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ABSTRACT 

Color science is perhaps the most universally tangible discipline within the optical sciences for people of all ages.  
Excepting a small and relatively well-understood minority, we can see that the world around us consists of a 
multitude of colors; yet, describing the “what”, “why”, and “how” of these colors is not an easy task, especially 
without some sort of equally colorful visual aids.  While static displays (e.g., poster boards, etc.) serve their purpose, 
there is a growing trend, aided by the recent permeation of small interactive devices into our society, for interactive 
and immersive learning.  However, for the uninitiated, designing software and hardware for this purpose may not be 
within the purview of all optical scientists and engineers. 

Enter open source.  Open source “anything” are those tools and designs -- hardware or software -- that are available 
and free to use, often without any restrictive licensing.  Open source software may be familiar to some, but the open 
source hardware movement is relatively new.  These are electronic circuit board designs that are provided for free 
and can be implemented in physical hardware by anyone.  This movement has led to the availability of some 
relatively inexpensive, but quite capable, computing power for the creation of small devices. 

This paper will showcase the design and implementation of the software and hardware that was used to create an 
interactive demonstration kit for color.  Its purpose is to introduce and demonstrate the concepts of color spectra, 
additive color, color rendering, and metamers.   
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1 INTRODUCTION AND MOTIVATION 
I’ve given a lot of optics demonstrations on a lot of different optical subjects through my involvement with the New 
England Section of the Optical Society of America (NES/OSA).  Optics is a complex discipline and many of the 
topics that an optical engineer finds interesting or fundamental are not easily explained to a non-engineer.  
Consequently, some demos work well; others do not.  To that end, the NES/OSA is always trying to find ways of 
improving the demos we provide to better engage a wide variety of age groups -- from pre-school aged children to 
the curious grandparent and everyone in-between -- in such a way that they learn important optical concepts while 
having fun. 

The NES/OSA demo suitcase [1], many suitcases actually, contains several demos that cover different facets of 
color science.  These demos are some of the most popular that we use, perhaps due to the nearly universal 
experiences we all have with color.  We are surrounded by color, and yet very few understand why it is so.  The 
generation of color through the process of mixing paints and dyes is taught at an early age, but most of the other key 
concepts of color science are missed.  The demos within the suitcase endeavor to rectify the shortcomings of this 
education.  One such demonstration teaches additive color by allowing the eager learner to superimpose any 
combination of red, green, or blue light to make a variety of different colors. 

2 GOALS 
The goal of this project is to replace this simple additive color mixing demo.  While it is easy to see what happens 
during the demo, we lack many of the visual aids and intensity controls to make or explain anything more than the 
seven possible combinations with the three, fixed-intensity, light-emitting diodes (LEDs).  Simply put, the principle 
goals of this new demonstration are as follows: 

• Demonstrate additive color using a variety of primary colors with variable intensity. 

• Demonstrate and explain the color gamut for the chosen set of primaries. 
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• Be portable and interactive. 

Additionally, the following list contains secondary goals for the kit. 

• Explain the correlation between spectral power distributions and additive color. 

• Demonstrate and explain metamerism. 

• Demonstrate and explain color rendering. 

3 THEORY 
In the demo system’s simplest form, the user chooses a set of light sources from a list and then picks a color to be 
made from these primaries.  The set of primaries define the color gamut, and the chosen color can either be in-gamut 
or out-of-gamut. If the chosen color is out-of-gamut, we need to display the closest, in-gamut color.  This section 
describes the mathematical models used to make these desire a reality. 

The mixing of various levels of a fixed number of light sources is an application of Grassmann’s law [1], shown in 
matrix form for tristimulus values in Equation 1. 

൥்்்ܻܼܺ൩ = ൥ ଵܻܺଵܼଵ
ܺଶܻଶܼଶܺଷܻଷܼଷ ⋯ܺேܻேܼே൩ ێێۏ

ۑۑےଵ݇ଶ݇ଷ⋮݇ே݇ۍێ
 (1)     ېۑ

If the desired color, ሾ்ܺ, ்ܻ , ்ܼሿ, and the color of the N primaries, 	ሾ ଵܺ, ଵܻ, ܼଵሿ⋯	ሾܺே, ேܻ, ܼேሿ, are known, simply 
solving the matrix for the coefficients (݇ଵ ⋯݇௡) gives the ratio of powers required of each of the primaries.  Since 
the device works by changing the power output of LEDs, the coefficients all must be greater than 0 and the positive 
values are scaled such that ்ܻ = 1 for all cases, as shown in Equation 2.  This assures that the output, regardless of 
the number of LEDs currently powered, is constant in luminance; only the color changes. 

൥ܺ1்்ܼ ൩ = ൥ ଵܺ1ܼଵܺଶ1ܼଶܺଷ1ܼଷ ⋯ܺே1ܼே൩ ێێۏ
ۑۑےଵ݇ଶ݇ଷ⋮݇ே݇ۍێ

 (2)       ېۑ

There are many cases in which this system of equations has no solution, or an infinite number.  If only one LED is 
illuminated, the color gamut is a point, and all other colors are impossible to produce.  If two LEDs are illuminated, 
the color gamut is a line, and only colors that are linear combinations of the two primaries are possible.  If three or 
more LEDs are illuminated, the color gamut is an area and a solution may be possible.  Examples of these three 
possibilities are shown in Figure 1. 
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board (PCB) with seven Philips Luxeon Rebel [7] or Rebel ES [8] LEDs of colors and flux bins of my choosing.  I 
chose the highest flux bin for the blue LED, as it has the lowest total luminous flux of the other color choices, then 
chose bins for the other colors that closest matched the blue LED’s flux.  Table 1 shows the LED color and flux bin 
choices for all seven LEDs. 

LED Color LED Part # Minimum Luminous 
Flux (lm) 

Dominant 
Wavelength (nm) 

Spectral Half-
Width (nm) 

Blue LXML-PB01-0040 40 470 20 

Cyan LXML-PE01-0070 70 505 30 

Green LXML-PM01-0070 70 530 30 

Amber LXML-PL01-0040 40 590 20 

Red-Orange LXML-PH01-0050 50 617 20 

Red LXML-PD01-0040 40 627 20 

5000K White LXW8-PS50 180   

Table 1. Part number, minimum flux, dominant wavelength, and spectral FWHM for each of the LEDs used. 

Thermal management of the LEDs and their PCB was particularly important for this project.  This system needs to 
operate for an entire science fair, or about 4 hours.  This means that the LEDs need to stay cool, lest the light output 
degrade or the PCB become hot enough to burn an unfortunate youth.  Passive cooling is desirable for cost and lack 
of moving parts.  Luckily, I was able to repurpose a heat-sink that was designed for a computer CPU.  With the fan 
removed, the remaining finned heat-sink is a perfect size for the PCB and the wires can be fed through the fins to the 
back of the device.  Figure 2 shows the PCB after it was screwed to the heat-sink.  A thermal transfer paste was used 
between the PCB and the heat-sink. 

 
Figure 2. The PCB and heat-sink 

To facilitate mixing of the seven LEDs, a simple approach was taken.  A 2” white PVC pipe was cut to a length of 
12”.  The resulting cylinder perfectly fit over the PCB and secured onto the fins of the heat-sink.  I anticipated that 
the PVC would be too specular for good mixing, so I painted the interior and exterior of the plastic with a matte 
white spray paint.  The complete light engine is shown in Figure 3. 
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Figure 3. The light engine with the mixing tube. 

Sadly, the matte paint proved too specular, and produces results consistent with Figure 4 on the wall.  The colors 
mix in certain regions, but the overall pattern is not mixed.  As a result, and to increase the intensity of the beam 
pattern as projected onto a wall, I chose to use a commercially available collimating lens assembly made by Ledil 
[9].  Figure 5 shows the lens in place and Figure 6 shows a representative beam pattern on a wall. 

 
Figure 4. The light output from the light tube mixing system.  The output does not mix well. 
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Figure 5. The light engine with the Ledil collimating lens in place. 

 
Figure 6. Color mixing result with the Ledil lens.  Mixing is improved, but not good. 

4.2 Control System 

The system to enable/disable and dim various combinations of LEDs consists of electrical hardware and a software 
control system.  The software tells the hardware the appropriate amount of current for each LED. 

4.2.1 Electrical Hardware 
Two versions of the electrical hardware have been created to date.  The initial design uses very generic components 
and required an elaborate electrical and software design.  The second design uses an industry-standard protocol for 
hardware and software communication.  This simplifies things, as specialized hardware was available and didn’t 
need to be created from scratch. 

4.2.1.1 Version 1: Generic Components 
Under normal operating conditions, LEDs desire constant current.  In order to properly power and dim them, I chose 
to use a commercially available LED driver from LuxDrive [10].  I chose the 350mA driver to reduce thermal load 
and keep the total flux low enough that there was no risk of eye damage due to excessive luminance.  The drivers 
nominally accept a 12V DC voltage and can be dimmed by applying between 0 and 5V to trigger the internal 
dimmer circuit.  Providing the constant voltage can be achieved by an off-the-shelf power supply.  Controlling and 
sending the proper signal to the internal dimmer required much more consideration and design. 
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