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Abstract

General illumination using LEDs has enabled designers to have precise control of the
intensity and color of an illuminated area. In this work, I investigate how these systems
can dynamically adjust to create optimal lighting conditions in the built environment.
By incorporating environmental feedback into a system control loop, i.e., illuminance or
luminance measurements, the precise intensity and color temperature can be generated for
an area of interest.

According to the International Energy Agency, 19% of global electricity consumption is
due to lighting. Closed-loop solid state lighting technology enables significant power and
emission savings. Applications for smart lighting control include large scale office lighting
systems, private household lighting, or even theater installations.

Presented in this work is a new approach to optimal lighting control. Unlike previous rese-
arch that studied constant illuminance, I investigate the incorporation of control elements
such as color temperature and color rendering index. In this manner, the control system
not only balances lighting intensity and energy, but also attempts to balance acceptable
lighting quality. Using online light signal calibration, there is no need for user localization.
Two feedback methods are investigated: illuminance lux feedback using an environmental
sensor and luminance feedback using a commercial webcam. A testbed is built that enables
evaluation and demonstration of the control system. Three short-term user studies show
the energy saving potential and the user experience of the test system.
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1 Introduction

Solid state lighting is the choice of lighting technologies in the future for many reasons.
First, there is a high potential for energy and GHG emissions savings. [13] „Lighting
accounts for 19% of global electricity consumption and gives rise to CO2 emissions that
are equivalent to 70% of those from the world’s light-duty vehicles.“ [13] „A large proportion
of total lighting energy is used by inefficient and outdated technologies (...)“ „Over the next
25 years, global electricity consumption for lighting with current socioeconomic trends and
policies is projected to rise to over 4250 TWh, an increase of 60% overall at an average
rate of 1.9% per annum“ [13] Considering these predictions, significant reduction of energy
consumption is achievable using smart lighting control and light-emitting diodes (LEDs).
LEDs with high efficacy are commercially available, and LED-based systems enable precise
control of the intensity and color of an illuminated area. A single lighting device is able to
fulfill a variety of user requirements, as relatively few changes in the lighting control can
produce a wide variety of lighting scenarios. Finally, using a high switching frequency, it
is possible to transfer information from a light source to a movable or fixed light sensor
with a high data rate, in a technique known as visible light communication (VLC). Each
of these qualities of solid state lighting makes LEDs very compelling engines for intelligent
and adaptive lighting systems.

One application for smart lighting control is a large-scale lighting system in an office en-
vironment. Individual lighting profiles for each participant create a pleasant working area
and increase productivity [4, page 10]. By incorporating environmental feedback from il-
lumimance and luminance measurements into a system control loop, the precise intensity
and color temperature can be generated for any area of interest. Adaptive lighting also
enables reduction of the total energy consumption and operating expenses. The ALADIN
(ambient lighting assistance for an ageing population) project is one example of such a
system for a private household application. In this work, [6] studied the psychophysiolo-
gical effect of smart lighting control for the elderly and found that low color temperature
(2700K) and low illumination (100 lux) are subjectively experienced as relaxing, while me-
dium color temperature (4000K) and medium illumination (1300 lux) are best suited to
mentally demanding tasks.

My approach to an intelligent lighting system is to provide maximized lighting quality and
user comfort while minimizing power consumption. An intuitive user interface gives the
user control over the lighting system. Simple handling and automation make it possible
to save energy and create suitable lighting for different situations with little effort. Using
a puck, a small movable sensing and input device, the user is able to specify a point of
interest by placing it at the desired position, or to specify an area of interest by moving
the puck around the desired area. The intelligent lighting controller receives and processes
the information and calculates the most efficient settings, which also satisfy the user’s
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1 Introduction

Figure 1.1: Intelligent solid state lighting system

color and illuminance preferences. The puck can be considered a remote light switch that
simplifies interaction with lighting and enables active feedback to maintain lighting quality
despite environmental changes. In another approach, a simple CMOS camera sensor, like
a webcam or cell phone camera, could be used in place of the puck. In this case, the user is
able to select the area of interest by simply drawing it onto the camera image. One main
advantage of this approach is that CMOS cameras are widely available and embedded in
the office environment. Smart phones, netbooks and laptops, many of which have built-
in cameras and support WIFI communication, are potential platforms for mobile smart
lighting control. As opposed to the puck, a camera measures reflected light. As such, it is
possible to track the user’s vision and measure the approximate amount of light that the
user perceives with his eyes, using a head mounted camera, for example. Yet more control
options are possible because the camera captures a scene and can detect multiple objects
within it. Luminance ratios between surfaces and intered context (e.g. reading a book or
paper, looking at a computer monitor) can become control criteria. Gesture recognition is
also possible using camera based feedback. The user could adjust the level of intensity or
color temperature with simple gestures.

In the following chapters, I will introduce two intelligent lighting systems using preexis-
ting custom pentachromatic solid state lighting and a commercial white LED lighting
system, respectively. The pentachromatic system is an open loop control system, which
is implemented and evaluated using MATLAB Simulink. This part of my work investiga-
tes optimization and control of pentachromatic solid state light sources. The dichromatic
commercial lighting system is a closed loop system. I constructed a testbed with four
light fixtures and used both a webcam and an illuminance sensor board designed by the
MIT Media Lab’s Responsive Environments Group to realize real-time feedback and onli-
ne system calibration. Online system calibration means online user localization using the
illuminance or luminance sensor. This part of my work focuses on optimization and control
of a lighting system with multiple light sources, different sensing methods and interactive
lighting. The design of the closed-loop control and calibration routine can be applied to
the pentachromatic system in the future. Several user studies show the achieved power
saving and evaluate interaction between users and the system.
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2 State of the art

Lighting control methods now in common use include on/off switches, occupancy reco-
gnition, daylight harvesting, scheduling, task tuning, and demand control [4, page 3 ff.].
The on/off switch is the most common way to control lighting. Occupancy recognition and
scheduling are used to provide illumination only when users are detected or are scheduled
to be present, respectively. Daylight harvesting leverages natural daylight to reduce artifi-
cial light as much as possible. The intensity of lighting can be tuned according to a given
task in order to improve worker productivity, aesthetics, or even to create a certain mood.
Demand control is used to prevent peak demand.

Research papers [12, 16, 14, 7, 8, 11] analyze strategies for lighting control in context of
intelligent buildings. Increasing research and commercial deployments of wireless sensor
networks (WSN) have motivated the use of WSNs to monitor lighting conditions and the
development of closed-loop lighting control systems. In these systems, illuminance sensors
are placed in the area of interest in order to detect the illuminance surface and feed back
the lighting information. [12] gives a brief recommendation of sensor placement for better
estimation of the fields. [16] uses Bayes’ Net to find the optimal, or the most efficient and
satisfying intensities for the available light sources. [7] and [11] use the linear program-
ming optimization technique to calculate the intensity setting. [11] considers the power
consumption as the objective and the user-preference as constraints, whereas [7] aims to
optimize the tradeoff between energy consumption and user preference for multiple users.
Both algorithms require the knowledge of the positions of the occupants, which can be
detected using RFID tags or other RF-based user localization systems. [11] introduces a
scenario with two control levels, or discrete lighting devices, like fluorescent lights and
local sources, such as table lamps. Daylight is monitored for daylight harvesting. Another
optimization technique that has been tested in this application is the stochastic hill clim-
bing method. [14] and [8] introduce an automated distributed control method based on
this approach. By testing the influence of each light source on each sensor node, an appro-
priated range for the proximate lights or a control range for each sensor node is created.
Within this range, random settings of intensity are generated and saved if the objective
is improved according to the objective of the previous settings. This process is repeated
until the improvements become insignificant. [14] and [8] prove convergence of the illumi-
nance. [7] introduces an algorithm for active sensing, which is developed to reduce energy
consumption of the sensing device by taking light samples only when the predicted usage
is high.

None of the aforementioned papers investigate solid state lighting as the light source.
Using dichromatic, trichromatic or other multichromatic LED light sources, control ele-
ments beyond intensity, such as color temperature (CCT) and color rendering index (CRI),
can be adjusted according to user preference. A higher efficacy is achievable and synchro-
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2 State of the art

nized measurements can be taken with high frequency, which is not detectable with the
human eye. Solid state lighting products with white and colored LEDs are commercially
available. Matt Aldrich from the Responsive Environments Group at the MIT Media Lab
developed a pentachromatic solid state light source, which contains blue, cyan, green, am-
ber and red LEDs. Each color-channel can be controlled separately through 16bit PWM.
Multichromatic lighting devices make possible the generation of white points with any co-
lor temperature and many color rendering indices. CRI of up to 90 is achievable with the
5 wavelength LED lighting device, where 100 is the maximum. As a point of comparison,
a cool daylight fluorescent lamp has a CRI of 76.

The authors from [12, 16, 14, 7, 8, 11] used light sensors to measure direct light. It is
also possible to use reflected light measurement as the control feedback. The process of
detecting reflected light corresponds more closely to the function of the human eye. Lumi-
nance detection is possible using cameras or light sensors pointed at the reflecting object.
[5] investigates the applicability of cameras as sensors for lighting control. The authors
experiment with different methods of luminance measurement and compare the results
with illuminance measurements. In their case, the camera is at a fixed position and the
measurement is taken from a calibrated surface. They make the conclusion that multiple
illuminance sensors can be replaced with a single camera, but point out privacy concerns
associated with camera observation.
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3 Commercial Solid State Lighting System

The commercial solid state lighting testbed consists of 4 iW BLAST 12’s, which are white
LED light fixtures designed by Philips. Each fixture has two sets of LEDs with warm
and cold color temperatures. The LEDs are divided into three channels, which can be
controlled separately. Two warm white channels emit white light with 3000K and one cold
white channel provides white light with 6500K. The combination of all three channels
makes it possible to create any CCT from 3000K up to 6500K. The maximal power input
per light fixture is 50W. The power supply unit is the Philips PDS-150e, a 24 VDC, 150W
power source, which can be wired to maximum three iW BLAST 12 light fixtures. It is
outfitted for ethernet communication using a Philips proprietary protocol based on UDP.
The intensity can be dimmed with 8-bit resolution.

Figure 3.1: Commercial solid state lighting testbed

The testbed is located in the 5th floor of the MIT Media Lab Extension Building close to
the north-west glass façade. Besides sunlight coming in from the north-west, fluorescent
light sources provide constant lighting inside the office area. Four iW BLAST 12 light
fixtures, arranged in a 2-by-2 grid, are mounted above an office cubicle. The cubicle area
is about 1.9m long and 1.6m wide. It contains a white writing desk, a white frame, a
gray separating wall and two gray chairs. The floor is covered with deep gray carpet. The
light fixtures are mounted on a wooden frame, which has the same size as the cubicle
and is about 2.10m high. The distance in between the iW BLAST 12 light sources is
approximately 1m and the distances from the light sources to the floor and to the level of
the writing desk are 1.8m and 1.1m respectively.
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Intelligent lighting
control

Illuminance sensor
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Luminance sensor
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Light

Data
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Figure 3.2: Intelligent lighting system block diagram

There are two kinds of feedback devices, which can be used with the commercial solid
state lighting test system. The sensor board designed by the Responsive Environments
Group [1] is integrated into the test system and can be used as an input and feedback
device. The other feedback device is a Logitech Quickcam Pro 9000, which is a commercial
CMOS webcam with 1600×1200 pixels video and image resolution and a maximum frame
rate of 30 frames per second. Since the webcam measures reflected light, the measured
light intensity is highly dependent on the surface of the captured object. Both feedback
devices and two PDS150e power supplies are wired to a personal computer. The computer
is equipped with an Intel Core i7 2.66GHz Processor, X58i Motherboard and 6GB RAM.
The operating system is Windows 7 64Bit.

As described in the introduction, the user is able to select the area of interest, which
in this case should be inside the cubicle area, and adjust reference intensity and CCT.
The intelligent lighting system interprets the user input and optimizes the lighting output
accordingly.
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3.1 Light Grid Model

3.1 Light Grid Model

In this chapter I introduce two mathematical models for the dichromatic solid state ligh-
ting system. Based on the models, I am able to predict the behavior of the system and
simulate the light grid. The models are also very useful for developing and understanding
the intelligent lighting controller. The first model is a spectrum based model, similar to the
pentachromatic system model described in chapter 4.1. The second is a simplified model.

Both models are based on the following system description. The commercial lighting test-
bed consists of n = 4 light fixtures arranged in a m-by-l grid, where m = l = 2. Besides
the solid state light sources, sunlight and fluorescent lighting are present. We assume that
the intensities of sunlight and fluorescent light are known and uniform within the area of
interest. The illuminated room is empty, which means that there is no shadow in the area
of interest. Finally, the solid state light sources are assumed to be point sources. Under
these conditions, intensity, CRI, CCT and other lighting characteristics are predictable at
any given position and for any intensity settings of the solid state light grid.

The first model is spectrum based model, and therefore requires spectral information about
the light sources. The spectral output of the iW BLAST 12 was measured using a spectro-
meter that was calibrated against a radiometric standard. The measurement is performed
in a dark room for different PWM settings. In the following, the visible spectra of the three
channels diagramed in figure 3.3 are referred as standard spectral irradiances Eλ,j,0(λ).
d0 = 0.3m is the normal distance at which the normal spectral irradiance is measured.
Assuming that the light source is a point source, the relationship between irradiance and
the distance to the light source is described by the power law. The spectral irradiance Eλ
at position x is

Eλ(x, λ) =
4∑
i=1

d2
0

(|x− xi|2) ∗
3∑
j=1

Eλ,j,0(λ) + Eλ,ambient(λ). (3.1)

xi is the position vector of light fixture i. Eλ,ambient is the spectral irradiance of ambient
light, which, for simplicity, we assume to be independent of postion. For example, day-
light spectrum can be generated using a daylight simulator as described in [10, page 237
ff.]. Using colorimetric functions [17], formula 3.1, I am able to calculate CRI, CCT and
illuminance at position x. CCT is estimated by finding the minimum distance between
the white point and the iso-temperature lines along the black body curve in the CIE do-
main. The corresponding estimate is the CCT of the white point. CRI is calculated by
comparing the color difference ∆Es with 15 representative color samples. CRI is defined as
Rs = 100−4.6∗∆Es, and the total CRI is Ra = Rs. Illuminance is the integral of irradian-
ce weighted by the luminous efficiency function V (λ). More details about the colorimetry
functions can be found in [1].
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Figure 3.3: iW BLAST 12 visible spectrum, each of the three channels is measured seperately
with 100% duty cycle and a distance of 30 cm

The simplified system model does not need Eλ to estimate CRI, CCT or intensity. For
the simplified model, I assume that ambient light is not present. Only the quality of solid
state illumination is considered. Since the dichromatic system contains only white lights
with two different CCTs I am able to identify CCT explicitly using the intensity ratio of
warm and cool white light. Figure 3.4 shows the unique relationship between CCT and
the intensity ratio of warm and cool white light.

ratio = intcold/intwarm (3.2)
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3.1 Light Grid Model

Formula 3.3 describes the polynomial fit.
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Figure 3.4: iW BLAST 12 color temperature and cool/warm white light intensity ratio relati-
onship for simplified system model

CCT (x) =


p1A ∗ (1/ratio(x))3 + p2A ∗ (1/ratio(x))2 ...

+ p3A ∗ (1/ratio(x)) + p4A, for int6000K ≥ int3000K,
p1B ∗ ratio(x)3 + p2B ∗ ratio(x)2 ...

+ p3B ∗ ratio(x) + p4B, for int6000K < int3000K.

(3.3)

p1A = −1175, p2A = 3283, p3A = −3950, p4A = 6429
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p1B = 325.6, p2B = −1164, p3B = 2185, p4B = 3260

The root mean square error of the curve fit and the coefficient of determination for
int6000K ≥ int3000K are RMSE = 8.368, R-square = 0.9998, and RMSE = 2.718,
R-square = 1 for int6000K < int3000K.

The intensity ratio at position x is

ratio(x) = int6500K(x)/int3000K(x)

=
∑
i(

d2
0

|x−xi|2 ∗ (channel2,i) ∗ intmax,2,0∑
i(

d2
0

|x−xi|2 ∗ (channel1,i ∗ intmax,1,0 + channel3,i ∗ intmax,3,0)
(3.4)

channelj,i is the normalized intensity. intj,i is the light intensity of channel j and light
fixture i and intmax,j,i is the maximal achievable intensity of channel j and light fixture i
at the same position. It follows that

channelj,i = intj,i(x)
intmax,j,i(x) with j = 1, 2, 3 and i = 1, 2, 3, 4. (3.5)

intmax,j,0 is the maximum intensity of channel j which is measured with standard distance
d0. It is identical for all light sources.

Intensity at position x is simply the sum of warm white light intensity and cool white light
intensity.

int(x) = (int6500K + int3000K)

=
∑
i

d2
0

|x− xi|2
∗ (

3∑
j=1

channelj,i ∗ intmax,j,0)
(3.6)

The cool white LED produces higher CRI than the warm white LED. The highest CRI
measured during an experiment examining 100 white points, is 83, and the lowest is 73.
The used white points are chosen to be evenly distributed in the intensity and CCT range.
The root mean square deviation is 3.465. Since the variance is not significant, CRI is
considered as constant in the simplified system model.

CRI = 78 (3.7)

The function describing energy consumption is the same for both the spectrum based and
the simplified system model. The current rises linearly with the intensity output, and the
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Figure 3.5: iW BLAST 12 energy consumption

cool white LEDs have higher efficacy than the warm white LEDs. The linear fit of the
relationship between power consumption and the normalized channel intensities is

Ei(channel1,i, channel2,i, channel3,i)
= 15.7779 ∗ channel1,i + 15.9031 ∗ channel2,i + 15.8613 ∗ channel3,i + 1.022.

(3.8)

Ei is the power consumption of light source i and E is the total power.
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3 Commercial Solid State Lighting System

E =
∑
i

(Ei) (3.9)

3.2 Closed-Loop Control

The closed-loop control is implemented with two different measuring systems. One is illu-
minance measurement using a linear analog lux sensor and the second method is luminance
measurement using a commercial CMOS webcam. The closed-loop control includes three
major components, the calibration routine, optimization routine, and a PI controller. The
calibration routine measures the transfer function, which describes the influence of light
source i for i = 1, 2, 3, 4 at the area of interest. In other words, the calibration routine
detects each light fixture’s contribution to the light condition at the position of the area
of interest. The calibration technology I am going to introduce in the following does not
require additional hardware besides the luminance or illuminance sensor to locate the user.
Neither information about location of the light sources nor any other information about
the environment is needed. Since the transfer function at the current moment is measured,
shadows that are caused by objects in between light source and area of interest or a defect
in the light source will be recognized. The optimization routine solves the energy efficiency
optimization problem for the specified area of interest and the user’s intensity and CCT
preferences.

3.2.1 Sensor Board Based Control

The sensor board based control uses the sensor board as its feedback and input device.
Communication between sensor board and PC takes place via serial port. The sensor board
is equipped with 3 analog linear lux sensors, one digital color sensor, two sliders and one
push button. Table 3.1 shows the characteristics of the sensors. Since the embedded sensors
have different qualities, they are dedicated for different tasks. The calibration routine needs
high bandwidth lux feedback for fast detection. The low range, high sensitivity 50Hz
filtered lux sensor allows stable and moderate closed-loop intensity control. The digital
color sensor enables color-temperature feedback for closed-loop color control.

Figure 3.7 shows the setup and and figure 3.8 shows the result of the analog low range, low
bandwidth lux sensor offline calibration, which is distinguished from the online calibration
routine. The sensor was placed 30 cm in front of the iWBLAST 12 in the middle of the
light cone inside a black box. The inside of the box was covered with black fleece. The
measured sensor values are compared to lux values, which were measured under similar
conditions using the spectrometer. The sensor saturates for intensities higher than 2000 lux
and has a gain of 1.89.
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Figure 3.6: Intelligent lighting controller block diagram

Sensor Type Bandwidth Range ADC Res. mlx / mV
ISL29006, Intersil analog, linear 50Hz 2000 lux 212 606mlx/mV
ISL29006, Intersil analog, linear 600Hz 2000 lux 212 60mlx/mV
ISL29006, Intersil analog, linear 50Hz 10000 lux 212 3030mlx/mV
TCS3414CS, Taos digital, linear 50Hz 5000 lux 216 1515mlx/mV

Table 3.1: Sensor board characteristics [1]

The sensor board also functions as an input device. The built-in sliders are used for intensity
and CCT adjustment and the pushbutton triggers the calibration routine.

To achieve the desired settings the user simply marks the area which needs to be illumi-
nated using the sensor board. During this process each lighting device sends out defined
light signals and the intensity of these light signals are synchronously measured using the
high bandwidth lux sensor. This process is called the calibration routine. There are three
versions of the calibration routine: single point calibration, multipoint calibration and area
average calibration.

13
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Figure 3.7: Sensor board low range high sensitivity analog lux sensor offline calibration setup

For single point calibration, the user places the sensor board at the point of interest and
does not move it during the calibration process. The transfer-function for one single point
is estimated. Figure 3.10 shows the light signals of light number 1 to 4 and the trigger
signals for the unfiltered lux sensor. The light fixtures switch between on-state, in which
all three channels provide maximum intensity, and off-state, where all three channels are
turned off. The high bandwidth lux sensor is used in this case because it enables detection
of fast illuminance changes. The illuminance difference ∆inti between on and off states of
light source i expresses how much light fixture i distributes to the point of interest. In the
following, the factor di = ∆inti/intnorm is called the contribution factor.

intmeas,1 = ∆int2 + ∆int3 + ∆int4 + intambient (3.10)

intmeas,2 = ∆int1 + ∆int3 + ∆int4 + intambient (3.11)

intmeas,2 = ∆int1 + ∆int2 + ∆int3 + intambient (3.12)

intmeas,2 = ∆int1 + ∆int2 + ∆int4 + intambient (3.13)
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Figure 3.8: Sensor board low range high sensitivity analog lux sensor offline calibration result

∆int1 = 1
3 ∗ (intmeas,2 − intambient)−

2
3 ∗ (intmeas,1 − intambient)

+ 1
3 ∗ (intmeas,4 − intambient) + 1

3 ∗ (intmeas,3 − intambient)
(3.14)

∆int2 = 1
3 ∗ (intmeas,1 − intambient)−

2
3 ∗ (intmeas,2 − intambient)

+ 1
3 ∗ (intmeas,4 − intambient) + 1

3 ∗ (intmeas,3 − intambient)
(3.15)
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Figure 3.9: Sensor based intelligent lighting controller block diagram

∆int3 = 1
3 ∗ (intmeas,1 − intambient) + 1

3 ∗ (intmeas,2 − intambient)

− 2
3 ∗ (intmeas,4 − intambient) + 1

3 ∗ (intmeas,3 − intambient)
(3.16)

∆int4 = 1
3 ∗ (intmeas,1 − intambient) + 1

3 ∗ (intmeas,2 − intambient)

+ 1
3 ∗ (intmeas,4 − intambient)−

2
3 ∗ (intmeas,3 − intambient)

(3.17)

intmeas,k, k = 1, 2, 3, 4 is the asserted illuminance values during the kth measurement. The
first measurement takes plase between t = 0 and t = aT , where t = 0 is the moment
when the calibration routine starts. The second, third and fourth measurements are taken
respectively between T + aT and T + 2aT , 2T + 3aT and 3T and between 4T + 2aT and
4T + 3aT . intambient is the ambient illuminance without solid state lighting. The ambient
measurement is called dark measurement and happens at the end of the calibration routine.
Since all measurements are taken within a very short time, we assume that ambient lighting
does not change during measurement number 1 to 4 and when the dark measurement is
made.

The transfer-function is
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Figure 3.10: Solid state light source driver signal and sensor board trigger signal for single point
calibration routine
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int(x, channelj,i) =
4∑
i=1

(di(x) ∗
3∑
j=1

(channelj,i) ∗ kj) ∗ intnorm, (3.18)

kj = intmax,j∑3
j=1 intmax,j

. (3.19)

channelj,i is the driver signal for channel j and light fixture i, which is the input of the
controlled system. It also describes the normalized intensity of the ith light and the jth
channel. kj describes the brightness of channel j compared to the total brightness. The
switching pattern, as you can see in figure 3.10, repeats consistently in order to create
continuous illuminance by means of PWM light control. The PWM carrier frequency in this
case is fcalibration = 1/T . This PWM carrier frequency must be distinguished from the PWM
carrier frequency outside the calibration routine, which is used to control the light intensity.
The maximal possible frequency, fcalibration = 1/T is 62Hz, which is achievable using the
recent firmware version of the sensor board and serial communication with our testbed pc
based on the windows.h library in the Windows 7 environment (see chapter 3.3.2). This
limitation is due to kernel limitations for serial communication. The frequency must be
greater than the critical flicker frequency (CFF) in order to create a flicker-free lighting
experience. For this reason, the calibration signals are designed in a way that requires
the least number of serial commands within one period T . The pattern of the signal also
minimizes the number of necessary driver commands. The PWM duty cycle is chosen to be
as high as possible to reduce flicker. Ideally the calibration should run with fcalibration = f
so that the PWM carrier frequency does not have to be changed from f to fcalibration 6= f
during the calibration process (see chapter 5). Change of switching frequency is visible
to the user and therefore undesirable. In order to mitigate this effect, carrier frequency
changes only happen once at the beginning and once at the end of the calibration routine
and occur at the same time for every light fixture. Intensity fade-out takes place at the end
of the calibration routine. The dark measurement is taken as soon as all the lights reach
the off-state. The calibration runs for P=500 periods, which means it has a total duration
of ∆Tcalibration = T ∗ 500 = 8s. An appropriate duration ∆Tcalibration is important in this
case, because the intensity level changes from the previous lighting condition to 75% duty
cycle during the calibration. If the intensity level does not remain with 75% duty cycle for
a sufficient amount of time before the fade-out, this change of intensity appears as a flash.
In contrast, a persistence of 8 seconds creates a pleasant visual feedback, which identifies
that the calibration routine is running, and ensures sufficient uniform lighting over the
entire area during the calibration process. This restriction of the duty cycle during the
calibration also results from the performance limitation of serial communication and the
priority to surpass the frequency threshold for flicker-free lighting.

The major disadvantage of single point calibration is that the optimization is performed for
only a single point of interest. Thus, multipoint and area average calibration are developed
based on the single point calibration routine.
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3.2 Closed-Loop Control

Multipoint calibration performs single point calibration for multiple points of interest.
These points represent an area of interest. They can be evenly distributed along the edge
of the area and in the middle of the area, depending on its size. The estimation of the
transfer-function for each of the n selected points occurs in the same way as the single
point calibration. This means that the user places the sensor board at one point, executes
single point calibration, and after its completion he moves the sensor to the next point and
repeats the calibration. Each point of interest could be calibrated within approximately
5 ∗ T = 0.08 seconds. This means that the movement from point 1 via point 2, point 3
and so on, to point n could be a fluent motion if single point calibration is synchronously
triggered.

Area average calibration estimates the average of the distribution factors di(xl) within the
area of interest. In this case, the user moves the sensor evenly inside the area of interest
during the calibration. Single point calibration is executed for a high number of different
points within the area of interest, and the software processes the average of the measured
intensities.

di(x) = (di(xl)) (3.20)

The three different calibration routines require three distinct optimization routines since
they provide different information about the area of interest. The optimization routines
are single point optimization, multipoint optimization and area average optimization re-
spectively for the corresponding calibration routines.

The input values of the single point optimization routine are light contribution factors di
with i = 1, 2, 3, 4, reference intensity and reference CCT. In order to determine the most
efficient settings for the lighting system, I use linear programming to solve the optimiza-
tion problem. The objective is the energy consumption and the constraints manifest the
intensity and CCT preferences at the area of interest. As described in chapter 3.1, the
total energy consumption is

E(dmx) =
4∑
i=1

(Ei(channel1,i, channel2,i1, channel3,i))

=
4∑
i=1

(15.7779 ∗ channel1,i + 15.9031 ∗ channel2,i + 15.8613 ∗ channel3,i + 1.022)

(3.21)

with
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x = dmx =



channel1,1
channel1,2
channel1,3
channel1,4
channel2,1
channel2,2

...
channel4,3
channel4,4



and

channelj,i ∈ [0, 1]

The cost vector is accordingly

c =
[
15.7779 15.7779 · · · 15.9031 15.9031 · · · 15.8613 15.8613 · · ·

]
.

It follows that

fitness = c ∗ x.

The objective is
min{c ∗ x}, x ≥ 0. (3.22)

The constraints are
x = dmx ≤ 1, (3.23)

4∑
i=1

(
3∑
j=1

(di ∗ channelj,i ∗ kj)) =
[
d ∗ k1 d ∗ k2 d ∗ k3

]
∗ x = intref

intnorm
, (3.24)

and

∑4
i=1(int6000K,i)∑4
i=1(int3500K,i)

=
∑4
i=1(di ∗ channel2,i ∗ k2)∑4

i=1(di ∗ (channel1,i ∗ k1 + channel3,i ∗ k3))
= ratio(CCTref )

(3.25)
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3.2 Closed-Loop Control

With
4∑
i=1

(int6000K,i) +
4∑
i=1

(int3500K,i) = intref (3.26)

the last constraint becomes

4∑
i=1

(int6000K,i) =
4∑
i=1

(di ∗ channel2,i ∗ k2) ∗ intnorm

= intref
(1− 1

ratio(CCTref ))

(3.27)

and

4∑
i=1

(int3500K,i) =
4∑
i=1

(di ∗ (channel1,i ∗ k1 + channel3,i ∗ k3)) ∗ intnorm

= intref
(1 + ratio(CCTref ))

(3.28)

ratio(CCTref ) is the inverse function of formula 3.3. The cubic polynominal fit is

ratio(CCT ) =


p1A ∗ cct3ref + p2A ∗ cct2ref + p3A ∗ cctref + p4A,
for 6500 ≥ CCT ≥ 4600,
p1B ∗ cct3ref + p2B ∗ cct2ref + p3B ∗ cctref + p4B,
for 4600 > CCT ≥ 3000

(3.29)

with

p1A = −1.031e− 010, p2A = 1.951e− 006, p3A = −0.01255, p4A = 27.48

and

p1B = 1.011e− 010, p2B = −9.238e− 007, p3B = 0.003274, p4B = −4.321.
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Figure 3.11: Color temperature and cool/warm white light intenstiy relationship
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The root mean square error and the coefficient of determination of the curve fit are
RMSE = 0.002239, R-square = 1 for 6500 ≥ CCT ≥ 4600 and RMSE = 0.008697,
R-square = 0.9996 for 4600 > CCT ≥ 3000.

Since the optimization algorithm minimizes the total power consumption, the constraints
3.24, 3.27 and 3.28 lead to equivalent results as

4∑
i=1

3∑
j=1

(di ∗ channelj,i ∗ kj) ≥ intref/intnorm (3.30)

4∑
i=1

(int6000K,i) ≥
intref

(1− 1
ratio(CCTref)

) (3.31)

and

4∑
i=1

(int3500K,i) ≥
intref

(1 + ratio(CCTref))
. (3.32)

Except for the case where required intensity exceeds the intensity range of white points
with reference CCT, the constraints 3.24, 3.27 and 3.28 lead to different results than 3.30,
3.31 and 3.32. The achievable intensity range is tied to the choice of CCT because of the
design of the lights, as shown in figure 3.12. In this exceptional case the advantage of
using 3.30, 3.31 and 3.32 is that the intensity constraint has a greater priority than the
color temperature constraint. The required intensity is provided, but the accuracy of the
produced color temperature is reduced. The optimization algorithm chooses a white point
that achieves the preferred intensity and has a color temperature as close as possible to
reference CCT. The color temperature will be shifted toward 4100K.

The formal statement of the LP-problem is

min{c ∗ x}, x ≥ 0
A ∗ x ≤ b

(3.33)

with

c =
[
15.7779 15.7779 · · · 15.9031 15.9031 · · · 15.8613 15.8613 · · ·

]
,
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Figure 3.12: Intensity range vs. color temperature, the brightest white points have a color tem-
perature around 4100K, the achievable intensity decreases with increasing color
temperature difference from 4100K
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3.2 Closed-Loop Control

A =


I12×12

−d ∗ k1 −d ∗ k2 −d ∗ k3
−d ∗ k1 0 −d ∗ k3

0 −d ∗ k2 0



and

b =
[
1 1 · · · 1 1 intref

intnorm

intref/intnorm

(1+ratio(CCTref ))
intref/intnorm

(1− 1
ratio(CCTref ) )

]
.

Multiple point optimization solves the LP-optimization problem for multiple points of
interests. For n = 2 points the constraints would be

x ≤ 1 (3.34)

4∑
i=1

(
3∑
j=1

(d1,i ∗ channelj,i ∗ kj)) = [d1 ∗ k1, d1 ∗ k2, d1 ∗ k3] ∗ x = intref
intnorm

, (3.35)

4∑
i=1

(
3∑
j=1

(d2,i ∗ channelj,i ∗ kj)) = [d2 ∗ k1, d2 ∗ k2, d2 ∗ k3] ∗ x = intref
intnorm

, (3.36)

4∑
i=1

(d1,i ∗ channel2,i ∗ k2) = intref/intnorm
(1− 1

ratio(CCTref )
(3.37)

4∑
i=1

(d2,i ∗ channel2,i ∗ k2) = intref/intnorm
(1− 1

ratio(CCTref )
(3.38)

4∑
i=1

(d1,i ∗ (channel1,i ∗ k1 + channel3,i ∗ k3)) = intref/intnorm
(1 + ratio(CCTref )) (3.39)

4∑
i=1

(d2,i ∗ (channel1,i ∗ k1 + channel3,i ∗ k3)) = intref/intnorm
(1 + ratio(CCTref )) (3.40)

From this it follows, that
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A =



I12×12
−d1 ∗ k1 −d1 ∗ k2 −d1 ∗ k3
−d2 ∗ k1 −d2 ∗ k2 −d2 ∗ k3
−d1 ∗ l1 0 −d1 ∗ k3
−d2 ∗ k1 0 −d2 ∗ k3

0 −d1 ∗ k2 0
0 −d2 ∗ k2 0



and

b =[
1 · · · 1 intref

intnorm

intref

intnorm

intref/intnorm

(1+ratio(CCTref ))
intref/intnorm

(1+ratio(CCTref ))
intref/intnorm

(1− 1
ratio(CCTref ) )

intref/intnorm

(1− 1
ratio(CCTref ) )

]
.

The cost vector remains the same as for single point optimization. The number of cons-
traints increases linearly with the number of points multiplied with factor 3. Area average
calibration allows the consideration of many points within the area of interest without in-
creasing the number of constraints. Since it returns an average distribution vector, solving
the LP-optimization does not guarantee uniform illuminance within the area of interest.
Without any additional processing, the optimization algorithm activates the lights one
after another, sorted from high to low distribution factor to provide the desired amount of
light. The active light fixture might only partially illuminate the area of interest or create
very uneven illumination within the area of interest. The LP-optimization does not take
this into account. In order to reduce this effect, size and position of the area are examined
in more detail below. The variance of the contribution factors is a good way to characterize
size and position. If the variance is small, it means the user marked a bigger area or the
area of interest is located in between light fixtures, and that in order to provide uniform
lighting, several lights need to be turned on. If the variance is high, the marked area is
small or located right under a light fixture. The area average optimization thus involves
two steps. The first step is solving the linear program. The second step is to compare the
contribution factors di. If the difference between di and dj with i, j ∈ [1, 2, 3, 4], i 6= j
is smaller than the predefined, relative threshold, both lights will be forced to turn on.
The total intensity remains, but it is provided by both sources weighted by their contri-
bution factors. If the threshold value is not reached, the LP solution does not need to be
changed.

Once the optimal setting is found, the light sources are actuated accordingly. The illu-
mance at the sensor position, which ideally is the point of interest or a point inside the
area of interest, is fed back to controller. The low bandwidth lux sensor is used in this
case, because the unfiltered lux sensor is sensitive in the frequency band up to the PWM
carrier frequency f , whereas the filtered lux sensor measures the average illuminance. The
controller is a PI controller with P = 0.001 and I = 0.01. The integrator eliminates statio-
nary control deviation. The constants are tuned to create asymptotic transient behavior
without oscillation or peak overshoot.
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Sensor CMOS
format RGB
Resolution 640× 480
Exposure mode manual
Exposure -5, -6, -7, -8
Backlight compensation off
Focus mode off
Focus inf
White balance mode manual
Frame rate 30 frames per second
Gain 0

Table 3.2: Webcam configuration

3.2.2 Webcam Based Control

Area average 
calibration

PI 
+

-

Reference color

Reference intensity

Luminance 
feedback

Change of
area of interest

Area average 
optimization 

Figure 3.13: Webcam based intelligent lighting controller block diagram

The design of the camera based controller is equivalent to the sensor board based controller.
The feedback device is a commercial USB webcam, the Logitech Quickcam Pro 9000. Table
3.2 contains the camera configurations.

Figure 3.15 shows the setup and figure 3.14 shows the result of the webcam offline calibrati-
on, which is distinguished from the online calibration routine. The experiment is performed
in a dark enclosed box. The inside of the box is covered with black fleece. A sheet stan-
dard 216mm× 279mm copy paper with TAPPI Brightness 92 and ISO Brightness 104 is
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Figure 3.14: Webcam offline calibration result

28



3.2 Closed-Loop Control

Figure 3.15: Webcam offline calibration setup

attached to the box 30 cm in front of the iW BLAST 12. Copy paper is selected as the
calibration object because our testbed is set up as an office environment. The webcam is
mounted on the light fixture facing the sheet of paper with a distance of 30 cm. Since the
green channel of the RGB image mostly contributes to the luminance of the image [15],
the calibration is only performed for the green channel and all luminance measurement
in the following refer to the green component. According to [15], the brightness level of a
webcam image is

Bl = k ∗ L ∗G ∗ T ∗ (F/#)−2 (3.41)

with

Bl: brightness level
k: constant
L: luminance
G: gain of automatic gain control
T : integration time
F/#: aperture

k, T , G and F/# are constant. Since the illuminated object does not change during the
experiment, luminance should be proportional to the normalized total intensity of the light
source. Figure 3.14 shows the average pixel value of 29 pixels within an area with the size of
the spectrometer head located in the middle of the light cone. As shown, camera feedback
is non-linear. I assume that the webcam performs gamma correction, which is done in most
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webcams, to mimic the non-linear perception of human eye. It follows that

log(Leye) = log(Bl)− log(k)− log(G)− log(T )− log(F/#−2) (3.42)

Leye = fGammaCorrection(L). (3.43)

Analogous to our sensor board based controller, the webcam based controller contains a
calibration routine, optimization routine and a PI controller. After the calibration routine
is initiated, the user is instructed to draw the area of interest into the camera image. A
mask is created according to the selection.

Since the communication to the camera is fairly slow (see chapter 3.3.2), the performance
is not tuned to reach CFF. The calibration signal has a very simple structure and contains
redundant measurements. Similar to the sensor board based calibration, each light is put
into an on and off-state, and the luminance difference is measured. This is only performed
for one period. The contribution factor is derived from the luminance difference. The
contribution factors are

di = ∆Bli. (3.44)

Leye ∼ Bl. (3.45)

∆(Bl1) = Blmeas,1 −Blmeas,2, (3.46)

∆(Bl2) = Blmeas,3 −Blmeas,4, (3.47)

∆(Bl3) = Blmeas,5 −Blmeas,6, (3.48)

∆(Bl4) = Blmeas,7 −Blmeas,8 (3.49)

Blmeas,k is the measured brightness level during the kth measurement. The first measu-
rement is performed between t = 0 and t = bT , where t = 0 is the moment when the
calibration routine starts. The second measurement is taken between t = bT and t = 2bT ,
and so on. ∆Bli is the brightness difference of light source number i with gamma correc-
tion. Bl could be the mean Blmean or the median Blmed of the pixel values in the area of
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Figure 3.16: Solid state light source driver signal and webcam trigger signal for webcam cali-
bration routine
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Figure 3.17: Adaptive controller block diagram

interest. The benefit of using the median instead of the mean value is that the median is
less sensitive to outliers. For instance, a small black object inside a bright area will not
change the total output as much as the average measurement. But on the other hand, if
the image has very high contrast, Blmean is more stable than Blmed. In the following I will
use Bl = Blmed.

The webcam based optimization routine is identical to the sensor board based area average
optimization routine. The PI controller is tuned considering the same criteria as the sensor
based controller for slower update rate. The settling time is higher compared to the sensor
board based controller, because in contrast to illuminance measurement, luminance feed-
back does not only depend on the lighting condition, but also on the scene that the camera
is capturing. Therefore luminance feedback is not as consistant as illuminance feedback.
The settling time is increased to reduce the influence of noice caused by activities in the
area of interest. The constants P=0.01 and I=0.01 meet the tradeoff between adjustment
latency and user friendly moderate light transitions.

3.2.3 Adaptive Control

The adaptive control does not need a calibration routine. The user does not have to
actively calibrate the system and recalibrate after each change in the area of interest. He
simply moves the sensor board to the area of interest or selects an area inside the camera
image. The adaptive controller contains an adaptive calibration unit, which is a separate
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Figure 3.18: Intelligent lighting graphical user interface

closed-loop that adaptively guesses the transfer function. It observes the illuminance or
luminance feedback and compares it with a prediction based on the last guess of the
transfer function. It corrects the internal model depending on the error of the prediction.
A simple proportional controller is used at this point.

3.3 GUI and Software

CKGUI is the intelligent lighting control software user interface. As shown in figure 3.18,
the GUI contains input elements similar to the sensor board, which are sliders and radio
buttons. The sliders enable intensity and CCT adjustment. The buttons activate detailed
monitoring options and initiate the calibration and optimization routine. There are three
panels on the GUI which represent different aspects of the controller. The Energy Monito-
ring panel provides information about energy consumption and savings. A figure and three
text fields are displayed. The figure shows the energy consumption (blue) and energy sa-
vings (green) of the last 10 update cycles. The energy saving describes achieved savings in
percent compared to constant maximum uniform lighting, which consumes Emax = 200W.
In the text field cPower [W], you can see the estimated power consumption at the cur-
rent moment in watts. The estimation of the power consumption is based on formula 3.8.
The two lower text fields show the current power savings in percent compared to constant
maximum uniform lighting and dimmed uniform lighting.
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Powersavingmax(t) = (Emax − E(t))
Emax

(3.50)

Powersavingdimm(t) = (Edimm(t)− E(t))
Edimm(t) (3.51)

Edimm(t) =

Emax ∗
intref (t)
int0

, for intref ≤ int0,
Emax, for intref > int0.

(3.52)

int0 = 1100 [sensor counts] (3.53)

int0 is the illuminance on the desk, when every light source is contributing maximum
intensity and ambient lighting is zero. Here I assume that the area of interest is within a
plane, which has the height of the working desk, and that the reference intensity is the
needed intensity.

refIntensity Reference intensity
refCCT Reference CCT
mIntensity Feedback intensity
cCCT Calculated CCT using spectrum based system model

without consideration of ambient light
cCRI Calculated CRI using spectrum based system model wi-

thout consideration of ambient light

Table 3.3: Quality monitoring panel text fields

The Quality Monitoring panel shows the illuminance characteristic. Table 3.3 shows the
meaning of the variables.

Reference CCT and intensity are tied to the software or hardware slider input values. Soft-
ware and hardware sliders are synchronized. The 3-D plot on the left shows the approximate
illuminance surface without ambient light. The calculation is based on the simplified sys-
tem model. The illuminance is normalized to intnorm = 3000 lux. The x axis is normalized
to 1.9m and the y axis is normalized to 1.6m. The coordinates (1, 1) represents the upper
left corner of the desk and (0, 1) the upper right corner of the desk.

The Debug and Control panel include radio buttons to activate the illuminance surface
plot, the energy consumption and saving plot and CCT and CRI calculation. Since these
calculations and visualizations are computationally intensive, enabling them causes redu-
cuction of the update rate. Besides the buttons, there are several text fields to display
parameters for the debugging process.
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1 area average controller mode with ob-
server (testing, lux sensing only)

Sensor board based adaptive calibrati-
on control, testing stage

2 data logging controller mode with data logging func-
tionalities for short term studies

3 single point controller mode Single point sensor board based control
4 single point constant scan controller
mode (not complete)

Single point Sensor board or webcam
based control with continuously trigge-
red calibration, not completed

5 multi point controller mode (lux sen-
sing only)

Multipoint sensor board based control

6 area average controller mode Area average sensor board or webcam
based control

Table 3.4: Controller modes and project status

Outside the panels, the webcam image is shown in the upper left corner. This image is
a live preview of the camera stream. If the user chooses to use camera based control, he
can draw the area of interest into the image window at the beginning of the calibration
routine. Above the image, there is a text field which shows instructions to help the user
understand the GUI. On the left hand side you can find sliders to adjust reference intensity
and CCT. The popup-menus on the right provide options for the sensing device (either
the sensor board or the webcam) and controller options. The controller options are listed
in table 3.4. In order to start the calibration routine the radio button, Trigger, needs to
be selected. The Closed-Loop Control radio button initiates closed-loop control. Pressing
the Start and Stop button activates and deactivates the interactive lighting system.

The GUI is linked to a MATLAB function, which executes the smart lighting control.
Figure 3.19 and 3.20 show the main components.

3.3.1 Input Processing and PI Controller

The start button calls function start_Callback(hObject, eventdata, handles) which executes
a while loop until the stop button is pressed. At each iteration reference values and feedback
sensor values are updated. If a sensor board based control mode is selected, the reference
values are either the slider positions of the sensor board or the GUI. Since the user is able
to use both input devices, the input values need to be synchronized after each change. The
most recently updated value becomes the currently valid input. If webcam based control is
selected, the GUI is the default interface. The hardware sliders have an accuracy of 0.01,
and the GUI sliders a resolution of 0.001. Both input signals are in a range from 0 to 1. To
compensate the noise of the analog signal of the sensor board sliders, the signal is filtered
using a 10-order FIR Filter. The filter function is y(n) = ∑n

i=0 bi ∗ x(n − i) with n = 10
and bi = 0.1.
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Figure 3.19: Sensor board based software block diagram
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Figure 3.20: Webcam based software block diagram
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Figure 3.21: Sensor board based input processing and PI controller software block diagram
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Figure 3.22: Webcam based input processing and PI controller software block diagram
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The reference input values are normalized to CCTnorm = CCTmax − CCTmin, CCTmax =
6500K, CCTmin = 3000K and intnorm = 3000 lux. The absolute reference CCT value is

CCTref = CCTref,norm ∗ (CCTmax − CCTmin) + CCTmin (3.54)
CCTref,norm = CCTslider (3.55)

getratio(cct_ref) calculates the required intensity-ratio of warm and cool white light using
formula 3.29. The reference intensity input is aligned to the non-linear perception of the
human eye. This means the intensity slider is scaled to follow the power law. The function
dmxinputconv(int_ref) converts the non-linear user input into linear and normalized lux
values. Linear conversion is not necessary if webcam based control is selected because the
webcam provides perception adapted feedback. The achievable illuminance or luminance
depends on the position of the area of interest and ambient lighting. The upper limit is
intmax(x) = ∑4

i=1 di(x)∗ intnorm+ intambient and the lower limit is intmin(x) = intambient.

The sensor board feedback returns values in sensor counts. Since the lux sensor is linear,
in order to estimate the lux value the sensor feedback only needs to be divided by the
factor scale = 1.89. The converted lux value is then normalized with intnorm. The webcam
feedback is an 8 bit pixel value. As described above, the camera returns non-linear feedback.
The scale between non-linear lux reference input and the non-linear feedback is scale = 0.1.
This is an approximation, but since the absolute lux value is not important for the user,
this approximation does not affect the functionality of the system. The PI controller is
reset after every execution of the calibration routine and when the closed-loop control is
disabled.

3.3.2 Calibration Routine

To initiate the calibration routine, the user can either press the button on the sensor
board when the sensor board is the active sensor or otherwise by selecting the trigger
radio button.

For sensor board based control, the calibration routine calls the function lightcal(). This
function initiates a TCP/IP connection to the calibration server, which is a local host,
over port 12345. Once the connection is established, the calibration server executes the
calibration routine as described in 3.2.1, returns the result to the client and disconnects
the client. The calibration server then returns to listening mode. The server is program-
med in C++ using a WINSOCKET tutorial template [3]. UDP and serial connections are
programmed using WINSOCKET and windows.h library. The calibration routine is not de-
veloped in MATLAB because timer accuracy and performance of the serial communication
in MATLAB were not sufficient to achieve CFF.

If webcam based control is selected, the calibration routine calls the function getd-
vid(hImage, calsource1,calsource2). hImage is the camera stream object and calsource1 and
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[d] = lightcal() 
single point calibration
multipoint calibraion
area average calibration

Calibration server

int lightcal(int *d)

Figure 3.23: Sensor board based calibration software block diagram

calsource2 are UDP objects representing the PDS-150e power supplies. getdvid() executes
the calibration as described in 3.2.2 and shown in figure 3.16. The MATLAB instrument
control toolbox is used to create the UDP connection and the image acquisition toolbox
is used to access the webcam. The preview window in the upper left corner of the GUI
shows the live webcam stream. The live preview is created using preview(). The function
update_liveint(obj,event,hImage) is defined as the preview update function. It calculates
the median and the average of the pixel values inside the area of interest. Unfortunately
there is no guarantee that the preview update function is executed for every frame. If the
previous execution is not finished before the next frame is loaded, the update function will
not be executed for the new frame. The area of interest is defined using imfreehand() and
saved through a binary mask created using createMask() and the image processing toolbox.
The camera configurations can be found in table 3.2. This application is developed with
the goal to show the possibilities and prospects of camera based control. It is not tuned for
high performance image acquisition or image processing. The calibration frequency does
not reach CFF.

3.3.3 Optimization Routine

The optimization routine requires the intensity ratio ratio, the intensity control value and
the contribution factors di.

The function getdmx(d, int_lin, ratio) executes the optimization routing for single point
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[d] = getdvidl(hImage,calsource1,calsource2)
area average calibration

Figure 3.24: Webcam based calibration software block diagram

optimization. It uses the function rsm(c,A,d,eps,index_B,index_V,bfs) to solve the op-
timization problem. rsm() implements the revised simplex method and is originally pro-
grammed by [9]. Several modifications were necessary to solve the linear program as des-
cribe in 3.2.1. For example, the solution basis vector, index_B, and the vector containing
the auxiliary variables, index_V, need to be defined explicitly. The input variables are
c =

[
15.7779 · · · 15.9031 · · · 15.8613 · · · 0 · · · 0

]
,

A =


I12×12

−d ∗ k1 −d ∗ k2 −d ∗ k3 I15×15
−d ∗ k1 0 −d ∗ k3

0 −d ∗ k2 0

,

b =
[
1 · · · 1 intref

intnorm

intref/intnorm

(1+ratio(CCTref ))
intref/intnorm

(1− 1
ratio(CCTref ) )

]

and

bfs =
[
[1 · · · 1]1×12 [0 · · · 0]1×15

]
.

bfs is the basic feasible solution and eps is a very small number, which
describes the threshold for the approximation of zero. The function getd-
mx3(d,int_ref,ratio) solves the area average optimization problem. It uses the same func-
tion rsm(c,A,d,eps,index_B,index_V,bfs). In a second step, it estimates the variance of
the contribution factors and distributes duty among light sources with similar contributi-
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[dmx] = getdmx(d, int_ref_lin, ratio)
single point optimization 

[dmx] = getdmx3(d, int_ref_lin, ratio)
area average optimization

[dmx] = getdmx_mp(d1,d2,int_ref_lin, ratio)
multiple point optimization

[pwm_input] = inputdmxconv(dmx)
transform  linear intensity scale 
to eye sensitivity scaled liW
BLAST 12 input value

monitor stability 
of optimization results
if the system is not
stable, recalibrate 
for the area of interest

Figure 3.25: Sensor board based optimization software block diagram
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[dmx] = getdmx(d, int_ref_lin, ratio)
single point optimization 

[dmx] = getdmx3(d, int_ref_lin, ratio)
area average optimization

Monitor stability 
of optimization results, 
if the system is not
stable, recalibrate 
for the area of interest

Figure 3.26: Webcam based optimization software block diagram
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on factors described in 3.2.1 to ensure quasi-uniform lighting within the area of interest.
The function getdmx_mp() solves the multipoint optimization problem by extending the
constraints to multiple points. In this case, two points are used to describe the area of inte-
rest. After the optimization the calculated, normalized intensities need to be transformed
into corresponding driver inputs for the iW BLAST 12. This is done using inputdmx-
conv(dmx).

Error is introduced to the system if the measured transfer function, or contribution vector,
is not valid. This could happen if the adaptive controller is not used and the user does
not recalibrate the system after moving the sensor to a different place or after changing
the binary mask. If the change is significant, the system is put into an unstable state, and
the illumination begins to oscillate. In order to prevent the system from remaining in this
state, the stability monitoring block observes the spectral energy of the driver input signal.
10 samples of the driver signal are buffered and the spectral energy density is calculated. In
an unstable state, the spectral energy of the middle frequency range does not converge to
zero. The product of the spectral energy from the middle frequency range PoS is therefore
an indicator for the stability of the system. If the system is stable, the spectral energy will
converge to zero and therefore the product of its sequence will converge to the minimum.

PoS(n) =



PoS(n− 1) ∗ spectralEnergy(n),
for spectralEnergy(n) < spectralEnergyThres

and PoS(n− 1) ∗ spectralEnergy(n) > 1,
PoS(n− 1) ∗ spectralEnergyThres,

for spectralEnergy(n) ≥ spectralEnergyThres

and PoS(n− 1) ∗ spectralEnergyThres > 1,
1,

for PoS(n− 1) ∗ spectralEnergyThres ≤ 1.

(3.56)

If the system is not stable, the product will increase very quickly. The software detects
an unstable state if the spectral energy has been higher than a predefined threshold over
a certain number of cycles, which means that the product of the sequence exceeds the
stability threshold. After the detection of an unstable state, the software triggers the
calibration routine to correct the false transfer function.

3.4 Results

3.4.1 System Model Evaluation

100 white points were chosen with different intensities for the evaluation of the system
model. CCT and CRI were measured, as well the intensity at a defined position for the
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white test points. The experiment was performed in a dark room. Only one light fixture
was active. The distance between the active light source and sensor position was 0.3m.
Figure 3.27 to figure 3.30 show the predicted values using the described system model in
comparison to the actual measured values under the described circumstances.

3.4.2 Calibration Evaluation

I this section I show the results of four experiments. Experiment one shows the absolute
intensity contribution of each light source in sensor counts measured using the sensor board
based single point calibration. The calibration routine was performed 15 times at the same
point of interest. The mean sensor values and standard deviations are shown in table 3.5.
Multipoint calibration performs single point calibration for each point of interest, and thus
it has the same accuracy as single point calibration.

d1 d2 d3 d4
average 298.87 10.53 20.67 7.53
standard deviation 1.36 0.52 0.62 0.52

Table 3.5: Average intensity contribution and standard deviation of 15 calibration measurments
at a constant point of interest using single point calibration

Experiment two shows results of 15 area average calibrations using the sensor board for a
constant area of interest. The area of interest is linear and about 80 cm long. It is located
on the writing desk in the middle of light source 1 and 3. Area average calibration has
low repeatability compared to single point or multipoint calibration, because the measu-
red contribution factors are highly dependent on the movement of the sensor during the
calibration process. If the speed of movement changes during the calibration process, the
area that is measured with lower speed becomes more dominant. The mean sensor values
in sensor counts and standard deviations are shown in table 3.6.

d1 d2 d3 d4
average 194.13 4.6 145.67 6.33
standard deviation 35.77 5.74 36.51 5.49

Table 3.6: Average contribution factors and standard deviation of 15 calibration measurments
at a constant area of interest using area average calibration

The third experiment investigates the uniformity of illumination at the area of interest
using sensor board based area average and multipoint calibrations. The area of interest
is the same for both calibration methods. It is linear, about 80 cm long and located in
between and underneath light fixture 1 and light fixture 3 on the working desk. After
the calibration, the sensor board is placed in the middle of the area of interest and the
reference intensity is set to 400 lux

scale
. Once the illuminance reaches the reference value, 5
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Figure 3.27: Model evaluation for color temperature
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Figure 3.28: Model evaluation for color rendering index
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Figure 3.29: Model evaluation for intensity in lux
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Figure 3.30: Model evaluation for power consumption
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Figure 3.31: Intensity contribution measured using single point calibration routine, the measu-
rement is repeated 15 times at the same point of interest
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Figure 3.32: Intensity contribution measured using area average calibration routine, the mea-
surement is repeated 15 times at the same area of interest
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points among the area of interest are measured. The results are shown in table 3.7 and
3.8. Both methods achieved simular uniformities.

Control Point very left left central right very right
Area Average Calibration 700 490 400 698 517
Multipoint Calibration 690 480 400 700 526

Table 3.7: Comparison of illuminance uniformity between area average calibration routine and
multipoint calibration at five different control point inside a 80 cm long area of inte-
rest on the writing tabel

d1 d2 d3 d4
Area Average Calibration 0.1956 0 0.1978 0.0011
Multipoint Calibration 0.0267 0.0033 0.4067 0.01

0.3311 0.01222 0.0233 0.0078

Table 3.8: Contribution factors measured using the area average calibration routine and multi-
point calibration routine for the same area of interest

The last experiment shows the repeatability of the webcam based calibration routine.
15 calibrations are executed at a constant area of interest simular to the area average
calibration experiment. The average contribution factors and standard deviations are in
table 3.9. Since the area is selected with freehand drawing, inconsistencies result from
variance in the position and shape of the area of interest.

d1 d2 d3 d4
average 0.6223 0.0895 0.6725 0.1583
standard deviation 0.0122 0.0058 0.0174 0.0064

Table 3.9: Average contribution factors and standard deviation of 15 calibration measurments
at a constant area of interest using webcam based calibration

3.4.3 Controller Evaluation

The step response of the sensor based single point closed-loop control shows that the re-
ference value is achieved within the settling time Ts = 8.44 s. The error tolerance is 0.4%.
The illuminance at the area of interest slowly converges towards the reference value wi-
thout overshoot or oscillation. The asymptotic step response is important, because fast
illumination changes are unpleasant, whereas transient changes create a comfortable fee-
ling. Very short illuminance changes, for example caused by passing shadows, do not affect
the system. The reference color temperature is CCT = 6000K. The average update rate of
the controller is 20Hz without and 10Hz with spectrum based CCT and CRI calculation.
If the energy plot and surface plot are enabled, the update rate of the controller decreases
further.
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Figure 3.33: Contribution factors measured using the area average calibration routine and mul-
tipoint calibration routine for the same area of interest
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Figure 3.34: Contribution factors measured using the webcam based calibration routine; the
measurement is repeated 15 times at the same point of interest
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Figure 3.35: Step response of sensor board based single point closed-loop control
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The step response of the multipoint sensor board based control is measured for a linear
area of interest, about 80 cm long and located in between and underneath light fixture 1
and light fixture 3 on the working desk. After the calibration, the sensor board is placed
in the middle of the area of interest and the reference intensity is set to 900 lux

scale
. The

reference color temperature is CCT = 4000K. In this experiment, the settling time is
Ts = 13.5 s.

The step response of the sensor board based controller with area average calibration and
optimization routines is measured in the same way for the same area of interest. The
settling time is Ts = 11.7 s.

The step response of the webcam based controller is also measured for the same area of
interest. The median of the pixel values of the entire area of interest is fed back. The settling
time, Ts = 32.3 s, is greater compared to the sensor board based controller, as explained
in 3.2.2. The update rate without enabling the energy monitoring and illuminance surface
plots is approximately 30Hz.

3.4.4 Short-Term User Study

I set up three short-term user studies to evaluate the achievable energy saving compared
to a static system and to investigate interaction between user and the intelligent lighting
system. These studies took place during 10 working hours from noon to nightfall.

In the first and second study, the sensor board was the selected feedback device. The con-
troller performed single point calibration and optimization. Spectrum based CCT and CRI
calculations were enabled and quality and power saving plots were disabled. The selected
software mode was 2 data logging. Every 60 seconds, time, date, intensity reference, CCT
reference, intensity feedback, light source intensity settings, contribution factors, stability,
calculated CRI, calculated CCT, calculated power consumption and power savings were
logged to the hard disk. A dark measurement was taken at regular intervals to capture the
ambient lighting condition, requiring all the light fixtures to be turned off. In order to keep
the disturbance for the user at an acceptable level, this measurement was only performed
every 10 minutes.

The first short-term study was performed on me, subject #1. I selected reference intensity
and CCT according to my preference. I calibrated the sensor at the beginning of the
experiment and didn’t move it during the entire experiment, since I was satisfied with
my initial choice. The sensor board was placed on the work table. Figure 3.39 shows that
during early afternoon from about 14:30 to 16:30, ambient light intensity was above the
reference intensity. During these hours 100% power saving compared to static maximum
uniform lighting was achieved as the electric lights didn’t need to augment local lighting
to meet the reference illumination. From 16:30 to 19:00, passing clouds and sunset led to
many illuminance changes. The controller successfully compensated intensity deficits. After
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Figure 3.36: Step response of sensor board based multipoint closed-loop control
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Figure 3.37: Step response of sensor board based closed-loop control using area average cali-
bration and optimization routines
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Figure 3.38: Step response of webcam based closed-loop control
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19:30, since the ambient lighting was not changing rapidly anymore, the error between
reference intensity and measured intensity was constantly zero. During the experiment
100% power saving was the highest and 67% the least achievement. Power saving was
calculated by comparing the power consumption with a dimmable system as described
in equation 3.52. An average of 90% power saving during the day is very significant.
Power saving in comparison with maximum constant uniform lighting (generally the case
in commercial buildings) is 95%.

The second experiment was performed on a 24-year-old student, subject #2. After a short
introduction to the functionality of the system, the test-user obtained freedom to use the
system according to his desire. A short debrief after the study documented the user’s
experience and opinion about the intelligent lighting system.

At the beginning of the experiment, the reference intensity signal shows that the user
was testing the behavior of the system and changed the reference values many times.
The behavior repeates at around 12:45, 13:45, 17:30 and 18:30. The black dashed vertical
lines in figure 3.40 represent executions of the calibration routine. The red dashed vertical
lines represent changes in the sensor position. In some cases, the user moved the sensor
and recalibrated the system, normal behavior when the area of interest changes. But in
other cases, the user moved the sensor but did not recalibrate the system or moved the
sensor away from the area of interest right after the calibration. The first case occurred, at
around 12:30, causing a step in the feedback value. The second case took place at around
18:50. This kind of behavior occurs because placing the sensor into the area of interest
is disturbing. The test-user needed the space in the area of interest and thus he had to
remove the sensor. This problem could be solved using a much smaller design of the sensor
board (see chapter 5).

Comparing the measured ambient light intensity and the user preference, you can see that
the reference intensity follows the ambient light level. It seems that the test user wanted
to keep the ratio between ambient light and artificial light constant. In the discussion at
the end of the experiment the test subject explained that ambient light fell mostly from
the left side into the office area. Creating artificial light accordingly from the right side
increased the lighting quality, because the artificial lighting not only made the illumination
more consistent in the area of interest, but also more consistent among different incidence
angles. Consistency of the illumination angle and stable ratio between ambient light and
artificial lighting are two important aspects for a new design of the sensor board.

Figure 3.40 shows reference CCT compared to calculated CCT using the spectrum based
model. Spectrum based CRI prediction is also shown in Figure 3.40. The achieved average
power savings compared to maximum constant lighting is 68%. Comparison of power con-
sumption with the dimmed lighting condition is misleading and not meaningful in this case
because the sensor board was not placed in the area of interest during the entire study.
Thus, reference intensity is not equal to the actually desired intensity level.

The third study was performed with luminance feedback. Thus, the webcam was the se-
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Figure 3.39: Short term user study with subject #1 and sensor board based single point calibra-
tion and optimization, (top) reference, measured and ambient illuminance at the
point of interest, (bottom) energy consumption and energy saving in comparison
to a dimmed static uniform lighting system
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Figure 3.40: Short term user study with subject #2 and sensor board based single point cali-
bration and optimization, (top) reference, measured and ambient illuminance at
the point of interest, time of calibrations and sensor movements (bottom) reference
CCT and model based CCT and CRI
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Figure 3.41: Short term user study with subject #2 and sensor board based single point calibra-
tion and optimization, (top) reference, measured and ambient illuminance at the
point of interest, (bottom) energy consumption and energy saving in comparison
to a static uniform lighting system with constant maximum power consumption
of 200W
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Figure 3.42: Short term user study with subject #1 and webcam based area average calibration
and single point optimization GUI snapshot

lected sensor, and area average calibration and single point optimization routines were
used. Spectrum based CCT and CRI calculations were enabled and quality and power
saving plots were disabled. The software was in mode 2 data logging. Every 60 seconds,
time, date, intensity reference, CCT reference, illuminance and luminance feedback, light
source intensity settings, contribution factors, stability, calculated CRI, calculated CCT,
calculated power consumption and power savings were logged to the hard disk. The dark
measurement was performed every 60 seconds using the sensor board. Figure 3.42 shows
the selected area of interest and the position of the sensor board. The sensor board was
outside of the area of interest here, and did not affect the luminance measurement. The lux
sensor was placed very close to the area of interest in order to get a good approximation
of the illuminance inside the area of interest. The position of the camera was constrained
during the experiment. It was attached to the top of the wooden frame in order to capture
the entire cubicle area. The distance between area of interest and the webcam was appro-
ximately 1.5m. Exposure was set to −5. The area of interest was selected at the beginning
of the experiment and remained constant. Figure 3.43 shows that the ambient lighting
was low but fairly consistent. Despite nearly constant ambient lighting, there are peaks in
the luminance measurement. These peaks were caused by changes in objects within the
area of interest. The measured illuminance approximation shows that remaining constant
luminance leads to illuminance changes. The achieved average energy saving in comparison
to maximum constant lighting was 63%.
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Figure 3.43: Short term user study with subject #1 and webcam based area average calibration
and single point optimization, (top) reference and measured luminance, measured
and ambient illuminance at the area of interest, (bottom) energy consumption
and energy saving in comparison to a static uniform lighting system with constant
maximum power consumption of 200W
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4 Pentachromatic Solid State Lighting System

Based on existing handware I created a simulink model of a virtual pentachromatic solid
state lighting system. The simulink model, which is to distinguish from the mathematical
light grid model described in chapter 4.1, consits of 4 major components. These are the
input and feedback device, the intelligent lighting controller, the pentachromatic light grid
model and the visualization block. The virtual pentachromatic light sources are predicated
on the LED ring described in chapter 2, which includes blue, green, cyan, amber and red
colored LEDs, a temperature sensor and digital color sensor. Detailed information about
the design of the LED light source can be found in [1]. The virtual light grid comprises
n pentachromatic LED lighting devices arbitrarily arranged in a m-by-l grid. Sunlight
and fluorescent lighting are present, but they cannot be controlled through the system.
Using the Simulink model I am able to develop and test the open-loop controller, which
can be applied to a physical system in the future. In the following chapters I introduce a
mathematical model of the pentachromatic light grid, based on which the light grid model
in Simulink is developed, the open-loop controller and evaluation of the light grid model
and the stochastic optimization, which is a part of the open-loop control.

Intelligent lighting
controller

Penta chromatic
light grid model

Reference intensity
Reference color
Area of interest

Visualization

Figure 4.1: Pentachromatic solid state lighting system
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4.1 Light Grid Model
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Figure 4.2: Visible spectrum of each channel of the pentachromatic light source with 100%
PWM duty cycle

In this chapter I introduce a mathematical model of a pentachromatic solid state light grid
simular to the spetrum based model described in chapter 3.1. Analogous to the assumptions
made for the dichromatic system model, the intensity of ambient light, such as sunlight
or fluorescent light, is known. Ambient light is uniform within the area of interest. The
illuminated room is empty. The solid state light sources are point sources. The grid consists
of n lights in an m-by-l grid. The arrangement of the lighting devices is arbitrary, but the
position of each light source is known.
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Figure 4.3: Intensity and PWM duty cycle relationship of the pentachromatic light source

The spectral irradiance and illuminance of each color channel for different PWM settings in
a dark room are measured with the spectrometer. The spectrometer head is placed in the
middle of the light cone with a distance of 30 cm to the light source. The results in figure 4.3
show that the intensity of amber and red LED do not change linearly according to the PWM
input. The reason is temperature drift for long duty cycles. In this lighting model I assume
that a proper control method is used to operate the solid state lighting devices. For example
local closed-loop proportional control can be used to resolve temperature and depreciation
hazards. Figure 3.3 shows the standard spectral irradiances Eλ,j,0(λ). d0 = 0.3m is the
normal distance. Illuminance, CCT and CRI are calculated with colorimetric functions
and formula 3.1, as described in chapter 3.1.
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Since the intensity of each channel and each lighting device is known, prediction of power
consumption is possible. The power consumption of each LED is proportional to the duty
cycle of the PWM control. The total power consumption is the sum of the power consump-
tion of each channel. The linear fit of the measured power consumption is

E =


2.0, for channelj = 0, j ∈ [1, 2, 3, 4, 5]
dblue ∗ channel1 + dgreen ∗ channel2 ...
+ dcyan ∗ channel3 + dred ∗ channel4 ...
+ damber ∗ channel5 + offset,

otherwise
(4.1)

with

dblue = 3.7741, dgreen = 3.7453, damber = 3.5808, dred = 4.2483, dcyan = 3.3687,
offset = 2.4062.

4.2 Open-Loop Control

The tasks of the open-loop control are to receive and interpret the user’s requirements, set
the PWM duty cycles for each channel of the solid state lighting devices accordingly and
minimize the energy use at the same time. In order to simplify the control problem, the
open loop control is broken down into 3 separate control and optimization problems.

1. Create (offline) and use (online) lookup table to match reference CCT with channel
intensity ratios (see chapter 4.2.1)

2. Measure transfer function and receive user input (online) (see chapter 4.2.2)

3. Use linear programming to solve energy optimization problem (online) (see chapter
4.2.3)

4.2.1 Behavior of Pentachromatic Solid State Light Source

An infinite number of white points can be created using additive mixing and 5 different
colors. Different ratios of blue, cyan, green, amber and red colors create different intensities,
CCTs and CRIs. It is not obvious how CRI, CCT, intensity and efficacy are related to each
other. This problem is investigated in experiment #4 in chapter 4.3.
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Optimization 
routine

Color setpoint 
lookuptable

Transfer function 
approximation

Reference intensity
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Area of interest

Figure 4.4: Pentachromatic intelligent lighting controller block diagram

Illuminance and CCT are input parameters. Therefore the system must be able to create
white points within a range of intensities and CCTs. A reasonable range for CCT would
be 2000K to 10000K. The range of intensity is limited by the color gamut. For CCTs
from 2000K to 10000K, I find white points with the highest intensity, CRI and efficacy.
By maximizing efficacy and intensity, I find the white points which consume the least
energy and allow the broadest range of intensity. By optimizing CRI, I find white points
which have similar color rendering characteristics to sunlight so as to provide high lighting
quality.

Since CRI and CCT cannot be described by closed-form expressions, it is difficult to
formulate the optimization problem as analytical mathematical programming. A suitable
method to solve this problem would be a stochastic optimization technique. Research
at the Responsive Environments Group already investigated the brute force method [1]. I
proposed using particle swarm optimization technique to improve the performance. Particle
swarm optimization is a stochastic optimization technique motivated by social behaviour
of bird flocking or fish schooling. A population of particles is generated initially. The
particles are arranged randomly in the space of solutions. Each particle can calculate its
fitness with the fitness function and it also knows the fitness of the other particles. By
following simple rules, the population converges toward the global optimum without any
central control. There are three components that influence the velocity of each particle.
The first component is the velocity of the last iteration weighted with the inertia w. The
second component is the personal best solution Pbest. Pbest is updated every iteration. The
distance from the last position to the personal best solution is multiplied by the gain c1
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and a random factor rand1. The third component is the global best solution Gbest. Gbest

is also updated in each iteration by comparing the personal best solutions. The distance
from the last position to Gbest is multiplied by the gain c2 and random factor rand2. The
velocity vj of the jth particle is accordingly

vj(k) = w∗vj(k−1)+c1∗rand1∗(Pbest,j−xj(k−1))+c2∗rand2∗(Gbest(k)−xj(k−1)) (4.2)

k is the time index and xj is the position of the jth particle. The random factors rand1
and rand2 prevents convergence to a local optimum. c2 and c2 defines the weight of the
local best and global best influence. The inertia w controls the speed of the particles. To
improve the convergence behaviour, a fourth parameter can be introduced, which is the
neighbourhood best solution. But this is not further considered. Other parameters, which
can be modified to adjust the behaviour of the swarm and the accuracy of the optimization,
are the number of iterations and the size of population. In this case the fitness function
is
fitness(channel) =

kcct ∗ (CCT (channel)−CCTref

CCTref
)2 , for CCTref −∆CCT ≥ CCT (channel)

or CCTref + ∆CCT ≤ CCT (channel)
kduv ∗ (duv(channel)

5.4e−3 )2 , for duv(channel) > 5.4e− 3
kcri ∗ Ra(channel)

100 + kint ∗ int(channel)intnorm
...

+kefficacy ∗ int(channel)
E(channel)−E0

∗ Enorm−E0
intnorm

, otherwise

(4.3)

channel =


channel1,i
channel2,i
channel3,i
channel4,i
channel5,i



In order to make the efficacy comparable for different intensities, it is necessary to eliminate
E0, which is the standby power consumption. The efficacy is defined as int/(E − E0) in
chapter 4. kcct, kcri, kduv, kefficacy and kint are weight factors for CCT, CRI, distance to the
black body curve in the CIE domain, efficacy and intensity respectively. channel describes
the PWM duty cycles for each channel of light fixture i. intnorm and Enorm are standard
intensity and energy consumption. Using this optimization method, I am able to create
one or more lookup tables with intensity ratios sorted by CCT. Using this lookup table,
reference CCTs are transformed into channel intensity ratios ratioj = intj/

∑5
j=1 intj,

which are used to control the light sources. I propose using a lookup table because the
performance of the PSO does not allow real-time optimization. Using online particle swarm
optimization, more satisfying white points could be found, but the controller will be more
complex and need higher calculation capacity. The benefit may or may not be significant.
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4.2.2 Identify Transfer Function

Since the pentachromatic system is a virtual system at this point, the system model is
used to approximate the transfer function. According to the distance between the point of
interest and the light sources, contribution factors for each light source is

di = d2
0

|x− xi|2
∗ intmax,0 (4.4)

It follows that

int(dmx) =
n∑
i=0

di ∗
5∑
j=1

kj ∗ channelj,i (4.5)

channelj,i is the normalized intensity of the jth channel and ith light source, which is also
the PWM duty cycle assuming a linear relationship between PWM input and intensity
output. kj is the ratio between the maximum total intensity and the maximum intensity
of channel j according to fomula 3.19. In the physical system, this calculation will be
replaced by the online calibration routine as described in 3.2.1 or 3.2.2. A challenge using
pentachromatic system is signal aliasing, which is likely since 5 channels of each fixture
need to be synchronized. Therefore an asynchronous calibration method, as described in
chapter 5, might be more applicable.

4.2.3 Optimization Routine

In a last step based on the reference values, the intensity ratios and the transfer function
optimal intensity settings for each light source are calculated. Since the energy optimiza-
tion problem is a convex linear problem, I am able to use linear programming to express
and solve the problem. Energy consumption is the objective, and the constraints ensure
intensity and color temperature observation. The optimization routine receives the intens-
ty reference value, the color ratios from the lookup table, match to reference CCT and the
contribution factors di. The cost vector is

c =
[
c1 c2 · · · cn

]
(4.6)

with

ci =
[
dblue dcyan dgreen damber dred

]
(4.7)
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and

dblue = 3.7741,
dgreen = 3.7453,
damber = 3.5808,
dred = 4.2483,
dcyan = 3.3687,

c1 = c2 = · · · = cn = ci.

The constrains are

channelj,i ≥ 1 (4.8)

n∑
i=1

di ∗ channelj,i ∗ kj = ratioj ∗ intref (4.9)

n∑
i=1

di ∗
5∑
j=1

channelj,i ∗ kj = intref (4.10)

The formal statement is
min{c ∗ x}A ∗ x ≥ b (4.11)

with

c =
[
c1 c2 · · · cn

]
, (4.12)

A =



In∗5×n∗5
d 0 0 0 0
0 d 0 0 0
0 0 d 0 0
0 0 0 d 0
0 0 0 0 d
d d d d d


, (4.13)
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and

b =



1
...
1

ratio1 ∗ intref
ratio2 ∗ intref
ratio3 ∗ intref
ratio4 ∗ intref
ratio5 ∗ intref

intref


. (4.14)

The Simulink optimization block is programmed based on the revised simplex method and
the MATLAB function rsm().

4.3 Results

In this chapter, I will only present the evaluation of the system model and the results of the
PSO optimization. Calculations in experiment #1 through #4 were executed in MATLAB
using a modified version of the PSO toolbox [2] and the colorimetry toolbox developed by
[1].

Experiment #1 was performed to evaluate the distance dependency of irradiance, color
temperature and color rendering index. The experiment took place in a dark room. Irra-
diance, CCT and CRI were measured using the spectrometer for seven different distances
and one LED ring. The spectrometer head was placed in the middle of the light cone.
Figure 4.5 shows intensity and distance relationship. The prediction was made using the
first measurement, with 0.3m distance as the reference intensity. Error increases with the
distance difference. The wrong assessment results from the assumption that the LED sour-
ce is a point source, which is not true for the LED ring. The highest error is about 16%.
CRI and CCT do not remain constant as assumed, because the five different spectra are
not perfectly defused.

Experiment #2 evaluates the accuracy of the colorimetry functions and power calculation.
Intensity, CCT, CRI and power consumption were measured for 34 different white points.
The experiments were taken in a dark room with one LED ring and the spectrometer,
which was placed in the middle of the light cone with a distance of 30 cm. Figure 4.7 to
figure 4.8 show the comparison of measured and predicted values.

Experiment #3 shows the outcome of the monte carlo simulation in comparison to the
results of the particle swarm optimization. 35 white points with the highest CRI and mat-
ching color temperature are selected. The configuration of the particle swarm optimization
is shown in table 4.1. The initial particle positions are white points generated using a linear
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Figure 4.5: Experiment #1: evaluation of predicted distance and illuminance relationship
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Figure 4.6: Experiment #1: measured distance and CCT relationship (left) and measured di-
stance and CRI relationship (right)

transformation [1] for the range of desired color temperature. Besides significant perfor-
mance improvement, the white point found using PSO offer even higher CRI, intensity and
efficacy. Particle swarm optimization can be concluded within minutes whereas the monte
carlo simulation lasts for several hours.
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Figure 4.7: Experiment #2: comparison measured and predicted normalized intensity (left) and
power consumption (right) based on the pentachromatic light grid model
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Figure 4.8: Experiment #2: comparison measured and predicted color temperature (left) and
color rendering index (right) based on the pentachromatic light grid model

Experiment #4 shows results of particle swarm optimization for different objectives. The
objectives are efficacy, intensity and CRI. The weight factors for the objective funtion are
kefficacy = 1, kint = 0, kcri = 0 for efficacy optimization, kefficacy = 0, kint = 1, kcri = 0 for
intensity optimization and kefficacy = 0, kint = 0, kcri = 1 for CRI optimization. The initial
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Figure 4.9: Experiment #3: comparison of CRI for 35 CRI optimized white points using monte
carlo simulation and particle swarm optimization
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Figure 4.10: Experiment #3: comparison of normalized intensity (left) and color temperature
(right) for 35 CRI optimized white points using monte carlo simulation and particle
swarm optimization

particle positions are identical to experiment #3. The PSO configuration parameters are
presented in table 4.1. This experiment is very important for the generation of the color
temperature and channel intensity ratio lookup table as described in chapter 4.2.1. As you
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Max partical velocity 0,1
Local best influence 15
Global best influence 7
Number of particles 5
Maximum number of iterations 2000
∆CCT 120K

Table 4.1: Particle swarm optimization configuration parameters

can see in figure 4.11 and figure 4.12 optimizing intensity range leads to tradeoffs in CRI
and efficacy and vice versa. If efficacy is the objective, CRI only differs from the optimal
CRI in the low color temperature range. The following conclusion can be drawn from this
experiment. If the required intensity does not exceed the achievable intensity range for the
efficacy optimized white points, the efficacy optimized white points for CCT above 4000K
should be used. If the required intensity does not exceed the achievable intensity range
for CRI optimized white points, the CRI optimized white points for CCT below 4000K
should be used. In any other cases, intensity optimized white points should be used.
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Figure 4.11: Experiment #4: comparison of color rendering index of white points generated
using partical swarm optimization and different objectives such as intensity, effi-
cacy and CRI
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Figure 4.12: Experiment #4: comparison of intensity (left) and efficacy (right) of white points
generated using partical swarm optimization and different objectives such as in-
tensity, efficacy and CRI
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5 Conclusion and Future Work

In the previous chapters, I presented design and control techniques for an intelligent lighting
system using commercial white LED light sources, and a model of a virtual pentachromatic
intelligent lighting system based on preexisting hardware.

The intelligent lighting system proposed in chapter 3 is still at an early stage of develop-
ment. A testbed with 4 light fixtures was built, and illuminance and luminance feedback
were integrated and evaluated. The results of experiments and studies show that light
based localization, LP optimization and PI closed-loop control are technically feasible and
applicable, as proposed. The prototype of the controller and the operating software were
programmed in MATLAB for the most part, limiting their performance. Because of this
limitation, the calibration process is visible and cannot be continuously executed; further
work in this area is needed to improve the performance of the system.

The pentachromatic system is currently in a conceptual state. The control techniques are
developed, and should be implemented and tested on a real system.

Future work for the sensor board control system includes embedded calibration, redesign
of the sensor board and closed-loop color temperature control. Significant improvement is
achievable if the calibration routine is incorporated into the embedded software, eliminating
the bottlenecks caused by limited speed of communication. It is possible to use light source
driver signals, as described in figure 3.16, but with variable duty cycles. The sensor board
executes the calibration routine constantly in the background, triggering measurements
with constant frequency and then estimating and returning the distribution factors to the
controller. In this case, the fundamental frequencies f and fcalibration are identical. Using
this method, the duty cycle cannot be 100% or 0%, because under those conditions it
is not possible to perform the off-state or on-state measurement, respectively. Therefore
there is a tradeoff between wide intensity range and high carrier frequency. It is also
possible to use different carrier frequencies for each light fixture. The advantage of this
method is that the measurements do not need to be synchronized with the driver signals
and the driver signals of different light sources do not need to be synchronized to each
other. The measured illumination is filtered with bandpass filters in order to identify the
source. Also, in this case, the sensors board scans constantly and returns the distribution
factors to the controller. If these proposed changes are realized, the user will no longer
have to calibrate the system manually. Changes of sensor position would be recognized
automatically, though multipoint and area average calibration would still be possible.
Another necessary step is the redesign of the sensor board. A smaller sensor board could
increase the quality of the closed-loop control because the user could place the sensor
within the area of interest without tradeoffs. In addition, an array of light sensors could be
integrated to detect illumination angles. Finally, wireless communication should replace
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wired serial communication to improve mobility and ease of use in future deployments.

Closed-loop color temperature control is not currently implemented in the system because
there is no reliable color sensor input to the color temperature conversion algorithm. The
transformation function for sunlight, for example, is different than the transformation
for LED light. Since both spectra are present, it is difficult to estimate the exact color
temperature. One solution might be to add more color sensors. Another solution is to take
dark measurements in order to detect the amount of sunlight, and choose between sunlight
and LED light transformation functions depending on the ratio between the two.

Future work on the webcam based control system includes luminance surface approximati-
on, performance tuning, color temperature feedback and gesture recognition. The current
calibration method for the webcam based system is area average calibration. In future
work, multipoint calibration, optimization and feedback should be implemented and tes-
ted for luminance based closed-loop control. In contrast to the sensor board, the camera
makes it possible to monitor the illumination of an area. Without a camera, this could
only be realized by a network of light sensors. One way to realize light surface approxima-
tion is to divide the image of the area of interest into sections and measure luminance for
each section. It is also useful to measure the contributing factors for each section and to
constrain each section with reference intensity and color. The performance of the calibra-
tion routine could be improved using a different programming platform and asynchronous
measurements, in which light source driver signals and measurement trigger signals are
unsynchronized. This approach requires less communication between the controller and
the webcam. Color temperature feedback for the webcam based system is possible using
an auto white balance algorithm to estimate the color temperature, as described in [15].

The intelligent lighting system should be extended to a multi user system, as provisions for
this transformation have already been made. The variable nou, representing the number
of users, is used in many parts of the software. If the variable is used in a function, the
function is implemented for a multiuser application. The estimation of illumination angle
should be further investigated. Finally, closed-loop control and online calibration need
to be applied to the pentachromatic system and tested on a large scale lighting system.
Long-term research goals for interactive lighting include visual light communication and
distributed control.
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