoor light energy harvesting system, and this thesis finds that there are
roughly three trends in classification of indoor light after sunlight mixing:
First, when the sunlight intensity is lower than a certain minimum at a
threshold, classifier does not change classification result, but light intensity
obtained from spectral information is strengthened. The second trend is that
when the sunlight intensity is above minimum threshold but at same time
below a certain maximum threshold, spectral characteristics will be changed
to other indoor light characteristics, and result of classifier classification will
also change to other kinds of indoor light. Validated in Section 5.2.2. The
third trend, when the sunlight is bigger than a certain maximum threshold,
classification result of classifier is type of the sunlight.

According to energy assessment results shown in chapter 5.4, this thesis
can determine that for indoor light energy harvesting, it is very meaningful
to perform classification and energy assessment first. Which classifier is
suitable for indoor light classification? What are factors that influence indoor
light harvesting? What is degree to which sunlight affects spectral
characteristics at different times? What is effect of energy harvesting? All of
these questions can be answered according to the results of chapter 5. In
addition, this dissertation can help people to select indoor light suitable for
energy harvesting more quickly and pick out the optimal collection
environment. To give an example to explain, people can use this thesis to
directly select the optimal collection site, collect data, classify according to
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spectral characteristics, and then obtain energy results. Instead of judging
again whether classification has meaning, and choosing to place sensor
node.

For results of Chapter 5, this thesis first collects standard data in
darkroom, which will be used as a reference throughout the system. Then,
this thesis collects direct and indirect light data of meeting room under
empirical condition, and researches influence factor of classification
accuracy. This work is to improve classification performance of the system,
so that energy obtained by model analysis is closer to real value, for this
work, the thesis proposed that due to physical structure caused by different
sensors indirect light sensitivity is different, so in subsequent analysis did
not add 6 channel sensor. Then, based on real conditions, data collected by
sensor nodes are calculated and analyzed, then results are obtained. The
thesis is focus on this part. The reason is that energy and error results
obtained under real conditions can be proved to be very important for
indoor light energy harvesting system. From error analysis, whether
different moments of a day or 14 days overview, error of two different types
of solar panels being classified are less than unclassified. This result explains
that classifying indoor light source before energy evaluation is effective in
reducing error value, and maximum error is close to 41%, classified and
unclassified are much different compare with true value. From energy
evaluation point of view, energy of four sensor nodes is not only affected by
indoor light intensity, but also by the sunlight. Response of two solar panels
to spectrum has a similar trend, but their values will vary depending on
materials. But in any case, energy classified by these four sensor nodes is
closer to real energy, unclassified energy is much smaller than real value.
This important result also explains importance of indoor light source
classification, when put into practical use, people need to estimate how
much energy sensor node can collect in one day, and then use these energy
again. However, if it is not classified, solar panel is directly used for energy
evaluation, result is largely deviated from actually collected energy value,
classified data is further evaluated for energy. Actual collected energy value.

Based on results, some conclusions can be drawn. First, choosing an
accurate classifier can maximize accuracy of classification. Second,
researches have shown that classified light energy is more accurate than
unclassified light energy. Average error of unclassified model is 18.537%,
while the average error of classified model in this thesis is 7.600%. The
model after classification can reduce error nearly 11% compared with former
model. In addition, through energy evaluation collected by sensor nodes for
24 hours, model established in this thesis is closer to real energy than
unclassified model. The abundant data shows that model established by
classification can minimize error and perform well under real indoor light
environment condition. Although there are still some errors in model of this
thesis, it is a range that can be accepted.
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Finally, another important contribution of this thesis is establishment of
a model that still performs well after mixing different indoor light sources
by sunlight. This model can be used in different real indoor condition,
whether or not there is a complex light source. It has been proven to be
robust and can be classified or evaluated in different lighting conditions,
which is an important contribution to future research. In future work,
researchers do not need to re-establish classifier model, but use conclusions
of this thesis directly.
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