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Abstract

Energy conservation concerns will mandate near-future environments to regulate themselves to
accommodate occupants’ objectives and best tend to their comfort while minimizing energy con-
sumption. Accordingly, smart energy management will be a needed and motivating application area
of evolving Cyber-Physical Systems, as user state, behavior and context are measured, inferred, and
leveraged across a variety of domains, environments, sensors, and actuators to dynamically miti-
gate energy usage while attaining implicit and explicit user goals. In this work, the focus in on the
efficient control of a LED-based lighting network.

This thesis presents a first-of-its-kind pentachromatic LED-based lighting network that is ca-
pable of adjusting its spectral output in response to ambient conditions and the user’s preferences.
The control of the intensity is formulated as a nonlinear optimization problem and the mathemat-
ics governing sensed illuminance, color, and corresponding control (feedback and adjustment) are
formally defined. The prototype adjustable light source is capable of maintaining an average color
rendering index greater than 92 (nearly the quality of daylight) across a broad adjustable range
(2800 K - 10,000 K) and offers two modes of control, one of which is an energy efficient mode that
reduces the total power consumption by 20%. The lighting network is capable of measuring the
illuminance and color temperature at a surface and adjusting its output with an overall update rate
of 11 Hz (limited by the MATLAB kernel). The sensor node features an optical suite of sensors with
a dynamic range of 10000 : 1 lx (rms error: 2 lx). The sensor node measures the color temperature
of daylight within ±500K (kelvin). Device testing and validation were performed in a series of ex-
periments in which the radiant power was collected using a radiometrically calibrated spectrometer
with an expanded uncertainty (k = 2) of 14% and validated against a model derived by measuring
the individual spectra of the system using custom MATLAB tools. A digital multimeter measured
the current in the experiments. The work concludes by estimating the energy savings based on the
measured optical and electrical data. In environments with moderate ambient lighting, the net-
worked control reduces power consumption by 44% with an additional 5-10% possible with spectral
optimization.
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Chapter One

Introduction

1.1 Motivation

We have the unique ability to modify and adapt to our surroundings, and for better or
worse, shape our environment as we see fit. We live at a time where personal comfort is
only a switch, lever, or button press away. When there is not enough light, we flip a switch.
When it is too hot or too cold, we immediately adjust the thermostat. As long as the light
is on or the room is cold, we are happy and for many of us, the problem ends the moment
we are gratified. What reason do we have to consider energy efficiency if our immediate
goal is met? We are at the point where the word “green” hardly refers to a color anymore.
What we read, watch, eat, and enjoy now comes with some reassurance that we are making
the world better for ourselves and for our children. Yet it is not just the choices we make as
consumers that reflects our acute sensitivity to the color green. Being “green” means that
we modify our behavior; we remember to turn off the lights, or shut down the A/C before
leaving the house or office.

But, sometimes we forget. We create technology that attempts to minimize these mis-
takes. We have programmable HVAC controllers and motion controlled lighting. We intro-
duce new lighting technologies, such as compact florescent lighting (CFL) that are energy
efficient, yet contain mercury and produce a low quality of light. Since the adoption of
incandescent technology, the benefits of adopting a more energy efficient light source has
been undermined by some implicit sacrifice in quality or control.

We have all had some experience in which the outcome of choosing the more energy
efficient option fell short of our expectations. As consumers, we have become wary of green
technologies. Instead, we prefer the solution that is immediate and attainable within our
own financial limits. We are conscious of solutions that contain the word “automatic” and
aptly so, the weak automation found in modern lighting and HVAC technologies has left
the building manager, the employees, and consumers confused. Why did this turn off?
How do I program this? So we ignore these options. We leave the lights on and we turn
thermostats to 50 F when we want to cool down quickly. We control the built environment
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1.2. Contributions

using mechanisms that are inherently “deaf and mute” [22]. The disparity between “this is
what I want” and “this is what I get” has led to inefficient control over utilities and error
laden user control. Adding feedback is one way we attempt to balance efficient operation
and the user’s comfort.

In the academic community, the organization, feedback, control, and deployment of
these types of distributed utility systems is a growing area of research, especially in the
areas of sensor network utility control. In a broader sense, these intelligent systems are
known as cyber-physical systems (CPS) [34, 63]. In this thesis, the author argues that
the system presented in this work embodies the very foundations of cyber-physical systems
that actively monitor and regulate building utilities. Through the use of sensor networks
and advanced control methodologies, the underpinnings of cyber-physical infrastructure are
realized: we move beyond reactive control, reduce human-in-loop error, and dynamically
adjust and respond to changing physical and environmental conditions.

The goals of this thesis are two-fold. The primary goal is to thoroughly model, build,
and test an intelligent lighting network capable of on-the-fly adjustments from both the user
and the environment. No assumptions, other than a simple room calibration and a model
of the system, are required for run-time controlled optimization of the lighting parameters.
The end result is a system capable of tuning its spectral output to not only achieve the
correct intensity and color, but also selectively use less energy or maximize the quality of
light without user intervention.

In doing so, this work satisfies a second goal. While the efficacy of both active and
phosphor based emitters will certainly improve, until we can modulate the band gap or
reconfigure the LED phosphors on the fly, we will most likely turn to the control of multiple
wavelengths to create precise and high quality light. The methods presented in this thesis
certainly apply to the control of a single fixture, but are general enough to apply to the
control of an entire network.

The next steps in utility management begin with the integration of these sensor rich
cyber-physical systems with hybrid lighting systems, but the approach must remain tech-
nology agnostic. The less assumptions made about the operating environment, the better.
For if the lighting network is to be truly transparent, then it must handle both the least and
greatest perturbation about its equilibrium with as little human intervention as possible.

1.2 Contributions

This thesis presents a first-of-its-kind pentachromatic LED-based lighting network that ad-
justs its spectral output in response to environmental stimuli and the user’s preferences. In
this work, the control of the wavelengths is formulated as a nonlinear optimization problem
and to the best of the author’s knowledge, represents the first known published account of
using this approach. This work extends previous research regarding sensor enabled light
control, in that solid state lighting is considered to be the primary means of illumination.

15



1.2. Contributions

Consequently, the lighting network can dynamically optimize the light output for greater
efficiency or higher color quality depending on the measured ambient conditions. Whereas
previous research considered one linear parameter, intensity, we extend the control methods
to highly nonlinear photometric and color criteria that directly govern energy consumption
and visual quality. Additionally, we incorporate the ambient color temperature as a feed-
back parameter and describe the performance of this method. In thoroughly presenting new
methods, insights, and approaches regarding the design and control of an intelligent lighting
network, a foothold in the area of sensor enabled utility management is established. In sum-
mary, this thesis provides the foundation for future research in the areas of efficient lighting
control, dynamic utility regulation, persuasive energy, and human computer interaction.

16



Chapter Two

Dynamic Lighting

In this work, dynamic lighting is considered to be the control and feedback of a light source
or group of light sources whose output directly reflects the measured ambient and user sup-
plied operating conditions. In a larger context, the research of dynamic lighting draws from
several academic fields of study: applied optics and photonics, feedback and control systems,
numerical optimization, electronics design, and human computer interaction. Dynamic light-
ing is best labeled as a subset of research in the broad field of sensor network enabled utility
management and control. In turn, these systems, intended to minimize wasted energy, re-
duce human-in-loop error, and remain transparent to the user, represent a specific research
area of cyber-physical systems (CPS) for intelligent utility management. This emerging field
encapsulates any system that incorporates feedback and knowledge models of the environ-
ment and user. In general, the goal of these intelligent systems is maximizing the utility
afforded by multiple networked subsystems whose augmented performance is derived from
measuring or inferring the user’s needs and the present state of the operating environment.

2.1 Feedback-Controlled Lighting

Intelligent systems that compensate for varying optical and electrical properties, temper-
ature stability, and the temporal variation of intensity in LEDs are crucial to achieving
efficient and long lasting lighting. These systems have been identified as critical research
areas by the U.S. Department of Energy [45]. A typical solid-state lamp consists of four
main components, each affecting the overall system efficiency. The driver is responsible
for controlling the brightness of the LEDs. The LED package affects the efficiency of the
LED device. The thermal efficiency refers to the loss of intensity due to thermal heating
of the LEDs, board, and electronics. Finally, the fixture optics sets the light loss due to
inefficiencies or nonidealality in the reflector or secondary optics.

Increased interest from both academia and industry has led to numerous publications
and research concerning efficient and optimal systems to drive LEDs. Van der Broek et al.
[76] provide an overview of these topologies. LED intensity is controlled using either linear
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2.1. Feedback-Controlled Lighting

current drivers or pulse width modulation (PWM). Green and blue LEDs shift towards
longer wavelengths, while red and yellow LEDs shift towards shorter wavelengths at lower
junction temperatures. Therefore, PWM is the generally accepted method to control the
intensity because current is held constant during the pulse and die temperature stability is
improved. Recently, Garcia et al. [23] published results on the overall effect of current and
PWM fundamental frequency on the total luminous flux of systems.

As early is 2002, Muthu et al. incorporated optical and temperature feedback into the
driver architecture, allowing for compensation of optical, electrical and thermal variations of
the system [42, 41]. Subsequent research evaluated the use of neural networks to maintain
accurate chromaticity [6] and explored optical feedback using three or more unique LED
wavelengths [41, 3]. However, in this work, a very simple (and ineffective) method of con-
trolling the light output is presented for systems comprised of more than three wavelengths.
This is achieved by fixing the ratio of intensity at one wavelength to another at the cost
of saturated colors and a decreased color gamut. This does not guarantee the best color
rendering index for a given white point.

Dynamic and adaptive lighting enabled by environmental sensors offers additional en-
ergy savings. Early work by Crisp and Hunt in the 1970s focused on estimating internal
illuminance from artificial and external light sources in order to reduce unnecessary lighting
and excess energy expenditure [16, 28, 17, 29, 18]. This early work discussed the use of
photosensors to monitor the natural daylight in the office place. As early as 1978, Crisp [17]
was already considering repurposing the light switch, inspired by the affordances offered by
their rudimentary incorporation of daylight harvesting. With the availability of low cost
lux sensors (perhaps more importantly, silicon improvements to reign in device variance)
and an influx of low cost embedded devices, this simple form of intensity feedback was ex-
tended to networks of fixed color incandescent and fluorescent lights. Most relevant is the
work by Singhvi et al. [64], in which the group designed and tested closed loop algorithms
to maximize energy efficiency while meeting user lighting requirements in an incandescent
lighting network. Park et al. [49] developed a lighting system to create high quality stage
lighting to satisfy user profiles. Wen et al. [78] researched fuzzy decision making in lighting
control networks and Bayesian inference. Machado and Mendes [38] tested automatic light
control using neural networks, as did Mozer in a pioneering study from 1992 [40], where
light switches and thermostats in his house only provided reinforcement for a neural net-
work that, also utilizing motion sensors, built a user activity model to automatically control
utilities.

In industry, Philips Lighting Research has investigated interactive lighting as well, yet
the sophistication of these systems is limited by cost and consumer interest. Recently,
Philips Lighting (Sluis et al. [66]) produced a lighting demo in which a single device can
adjust its output to match the color of a particular object. This device is not designed
for white lighting applications or networked control. Instead, its purpose is to enhance the
chromaticity of merchandise on display at a retail location. The closest example to the
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2.2. The Promise of Solid State Lighting

proposed work is Philip’s “Dynamic Lighting” suite of products [51]. Their basic concept
revolves around a preprogrammed schedule of color temperature and lighting intensity to
mimic a typical daylight cycle on Earth. However, the restrictions are rigid: the system
features no feedback, requires programming, and offers only two color temperatures. With
these shortcomings, it leaves plenty of open space for advances into this burgeoning field of
interactive solid-state lighting control.

2.2 The Promise of Solid State Lighting

Each year, 915 TWh of energy powers incandescent and fluorescent technology in the US.
This accounts for 79% of the total lighting energy consumption [45]. By comparing the
luminous efficacy (the ratio of luminous flux to the input electric power) of incandescent,
fluorescent, and LED technologies, it is clear that white LEDs have great potential to reduce
energy consumption and enhance the built environment. The potential savings in energy
and reduction of environmental pollution by adopting solid state lighting (SSL) technology
is also well studied. Bergh et al. [12] provided early technical discussions of the economic
benefits of using LEDs for illumination. In a highly regarded paper concerning the future
use of LEDs for illumination, Schubert et al. [61] provided a detailed study of how varying
adoption rates of solid state lighting reduced greenhouse gases, crude oil consumption, and
increased financial savings. The results of this study, known as the "5.5% and 11% scenarios"
state that a 40% and 80% market penetration of solid state lighting technology in the United
States would save $22.89 billion to $45.78 billion, depending on the adoption rate. The
electrical energy used for lighting is decreased by 25% and 50% respectively. In the US,
this translates into yearly savings of 12 million to 24 million barrels of oil and reduction
of carbon emissions by 133 Mt to 267 Mt per year. Carbon dioxide emissions have also
been studied in [11] which highlights the adoption of solid state lighting an an attractive
alternative to carbon capture and sequestration. Subsequent research focused on analyzing
the high initial cost of adopting solid state lighting. The US Department of Energy estimates
the initial cost of an LED incandescent equivalent to be 560 times that of a traditional
incandescent [45]. While the initial cost is quite high, other methods of determining the
true cost of the technology exist. The life-cycle cost or "cost of light" is another metric that
takes into account the operational lifetimes, labor cost, and energy usage. This is defined
as dollars per kilolumen-hours ($/klm-hr). Azevedo, Morgan, and Morgan [11] provide a
detailed analysis of both the initial cost and levelized annual cost of solid state lighting. In
addition, their estimated economic, energy, and carbon emission savings are consistent with
Schubert et al. The analysis concludes that rational consumers will find it cost effective to
replace incandescent and fluorescent lighting by 2010, and that solid state lighting will be
competitive with conventional lighting before 2015 [11, 21].

The principal focus of current LED research is on improving the maximum efficacy
of phosphor based LEDs (white LEDs). At present, near-ultraviolet pumped phosphors
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remain the most efficient way to create white light. Yet, these devices, like their active
emitter counterparts, have their tradeoffs. In this research, a hybrid active and phosphor
based system is employed to create a color-adjustable, high quality white light source.

2.3 White Light using LEDs

Although initial cost impedes market penetration, solid state lighting presents new possi-
bilities in terms of controlling the brightness, the spectral composition, and color rendering
properties of white light (the ability of an artificial light source to "render" the true colors
of an object) [61, 60, 59]. Although cost is important, the color rendering quality of the
light is known to be an important factor [72]. Indeed, the slow adoption of compact flu-
orescent has, in part, been directly attributed to the fluorescent technology’s lower color
rendering ability and quality of light [26, 4, 58, 24]. LED-based lighting systems allow for
dynamic and automatic modulation of these parameters to enhance the built environment
and provide additional energy savings [72, 77, 65]. An artificial white light source is judged
by two quantitative metrics, its Correlated Color Temperature or CCT (the temperature
in kelvin of an equivalent black body radiator) and its Color Rendering Index (CRI) [79].
Warmer (red) colors have a lower color temperature and cooler (green and blue) colors have
a higher color temperature. The CRI is a unitless measurement of how well an artificial
illuminant renders the color of an object versus a perfect reference illuminant, where the
reference CRI typically has a value of 100. Guo and Houser [25] review the application of
CRI for measurement of light sources. Davis and Ohno [20, 47] at the National Institute of
Standards and Technology (NIST) in the US are researching an improved color rendering
metric.

Boynton reviews the history and current status of research on color spaces derived from
human perception [14]. The Commission Internationale de L’Eclairage (CIE) approved
several color chromaticity spaces for mathematically representing colorimetric data. The
CIE 1931 XYZ color space is a common example (see Wyszecki and Stiles [79], pg. 137).
This two dimensional space is based on a set of "color matching functions" that collectively
sum to unity. The outermost locus represents saturated primary colors and pure white light
falls in the center of the space. The Plankian locus is added for a blackbody reference and
the vertical bars represent the correlated color temperature.

The optimal method to create white light using LEDs is still an open question, and
while several strategies exist, there are tradeoffs between efficacy and color rendering ability
[61]. White light can be created using either multiple current-injected emitters or by non
current-injected phosphor wavelength converters. The overall efficacy and color rendering
ability are determined by the LEDs selected. The spectral power of the system, defined by
the narrowband emission of the LEDs, determines the color rendering ability of the light
source. Fewer unique wavelengths result in lower color rendering ability yet the efficacy of
the source is often greater.
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Common approaches using active emitters include dichromatic (blue and yellow), tri-
chomatic (red, green, blue), and tetrachromatic (red, green, blue and cyan or yellow) sources.
These systems have been studied by Narendran et al. [43], Zukauskas et al. [81], Schubert
and Kim [60], Stanikunas et al. [67], Lei et al. [35], Zukauskas et al. [82]. In this work the
authors report namely on the effects of dominant wavelength, correlated color temperature,
and resulting color rendering index. Lei et al., uses a simplistic technique in the evaluation
of four wavelengths and Zukauskas et al. [81] applies an exhaustive boundary search to
maximize certain optical properties of polychromatic light sources, yet does not provide any
information on completion time or provide any empirical results of the study. Ultimately, in
each of the papers, the authors provide the theoretical “best” combination of wavelengths
and intensities to maximize either the ratio of flux to radiant energy, or to maximize the
color rendering index for a given color temperature. It is quite easy to stochastically deter-
mine the right mixture of wavelengths using a Gaussian-based model of LED irradiance once
the functions to measure the color rendering index and color temperature are programmed.

The problem is that these techniques do not correspond with the ranges of dominant
wavelengths provided by the manufactures, nor do they take into account the variance
in intensity and dominant wavelength across a particular bin of LEDs; in essence, the
conclusions of these papers restrict the applicability of the results to either highly specialized
configurations or particular laboratory and operating environments. While performing a
sensitivity analysis is one way to at least understand these effects, a better approach is to
remain flexible from the the start, specifically, to concentrate on adaptive techniques that
require no assumptions of the system. For example, in [35], assumptions of the ratio of amber
to red were made in order to resolve the system to three equations and three unknowns. A
fixed ratio of these wavelengths to imposes harsh constraints on the range of achieveable
CRI. The best ratio is nonlinear in the sense that the dominant wavelengths of all the LEDs,
the desired color temperature, and required intensity must be taken into account. One final
concern is the length of time required to find the appropriate solution. For example, in this
research, Monte Carlo simulations required up to eight hours to terminate. These techniques
do not provide the run-time affordances required to control a solid state lighting network. By
taking into account the variance of the LEDs and other uncontrollable parameters upfront
(i.e., a method of control that requires no assumptions), we free ourselves from heuristic
based assumptions about the wavelengths and required intensity of the LEDs.

A different approach uses white LEDs of a fixed color temperature to achieve the illumi-
nation goal. These devices do not require careful thought and control like active emitters,
however there are other tradeoffs, which in turn, make active emitters a better option for
color-adjustable lighting. White LEDs consist of an active emitter, primarily blue or near
ultra violet and a down-converting phosphor. The first phosphor used in white LEDs ab-
sorbed blue light and emitted yellow light typically between 5500 K and 6500 K [52, 33, 80].
These devices provided adequate efficiency but low CRI. More recently, devices have utilized
a blue LED with a yellow and red phosphor. These resulted in warmer white LEDs with
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improved CRI. However, the phosphor conversion always leads to an energy loss due to
the Stokes shift between absorption and emission. Scattering loss, or reflectance back onto
the chip or walls of the package also reduces efficiency. Stevenson [68] provides a recent
overview (2009) of Auger recombination (droop) and why LEDs become less efficient with
increased current. Present day efficacy and CRI for cool and warm white LEDs (not in a
fixture) are 101 lm/W and 70 (5500 K) and 72 lm/W and 90 (3300 K), respectively [45].
Inversely, active emitter designs offer a lower efficacy, closer to 40 lm/W to 50 lm/W (due
to quantum efficiency and droop see Krames et al. [33]) but in some cases a higher color
rendering index. In this research, we present a state of the art light source capable of color
adjustable white points with an average color rendering index greater than 92.

There are practical limits to system performance. Burmen et al. [15] describe four ma-
jor factors affecting the quality of LEDs: The initial variability of optical and electrical
properties, their temperature and electrical dependence, and temporal degradation with
corresponding variability. Initial optical and electrical properties such as luminous flux,
chromaticity, and forward voltage can vary due to imperfections in the manufacturing pro-
cess. Manufacturers typically "bin" LEDs to sub-classify the yield based on these three
properties. However, higher flux bins add additional system cost. Within a particular bin,
wavelength tolerance can adversely effect system performance. Lei et al. [35] reported that
red primaries of shorter wavelengths negatively affect CRI and that blue wavelength shifts
affect the chromaticity. At the device level, the emission power, peak wavelength, and spec-
tral width of LEDs vary with temperature. The luminous flux of low gap devices (red LEDs)
decreases as the junction temperature rises, resulting in chromaticity and CRI shifts as the
junction temperature rises. To compensate in trichromatic and tetrachromatic systems, red
LEDs are added, reducing efficacy and increasing cost. Finally, the temporal degradation
of LEDs, even those within the same bin, can be different. Over time, this causes spatial
color and intensity imhomogeneities in LED array light sources [15].

Blue and ultra violet pumped phosphor devices exhibit their own unique set of problems.
Increases in junction temperature cause intensity degradation, however this effect is less
prominent in the high current region of the diode [15]. Narendran et al. studied the long term
heating effects of white LEDs to properly evaluate their useful life and found that heating
of junction in white LEDs caused the yellowing of epoxy surrounding the die, resulting in
chromaticity shift [43, 44]. Trevisanello et al. [75] also studied degration of white LEDs and
determined that excessive heat at the junction led to a decrease in phosphor conversion.

2.4 Dynamic Solid State Lighting

While the optimal control of lighting networks has been researched in the past, it has
been done using traditional lighting technologies (e.g., incandescent and fluorescent). The
challenges of efficient and optimal control of LED based lighting requires moving away
from the strictly linear techniques presented in [64, 78]. Although the goals of the user
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may be satisfactorily represented as linear inequality constraints, the greatest challenge
imposed by adopting LEDs is accounting for LED variance, temperature dependence, and
the difficulties of controlling a network comprised of a large number of variables (i.e., the
number of wavelengths to be controlled). The control problem is further complicated by
issues of optical sensor variance, occlusion of the sensor, and network update rates (e.g.,
estimating dark lighting levels, polling sensor nodes, and preprocessing the data). To the
user, minimal control is required, as the lighting network must be capable of energy efficient
operation without the direct intervention and constant adjustment by the user. In previous
research, the use of commercially available sensor nodes imposed limited flexibility and
control of these systems. Fixed resolution and no guarantees of timing or update rates were
among the greatest problems faced by researchers who favored a top down approach.

Furthermore, as reported in [78], future systems should examine lighting conditions based
on tasks or inferred context – in cases where this fails or is inadequate, it is suggested that
manual override or a user interface be incorporated into the control. In this research, we
leverage multiple domains of expertise to design a custom lighting platform and novel sensor
network to bridge the gap between ubiquitous sensing, user interfaces, and run-time control.
Clearly, this is an ambitious undertaking, but doing so opens the opportunity to explore
ideas and concepts unobtainable by previous research. For example, the system does not
require fixed sensor positions, but in fact can dynamically recalibrate. Furthermore, we
incorporate color measurements, color control, and closed loop LED control into our design
using polychromatic lighting.

In doing so, we embody the underpinnings of an intelligent system conscious of its output
and capable of reacting and interacting with dynamic environmental and human phenom-
ena. By developing our tools and hardware from the ground up, we can begin to research
the difficult challenges of cyber-physical systems: namely, the transparent integration of
ubiquitous sensing and run-time control affordances needed to make these systems truly
transparent. This research is the first of many steps. In this embodiment, there is a prin-
cipal focus on discovering and applying new methods of control and feedback in a lighting
network. Accordingly, the proposed techniques are mathematical and the intended purpose
is to demonstrate their effectiveness by drawing conclusions from the physical measurements
(e.g., energy, response speed, optical parameters). The natural progression is to greater lev-
els of abstraction , where more emphasis is placed on interaction and true run-time control
(see Figure 2.1). But first, at the lowest level, are the concepts, methods, and hardware that
create the foothold for these more complex systems, and it is these topics that are explored
in this thesis.
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(a)

(b)

Figure 2.1: First-phase interactive testbeds to control illumination with diverse light sources
exploiting mobile incident sensor/interfaces (a) and wearable first-person sensor/interfaces
(b).
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Chapter Three

System Modeling

In this chapter, we describe the control problem of estimating the illuminance from multiple
light fixtures in the presence of ambient light. We formally define the control problem as an
optimization and define the objective function subject to linear inequality constraints. We
review existing linear methods of spectral control and propose a new method, direct search,
to efficiently control the spectral output of an arbitrary number of wavelengths in a system
comprised of an arbitrary number of light fixtures.

3.1 Problem Definition

In this section, a new method to control the spectral output of system comprised of an
arbitrary number of light fixtures and wavelengths is presented. Setting the intensity and
color of the lighting network is stated as an optimization problem, whereby the feasible set
of solutions is determined by an objective function that either maximizes CRI or minimizes
the power consumption. The illuminance (Ev) is treated as an linear inequality constraint.

Estimating the Illuminance From a Point Source

First, consider a dark room in which there are n artificial light sources where each light source
consists of m wavelengths and j and i are indexing variables of the set {j ∈ Z : 1 ≤ j ≤ n}
and {i ∈ Z : 1 ≤ i ≤ m}. If we consider the light source as a spherical point source, then for
every ith wavelength in each jth fixture there is a maximum luminous intensity designated,
Iij . This is measured as candelas (lm · sr−1). In the presumed linear system, the intensity of
any ith wavelength in fixture j with corresponding maximum intensity Iij is set by column
vector x of dimesion 1 ×m where {x ∈ Rm : 0 ≤ x ≤ 1}. Therefore, the total candelas of
fixture j is the sum

∑
xijIij where 1 ≤ i ≤ m. Formally defined, the intensity Iv for the

entire system of n lights is:
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Îv =
n∑
j=1

m∑
i=1

xijIv,ij . (3.1)

If this luminous intensity is measured by some receiver at a distance d from the light cone,
the receiver is said to measure to incident light on a plane perpendicular to the light cone.
This intensity is formally known as illuminance (Ev) and is measured in lux (lm ·m−2) (see
[79], pp. 265,266). Assuming this light is a point source, we can take advantage of the fact
that illuminance decreases at a rate inversely proportional to the square of distance, such
that:

Ev ∝
Iv
d2 , (3.2)

where d is the distance between the point source and apex of the solid angle. Using Eq. 3.2,
we can calculate the distance between the light source and the receiver. In theory, we are
always assured to have sufficient knowledge of the light sources such that Iv for any light
source is known and that Iv remains unchanged throughout the operational lifetime of the
source. We can then estimate the total Êv at the receiver from all the light sources:

Êv =
n∑
j=1

kj Îv,j , (3.3)

where k is a scaling factor found in a calibration step such that k = Ev/Iv. A complete way
of representing this relationship is:

Êv =
n∑
j=1

m∑
i=1

kjxij Îv,ij . (3.4)

In this case, kj is measured for every individual light source in the room. Additionally,
for a receiver rotated at some angle θ (the oblique angle of incidence) to the plane, the
illuminance at the receiver is given as:

Êv,θ = Iv
d2 cos(θ). (3.5)

It should be pointed out that prior knowledge of the intensity of the point source is not
directly needed to measure the illuminance. The equations above describe the physical laws
of how a generic receiver measures illuminance. Such equations are useful when modeling
the linear inequality constraints. In the actual operation of the system, the illuminance
is measured directly using the sensor node. In turn, these values are used to solve the
inequality Ax ≤ b. Therefore, only a calibration step (in which the percentage of lux from
each light source and ambient light is measured) is required satisfy the inequality constraint.

In this linear system, for any given setpoint xij with maximum intensity Îv,ij , there is
a corresponding maximum current, Ip,ij (C · s−1) calculated by multiplying the maximum
measured current by the setpoint xi for all 1 ≤ i ≤ m, where m is the total number of
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wavelengths in the system. The subscript p is used to differentiate the equations from the
luminous intensity and current. Using superposition, the total power consumed by a single
light fixture is given by:

P = Vin

m∑
i=1

xiIp,i. (3.6)

The development of Eqs. 3.1, 3.3 and 3.6 made use of several important assumptions.
First, the system was presumed to be linear. This implies that the relationship between
setpoint x and measured lux current draw is linear. Empirical results are used to establish
this criterion can be found in Chapter 5. At this point we have established the physical
relationship between the operational setpoint of a light fixture, the corresponding power
consumption, and the perceived illuminance of an optical sensor placed in the room. For the
remainder of Chapter 3 we refine Eqs. 3.1 and 3.3, introduce additional lighting parameters
Tc and Ra (i.e., Correlated Color Temperature and the Color Rendering Index), and impose
constraints on the values of x.

Room Calibration

In Eq. 3.5, it was assumed that Êv was measured without additional light. In order to mea-
sure Êv (the lux measured by the optical sensor) reliably, several calibration measurements
are required for the n fixtures present in the room. First, a dark measurement must be
taken. This measurement, denoted Edark, captures the present lighting conditions in the
room (e.g., sunlight, incandescent, or fluorescent sources). Second, the scaling factor kj for
1 ≤ j ≤ n must be measured for all the n light sources in the room. In order to derive the Êv
contributed by the n fixtures, we simply choose a set point x for each of the n fixtures and
subtract Edark for each of the measurements. Once the dark measurements are obtained,
the true contribution of each of the n sources can be estimated as long as the optical sensor
does not move or the Edark does not change.

Sensing Changes to Operating Environment

In reality, the dark measurements performed by node are not static, but change over time
in response to daylight, other light sources being turned on and off, shadows, and occlusion.
Additionally, the distance between the receiver and the source may change as well. The
sensor node can be moved, lifted, or carried as it measures the lux in the room. The
only requirement is that the sensor node remain stationary during calibration. Given this
dynamic behavior, it is necessary that the sensor board employ some type of mechanism or
intelligence to sense changes to the operating environment.
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Color Temperature and Color Rendering Index

If the lighting network in Eq. 3.1 is comprised of LEDs of different wavelengths, then the
color rendering index (Ra) and correlated color temperature (Tc) of the system can be
controlled as well.

The color rendering index (CRI) is a unitless measurement of how an artificial light
source represents that of a perfect illuminant (i.e., daylight) where the reference CRI is
typically 100. Any incandescent system, or more generally, any black body radiator, emits
temperature-dependent visible energy and has spectral density (ueλ) given by Planck’s for-
mula:

ueλ = 8πhcλ−5(ehc/kTλ − 1)−1 (J · m−3) (3.7)

where c is the velocity of light, h is the Planck constant, k is the Boltzmann constant, and
T is the temperature in kelvin. Additionally, we can reconstruct the relative spectral energy
of daylight using a set of equations derived from the first two eigenvectors of empirically
measured daylight (achieved using Principal Component Analysis, see Wyszecki and Stiles
[79] pp. 143-147). These models represent ideal sources of radiant energy and serve as the
reference illuminant in the calculation of Ra (we quantitatively compare an ideal source and
the source we wish to characterize).

The temperature, measured in kelvin is used to classify the color of an artificial light
source. Warmer (red) colors have a lower color temperature and cooler (green and blue)
colors have higher color temperature. By manipulating the intensity of the system’s indi-
vidual wavelengths Ra and Tc can be tuned perfectly for the given application. The direct
calculation of the quantities is a complicated procedure and is not treated formally here.
However the formulas, uniform color spaces, and other colorimetric calculations are found
in [79]. For this discussion, we treat the calculation of these parameters as a black box,
whose result depends on the intensity of the wavelengths.

Revisiting the problem detailed in Sec. 3.1, we introduce two new parameters to control,
Ra and Tc. A single fixture consisting of m wavelengths, whose individual wavelengths are
denoted λi where {i ∈ Z : 1 ≤ i ≤ m} also has a CRI that is function of the m wavelengths
weighted by setpoint, xi. That is,

Ra = f(x1Iv,1, x2Iv,2 . . . , xmIv,m) , (3.8)

and has a corresponding color temperature denoted as

Tc = f(x1Iv,1, x2Iv,2 . . . , xmIv,m). (3.9)

It should also be noted that white light (of a fixed Tc) can be created using just two
wavelengths and that the greater number of wavelengths in a system, the higher the CRI.
This is intuitive; as more energy is spread throughout a larger visible range, a closer ap-
proximation of sunlight can be achieved than concentrating a larger amount of energy in
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a smaller visible range. Consequently, systems creating white light using only two wave-
lengths have a lower CRI than systems employing many wavelengths. For an arbitrary color
temperature Tc, increasing the CRI requires that we spread the radiant energy out over a
larger visible range.

In a system comprised of more than three wavelengths, arriving at the optimal setpoint
for a given Tc is a difficult problem and has no unique solution. This limitation arises because
of how we mathematically model color vision. The basis for all colorimetric computation
starts with the assumption that most humans are trichromats (unfortunately some are
dichromats, and some even monochromats) and that we perceive color as a weighted sum of
three variables over a visible range of 380 nm− 780 nm. As an analogy, this can be thought
of as an additive red, green, and blue system.

The problem arises when we try to decipher the color of a light source that is no longer
a mixture of three wavelengths but of four, five, six, etc. Biologically, this presents no
problems to us, yet mathematically, there is no exact solution. How is this dealt with?
In the past, researchers fixed the setpoint of the fourth wavelength (typically an amber
color) to ratio of another wavelength (typically red) [3, 42, 41]. In this case, a set of linear
equations are solved for and the set point of the red, green, blue, and amber is determined
(see Sec. 3.2). However, as will be shown in Chapter 5 this method actually leads to lower
overall CRI values. The situation arises because the color temperature of a system can be
expressed linearly, yet the optimal CRI for that particular color temperature is nonlinear.

Dynamic Efficacy

The optimization of the number of wavelengths used in the system is referred to in this
work as dynamic efficacy. It is the method of selecting the optimal number of wavelengths
required to satisfy the lighting condition. For a light fixture n, given Tc and Ev, there exists
a group of setpoints x that minimizes the total radiant energy, hence, the electrical energy
of the lighting system. Conversely, for the same Tc and Ev, there exists another group of
setpoints x′ that maximizes the color rendering index, requiring more radiant energy, hence
more electrical energy is needed.

Let us consider a simple example for two light sources A and B to illustrate these
points. Light source A is dichromatic and light source B is pentachromatic. This means
A is comprised of two dominant wavelengths and B is also comprised of these same two
dominant wavelengths and three other wavelengths. Both light sources are set such they
have the same color temperature, Tc(A) = Tc(B), and at some distance d have the same
illuminance Ev(A) = Ev(B). Which light source has the greater CRI? According to the
logic above, light source B will have a greater CRI. But which light source is more efficient?
Or to rephrase the question: which light requires the least amount of radiant energy to have
the equivalent illuminance?

First, radiant energy measured on a plane some distance d from a point source is known

29



3.1. Problem Definition

as irradiance. Irradiance has the symbol Ee and the units (W ·m−2) and it too, for a point
source, obeys the inverse square law. It is analogous to the illuminance calculation in Eq. 3.2,
except it describes the electromagnetic power incident on a surface.

Illuminance is calculated using irradiance by integrating Ee and V (λ), the photopic
efficiency function. This efficiency function is a relative measurement and is dimensionless.
The results of integrating Ee and V (λ) are scaled by Km, an empirically derived luminous
efficacy function (lm ·m−1), which has a peak sensitivity at 555 nm (Wyszecki and Stiles).
Formally, this is written as:

Ev = Km

ˆ
λ

EeV (λ)dλ. (3.10)

The important conclusion here is that different amounts of radiant energy at different wave-
lengths result in different amounts of visible energy. We can now answer the question posed
at the beginning of this section. If the two dominant wavelengths in light source A require
less radiant energy to produce the same illuminance as light source B for a given Tc, then
light source A is more efficient, that is, it has a higher efficacy.

In the previous example, we considered a system of fixed illuminance and fixed color
temperature. Using LEDs as a light source not only enables the illuminance at a point
of interest to be adjusted, but also the ability to dynamically optimize the number of
wavelengths required to satisfy the lighting goals. These lighting goals might be driven by a
user’s preferences of illuminance, color, energy efficiency, or color rendering index. We now
proceed to formally describe these goals.

Formal Problem Definition

Consider n artificial light sources, where each light source consists of m wavelengths, where
the ith wavelength is designated λi, the jth light source designated Lj and i and j are
indexing variables of the set {i ∈ Z : 1 ≤ i ≤ m} and {j ∈ Z : 1 ≤ j ≤ n}. If we consider
the light source as a spherical point source, then for every λi in Lj there is a maximum
illuminance designated Eij incident on a plane at some distance d from the point source.
In the presumed linear system, the intensity of any single wavelength λi in light source Lj
with corresponding maximum intensity Îv,ij , a corresponding Tc, and a corresponding Ra,
is set by x where {x ∈ Rmn : 0 ≤ x ≤ 1}.

The optimal setpoint x has the form:

min
x∈Ω

f(x)

where f : Ω ⊂ Rmn → ∪{∞} and Ω is set of feasible points subject to linear or nonlinear
constraints. The function f does not have a closed form and is non-differentiable. Because
there is no direct form of f , an optimization algorithm is required that is driven according
to the results of f (see Sec. 3.3).
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We define f to be an scaled objective function to minimize square error with z repre-
senting our minimization goal:

min
x∈Ω

f(x) =


(
T̂c−Tc(x)

T̂c

)2
+ ∆uv(Tc)2 +

(∑n

j=1
Vin,j

∑m

i=1
xijIp,ij∑n

j=1
Vin,j

∑m

i=1
Ip,ij

)2

for z = 0(
T̂c−Tc(x)

T̂c

)2
+ ∆uv(Tc)2 −

(
Ra(x)
100

)2
for z 6= 0

(3.11)

subject to linear inequality constraints

n∑
j=1

m∑
i=1

kjxij Îv,ij ≥ Edesired − Edark, (3.12)

n∑
j=1

m∑
i=1

kjxij Îv,ij ≤ Edesired − Edark + β(Edesired − Edark), (3.13)

where

kj = Ev,j − Edark
Iv,j

. (3.14)

As stated earlier, the left hand side of Eq. 3.12 and Eq. 3.13 can be replaced with the
illuminance data directly measured by the sensor node and appropriately weighted by its
contribution relative to the total measured lux. In completeness, the full formulation, con-
sistent with Sec. 3.1 is given. The term Edesired describes the total lux required at the point
of measurement. The dual inequality constraints (rather than a single linear equality con-
straint) are required to reduce the sensitivity to noise, and to allow the objection function
f some flexibility as Tc, Ra, and Edesired can not be completely decoupled from each other
(Principal Component Analysis could be used to show the extent of which these terms are
linearly separable).

The optimization problem can be thought of as a piecewise objective function whose goal
is either minimizing energy (i.e., maximize efficacy) or maximizing the color rendering index
for a specified color temperature, T̂c. The parameter ∆uv(Tc) is an error measurement of
Tc designed to ensure that the white point defined by the feasible points is a high quality
one (it is possible to create a set of Tc, as the color temperature can be described in terms
of distance to the black body curve in chromaticity space). This piecewise function satisfies
the goals of dynamic efficacy. The desired illuminance Edesired is controlled by the user
(e.g., a slider).

To conclude, the feasible points found using direct search coincide with our assumptions
about the spectral distribution of the system; the efficacy of the system is dependent on the
intensity and number of wavelengths used to satisfy the lighting conditions.
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Size and Scaling of the Search Space

The feasible solution, Ω contains setpoints x where {x ∈ Rmn : 0 ≤ x ≤ 1}, where m is
the number of wavelengths and n is number of light fixtures in the system. For example,
consider a finite system with six bits of precision, then a single setpoint x could take on over
10, 000, 000 different values. Hence, for one light comprised of five wavelengths, the search
space becomes 1035. And this is only for a single fixture.

If a typical office has four light fixtures installed overhead, where each lamp contain
five wavelengths, then the search grows to 10140. With each additional light fixture to
consider, the search space grows exponentially. Controlling a large workspace consisting
of n = 25 fixtures is practically out of the question, unless we employ an algorithm that
efficiently narrows the search in a short amount of time. Still, future systems will benefit
from some sort of localization to infer which light fixtures are closest to the optical sensor
node measuring the illuminance. To keep the dimensionality of the search space low, multiple
nodes must be installed in large deployments.

Yet there are simpler solutions that may also yield reasonably accurate results. The
microcontroller (8, 16, or 32 bit) controlling the intensity of each wavelength in a light
source has a finite resolution many times smaller than that of the machines performing the
global search. Consider a system in which the setpoint x, where {x ∈ Zmn : 0 ≤ x ≤ 2p−1},
and p = 16. Again with m = 5 and n = 1, then there are (216 − 1)5 ≈ 1024 solutions. By
considering just unsigned 16-bit integers, our search space shrinks by 11 orders of magnitude.
Similarly, if p = 8, m = 5, and n = 1, there are now just 1012 solutions. This approximation
of the search space makes run-time substrates possible at the cost of system resolution.

3.2 Linear Methods of Controlling the Spectral Power
Distribution

Traditional methods of color control assume a linear relationship between the setpoint and
the output. These techniques often formulate the problem as a linear mixture of red, green,
and blue components, whose tristimulus values were measured in a previous calibration step.

In these problems, the exact solution is found by solving the linear equality Ax = b
for x. However, the system could also be formulated with more equations than unknowns,
hence x is overdetermined and no exact solution exists. In this case, a common technique
uses the pseudoinverse to minimize the sum-squared error between Ax and b, resulting in
an exact minimum square error solution if A is non-singular. As will be shown in Chapter 5,
these methods allow the correct color temperature to be found, but often have a low color
rendering index.

While these approaches work well to calibrate most optical sensors (e.g., those in scan-
ners, cameras, etc.), they are not necessarily optimal for lighting. They fail because this
linear approach does not take into account the nonlinearity of calculating the color rendering
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3.2. Linear Methods of Controlling the Spectral Power Distribution

index. In this case, the only real benefit of these methods is the relatively low computational
complexity to obtain an answer.

Exact Solutions

Most often, we are interested in the relationship between a setpoint and the resulting color.
If the lighting system is comprised of three wavelengths, say red, green, and blue, then
the relationship is of the form Ax = b. In this case A is a 3-by-3 matrix comprised of
tristimulus values from the measured system


 Xr Xg Xb

Yr Yg Yb

Zr Zg Zb


 Rset 0 0

0 Gset 0
0 0 Bset


−1

 R

G

B

 =

 X

Y

Z

 , (3.15)

where x is the setpoint for controlling the intensity of the RGB system. Intensity values
Rset, Gset, and Bset represent the intensity setting used at the time when the tristimulus
values were measured, most often scaled to one. Solving Eq. 3.15 yields XrRset XgGset XbBset

YrRset YgGset YbBset

ZrRset ZgGset ZbBset


−1 X

Y

Z

 =

 R

G

B

 . (3.16)

Using Eq. 3.16, we can specify the desired tristimulus value. Quite often, this tristimulus
value is derived from the two-dimensional chromaticity coordinate of the desired correlated
color temperature.

It is common to normalize the white point of matrix A such that the sum of the Y
tristimulus sum to 100. In this case, every element in matrix A is multiplied by a scaling
factor c, where

c = 100
Yr + Yg + Yb

. (3.17)

This centers the fixture’s whitepoint such that Y = 100. The solution x is of the set
{x ∈ Rn : 0 ≤ x ≤ 1}. If x is outside of this set, then it represents a point in space
unachievable with the current configuration.

If we add a fourth wavelength to the system, a simple approach is fix the ratio of this
fourth wavelength to its closest color. For example, if we add an amber color, we make
amber a fixed ratio, α, of the red setpoint. In this example, the solution is Xr(λ1) +Xr(λ2) Xg Xb

Yr(λ1) + Yr(λ2) Yg Yb

Zr(λ1) + Zr(λ2) Zg Zb


−1 X

Y

Z

 =

 R

G

B

 , (3.18)
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where 
R

A

G

B

 =


R

αR

G

B

 . (3.19)

Similarly, we can do the same for five wavelength system. However, these are naive
techniques, which constrain the radiant energy to a linear system in which the output color
is the only concern. This problematic approach is only slightly mitigated by removing this
fixed ratio, and minimizing the sum-squared error.

Overdetermined Systems

If we consider a linear system of the form Ax = b that contains four wavelengths than we
can rewrite matrix A as a 3-by-4 system. However, A is now rectangular and has more
equations than unknowns, x is overdetermined, and, no exact solution exists. But, we could
seek a solution of x that minimizes the sum-squared error between Ax and b , such as
Js(x) = ‖Ax− b‖2. In this classical problem, the norm has a closed form solution, and we
solve for the Jacobian by taking the derivative of Js(x) and setting the solution to equal to
zero. Solving this leads to the pseudoinverse:

x = (AA)−1ATb

= A†b. (3.20)

Using the four wavelength example to illustrate a red, amber, green, and blue system:


R

A

G

B

 =


 Xr Xa Xg Xb

Yr Ya Yg Yb

Zr Za Zg Zb



S1 0 . . . 0
0 S2 . . . 0
...

...
. . .

...
0 0 . . . S4


−1

† X

Y

Z

 , (3.21)

where the 3-by-4 tristimulus matrix is measured with some intensity setting denoted here
as Si, where i corresponds to the specific wavelength, with a typical intensity such that
solution x is of the set {x ∈ Rn : 0 ≤ x ≤ 1} where the dimension of the space is n, the
number of wavelengths.

Using this method, we are guaranteed that for any Tc, a minimum square error solution
exists. Therefore, in contrast to the method in Eq. 3.18, we are no longer tasked with finding
the ratio α such that we minimize error for any arbitrary Tc.

The use of this method, which is a improvement over the ratio-based technique is nearly
non-existent in literature regarding spectral control of LEDs.
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3.3 Proposed Method of Control: Direct Search

Here we consider an entirely new approach for solving the optimal setpoint in a system com-
posed of an arbitrary number of wavelengths. The key insight here is that linear models are
efficient (for the most part) at accurately controlling the intensity for a specified correlated
temperature, yet this solution, due to the nonlinear nature of calculating the color rendering
index, leads to a chromatically accurate white light with a low color rendering index. This
is not desireable.

The reason is that parameter Ra is the average color difference of eight different color
samples illuminated by both the test light source and a perfect illuminant (perfect meaning
a CRI of 100). Often times, a setting obtained using a linear method may have a good
score (Ri > 80) for less than quarter of the color samples. Finding the optimal Ra means
finding a feasible set of solutions in the search space, while at the same time meeting the
illuminance constraints and desired color temperature.

In this section, we briefly introduce direct search algorithms, describe a subset of two
relatively new methods, pattern search and mesh adaptive search, and their application to
solve the problem detailed in Sec. 3.1.

Background

Direct search methods are a class of optimization algorithms that require only a numerical
answer, supplied by the iterative evaluation of the objective, that guides the search. In
general, these methods are applicable to problems that lack a closed form solution, or non-
convex, or discontinuous. In the words of Audet et al.,

“There is a wide spectrum of optimization methods. At one of the spectrum,
there are those designed to exploit a specific known structure of the optimiza-
tion problem. For example, the simplex method [19] is designed to exploit the
linearity of both the objective and constraint functions to solve large problems
efficiently. At the other end of the spectrum are methods that do not or cannot
exploit any structure. This is often the case when the objective and/or the con-
straints are evaluated through computer code (such as process simulator) or by
an experiment...Direct search methods belong to the end of the spectrum [7].”

The first published papers on direct search appeared in the early 1960s, yet they lacked
rigorous convergence analysis and were dismissed by the community for almost 30 years until
the award winning work of Torczon [74] on the convergence of pattern search algorithms,
which are a generalization of algorithms used by Hooke and Jeeves [27]. Powell [53] describes
the many forms of direct search: line search, discrete grid, simplex methods, conjugate
direction, linear approximation, quadratic approximation, and simulated annealing. Some
well known direct search methods documented by Audet et al. are: Jones et al. [31], Hooke
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and Jeeves [27], Rosenbrock [56], and Nelder and Mead [46]. Kolda, Lewis, and Torczon [32]
also provide a historical and technical review of these methods.

Pattern Based Algorithms

The generalized pattern search algorithm described in [74] proves the convergence of an
iterative algorithm most analogous to the classic “compass search.” In this work, Torczon
established global convergence, that is, subsequent iterates (i.e., progressively decreasing
the objective function) that guaranteed first order convergence and hence proved the al-
gorithm’s optimality. Recently (2006), the mesh adaptive direct search algorithm (MADS)
published in [10, 9] extends the work of Torczon, but calculates the search points at random.
Both methods allow for both linear and nonlinear constraints and bounds, however the al-
gorithms perform exceedingly well in unconstrained cases. The algorithms are implemented
in MATLAB as part of the Global Optimization Toolbox [71].

Algorithm Description

Both pattern search and the mesh adaptive algorithm are iterative algorithms that evaluate
a mesh centered around the current point. A mesh is formed by the multiplication of
the current point with a set of vectors called a pattern. Typically these patterns are of the
maximum basis 2n or minimum basis n+1, where n is the total number of dimensions in the
search space. The size of mesh, mesh size, is used along with the pattern and incumbent
solution in a poll step, where the new points in the mesh are tested to see if they are
smaller than the present solution. Both algorithms have the ability to grow or shrink the
size of mesh such that the search can expand and contract based upon the results of the
user-supplied evaluation function. With each incumbent solution, the algorithm shrinks the
mesh, and when the mesh size decreases beyond a threshold, the algorithm terminates. Of
course, there are many more details that are omitted in this discussion. These are found in
[74, 37, 36, 1, 10, 8, 2].

3.4 Lighting Network Control

In order to evaluate the methods of spectral control and test the closed loop control of the
lighting network (detailed in Secs. 3.1 and 3.2) a custom toolbox was written in MATLAB.
The spectrometer processing and optimization toolbox (SPOT) is a collection of functions
that calculate and evaluate illuminance, color temperature, color rendering, and the new
color quality scale (CQS) [20]. These functions were used in the evaluation and control of
lighting parameters in this work. It is planned to release this package to the community
under open source license.
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1. Measurement (once per lamp)

a) Perform a calibrated radiometric measurement for each of the wavelengths in the
system to obtain the spectral power distribution, Ee or Pe. Measure system qui-
escent current, (Iq) and the maximum forward current (Iλ) for each wavelength.

2. Calibration

a) Perform room calibration. Measure Edark and Ev for an arbitrary set point for
all the controllable fixtures in the area and calculate the contribution of each
light source at the sensor node. (Sec. 3.1).

3. Calculate Optimal Setpoint

a) Specify an objective function (Eq. 3.11) and select what parameter will be max-
imized (CRI or Efficacy), then specify a target color temperature Tc and desired
illuminance Edesired. The objective function operates using a model of the system
using the spectral data acquired in step 1.

b) Obtain results and set light fixtures.

4. Update

a) Continuously monitor for changes in intensity or color temperature at the sensor
node or requests for recalibration.
i. If Edesired or Tc change but the sensor node is not displaced go back to

step ??.
ii. If sensor node is displaced or recalibration is requested, go back to step 2.

Figure 3.1: The lighting control algorithm.

Control by Optimization Workflow

The control problem is summarized in Fig. 3.1. The process begins with step 1. Controlling
the spectral output of a single or group of light fixtures requires a one time step of measuring
either the radiant flux with symbol Pe (W), which requires the use of an integrating sphere,
or the irradiance Ee (W ·m−2) and distance of the measurement, the latter of which is used
in this work. Additionally, in this step, the voltage, quiescent current Ip,q, and maximum
current Ip, for each wavelength are also recorded. Step 2 is the calibration step. Here,
the Edark of the room is measured, as well as the individual illuminance of each of the
fixtures measured by the sensor node. In step 3, the direct search algorithm is called using
the information in collected in steps 1 and 2 with additional information about what to
maximize. Finally, in step 4, the system continuously monitors for changes and returns to
either step 2 or step 3, depending on what happened.
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3.5 Sensor Feedback in a Lighting Network

If a sensor was introduced that measures color, for example, red, green, and blue, then
Eq. 3.22 can be written to include the color sensor information. Assuming a calibration
step is taken where the intensity of the system is set to maximum, we omit writing the
setpoint matrix and define the problem as:

 Xr Xg Xb

Yr Yg Yb

Zr Zg Zb


 Rr Rg Rb

Gr Gg Gb

Br Bg Bb


−1

 Rs

Gs

Bs

 =

 X

Y

Z

 , (3.22)

where the vector of interest is found by the red, green, and blue measurements from the
color sensor. In this case, the solution is of the form A−1b = x, where b represents the
tristimulus values of the desired color and x the corresponding sensor values. Thus, the
expected sensor values can be obtained by first performing a calibration step where the
fixture is set to a maximum intensity and the corresponding trimstimulus and sensor values
are recorded for later computation. Once these values are obtained, closed loop operation is
maintained by comparing the expected color sensors values to the measured sensor values.
Typically a proportional, integral and derivative (PID) type controller is used to minimize
error between the setpoint and measured values [3, 5].

If the system is comprised of more than three wavelengths, then the color levels can be
approximated using a similar channel such as red for amber, or blue for cyan, at the cost
of decreased responsivity (this sacrifice in dynamic range reduces the ability to converge on
particular solutions). This could be augmented by using additional sensors and placing a
tinted filter over the array to reject wavelengths not in the desired bandpass. For example,
using a five wavelength system, we pose to color-feedback and control as:

Rs

As

Gs

Cs

Bs

 =


 Xr Xa Xg Xc Xb

Yr Ya Yg Yc Yb

Zr Za Zg Zc Zb

S−1


† X

Y

Z

 , (3.23)

where S is a square matrix containing the color sensor readings for the five channels each
measured for a particular wavelength,

S =


Rr Ra Rg Rc Rb

Ar Aa Ag Ac Ab

Gr Ga Gg Gc Gb

Cr Ca Cg Cc Cb

Br Ba Bg Bc Bb

 . (3.24)
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The results of Equations 3.22 and 3.23 produce a result that is the sum of the sensor
readings for every channel. This means that the solution cannot be used to explicitly set
the intensity of each channel. If we take into account the sensitivity of a single wavelength
to the other wavelengths, then assuming there is no wavelength shift, we can decouple the
system. Using Equation 3.23 as an example, we extend the results of [5] to five wavelengths
and compute the sensitivity matrix as

Γ =


1 Ra/Aa Rg/Gg Rc/Cc Rb/Bb

Ra/Rr 1 Ag/Gg Ac/Cc Ab/Bb

Rg/Rr Ga/Aa 1 Gc/Cc Gb/Bb

Rc/Rr Ca/Aa Cg/Gg 1 Cb/Bb

Rb/Rr Ba/Aa Bg/Gg Bc/Cc 1

 , (3.25)

and solve Ax = b for x, that is,

Γ−1


Rs

As

Gs

Cs

Bs

 =


R̂s

Âs

Ĝs

Ĉs

B̂s

 . (3.26)

The decoupled sensor readings can now be used to directly set the intensity of the individual
channels.
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Chapter Four

Physical Implementation

The hardware, firmware, and software developed in this research phase aims to break new
ground in the control of energy efficient lighting networks by researching and implementing
highly configurable light sources and determining the proper feedback sent from the sensor
network. In this chapter, we present a novel pentachromatic lighting and control system to
test the theory defined in Chapter 3.

4.1 Requirements

The ideal system is comprised of a sensor node, daylight, incandescent, fluorescent, and LED
technologies. The sensor node measures the intensity and color temperature of all sources
and sends the data to a controller (in this research, a computer). The controller processes
these data and, taking into account the user’s preferences, sets the lighting to the optimal
conditions (Figure 4.1 on page 41). This method can be extended for multiple control
nodes. However, with some adaptation, the enhanced processors utilized in both the sensor
and lighting controllers can perform most of the lookup routines and some floating point
calculations. Additionally, an embedded processor (i.e., ARM 9, Atom, or OMAP) running
an operating system could perform the same optimization algorithms as the computer.

To solve the problem outlined in Section 3.1, we designed a prototype LED lighting
system and sensor board. The intensity of the LED fixture is controlled using pulse width
modulation (PWM). This requirement is crucial, since much of the theory requires that the
power and intensity relationship of the light fixture be linear. A digital signal processor
(DSP) with microcontroller-type peripherals controls the intensity, monitors onboard LED
operating temperature, intensity and color, and has a bidirectional data link to the computer.
The sensor node measures intensity and color. These data allow the controller to estimate
the illuminance and correlated color temperature of each light source. The sensor node also
features basic controls for the user (e.g., intensity and color control), and detects occupancy.
The LED array is comprised of five dominant wavelengths; four of the LEDs are active
emitters and and one is a phosphor based device. This enables a wide range of possible
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Intensity Data Link

Optional Sources

LED
Lighting

Sensor
Node Controller

Figure 4.1: System diagram. The lighting network consists of LED light sources, optional
incandescent and fluorescent sources, and ambient room conditions (daylight), that are
measured by a single or group of sensor nodes. The sensor nodes return intensity and color
information back to the control node (e.g., a computer) for processing. Here, the intensity
is controlled via a link to the artificial light sources. The data link is bidirectional from
either the sensor node or the LEDs.
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color temperatures and serves a second purpose – the broad spectral range ensures an
exceptionally high color rendering index.

4.2 Sensor Node

The sensor node is controlled by a TMS320F28027 controller from Texas Instruments and
is comprised of multiple sensors. The device detects occupancy via a passive infrared sensor
(AMN11111, Panasonic), as well as measures the illuminance and color of incident light
(Table 4.1 on page 43). The sensor also features a basic user interface, realized using linear
potentiometers and buttons. These serve to specify the intensity and color temperature of
the adjustable light sources.

Measuring the illuminance is achieved using three analog linear illuminance sensors
(ISL29006, Intersil) with different sensitivities and one digital sensor (TCS3414CS, Taos).
The analog sensors are sampled by the system at 30Khz using a 12 bit successive approx-
imation converter. Oversampling of the sensors is user configurable (up to 256×). Two of
the sensors are filtered using a second order unity gain low pass with a cut off frequency of
50Hz which ensures illuminance data is accurately measured when fixture intensity is less
than 100% (the circuit integrates the duty cycle of the LEDs). The integration time (e.g.,
update rate) of the digital color sensor is a function of an internal timer which controls the
acquisition time of the digital color sensor. This is nominally set to 120Hz. The digital
color sensor measures the irradiance of a photodiode array consisting of red, green, blue,
and clear filters. Figure 4.2a on page 44 is an image of the prototype sensor node. The
prototype is on two layer 1.65mm (0.065 in) thick circuit board and measures 178×119mm
(7 × 4.7 in). Near-future modifications include drastically reducing board size, adding an
accelerometer, and reducing power consumption.

4.3 LED Controller

A TMS320F28027 from Texas Instruments runs custom firmware to control the LEDs and
read the sensors. The system requires the use of a 24V supply and is powered by a laptop
power supply rated at 24V, 2.2A. Five BuckPlus DC-DC buck converters from LEDdynam-
ics drive the LEDs. The intensity is controlled by five independent 16-bit PWM signals
with a fundamental frequency nominally set at 120Hz. A single pixel digital color sensor
(TCS3414CS, Taos) samples the LED array from within the fixture in certain cases, and
updates color data at 20Hz. This is useful for closed loop control of color at the fixture. Op-
tionally, an internal linear analog lux sensor (ISL29006, Intersil) is also sampled at 30Khz.
These sensors are used for closed loop control of the LEDs. Full duplex communication
is handled by the system’s asynchronous receiver and is interfaced using either a wired or
wireless link. Measuring the on-board color sensor requires precise timing. The integration
of the color sensor is controlled via hardware, which is synchronized to the LED fundamental
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4.3. LED Controller

(a) Sensor Node.

(b) LED Control Board.

Figure 4.2: The prototype sensing and control hardware used in the experiments.
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frequency. This ensures color measurement precision. Figure 4.2b on page 44 is an image
of the prototype controller with its input protection circuitry removed. The prototype is on
a two layer 1.65mm (0.065 in) thick circuit board and measures 178× 119mm (7× 4.7 in).
This board can also be reduced in size.

4.4 LED Array

The primary LED array used in this research consists of five unique wavelengths, four of
which are active emitters and one that is phosphor-converted (Table 4.2 on page 46). The five
colors employed are royal blue, cyan, green, phosphor-converted amber, and red. Selecting a
phosphor-converted amber allows for a higher efficiency. The intensity of the red, orange, and
amber wavelengths (AlGaInP compounds) are quite temperature sensitive. The efficiency
of the device (i.e., conversion of electrons to photons) decreases in these compounds with
shorter wavelengths. This is an unfortunate phenomenon, as our eye’s sensitivity peaks
at 555 nm. The blue, cyan, and green wavelengths (InGaN) compounds do not exhibit
the same temperature dependence as the AlGaInP devices, however they too suffer from
decreased quantum efficiency near our eye’s peak sensitivity. Krames et al. [33] detail the
recent breakthroughs in high efficiency optoelectronics and discuss the status and future
of these devices for lighting applications. Moreover, the phosphor-converted (PC) amber
uses an ultra-violet pumped blue LED to excite the organic phosphor which, re-radiates at
longer wavelengths. This fixes the problem of systems with decreasing efficiency utilizing
wavelengths in the neighborhood of 580 nm. The LED array also has on board temperature
sensors (to estimate LED junction temperature) and can measure, using filters, the red,
green, blue, and clear values of the irradiance using a TCS3414 color sensor (Table 4.1 on
page 43). Figure 4.3 shows the actual array used in the research.

Informally, using discrete emitters creates a light source in which there is no scattering
of the discrete wavelengths. This leads to “fringing” on the outer edge of light incident to
a surface. This effect is not desireable, as it produces individual shadows cast by the LEDs
near the edges of the light field. Ramer et al. [55] and Rains et al. [54] utilize constructive
interference to reduce these effects. This technique requires the use of a reflective and
diffuse hemisphere to scatter the photons before they emerge from the LED array aperture.
However, this improvement comes at significant cost, as scattering loss lowers the total
candelas of the lamp. In this research, this technique is tested and presented in Chapter 5
but ultimately, a direct view method (i.e., the LED array is facing downwards) is selected
for efficiency. Figure 4.4 on page 48 shows the dome mounted on the LED array, which in
turn is mounted to aluminum heatsink.
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4.4. LED Array
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4.4. LED Array

(a) LED Ring comprised of Luxeon Rebel emitters

(b) Close up of LED array

Figure 4.3: The LED ring comprised of five wavelengths with on-board color and tempera-
ture sensors (mounted on a concentric heat sink).
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4.4. LED Array

(a) Rendering of dome and heatsink [62, 73].

(b) LED array with dome mounted and heatsink.

Figure 4.4: Interference dome mounted on the LED array with aluminum heatsink. The
interference technique is adapted from [55, 54].
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Chapter Five

Observations

The experimental results are presented in this section. Where needed, theoretical predictions
are provided for comparison.

5.1 Experiment Setting

For two weeks, a “dark room” conveniently located in building E14 served as the testing area
to acquire the LED spectra. The generic setup utilized an adjustable light source, a fixed
sensor node (with illuminance sensors), and a cosine-corrected spectrometer head. A laptop
interfaced the electronics and stored the data using MATLAB. The testing environment was
not necessarily ideal due to reflected light (there were reflective aluminum objects in the
room) and lack of baffling, but sufficed to take the data. The wide field of view for both the
sensor node and spectrometer are somewhat sensitive to reflected light from the the source.
These data in the experiments were downsampled to 1 nm resolution for processing.

5.2 LED Measurement

A series of experiments to measure the linearity of the system were conducted. These
experiments measured absolute irradiance and the power of each channel of the system. A
cosine-corrected USB4000 spectrometer radiometrically calibrated against a NIST traceable
radiometric standard measured system irradiance (see Appendix D). The spectrometer data
are sampled at 0.1 nm resolution and downsampled to 1.0 nm for all subsequent processing.
The spectrometer data were used to create a model of the light source for the computer-
optimized control of the system.

Observing the Inverse Square Law

The light source (light source A) was set to maximum intensity and the distance of the
light from the from the spectrometer and sensor node was varied. The objective of this
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5.2. LED Measurement

(a) Testing with the dome.

(b) Testing without the dome (notice fringing effects).

Figure 5.1: The makeshift “dark room” for acquiring LED spectra. In most experiments,
the distance was fixed at 30 cm and the illuminance and power of the setting is measured.
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5.3. Theoretical Limits of Operation

experiment is to confirm the assumption that the light source acts like a point source (see
Fig. 5.2).

Linearity and Superposition

Experiment #1

In this experiment, the distance was fixed at 30 cm and the intensity of the individual
LEDs, as well as, the “all on point” of light source A was varied. The illuminance was
measured using the TCS3414 sensor (clear channel) and a HP 34401A multimeter measured
the current. The supply voltage was 24V. The spectrometer data from this experiment
were obtained incorrectly, so a second set of experiments were conducted (Fig 5.5 is a
graph of this error). The problem was determined to be an electronic dark correction
setting on the spectrometer. In effect, this setting subtracted too much irradiance from
the individual LED measurements such that there was a large error between the whitepoint
and the superposition of the individual spectra. This problem was fixed in experiment
2. However, data acquired using the sensor node’s digital color sensor are still valid (see
Fig 5.3 and Fig 5.4). Although the sensor does not report an absolute measurement, it still
captures the effects of temperature (measured in sensor counts). The measured quiescent
power consumption, Pq = 2W, is subtracted from the measurements in Fig 5.3.

Experiment #2

To revise the errors in the spectrometer data from the previous experiment, the maximum
intensity for each wavelength was acquired, this time disabling the electric dark correction
and calibrating the spectrometer integration time for each wavelength. Measurements were
taken at 30 cm from the source. The experiment was conducted for both the dome and no
dome versions of light A (see Fig .5.6). Additionally, the optical efficiency of the dome is
given in Table 5.1.

5.3 Theoretical Limits of Operation

To prepare a set of test points to prove the effectiveness of the proposed direct search algo-
rithm, a series of experiments were devised. First, a Monte Carlo simulation was performed
using the data taken in Sec. 5.2 to understand the relationship between these variables be-
fore applying the direct search algorithm. The resulting contours highlight the difficulty
encountered when randomly searching in this space, namely getting stuck in local minima.
Next, the individual LED spectra acquired in Experiment #2 were used to create a model
similar to that in the Monte Carlo experiments. Using this model, a standard set of test
points for comparing and contrasting the linear equality, pseudoinverse, and direct search
with linear inequality constraints methods was created. In short, the goal was to determine
if direct search was a feasible nonlinear method for controlling a single fixture.
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5.3. Theoretical Limits of Operation
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5.3. Theoretical Limits of Operation
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(a) Results for royal blue LEDs.
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(b) Results for cyan LEDs.

0 1 2 3 4 5 6 7

x 10
4

0

400

800

1200

1600

2000

Pulse Width Modulation Setting (0−64000)

C
le

ar
 C

ha
nn

el
 S

en
so

r 
C

ou
nt

s

 

 

0 1 2 3 4 5 6 7

x 10
4

0

0.8

1.6

2.4

3.2

4
Sensor Counts and Power vs. Intensity (Green Channel)

P
ow

er
 (

W
)

Sensor Counts
Power (W)

(c) Results for green LEDs.
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(d) Results for amber LEDs.
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(e) Results for red LEDs.

Figure 5.3: Results of measuring each of the five wavelengths for light source A as sensed
by the digital color sensor and multimeter.
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Figure 5.4: In an experiment designed to test the linearity and superposition of the individual
wavelengths, all LEDs were set to the same intensity then progressively increased. The
observed sensor counts and observed current were recorded. In this graph, the data acquired
previously (figure 5.3) are compared to the equal intensity test. These experiments are useful
to quantify the errors of the underlying linear assumption.
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5.3. Theoretical Limits of Operation
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Figure 5.5: This graph shows the individual acquired spectra from experiment #1. It was
later determined that an incorrect electronic dark setting in spectrometer led to incorrect
readings of the individual spectral components, thus these measurements were not used to
create the model of the system. Yet, the spectra adequately depict the visible energy of
the system. In subsequent experiments, the electronic dark setting was disabled and the
spectrometer integration time was specified for each wavelength measurement.

55



5.3. Theoretical Limits of Operation
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5.3. Theoretical Limits of Operation
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5.3. Theoretical Limits of Operation

Dataset Mean CRI Mean lux Mean Efficacy Mean ∆uv

linear:500 lux 65 500 lux 136 (lux·W−1) 0

linear:1000 lux 65 1000 lux 136 (lux·W−1) 0

linear:1500 lux 65 1500 lux 136 (lux·W−1) 0

overdetermined:500 lux 76 500 lux 141 (lux·W−1) 0

overdetermined:1000 lux 76 1000 lux 141 (lux·W−1) 0

overdetermined:1500 lux 76 1500 lux 141 (lux·W−1) 0

Table 5.2: Summary of linear equality testpoints. Each data set is comprised of 11 white
points ranging from warm (2800 K) to cool white (10000 K). These datasets were generated
using irradiance measurements with no dome at a distance of 30 cm. The measurement,
mean ∆uv, is the Euclidean distance to the actual chromaticity coordinate of the color
temperature in CIE 1964 color space. In this test dataset, we supply the precise coordinates
corresponding to the color temperature and seek an exact solution of the form A−1b = x
(exact) or A−†b = x (overdetermined), thus we expect that ∆uv is zero.

Predicted Results using Monte Carlo Simulations

Figure 5.7 and Figure 5.8 show the resulting contours for randomly picked setpoints based
upon the absolute irradiance experiments using the interference dome. In these graphs,
the illuminance of the system is fixed at an arbitrary point and the resulting Ra is given
as a function of Tc and efficacy. In this experiment the illuminance, Ev is “constrained”
by limiting which lux values are within the range we want to graph. This is analogous to
the linear inequality constaints given in Sec 3.1. In these experiments the system does not
employ dynamic efficacy. Instead based on our assumptions of the wavelengths present in
the system, two sets of simulations are performed. One set uses five wavelengths and the
other set uses three wavelengths. Figures 5.7 and 5.8 are the contour plots representing
possible solutions.

Predicted Results using Linear Methods

Using the techniques discussed in Section 3.2, we proceed to generate the setpoints using
linear methods. These setpoints correspond to 11 different color temperatures (warm to
cool) for 500 lx, 1000 lx, and 1500 lx. These data were generated using both the exact
solution and pseudoinverse methods (see Figure A.1 in Appendix A for the test spectra).
They are summarized in Table 5.2.

Predicted Results using Direct Search

The Global Optimization Toolbox in Matlab [71] contains the generalized pattern search
and mesh adaptive direct search optimization algorithms. As discussed Chapter 3, the Mesh
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5.3. Theoretical Limits of Operation
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Figure 5.7: Results of Monte Carlo simulation using five wavelengths for approximately
215 lux. These results are from the irradiance data using the interference dome and
distance=30 cm. For any given color temperature, there exists plenty of local minima to
make maximizing the color rendering index a difficult problem. 1,000,000 data points were
generated, and then filtered to ANSI white point standards and limited to approximately
215 lux. The simulation took eight hours to complete on a Intel Core 2 Quad.
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5.3. Theoretical Limits of Operation
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Figure 5.8: Results of Monte Carlo simulation using three wavelengths for approximately
215 lux. These results are from the irradiance data using the interference dome and
distance=30 cm. For any given color temperature, there exists plenty of local minima to
make maximizing the color rendering index a difficult problem. 1,000,000 data points were
generated, and then filtered to ANSI white point standards and limited to approximately
215 lux. The simulation took seven hours to complete on a Intel Core 2 Quad.

Adaptive Direct Search algorithm generated the testpoints summarized in this section (see
Sec. 3.3, as well as, [8] and [74]). Using the objective function defined in Chapter 3, the
optimal setpoints for the five wavelengths of light A were found. Six data sets were generated
for a range of color temperatures (Figure A.3 on page 88). These are: optimized efficacy
at 500 lux, optimized efficacy at 1000 lux, optimized efficacy at 1500 lux, optimized color
rendering index at 500 lux, optimized color rendering at 1000 lux, optimized color rendering
at 1500 lux (see Table 5.3 on page 61). Each data set completed in just under three minutes
using an Intel Core Duo Quad. The settings used for the solver are given in Table 5.4.
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5.4. Measured Results

Dataset Mean CRI Mean lux Mean Efficacy Mean ∆uv

Efficacy:500 lux 67 490 lux 191 (lux·W−1) 0.0472

Efficacy:1000 lux 50 923 lux 200 (lux·W−1) 0.0645

Efficacy:1500 lux 48 1416 lux 191 (lux·W−1) 0.0706

CARI:500 lux 94 500 lux 155 (lux·W−1) 0.0070

CRI:1000 lux 94 996 lux 155 (lux·W−1) 0.0076

CRI:1500 lux 93 1523 lux 157 (lux·W−1) 0.0199

Table 5.3: Summary of testpoints obtained from the nonlinear solver (MADS). Each data set
is comprised of 11 white points ranging from warm (2800 K) to cool white (10000 K). These
tests points were determined using the irradiance measurements in Sec. 5.2 with no dome at
30 cm. The measurement, mean ∆uv, is the Euclidean distance to the actual chromaticity
coordinate of the color temperature in CIE 1964 color space. It is a quantitative way of
describing the error in chromaticity for a particular color temperature.

Setting Value

Search Step MADSpositivebasisNp1
Poll Step MADSpositivebasis2N

Max Iterations 4000
Complete Poll On

Complete Search On

Table 5.4: Specific settings used in the configuration MATLAB function patternsearch(),
a nonlinear solver (capable of handling linear and nonlinear constraints, as well as, bounds),
that is part of the Global Optimization Toolbox. Specifically, the MADS algorithm [8] was
used to obtain the direct search testpoints.

5.4 Measured Results

Here we present the measured results of of the linear and direct search test methods for
setting light fixture A, with no dome.

Linear Methods

The results of the setpoint found using linear methods is summarized in Table 5.5. The
acquired spectra are found in Figure A.2 on page 87.
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Dataset Mean CRI Mean lux Mean Efficacy Mean ∆uv

linear:500 lux 55 504 lux 130 (lux·W−1) 0.0100

linear:1000 lux 57 964 lux 126 (lux·W−1) 0.0072

linear:1500 lux 62 1358 lux 120 (lux·W−1) 0.0020

overdetermined:500 lux 67 499 lux 132 (lux·W−1) 0.0085

overdetermined:1000 lux 70 935 lux 127 (lux·W−1) 0.0047

overdetermined:1500 lux 70 1351 lux 124 (lux·W−1) 0.0029

Table 5.5: Summary of the measured results of the testing data sets. Each data set is
comprised of 11 white points ranging from warm (2800 K) to cool white (10000 K). These
datasets were generated using irradiance measurements with no dome at a distance of 30 cm.

Dataset Mean CRI Mean lux Mean Efficacy Mean ∆uv

Efficacy:500 lux 68 457 lux 173 (lux·W−1) 0.0429

Efficacy:1000 lux 52 827 lux 176 (lux·W−1) 0.0616

Efficacy:1500 lux 47 1264 lux 167 (lux·W−1) 0.0689

CRI:500 lux 92 490 lux 143 (lux·W−1) 0.0021

CRI:1000 lux 92 933 lux 139 (lux·W−1) 0.0047

CRI:1500 lux 90 1378 lux 138 (lux·W−1) 0.0174

Table 5.6: Summary of the measured results of the testing data sets found using the direct
search method. Each data set is comprised of 11 white points ranging from warm (2800 K)
to cool white (10000 K). These datasets were generated using irradiance measurements with
no dome at a distance of 30 cm.

Direct Search

The results of the setpoint found using the MADS algorithm is summarized in Table 5.6.
The acquired spectra are found in Figure A.4 on page 89.

5.5 Sensor Data

For one week, a mobile cart (the same cart in Figure 5.1b on page 50) was used to collect
daylight and artificial light indoors at the Media Lab. Additionally, direct sunlight was
also collected, but resulted in sensor saturation. The experiment was designed to collect a
dataset of different color temperatures and lux values used for optical calibration. Using
these data, we calibrate a sensor node able to measure the lux and color temperature of
daylight, incandescent, fluorescent, and LED sources (Figure 5.9 on page 63).
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Figure 5.10: Dynamic range of the TCS3414 and two ISL29006 optical sensors set to different
sensitivities. The TCS3414 has an on board analog to digital converter. The ISL29006 are
measured by the on board analog to digital converter. In this experiment, the TCS3414
was set to oversample 10 times (the highest sensitivity) in order to estimate the level of
illuminance required to saturate the sensor. Nominally, the range is set to approximately
10, 000 lx.

The lux measured by the optical sensors (TCS3414 clear channel, and ISL29006) is given
in Figure 5.10. The corresponding color-filtered data are given in Figure 5.11.

5.6 Estimating the Ambient Light

Several tests were conducted with light source A, with no dome, mounted at 30 cm from the
sensor node to study the time it takes to calibrate a single light and measure the ambient
lighting (see Table 5.7 on page 67). In this study, the unfiltered analog lux sensor, set
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5.6. Estimating the Ambient Light

to a sensitivity of approximately 5000 lx, was tested. This purpose of this experiment
was to measure the total system update rate (including read and writes from MATLAB)
and to choose an integration time for the digital color sensor depending on the results of
the experiments. In each experiment, 200 data points were gathered by toggling the light
source and querying the sensor board in MATLAB. No oversampling of the sensors was
used. Instead, these data were averaged post-experiment. In each experiment, the delays
were set such that the light source was on and off for an equal amount of time. The poll
time in the table is the total period of each experiment step. Therefore, 150 ms means the
light was on for 75 ms and off for 75 ms.

66



5.6. Estimating the Ambient Light

C
on

di
ti
on

L
ux

A
m
bi
en
t

0
lx

O
ve
rh
ea
d
Li
gh

ts
22

1
lx

LE
D
s

20
44

lx
(a
)

T
es
t

µ
o
f
f
(C

ou
nt
s)

σ
o
f
f
(C

ou
nt
s)

µ
o
n
(C

ou
nt
s)

σ
o
n
(C

ou
nt
s)

µ
p
o
ll
(m

s)
σ
p
o
ll
(m

s)

Li
gh

ts
O
n
15

0m
s

57
4

17
09

7
15

6.
3

2.
1

Li
gh

ts
O
ff
15

0m
s

0
3

16
46

3
15

6.
2

2.
1

Li
gh

ts
O
n
90

m
s

48
2

17
06

3
93

.9
3.
0

Li
gh

ts
O
ff
90

m
s

0
0

16
41

3
93

.8
3.
0

Li
gh

ts
O
n
(n
on

e)
10

25
82

9
88

5
83

0
31

.3
2.
1

Li
gh

ts
O
ff
(n
on

e)
89

0
82

5
81

5
82

4
31

.3
2.
1

(b
)

Ta
bl
e
5.
7:

In
(a
),
th
e
am

bi
en
t
an

d
te
st
in
g
co
nd

iti
on

s
ar
e
gi
ve
n.

T
he

se
w
er
e
m
ea
su
re
d
us
in
g
th
e
sp
ec
tr
om

et
er
.
T
he

LE
D

lig
ht

so
ur
ce

w
as

pl
ac
ed

30
cm

aw
ay

fr
om

th
e
he
ad

.
In

(b
),
th
e
m
ea
n
an

d
st
an

da
rd

de
vi
at
io
n
ar
e
gi
ve
n
fo
rd

iff
er
en
tp

ol
lin

g
fr
eq
ue
nc
ie
sa

nd
di
ffe

re
nt

co
nd

iti
on

s.

67



Chapter Six

Analysis

6.1 Sources of Error

This section begins by reviewing the sources of error in both the test setup and the spec-
trometer. Park et al. [50] provide a complete discussion of uncertainty and error propagation
in spectrometer-based LED measurement. Hwang et al. [30] provide an analogous treatment
of uncertainty in color measurement using a spectrometer.

Measurement Error

All subsequent calculations in this thesis are derived from the primary step of measuring the
absolute irradiance of the test fixture (see Figure 5.1 on page 50). There are four primary
sources of error in the test setup. The first source of error is the estimated distance between
the LED array and the spectrometer head. The second source of error is the accuracy of
the LED forward current. The third source of error is the specific junction temperature
of the LEDs on the array. The fourth source of error relates to the actual spectrometer
irradiance measurement itself. In [50], the major components of uncertainty governing
the irradiance measurement error are: spectral irradiance reference data, calibration lamp
detector distance, calibration lamp current, repeatability, wavelength accuracy, linearity,
and spectral stray light.

Spectrometer Induced Error

All experiments in this work are preformed using a USB4000 spectrometer from Ocean Op-
tics. The monochromator is an Czerny-Turner (see Wyszecki and Stiles [79]) with a 25µm
entrance slit and a diffraction grating blazed at 500 nm (Ocean Optics grating number
H3). The spectral bandwidth (Full Width Half Maximum) of the monochromator is ap-
proximately 1.5 nm with stray light estimates of <0.05% at 600 nm; 0.10% at 435 nm. The
detector is a Toshiba TCD1304AP (200-1100 nm) with a corrected linearity of >99.8%. The
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6.1. Sources of Error

sensitivity of the CCD is approximately 130 photons/count at 400 nm; 60 photons/count
at 600 nm. The calibration source is Ocean Optics HL-2000 Tungsten Halogen (traceable
to NIST S/N: F-211), with a drift of approximately .3% per hour of use. The radiometric
calibration source used in this research has an initial uncertainty of approximately 2.36%.
The supply is regulated to within 0.5% of rated specifications.

Assuming a 3% certainty on mechanical setup and a 4% uncertainty regarding reflected
and scattered light, a back of the envelope calculation of the major sources of error allow us
to estimate the expanded uncertainty (k = 2) of 14%, with the individual uncertainties of
stray light, linearity, etc., accounting for only 2% to 4% of the uncertainty. However, without
formal testing of the individual sources above, these are only estimates. In a similar setup,
Park et al. estimated the expanded uncertainty (k = 2) of their calculations to be: 4.33% for
red wavelengths, 4.22% for green wavelengths and 5.54% for blue wavelengths. As a general
rule, 10% uncertainty is considered very good for spectrometer measurements. Uncertainties
less than 2% are achievable only by NIST [57]. Additionally, the transferred uncertainty
in the calibration source was initially estimated to be close to 1-2% in the visible range.
In order to properly validate the test setup, the prototype light source should be sent to a
third party, such as Luminaire Testing Laboratory (LTL).

Error in Linearity Assumptions

Although understanding the sources of absolute error are important for comparison to other
systems (i.e., how this calibrated light source may appear at another optical instrument) it
is also important to quantify the error introduced into the system due to assumptions of
linearity. There are two major sources of error. The first is exemplified in Figure 5.3 on
page 53. In a strictly linear system, the only information needed to estimate the intensity
of any given light wavelength is the maximum intensity and the PWM setting. With no
linear fit to minimize square error, when the wavelength is dimmed, the effect on the system
is that the light source is brighter than the model anticipated. Accordingly, this manifests
itself as chromaticity error and intensity error in setting the color temperature of the light
source. Warmer colors, which use more red intensity, are strongly affected.

The second major source of error is estimating the white point, or the “all-on” setting,
of the system. This is exemplified in Figure 5.6 on page 56 where the graph depicts the
measured white point and the estimated white point, which is found by summing the total
spectra for the individual wavelengths. Not surprisingly, the peaks of the five wavelengths
in the system are lower for the measured white point. This effect, like the deviation from
linearity in Fig 5.3, is due to temperature. The effect here is that the overall lux of the light
source will be less than expected, particularly at the sensor node some distance from the
light source. Additionally, this also affects the color temperature of the system.

Previous work attempted to compensate for these temperature effects by directly mea-
suring the temperature and following the intensity derating curve for the LEDs [6, 43, 3].
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Yet, it is difficult to properly estimate the junction temperature with only a single temper-
ature sensor on board. One reasonable approach is closing the loop (e.g., using feedback to
tune the individual wavelengths as discussed in Sec. 3.5). Additionally, we may also want
to remove as much open loop error as possible. It may be desireable to begin with a correct
model of the system, therefore we present a technique to correct the individual wavelengths
based on a white point measurement, or series of white point measurements. We begin
by correcting the acquired spectra to account for the worst case operating temperature
(assumed to be the white point) such that

min
x
f(x) = ‖Ee,wp(λ)−

m∑
i=1

xiEe,i(λ)‖2, (6.1)

subject to {x ∈ R : 0 ≤ x ≤ 1}. In this case, we seek a solution to minimize the square
error between the measured whitepoint and the weighted sum of the individual intensities.
Yet, because this only captures a single white point, we go one step further and write

min
x
f(x) =

n∑
j=1
‖Ee,wp(λ)−

m∑
i=1

xiEe,i(λ)‖2, (6.2)

subject to {x ∈ R : 0 ≤ x ≤ 1}. In this case, n represents the total number of white
points taken, for example with increasing intensity. The reasoning behind Eq. 6.2 is that
in Eq. 6.1, we assume that this relationship is fixed for all the operating points, when in
fact it is dynamic. By taking into account multiple white points, we achieve an open loop
accuracy theoretically higher than any line fitting method of a single LED. If we applied
a linear fit to the data in Fig. 5.3, it will be incorrect because it does include the heating
effect of the other LEDs. If the system is going to be running open loop color control, it is
critical to perform these steps. Yet, even with many acquired white points, there are too
many cases to take into account, and closed loop control may be required in certain cases.

Figure 6.1 shows the results of minimizing Eq. 6.1 for the data collected in Sec. 5.2. The
corresponding correction factors are blue: 0.9373; cyan: 0.9255; green: 1.0000; amber: 0.9120;
red: 0.8901. Then, using these corrected spectra, the optimal setpoints using either the
direct search or linear methods are computed. To see how these methods would improve
the results obtained in Sec. 5.4, we can measure the difference between measured results
obtained when using the temperature-compensated superposition and the measured results
using just superposition.

6.2 Performance of the Sensor Node

The primary goal of collecting the data in Figure 5.9 on page 63 is to calibrate the digital
color sensor so that the color temperature of ambient lighting can be inferred. Early models
of performance predicted that a calibration source with a sufficiently high color rendering
index would make a suitable adjustable calibration source for the digital color sensor. Using
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Figure 6.1: Results of minimizing the square error between the measured white point and
the sum of weighted spectra taken during a calibration step. If this step is performed before
using the linear and direct search methods to find the color temperature and intensity, the
error between the model and the actual system will be decreased. The setpoints found
during these steps will better reflect the worst case operating temperature.
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the calibration methods described in Sec. 3.5, a single sensor was calibrated using 31 white
points. This served as the LED calibration source. Additionally, daylight was collected
(presented in Sec. 5.5) which served as the daylight calibration source (incandescent bulbs
with multiple filters can function similarly). In Figure 6.2, the performance of the different
calibration methods is given.

The results suggest that the method of calibration (either a five wavelength source or
daylight) is the biggest predictor of error. For example, in Figure 6.2b we see that an LED
source, even with an average color rendering index of 92, is not an adequate calibration
source to correctly measure daylight. Of interest is the result in Figure 6.2a, in which the
daylight calibration of the sensor produced a near linear output, but with a different slope
than the ideal response. With an appropriate correction factor, the error between measuring
daylight and artificial light sources could be minimized. More important here is the intended
use of the sensor. Its purpose is not to measure with absolute certainty the correct color
temperature (it would be nice if that were the case), but instead provide an output that
could be used to synchronize the indoor lighting with daylight environment automatically.

The secondary function of the sensor node is measuring the illuminance of the ambient
light and the adjustable light sources in the network to optimize the lighting at the point of
measurement. From testing, it is clear that a query and response command for the analog
lux sensors may not be the best solution for control via MATLAB. The reason is due to the
lack of resolution in the MATLAB pause function.

In Section. 5.6, performance metrics were given for the unfiltered lux sensor. It was
determined that because of the poor resolution of MATLAB’s pause function, strict timing
was not achievable. Therefore, the limitations of update rates (at present 11Hz) are too
slow in order to perform a room calibration without noticing the flickering of the lights.
There exists the possibility of continued use of MATLAB with an augmented pause function
that utilizes Microsoft Window’s high resolution clock. Thus, it may still be possible to
achieve flicker-free calibration with only a minor software change. More testing needs to be
performed to firmly comment if this is possible using MATLAB. If not, another solution must
be found. Additionally, the RC time constant of the 50 Hz low pass filters (approximately
3 ms) theoretically would not hinder operation, but the present limitations of the timing
resolution in MATLAB prevented any significant exploration.

The data presented in Figure 5.10 on page 64 were fit to the linear equation y = mx+ b.
From Fig. 5.10, it is clear that the analog sensors saturate close to 2000 lx and 6000 lx. The
digital sensor was set to 10× integration time for maximum sensitivity, and it saturated close
to 5000 lx. The ambient light levels on the fifth floor of the Media Lab average between
250 lx to 2000 lx near a window. Reporting the answer in lux rather then sensor counts may
not be an issue, as the user is concerned only about the lighting on the surface. It is the
goal of the system to minimize the other parameters to match what the user expects to be
present. The main issue here is not sensitivity, but update rate. Increasing the integration
time of the digital sensor may lead to poor response times as transitions across the lighting
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(a) Results of calibration methods when measuring an LED source.
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(b) Results of calibration methods when measuring daylight.

Figure 6.2: Comparison of calibration results. In (a) the color sensor is calibrated using
either an LED source or daylight and its response to LED irradiance is given. In (b), the
color sensor is calibrated the same way, but its response to daylight irradiance is given.
Clearly, the results correlate well with the calibration method employed. However, in (a)
the linearity of the daylight calibration method may make it applicable in measuring a broad
range of sources.
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network will be averaged by the sensor. More testing is required to settle on the correct
integration time.

6.3 Performance of Control Methods

The experiments conducted in Sec. 5.4 are considered proof of concept measurements. They
are intended to validate direct search as a new method of polychromatic intensity control
for both a single fixture and a network of lights. Additionally, as discussed in Sec. 6.1 the
measurements were conducted with datasets that were not temperature compensated, so
in some cases there are significant chromaticity errors. It was decided, for brevity, that
the results in Table 5.5 and Table 5.6 be given as an average so that a general sense of
performance could be quickly ascertained. Because the average results are presented, specific
color comparisons (11 colors were tested) are not possible. These tables of results are only
appropriate once the model used to generate the datasets is temperature compensated so
that the true open loop response can be measured. In Figure 6.4, the mean CRI and efficacy
are presented for the tested light source.

Indeed, as suggested in Chapter 3, the direct search method finds the intensities for the
individual wavelengths such that CRI and Efficacy are maximized (see Fig. Figure 6.3 on
page 75). In theory, the variation across the three intensity groups (500 lx, 1000 lx, and
1500 lx) occurs due to errors in the linearity assumptions discussed in Sec 6.1. Neither CRI
nor efficacy should vary if the model is perfect. In the worst case estimate, using direct
search results in a 45% improvement of the color rendering ability of the light source over
the linear method. Similarly, maximizing the efficacy results in a light source 28% more
efficient than its linear counter part. It is clear that these methods have great potential for
controlling the spectral composition of the source.

On the other hand, in Figure 6.4b, we see the effect of maximizing efficacy. The objective
function will attempt to use the most efficient and fewest wavelengths possible to create the
correct color temperature. Depending on the intensity and color, this could be two or three
wavelengths. The penalty incurred for such efficiency is that we lose the quality of the white
point. The ∆uv reported in the figure is a measure of how close the measured white point
is to the blackbody curve. As a rule of thumb, a ∆uv < .01 is considered acceptable. Given
the uncertainty of the spectrometer measurements to begin with it is difficult to comment
about the true error regarding the white point (there is much room for improvement here).
But qualitatively, we would notice a significant change of color if these white points were
to be used. This could be improved by adding a coefficient in the evaluation function of
the optimization problem, or by defining ∆uv as a nonlinear inequality contraint in the
optimization routine, or even by fixing the minimum number of wavelengths to be three,
and not two (redefining the lower and upper bound of the optimization problem). This is a
relatively small problem and is easily fixed (potentially at the cost of run-time performance).
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(a) Results of average CRI.
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(b) Results of average efficacy.

Figure 6.3: Results obtained from study of linear and nonlinear methods of color control.
Here, we see the effectiveness of the direct search algorithm. It is capable of outperforming
the exact and overdetermined methods of control. A CRI score of 100 is considered perfect.
In (b), the algorithm is able to create colors 28% more efficiently then the other methods.
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Figure 6.4: Results obtained from study of linear and nonlinear methods of color control.
In (a), the variation in illuminance is due to open loop error. In (b), the large ∆uv error
means that the resulting color temperature is not exactly on the blackbody curve. Maximing
efficacy resulted in lower quality white light.
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6.4 Comparison to Commercial Systems

The Caliper program, sponsored by the US Department of Energy, is responsible for docu-
menting the progress and developments with SSL-related technology. In a recent publication
(2009), it was reported that:

“The general trend of increasing efficacy continues, with Round 9 products aver-
aging 46 lm/W and ranging from 17 to 79 lm/W. Unfortunately, wide disparities
are still observed in the accuracy of manufacturer specifications. SSL recessed
downlights are now capable of meeting or exceeding light output levels and light
distribution characteristics of downlights equipped with 45-75W incandescent
and halogen lamps, and the SSL products are meeting or exceeding color quality
of CFL recessed downlights [48].”

These fixtures are all phosphor-based designs. The color rendering index of the fixtures in
the Caliper report range from 63 to 93, with a majority of the tested fixtures having a CCT
ranging from 2700 K to 6500 K, none of them being color adjustable.

We can estimate the performance of the prototype presented in this thesis for a range of
color temperatures as well (see Table 6.1). In this case, we consider the results obtained in
Table 5.6 to serve as our comparison. In Figure 5.2 on page 52, we measured the test source
to study if the relationship Ev = Iv/d

2 holds. Using this assumption, we can estimate the
total candelas of the test fixture at a desired operating point (we assume we measured the
lux directly under the source). First we estimate the total lux at a distance of 1 m from the
source by applying Eq. 3.2 rewritten to estimate the illuminance at two different distances
measured from the same source. The illuminance, now estimated at 1 m, can be converted
into candelas. The next step involves calculating the solid angle of lamp (in steradians)
which is 2π(1− cos(α/2)), where α is the beam angle of our source, which is estimated by
be roughly 110 degrees. We obtain the lumens by multiplying the intensity with the solid
angle, Iv2π(1− cos(α/2)).

Several Color Kinetics iW Blast Powercore lamps were obtained and characterized in a
set of experiments outlined in Chapter 5 as a commercial test fixture most analogous to the
one developed. The iW Blast Powercore is a phosphor-converted adjustable white fixture. It
consists of LEDs at two color temperatures, 2700 K and 6500 K, and allows the channels to
be mixed. The fixture is rated at 50 W at maximum intensity, and consists of two banks of
warm white LEDs and one bank of cool white LEDs. The range of achievable output is fixed
between these two color temperatures. The user controllable resolution of three channels is
limited to eight bits where the input/output relationship (PWM versus intensity) follows
the power law, y = xk. The measured CRI of the light source varies with temperature and
has a range of 72 to 83 and an efficacy of 35 lm/W.

Phosphor-based designs already dominate the market and the chronological Caliper data
suggests that improvements across the board are happening. Phillips et al. [52] discuss the
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6.5. Energy Saving Potential

Tc (kelvin) Lux (lm·m−2) Lumens (lm) power (W) efficacy (lm/W)

2748 98 263 8 33
2978 101 271 8 34
3538 108 289 8 36
4085 117 313 9 35
4538 124 332 10 33
4930 132 354 10 35
5382 135 362 11 33
5830 137 367 11 33
6335 138 370 12 31
7768 137 367 12 31
9613 137 367 12 31

Table 6.1: Estimated luminous efficacy of prototype light source for the measured lux ob-
tained in Sec. 5.4.

future of phosphor and active emitter designs. The LED systems in the latest Caliper
report surpass most compact fluorescent designs, both in terms of efficacy and quality. Yet
we are still left with the problem of intelligent control and to some degree, the mixing of
color. There more than likely will still be a need in niche markets for adjustable systems,
especially ones in which the reproduction of color temperature and color rendering are
important. Over time, commercially available systems with the color adjustable range and
color quality of the prototype presented in this thesis will begin to surface. From a design
standpoint, especially with regard to the lighting industry, color-adjustable systems are
complex, both mathematically and physically. Above all, lower efficacy and higher cost
make them less appealing to the mass consumer market. Certainly, if the goal is to maximize
the $/Klm ratio, it is not achieved using active emitters. In order for active emitters to
become dominant in a large cross section of the market, the quantum efficiency of the green
emitters will need to improve to the levels of near ultra-violet emitters. From a engineering
perspective, the techniques presented here are just as applicable to color tunable white
systems as they are to polychromatic active emitter systems.

6.5 Energy Saving Potential

The affordances offered by color-adjustable systems are broad, yet a great barrier in the
broad adoption of these devices is due in part to cost, lower efficacy and complexity. One
idea explored in this work is dynamic efficacy, or the ability of the lighting system to optimize
the number of wavelengths used to create the white point. From an engineering standpoint,
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6.5. Energy Saving Potential

the technique works quite well, however one issue remains: if given the choice between a
high quality light and a poor quality one, which one do you choose? In order to maximize
the full potential of adopting a polychromatic system, the lighting must not burden the
user. A probable answer is that either directly, or indirectly, we do not really care as long
as we are satisfied.

We turn our attention to estimating the performance of the network considered in Fig-
ure 4.1. We consider a hypothetical illuminance profile of ambient light (e.g, daylight)
collected in an office in MIT building E14 (Figure 6.5). In this example, the peak illu-
minance, estimated to be 500 lx is measured during midday. The offices in building E14
currently use compact fluorescent bulbs and the illuminance, 1.5 m from the plenum, was
estimated at 325 lx. From Figure 6.5, we see that for 1/3 of the day, the lighting level is
300 lx or greater, which, to guarantee 325 lx at the work surface, would require 25 lx or
less from the fixtures. By midday, according to the figure, the lights could be turned off.
Although this is a completely a hypothetical situation, the implications are that the fixtures
would require less than 3% of their total output during the course of the normal waking
hours.

But, let us consider a case where the lighting network runs continuously for 24 hours
each day and is configured to maintain 325 lx at the work surface. By compensating for
daylight, we can infer that average illuminance in the room from the overhead lighting,
over a period of a day, is 180 lx/h. This constitutes a 45% reduction if the lights were left
running at full intensity, 24 hours a day. In theory, another 1/6 of that time no illumination
is required, and in this case, the reduction is 59%.1 The example given was extreme, as in
most cases, the total ambient lux may never exceed the capabilities of the lighting system.
Also of consequence is that the fact that the distribution will not be Gaussian, but erratic
and most certainly, not smooth.

The idea behind dynamic efficacy is to augment closed loop intensity control by modu-
lating the spectral composition of the source and automatically determining at which times
a more efficient light, rather than higher quality light, satisfies the user’s requirements. The
important distinction between dynamic efficacy and closed loop intensity control is that
a reduction in overall energy usage is achieved without reducing the intensity and output
color. For example, let us consider the system whose results are described in table 5.6.
Here, we see that the higher efficacy modes of operation are 23% more efficient than their
high CRI counterparts. This means that for the same intensity, the high CRI mode uses 1.2
times more energy then the high efficacy mode.

If we reconsider the example above, we can imagine an operational scenario in which the
network determined situations and times where, although it could not adjust the intensity,
it could tune the efficacy instead. In the example above, we assume that maintaining 325 lx

1Here we computer the average of maintaining 325 lx 5/6 of the time, and 0 lx the other 1/6, which
corresponds to an average of 244 lx/h. For the adjustable intensity it becomes 0 lx for 50% of the day which
corresponds to an average of 100 lx/h.
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Figure 6.5: Hypothetical distribution of illuminance in an office in E14, with a maximum
reading of 500 lx during midday. In this scenario, there are two lighting models used. The
first model assumes the lights remain on at a constant intensity during the day. The second
method assumes the intensity of the sources are adjustable.
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6.5. Energy Saving Potential

on the surface of interest requires 40 W of electrical power and that decreasing the intensity
of the system corresponds linearly with power, that is, 180 lx consumes 22 W of power. A
40 W light, left on for 18 hours a day uses 720W·h. In the hypothetical 58% scenario, the
equivalent power consumption of the light source is 16W each hour (16W·h). This leads
to a total consumption of 400W·h per day. By using feedback, we reduce the total energy
consumed by the system by 44%.

By adjusting the intensity throughout the day, we changed the equivalent power con-
sumption of the light source, that is, a 40 W lamp “became” a 16 W lamp. Earlier, it was
stated that high CRI mode of operation uses 1.2 times the power of the high efficacy mode.
If we assume that the equivalent 16 W source is running in high CRI mode, then for same
light level, the rated power becomes 13 W, a change of 18%. If the fixture ran in high
efficacy mode for 24 hours, this is equivalent to 312W·h per day. Depending on the time
spent using high efficacy or high CRI, we could save up to an additional 88W·h. We could
assume the efficacy mode is used 50% of time and our corresponding consumption becomes
356W·h. Over a year, this saves 16 kW·h for just a single light source.

Compensating for ambient lighting and detecting occupancy in an office is not new; we
are all familiar with the technology such as the building sensor that controls outdoor lighting
when the sun sets or timer based lighting in the library stacks. However, these systems,
lacking any cohesive infrastructure, cannot dynamically raise and lower the intensity in re-
sponse to changing ambient conditions. Instead, for simplicity they are binary; either off
or on (almost always off at the wrong time). For many systems this is adequate, but there
are still plenty opportunities left to pursue. Larger systems, designed to control the lighting
in office type environments, typically have the ability to zone the lighting and adjust the
intensity of individual lamps on the network. By far, the most prevalent method of con-
trolling these networks is human input, using either change on demand or pre-programmed
sequences. One example is the Lutron Grafik Eye, installed in E14. Yet, this system, for all
of its capabilities, lacks the “off the shelf” components to realize the dynamic adjustment of
intensity to compensate for daylight. However, these systems are capable of being controlled
using a computer – it is not unreasonable to think that that the hardware and techniques
presented here could one day control the overhead fluorescent lighting at the Media Lab.
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Chapter Seven

Conclusions

This thesis focused on the development, modeling, and testing of dynamic solid state light-
ing. In this work, state of the art methods were presented to optimize the optical and energy
related parameters of an intelligent lighting system. A comparison of control techniques,
both linear and nonlinear, provided quantitative evidence that the methods described in this
thesis are optimal for the control and design of future polychromatic as well as phosphor-
based lighting systems. In addition, the feasibility and current performance of room calibra-
tion and the performance of a novel method of measuring the correlated color temperature
of daylight were also given. In short, the broad foundation for future research on the op-
timal control of lighting has been both quantitatively and qualitatively discussed. With
the proper techniques, subsystems, and methodologies in hand, it is now time to consider
dynamic interaction with the network. The next immediate portion of the research will
study the effects of the computer-controlled network of multiple light sources.

7.1 Overview of Performance

The network, as designed right now, has several bottlenecks. These are manifested as query
delays to sensor nodes and light fixtures, and timing expense incurred from roundtrip full
duplex communication. A majority of the proposed control algorithms utilize MATLAB,
which when combined with Windows, is hardly a real-time OS. In the short term, minor
firmware revisions to correct expensive and consecutive read/write operations are critical.
Because the optimal control of a single fixture and sensor node was considered, there may
be unexpected delays as the network scales. Now, after testing and reporting on the perfor-
mance of the sensor nodes, the gain of the analog and digital sensors can be locked down.
The main hindrance in transparent operation of the network is going to be subtly measuring
the ambient and current intensity of the uncontrolled and controlled lighting in the room.
Currently, this update rate is 11 Hz.

In Chapter 3, the use of direct search was presented as an efficient nonlinear solver for the
lighting network. It is not an issue of being able to accurately determine the correct intensity
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7.2. Future Work

for the total number of wavelengths present in a lighting network; this was demonstrated.
It is an issue of speed. For example, one possible solution is use to the direct search method
to calculate a table of intensities to be stored in each fixture, then the correct intensity of
the network is determined via the control computer, and the intensity setting is transmitted
to the fixtures. The lights themselves preform the linear adjustment to then correct their
intensity.

The techniques discussed in this work can be generalized to the control of traditional
lighting technologies. One goal of designing the polychromatic system was to develop a light
source capable of best-in-class photometric and color related properties. It was also theorized
that existing methods of measuring and sensing color lead to decreased performance of these
systems. The development of a custom light source enabled a quantitative comparison of
the methods and techniques proposed for control. Additionally, it extends the work on the
optimal control of lighting in [64, 49] by considering spectrally tunable sources capable of
dynamic energy consumption. These extra layers of difficulty prompted the development
and testing of new models and techniques to control the network. Yet, LED lighting is not
widespread. For example, in MIT building E14, a Lutron Grafik Eye controls the dimmable
overhead fluorescent fixtures. Future work will focus on incorporating more diverse sources
into the control of the system.

The benefits of using an adaptive approach to selecting the wavelengths of the source were
mentioned, yet this extra degree of control presents some major concerns from a usability
standpoint. At present, a single button press on the control node instructs the system
to perform a calibration step. The user is then able to set the desired illuminance level
and color temperature by adjusting a slider on the control node. These operations are
more complicated than turning on or off a switch. Certainly, adding a fourth operation –
the ability to switch between efficient and high quality light is overkill. So how can this be
simplified? First, an experiment to derive the users’ lighting preferences must be performed.
In these experiments, it can be tested which light sources the user prefers under different
situations. Ultimately, one conclusion may be that, although the dynamic efficacy offers
additional energy savings, the quality of the light is not preferred by any users. Long term
testing incorporating a large number of LED and other fixtures are required to report on
the true energy savings employed by these techniques. In the short term, testing is planned
to occur with the iW Blast Powercore from Color Kinetics.

7.2 Future Work

The work presented here leads to the “event horizon”, so to speak, of researching the broader
implications of sensor-enabled lighting networks. For every question answered here, several
more exist. Missing from this discussion are the effects of reflected light (i.e., headmounted
gaze tracking) on the control and performance of the network. Yet using a sensor board
designed here, the preliminary effects of this type of control can be quickly studied. Also
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7.2. Future Work

missing are the quantitative results of the control of at least two fixtures and a full study of
the actual energy saved by adjusting the intensity in response to changing ambient light. To
get to this point, several illuminance studies of building E14 (concentrated primarily on the
5th floor) are required. These studies will provide actual illuminance data of the area, which
we will use to build models of the expected energy savings. These will be performed in the
short term and once complete, can be used to contrast the measured results of several tests in
which the intensity is regulated according to ambient light. Going one step further, we plan
to measure the energy savings when the user is able to adjust the color and illuminance as
well. Also planned for the near-future is the redesign of the sensor node to make it compact
and more energy efficient. Broader research ambitions include incorporating gesture-based
control of the sensor node (i.e., create a light surface of this intensity and color quality here,
similar to Bolt’s classic “Put That There”) [13]. In this manner a zone of lighting can be
specified, for example, by moving the sensor node around the desired area (an accelerometer
in the sensor node can detect motion) or video could enable gesture recognition and tracking.

Looking towards the future, the next phase of work will aim to utilize more complicated
sensors and activity-recognition algorithms to better infer user context and light their en-
vironment accordingly. Room-mounted and wearable cameras, for example, will be used to
track users and determine their zone of activity, lighting the area accordingly. Hands will be
tracked, and gestural control (e.g., pointing, sweeping, framing, etc.) will be used to direct
the room lighting when it is necessary to go beyond the assumptions made by the context
engine [39]. Users can be tracked to within several meters by the wireless signal from their
wearable system – correlating motion detected by their wearable accelerometers and local
cameras can precisely identify and locate them [70, 69]. In the final phase of the work,
the system will be installed into a suite of working offices to examine the interaction and
control of this intelligent lighting system with other utilities (e.g., closed loop heating and
air conditioning [22]) to create environments that automatically meet users’ utility goals
and comfort while minimizing energy. Also of interest are the persuasive interfaces to these
environments, through which users will see the system working, explore their energy con-
sumption, compare their energy usage with their past activity and to that of other subjects,
and adjust the assumptions that the system makes about them. This phase of activity will
also integrate with a ubiquitous interactive display system that we have installed throughout
our building that identifies users when they approach and facilitates a variety of contact and
non-contact interaction. Users of our system can employ these “portals” to invoke and in-
teract with their energy-related information anywhere in the building. Although researchers
have been exploring aspects of interactive lighting for several years, the agile control and
rich sensor data afforded by these systems will inspire new means of interfacing with and
controlling fine-grained utility infrastructure to maximize function while minimizing energy,
illustrating a key application that will drive cyber-physical systems in the next decade.
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Appendix A

Expanded Results

The Figures A.2, A.1, A.3, and A.4 contain the predicted and measured spectra used to
describe the experiments in Chapter 5.
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Appendix B

Hardware Design

B.1 LED Controller Hardware Schematics

[follows on next page]
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B.2. LED Controller PCB

B.2 LED Controller PCB
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B.5. Sensor Node PCB

B.5 Sensor Node PCB

[follows on next page]
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B.7. LED Ring Schematic

B.7 LED Ring Schematic
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B.8. LED Ring PCB

B.8 LED Ring PCB
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Appendix C

Firmware

Due to length, all source code and binaries for the LED controller and sensor node can be
found at:

http://media.mit.edu/~maldrich/lighting/
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Appendix D

Radiometric Traceability

Attached are the traceability documents from Ocean Optics outlining NIST calibration
standards and uncertainty that is carried over in the radiometric calibration source used in
these experiments.
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