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Presenter
Presentation Notes
The next five slides highlight issues that have arisen in the past five years that are related to spectrum,
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What is this about?

1. Basics of light and vision

2. Types of light sources

3. Displaying spectral data

4. Weighting functions: use and meaning

5. Spectral tuning
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Electromagnetic Spectrum

https://sites.google.com/site/mochebiologysite/online-textbook/light

Presenter
Presentation Notes
Visible light is part of the electromagnetic spectrum, and is bordered by infrared (heat) and ultraviolet. Regardless of the physical means by which it is generated, all visible light is the same (e.g., light of a particular wavelength from an LED is the same as light of that wavelength from an incandescent lamp). 
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What is a Spectral Power Distribution?

https://people.rit.edu/andpph/photofile-c/spectrum_8664.jpg
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Plotting a Spectral Power Distribution

Presenter
Presentation Notes
Wavelength is always on the horizontal axis and spectral power (or Spectral Radiance, Spectral Irradiance, Radiant Energy) is on the vertical axis. The plot shows the amount of radiated energy (W) per nanometer.
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Sensing Radiant Energy – The Human Eye

http://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-retina/

Presenter
Presentation Notes
The eye is a complex sensor.	
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Photosensor Sensitivity
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Presenter
Presentation Notes
There are five known types of photorceptors in the eye, each with different functions.
Our eyes only include broadband sensors!

Standard observer is 32 years old, shifts all peaks to higher wavelengths vs. pure photopigment. Additional shifts with age.

There are at least five types of ipRGCs, Melanopsin’s peak is around 480 itself. When we account for filtering of the eye, the peak is around 490.
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Photoreceptor Variation

Presenter
Presentation Notes
Photosensor sensitivity varies from person to person.

Due to selective filtering of the lens and other optical media through which light passes before reaching the retina, the raw sensitivity of the photopigments (dashed lines) is different from the functional sensitivity of the visual system.
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Visual System: It’s Complex!
And that’s not even talking about non-visual photoreception.

Presenter
Presentation Notes
The visual system involves many processes, with the brain acting as the central processor. It is a complex system that we try to simplify with models.
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Spectral Power Distributions

Presenter
Presentation Notes
Left: Incandescent, characterized by a smooth SPD with proportionally more long-wavelength energy.

Center: Fluorescent, characterized by spikes of emissions from phosphors.

Right: Phosphor-coated (PC) LED, characterized by a blue pump and a larger yellow-red hump.
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Spectral Power Distributions

CAUTION: Light sources technologies are not homogenous!

Presenter
Presentation Notes
Left: Daylight model, characterized by smooth SPD with small blips that come from filtering in the atmosphere.

Center: HPS, characterized by almost all energy in the medium (yellow) wavelengths.

Right: Color-mixed LED, characterized by a combination of three or more individual peaks.
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Phosphor-Coated LEDs

Direct LED Phosphor

Presenter
Presentation Notes
Within any source type, there is large variation. LEDs, for example, should not be treated as a homogenous group.
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Color Mixed LEDs
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Presenter
Presentation Notes
Example of a 7-channel color-mixed LED system.
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Color-Mixed LEDs
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SPDs from: Royer MP, Wilkerson AM, Wei M, Houser KW, Davis RG. 2016. Human Perceptions 
of Color Rendition Vary with Average Fidelity, Average Gamut, and Gamut Shape. Lighting 
Research and Technology. Online before print. DOI: 10.1177/1477153516663615

Presenter
Presentation Notes
The seven channels can be combined to create light with a variety of different characteristics. Here, they are combined to provided different color rendering characteristics while maintaining constant luminous flux and chromaticity.
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Color-Mixed LEDs

Presenter
Presentation Notes
Another way to think about spectral tuning with color mixed LEDs is to think about moving the components of the system to different peak wavelengths.
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Comparing Spectral Power Distributions
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Presenter
Presentation Notes
SPDs are commonly displayed as relative data, where the maximum is normalized to 1 and all other points are shown as relative to that point. When comparing SPDs, this can be very misleading.
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Comparing Spectral Power Distributions
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Presenter
Presentation Notes
Alternatively, SPDs can be plotted according to the actual power emitted at each wavelength, which allows for more effective comparisons. Often, it is most useful to compare sources normalized for equal lumen output, because the lumen output needs of an application are often fixed. In other cases, such as when an HPS streetlight is replaced with an LED luminaire, comparing two sources using their actual spectral output values may be more appropriate.
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Spectral Weighting Functions

• Also known as Action Spectra, (Spectral) Efficiency Functions

• Assign a weight to each wavelength, based on a given effect or 
perception

• Based on human subjects experiments, then standardized

• Weighting functions are often a simplification

• Effects assumed to be additive

• Various effects:

• (Relative) Brightness perception 

• Viewing colored light

• Melatonin suppression/circadian effects

• Retinal damage

• Material damage 

• Other spectrum-related effects, such as color rendering or CS, are not 
weighting functions
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Luminous (Visual) Efficiency Function, V(λ)
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Luminous (Visual) Efficiency Function, V(λ)

• Adopted by CIE in 1924 

• Informed by five experiments using three different methods

• Minimum flicker

• Step-by-step brightness matching

• Direct brightness matching

• All experiments used a 2°field of view, surround of same brightness

• Official version combines three experiments across different parts of 
the spectrum

• Large individual differences standardized to a single function

• Later refinements made, but change is difficult!

• Relative brightness, or “brightness-based”
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Luminous (Visual) Efficiency Function, V(λ)
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Functions from CIE TN 003:2015
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Calculating Weighted Values

=

=

=Area Area<
Area Area

683*

683*

Presenter
Presentation Notes
When using action spectra and calculating weighted values, we multiple the SPD and the action spectrum, then calculate the area under the curve. When calculating luminous flux, there is a multiplier of 683.
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Luminous Efficacy of Radiation

Luminous Flux (lm)
Luminous Efficacy of Radiation (LER) =

Radiant Flux (W)

683*
Area

Area

Area

LER =

Radiant Watts, Not Electrical Watts

=

LER = =
683*
Area

315 lm/Wradiant

154 lm/Wradiant

Presenter
Presentation Notes
When undergoing a spectral engineering process, efficiency at generating lumens from the radiant energy is often a primary consideration. LER should not be confused with luminous efficacy.
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Maximizing lumens requires tradeoffs with 
light color, color rendering, nonvisual stimulation, etc.!
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Presenter
Presentation Notes
Shown via demonstration: maximum LER is 683 lm/W with monochromatic light at 555 nm.
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Color Vision – CIE 1931 Standard Colorimetric Observer
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Presenter
Presentation Notes
One of the primary counters to maximizing LER is the need to produce white light. Color matching functions can be used to match the appearance of two light sources.
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Metamerism
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Presenter
Presentation Notes
The spectral math works the same as with V(λ).



33

Metamerism

=
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Presenter
Presentation Notes
Two sources with different SPDs can produce the same area under the curve. This is conceptually predicated on the broadband nature of the photosensors in our eyes.
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Metamerism / Light Color
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Presenter
Presentation Notes
Chromaticity is calculated based on the ratio of the area under the three color matching functions. The two commercially-available source shown on the previous two slides have very similar chromaticities (but not exactly the same).
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Metamerism / Light Color

X
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Presenter
Presentation Notes
Chromaticity coordinates don’t have a visual correlate, so they have little meaning. For many years, correlated color temperature was used alone to convey the color appearance of the light itself.
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CCT: An Approximation of Spectral Content
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CCT: An Approximation of Spectral Content
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CCT: An Approximation of Spectral Content

Presenter
Presentation Notes
CCT provides a rough characterization of the balance of long- (red) and short- (blue) wavelength energy in the spectrum. CCT is limited because it distills the complex information provided in an SPD to a single number. Importantly, two sources with very different chromaticity coordinates can have the same CCT.
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CCT: An Approximation of Spectral Content
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Presenter
Presentation Notes
CCT works for all source types.
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Metamerism / Light Color

X
0.4507=

X + Y + Z

Y
0.4080=

X + Y + Z

CCT = Closest point on 
the blackbody curve (in 
CIE 1960 chromaticity 
diagram) 

Duv = Distance 
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blackbody curve (in 
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Presenter
Presentation Notes
CCT can be supplemented with Duv to provide an equivalent specification to chromaticity. 
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CCT and Duv
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CCT Has Limitations!
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Presenter
Presentation Notes
Because the SPD plotted in green has a very large Duv, using CCT to compare spectral content is less effective.
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Presenter
Presentation Notes
Chromaticity (and color fidelity) must be traded off with LER.
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“Blue” Light Special!

ipRGCs and Nonvisual Photoreception (i.e., Light and Health)
• Big picture, nonvisual photoreception is a new phenomenon

• The photosensitivity of melanopsin is known and agreed upon (peak in the 
“blue”), but the overall sensitivity of various elements of the human body 
(e.g., circadian system) are still under investigation.

• Other photoreceptors likely contribute

• Response may be non-linear/non-additive

• Response may change based on other factors

Blue light Hazard
• “Blue” light can case damage to the retina under the right 

circumstances

Material Damage
• “Blue” light can damage materials, like artwork

Presenter
Presentation Notes
Blue light is in the news, but the science doesn’t always match the stories. Among other issues, there is no specific definition of “blue” light. Terms like “blue-rich LEDs”, “blue spike”, etc. are misguided characterizations.
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Blue Light Considerations
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Presenter
Presentation Notes
There are multiple action spectra related to the various effects attributed to blue light. The cover a wide range of the spectrum.
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Comparing Spectral Power Distributions
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Presenter
Presentation Notes
Instead of visual comparisons, we can use numerical analyses to compare the relative effect potential of difference sources. Here, three LEDs of approximately the same CCT are compared to an incandescent lamp in terms of their potential to stimulate the ipRGC.
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Compare with numbers!

Row Light source
Luminous 
Flux (lm) CCT (K) % Blue* 

Relative Scotopic 
Potential 

Relative Melanopic 
Potential** 

Relative BLH
Potential

A PC White LED 1000 2700 17% - 20% 0.80 - 0.99 0.70 - 0.99 0.79 - 1.05
B PC White LED 1000 3000 18% - 25% 0.85 - 1.08 0.77 - 1.10 0.67 - 1.35
C PC White LED 1000 3500 22% - 27% 0.92 - 1.24 0.86 - 1.31 1.21 - 1.70
D PC White LED 1000 4000 27% - 32% 0.95 - 1.20 0.86 - 1.25 1.38 - 1.94
E PC White LED 1000 4500 31% - 35% 1.06 - 1.29 1.01 - 1.40 1.77 - 2.11
F PC White LED 1000 5000 34% - 39% 1.17 - 1.31 1.17 - 1.38 1.91 - 2.46
G PC White LED 1000 5700 39% - 43% 1.25 - 1.50 1.27 - 1.66 2.22 - 2.74
H PC White LED 1000 6500 43% - 48% 1.48 - 1.79 1.61 - 2.15 2.52 - 2.84
I Narrowband Amber LED 1000 1606 0% 0.16 0.04 0.02
J Low Pressure Sodium 1000 1718 0% 0.16 0.04 0.01
K PC Amber LED 1000 1872 1% 0.32 0.15 0.06
L High Pressure Sodium 1000 1959 9% 0.40 0.32 0.36
M High Pressure Sodium 1000 2041 10% 0.45 0.37 0.42
N Mercury Vapor 1000 6924 36% 1.05 0.91 2.58
O Mercury Vapor 1000 4037 35% 0.96 0.92 3.36
P Metal Halide 1000 3145 24% 0.98 0.94 1.28
Q Metal Halide 1000 4002 33% 1.14 1.16 2.15
R Metal Halide 1000 4041 35% 1.28 1.38 2.14
S Moonlight*** 1000 4681 29% 1.50 1.68 2.26
T Incandescent 1000 2812 11% 1.00 1.00 1.00
U Halogen 1000 2934 13% 1.03 1.03 1.03
V F32T8/830 Fluorescent 1000 2940 20% 0.91 0.84 1.08
W F32T8/835 Fluorescent 1000 3480 26% 1.07 1.05 1.50
X F32T8/841 Fluorescent 1000 3969 30% 1.17 1.17 1.68

* Percent blue calculated according to LSPDD: Light Spectral Power Distribution Database, 
http://galileo.graphycs.cegepsherbrooke.qc.CA/app/en/home
** Melanopic content calculated according to CIE Irradiance Toolbox, http://files.cie.co.at/784_TN003_Toolbox.xls, 2015
*** Measurement by Telelumen. Moonlight does not have a constant CCT.

http://galileo.graphycs.cegepsherbrooke.qc.ca/app/en/home
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Comparing Blue Measures
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Presenter
Presentation Notes
For some source types with broad SPDs, CCT can be a reasonable approximation of melanopic content. However, there is a range at any given CCT that arises due to the different action spectrum of the ipRGC and the z color matching function. This difference is exacerbated by source types with narrow, emissions, such as HID and color-mixed LED.
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Presenter
Presentation Notes
While it might appear that this moonlight SPD has less blue content than the LED, it actually has relative more melanopic and scotopic content.
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Spectral Engineering – Sources of the future

Maximizing and minimizing melanopic content at same chromaticity: 
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Presenter
Presentation Notes
One can minimize and maximize relative melanoptic content given different constraints for CCT/Duv and color rendering. These sources are based on the ETC D22 Lustr+ luminaire.
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Spectral Engineering – Sources of the future

Maximizing and minimizing melanopic content at same chromaticity: 

CCT = 3900 K
Duv = 0.005 
Rf = 80
Rg = 99
m/p = 1.11

CCT = 4101 K
Duv = -0.005 
Rf = 80
Rg = 95
m/p = 1.83

COLOR VECTOR GRAPHIC COLOR VECTOR GRAPHIC

Presenter
Presentation Notes
When optimizing a spectrum for one quantity, there are always other consequences. Here, the color rendition of the products is changing (even though the average fidelity and average gamut area is fairly similar).
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Don’t Forget! Material Damage Function, S(λ)

Where "b" is an average value 
calculated from measured 
reference samples for a specific 
medium. For example, b = 0.012 
for watercolors, or b = 0.038 for 
newspapers.

sdf(λ) = exp[b(300−λ)]

0.012

0.038

Presenter
Presentation Notes
In general, materials are more sensitive to shorter-wavelength electromagnetic radiation. The exact sensitivity depends on the type of material. The CIE groups the materials into general categories, characterized by a variable in the damage function. Specific materials within each group can vary dramatically.
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Don’t Forget! Plants and Animals

Presenter
Presentation Notes
Plants (and animals) have very different sensitivities than humans. Blasting plants with lumens won’t be the most effective way to help them grow.
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Don’t Forget! Color Rendition

Presenter
Presentation Notes
In general, artwork is sensitive to shorter-wavelength electromagnetic radiation. The exact sensitivity depends on the type of material. The CIE groups the materials into general categories, characterized by a variable in the damage function. Specific materials within each group can vary dramatically.
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Conclusions

• LEDs offer unprecedented ability for spectral engineering.

• LED is not a homogenous technology!

• LEDs do not pose an unusual hazard for any undesirable 
consequence of lighting.

• Measures of blue are correlated, but not substitutes. Sources can be 
carefully tuned to minimize or maximize various effects.

• One action spectrum can’t be used to quantify another. Illuminance 
doesn’t characterize melanopic response.

• When designing a spectrum, there are inevitably tradeoffs.

• Understand how SPDs are measured and reported. 

• Understand how SPDs can be represented in charts.

• Use numbers, rather than visual evaluations.
Other warnings:
Never use two weighting functions at once.
Watch out for scaling factors and know when they are/aren’t used.
Always use absolute SPDs when calculating weighted values.
Understand the dλ term and how SPDs are measured/reported.
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