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The Recording and Playback of Light

Programmable Spectrum Luminaires and
Measuring Daylight
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President
Telelumen LLC

Bio: Steve earned a BSEE from Penn State University in 1981 and joined Hewlett Packard,
Optoelectronics Division. While at HP he held a variety of engineering and management
positions in California, Japan, and Malaysia. In 2000 he joined Lumileds as a founding
member. In 2007 he founded Telelumen, where he is currently the President. He was also
the CTO at Lunera Lighting and the CTO at NEXT Lighting. He speaks frequently on a variety
of topics related to solid state lighting, particularly daylight replication, and holds 25 issued
patents.



The Recording and Playback of Light

* Founded 2007 — Saratoga, CA
* Purpose — Replicate any spectral power distribution
* Products and services to record and playback light
* Privately owned
* Products:
* Octa (various 8 color light player luminaires)
* Dittosizer (24 channel light player luminaire)
 Spectraloc — control software
* Content — spectrometer recordings, Lumenscripts



Programmable Spectrum Markets

Consumer electronics — cameras, displays, sensors
University and hospital labs — circadian health
University and government labs — lighting research
Supply chain — Critical color control



Programmable Spectrum vs. Color Tuning

Telelumen focuses on spectrum and change with time
— Replicate actual daylight SPD not just CCT
— Render human skin accurately

Others focus on static RGB color

Telelumen focuses on radiometry (physics)

Others focus on photometry (standard observer)
Telelumen focuses on efficiency, peak wavelength, SPD
Others focus on efficacy, dominant wavelength, CCT
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Octa Light Players 20000K to 1500K
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Shown above left are Telelumen Octa Light Players set to a mode enriched in
short wavelengths and above right is the same system enriched in long
wavelengths at an intensive care unit (ICU) in the Jefferson Hospital for
Neuroscience in Philadelphia, PA (2019).
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What is Daylight?

e Circadian, Human Centric, Healthy, but...
* A fundamental aspect is the overall experience.
* Daylight is complex. The SPD changes with:

— time of day

— the weather

— time of year

— place on earth

— your immediate environment — window, sidewalk, park, ...

— It’s processional — sun, shadows move during the day
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Fish tank refracting daylight on wood floor — Oak Park, CA

NOTE: Some colors in this image are false because they lie outside the camera and display gamut.
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Daylight Experience

Continuous SPD in the visible spectrum (380 — 780 nm) and beyond
Continuous change with time
— Both daylight itself and personal location/gaze
Color temperatures are much higher than typical electric light
— Deep red >650 nm is critical
Photometrics are not sufficient to represent the daylight experience.
— Chromaticity is typically not on the black body or daylight locus
— CCT does not define the SPD
When energy use is important efficiency is better than efficacy
— Optical Watts vs. Lumens per Watt
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Reflectance Factor
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Deep Red is Key to Proper Skin Rendition

About half the response is >600nm
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_ African
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Wavelength [nm]
From: “Face colour under varying illumination”, Chapter. 4; http.//herkules.oulu.fi/isbn9514267885/html/i1030756.html

Reflectance [%]
0
o

© 2002 Oulu University Library


http://herkules.oulu.fi/isbn9514267885/html/i1030756.html
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Diffuse reflectance of human blood with a hematocrit of 33%, oxygen saturation of
100%, and mean cell volume of 83 femtoliters. Public Domain Image, data source: M.
Meinke, image source: Christopher S. Baird.




“Continuous” SPD means 7 or more colors — ROYGB

a.u.

1.0

0.9

W WaNAY
X

0.8

0.7

\’
\

\

0.6

0.5

0.4
0.3

|
|

[
/
|
|

[

111 !
| I\ |
NINA T T

.2
0.1

\ [\ N

0.0 -
380

| | ‘ j |£ i‘ !
480 580 680 780

Wavelength- nm

_ Copyright 2023 Telelumen LLC All Rights Reserved




OLED Display vs. “Continuous” Luminaire
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Color Words and Wavelength
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Observers

Sony Response Curves model

response

400 450 500 550 600 650 700 9‘00 450 500 550 569 650 760
wavelength
https://en.wikipedia.org/wiki/LMS_color_space https://www.researchgate.net/fisure/Spectral-sensitivity-

of-the-CCD-in-a-Sony-digital-camera_figb 285821904


https://en.wikipedia.org/wiki/LMS_color_space
https://www.researchgate.net/figure/Spectral-sensitivity-of-the-CCD-in-a-Sony-digital-camera_fig6_285821904
https://www.researchgate.net/figure/Spectral-sensitivity-of-the-CCD-in-a-Sony-digital-camera_fig6_285821904

Observers

10

Relative Response [-]
(@)]

K

0 P ! I ==
400 450 500 550 600 650 700

Wavelength [ 0 40 00 50 600 650 700

https://www.rit.edu/science/sites/rit.edu.science/files/2019-01/MCSL-Ob  NttPs://www.researchgate.net/figure/Typical-spectral-
server_Function_Database.pdf sensitivity-curves-of-commercial-digital-cameras-with-

RGB-bands-The_figl 342113086




Handheld Spectrometer examples

GL SPECTIS 1.0T Flicker




Latest Addition —
Waiting for Someone to Start Making Recordings

spPecim I¢

HYPERSPECTRAL GOES MOBILE

sPecim
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Abisko, Sweden
Akihabara, Japan
Banglore, India
Bolonga, Italy
Branno Island, Sweden
Bregenz, Austria
Burbank airport
Charlotte, NC
Cleveland, OH
Como, Italy

Dallas, TX

Deep Creek, MD
Del Garda, Italy
Delhi, India

Denver airport
Frankfurt, Germany
Gaithersburg, MD
Garching, Germany

Sample of Recording Locations

Goteborg, Sweden
Guzhen, China
Houston airport
Irvine, CA
Istanbul, Turkey
Kingsten, Sweden
Kuala Lumpur, Malaysia
Lapland, Norway
Las Vegas, NV
Malpensa airport
Melbourne, FL
Millbrae, CA

Monterey Bay aqurium, CA

Mt. Hamilton, CA
Munich, Germany
Narita airport
Nashville, TN
New Market, MD
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Newark airport
Newport Beach, CA
Orlando, FL

Palo Alto, CA

Panama City

Penang, Malaysia

Point Vicente, CA
Raleigh-Durham airport
Saltholmen, Sweden
San Diego, CA

San Jose, CA

Santa Clara, CA

Santa Cruz, CA

Santa Monica, CA
Saratoga, CA

San Francisco airport
San Francisco bay bridge
Shanghai, China

Shinagawa, Japan
Shinjuku, Japan
Singapore

Sishane, Turkey
Somerset, PA
Stockholm, Sweden
Styrso Island, Sweden
Sunnyvale, CA

Taipei, Taiwan
Taoyuan airport
Uppsala, Sweden
Various airplane windows in flight
Wexford, PA
Wilmington, NC
Woodside, CA
Yokohama, Japan
Yosemite, CA
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Place Como, ltaly

Date 28-May-16
Time 0537
Lux 159
CCT 14292
CRI 93
u 0.176
v 0.431
duv 0.010
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Place
Date
Time
Lux
CCT
CRI
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Como, Italy
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Como, Italy
28-May-16
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Place
Date
Time
Lux
CCT
CRI

duv

Como, Italy
28-May-16
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a.u.
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-Yosemite National Park,
California
14jun20

Diving Board — aka The Beak

Half

Liberty Cap

Nevada Falls




June 14, 2020
0503 — The hike begins.
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0526 — Typical recording posture.

Lighting Passport Spectrometer




is heating up.

0728 — Day
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0800 — Measuring sunglasses.




Ratio
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0944 — Taking it in.




1051 — Need to gather courage.




1054 — Out on the beak.




— Measuring clear green water.
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1915 — Back where we started.




By the numbers

Starting elevation — 4,000 feet (1,200 m)
Ending elevation — 8,800 feet (2,700 m)

According to Fitbit:
— 45,000 steps
— 19 miles (30 km)
— 4,910 calories burned

Weather: low 50 F — high 77 F (10 C—25 C)

Total time: 14 hours 15 mins



Yosemite National Park, Half Dome Hike, 14jun20
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Max, Min CCT — 14jun20

a.u. (555nm)

25

2.0

15

1.0

0.5

0.0

——0644, 20k
——0726, 5k

T T T T T T 1

480 530 580 630 680 730 780

Wavelength- nm

Copyright 2023 Telelumen LLC All Rights Reserved




21,600K, 0644
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Day of sunlight

llluminance sensor pointed up at a mostly blue sky in
Saratoga, California

Starts: 28JUN18 at 05:48
Ends: 28JUN18 at 20:48

Lux range in actual recording: 10,000:1
Color temperature range: 5,700K to 70,000K






log10(Im)

A day of sunlight lumenscript: log luminous output
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Panama City
13-Jul-18
0552
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2872
71
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0.494
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Place Newport Beach, CA
Date 24-Feb-16
Time 1755
Lux 90

5056

73

0.219

0.471

-0.012

480 580 680

Wavelength- nm
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1.0
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Kitchen Window Saratoga CA 11:40AM

sol | i / \I
7 i /

0.5 —7

580 680 780

Beautiful high CCT daylight with non-standard SPD.

7526K, 300 lux
13nov15

Telelumen LLC, copyright 2021 all rights reserved




Moonlight - 0.2 lux, Saratoga, CA, 14nov16

=——1=0, 4354K

—t=2,4439K

e =5, 4475K

w———1=10,4475K




Claude Monet — “Haystacks”

The series shows differences in perception of light across various times of day, seasons, and types of
riigurBgLseiies http://en.wikiﬁ@@ﬁ“ﬂﬁ(}viki/Haystacks_(Monet)

Grainstacks in the Sunlight, H , (Midday), 1890- (End of Wheatstacks, 1890-91. Oilon  Wheatstacks, Snow Effect,

Morning Effect, 1890. Oilon 91, National Gallery of Summer), 1890-91. Oil on canvas. Art Institute of Morning, 1891. Oil on canvas

canvas. Private collection. Australia canvas. Art Institute of Chicago. J. Paul Getty Museum
Chicago

SRt

Haystacks at the End of Haystacks on a Foggy Haystack, Morning Snow Grainstacks Snow Effect, Wheatstacks (Sunset, Snow
Summer, Morning Effect, Morning, 1891. Oil on canvas.  Effect (Meule, Effet de Neige, (Meules, effet de neige), Effect), 1890-91. Oil on
1891. Oil on canvas. Musée Private collection le Matin), 1891. Oil on canvas. 1891. Oil on canvas. National ~ canvas. Art Institute of
d'Orsay, Paris, France. Museum of Fine Arts, Boston. ~ Gallery of Scotland, Chicago

Edinburgh, Scotland

Wheatstack (Snow Effect, Wheatstack, 1890-91. Oil on Wheatstack (Thaw, Sunset), Wheatstack (Sun in the Mist),  Grainstacks. (Snow effects;
Overcast day) (Meule, effet de canvas. Art Institute of 1890-91. Oil on canvas. Art 1891. Oil on canvas. sunlight.), 1890-91. Oil on
neige, temps couvert), 1890-  Chicago. Institute of Chicago. Minneapolis Institute of Arts. canvas. National Gallery of
91. Oil on canvas. Art Institute Scotland, Edinburgh,

of Chicago. Scotland



Candle Flame SPD - 1s in 10mS steps

380 430 480 530 580 630 680 730 780

wavelength - nm
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Candle Flame from Photometer — 1 sec

vitNe e

c1 i
F Y
Measure P1:duty(C1) P2:freq{C1) P3:rms(C1) P4:--- P5--- PB:--- P7--- P8---
value 46.97 % 6.3771443 Hz 412.00 m¥
v v

status v
imebase  40ms|[Tri C1]DC
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Candle Flame from Photometer — 1 sec

4

I

1

1
Ci i £ :

i

Measure P1:duty(C1) P2:freq(C1) P3:rms{C1) P4:--- P5:- - - PE--- P7--- P8:---
value 67.08% 12848516 Hz 608.32 mY
status A iy v




Candle Flame from Photometer — 1 sec

BN VAVAVAN AVAVA
ANV VY

c1 {
A

Measure P1:duty(C1) P2:freq(C1) P3:rms(C1) P4:--- P5--- PB- - - P7--- P8:---
value 60.80% 13.102296 Hz 486.54 mY
status A A v
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Rf (Color Quality), CCT, and # of colors
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Efficiency vs. Wavelength
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Including mixing optics.

Not including power supply and

driver.

el o ff
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Photon Energy and Vf vs. Wavelength
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Spectrally Tunable Architecture

COMM. INTERFACE: / g,

Wired — DHCP, TCP/IP

CONTROLLER
Wireless — Bluetooth, / uP

Zigbee, WIFI, etc.
SENSORS: :
Light level STORAGE:
0.92-0.97 Spectrum Firmware
MAINS POWERSUPPLY: | i Temperature | ...| Config. files
POWER High voltage AC Clock, etc. Cal. files
Low voltage DC User files
o Presets
0.83-0.93 / Z 7
-~ o . a0 /
DRIVER-1: DRIVER-2: DRIVER-3: DRIVER-n:
0.87-0.97 PWM PWM PWM e PWM
and/or and/or and/or and/or
efficiency —= AM AM AM AM
0.93-0.98 Heat Sink
Ex. 0.35 @5225K
(LEDs 0.20-0.60) LED-1 LED-2 LED-3 ees LED-n
0.50-0.90 Optics
—
cost
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Telelumen Spectraloc Software GUI Operating the 24-channel Dittosizer

Luminaires Manual Control O S/N 120 (Dittosizer) SPD (W/nm) Metrics | selected luminaire
&‘ = back [[] Show radiant outputs g .
{100 T Output (Im) 4000
rivefevel ‘ D7'I| Output (W)  |19.995
T 3 A
uvi | 0070436 Input Power (W) |64.0
: : | uv2 | o057 D' l‘| (', v)emf2 01979, 0.4684
QQ Vi | oos3s W, v)emf2 |
Phwy | e V2 | ooma duv 0.0032
% Gl  RB1 | 0061509 T (K 6503
RB2 | 0117372 Ra 99
: - Bl | 0077821 SPD Error (%) 9.5
Optical Feedback B2 | 0152926 (', v) Error |0.0000
> | 3 C 0.201297 n | = Rf av. 9
k o a8 = 61| 0000000 900 1000  |rq %
G2 0.043244 — = = Rf 1 98
_*‘[41 0749279 Target lllumination Edit Lumenscripts RF2 o
 PCA 0.178256 | | [/ @ 0 [ Jsingle frame Rf3 %
A | 0000000 & | | O L B D é é @ e Rf4 100
11
— OR— el 1 Match mode - . 5 | Rf5 99
R1 0.037079 Rf6 9%
LTSN, ] h [loop [Jdarkafter []send
color-corrected sp v i [Jsmoot P
Rz | 0.076661 Mq Duration (s) Source s
DR1 0.097124 Frame number RS %
! Target Daylight CT - ‘ n ‘ ‘ 1.000 |target v ===t
- DR2 | 0.108537 ; : | I | 0 RfO 99
!’:(’;“e VY| CR1 | 0122728 - a ‘ » = ' ' Rf 10 |99
C | .
. 1 | FR2 | 0085252 e —————— Play Lumenscripts RETY =
e  FR3 0.103014 Mao000s ] - Dl by e Rf 12 9%
e | " IR1_| 0000000 LK JEETNL AL Rf 13 %9
signallevel | IR2Z |  0.000000 @ @ @ @ &, Rf 14 |og
integration time (ms) 7% k L= = = = 11 4 1
it | [l Aprlytogroup Rits s
ey | Rf 16 98
LED board temp. (O 2 m % 4 e
date L - =] I
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Intuitive Light Player Control Example

wil ABC
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Summary

Programmable spectrum light players are 21°% century luminaires.

Programmable spectrum sources facilitate more solutions than traditional
photometry.

Focus on radiometry

— SPD, efficiency, peak wavelength

— NOT efficacy, dominant wavelength, and CCT

Daylight is the gold standard for lighting.

— Fire is the silver standard.

Daylight is complex — continuous changing spectrum over time.

— The daylight locus is a very approximate representation of actual daylight.

Daylight CCTs are much higher than typical electric lights.

Deep red light (>650nm) is essential to skin rendition and high CCT acceptance.
Fixed spectrum phosphor converted sources will be the most efficacious.
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