





Pathways of Light —
Reflectance vs Fluorescence
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Examples of Wavelength Changes Due to Fluorescence

(Picture from https://www.keech.org.uk/about/news-media/273-fluorescent-fun-for-keech-mum)

(Picture from http://news.yale.edu/2015/02/19/yale-launch-lens-media-lab-
photograph-research-and-conservation)




Measuring reflectance

* Light reflects off a surface and is — e
separated into component spectra —
that are measured for each el
wavelength .

» Reflectance factor is the amount of
light measured for each wavelength W, o 3
divided by the amount of source light
at each wavelength
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Note: Reflectance is measured as a vector



Measuring fluorescence

L . ex
* Lightis separated into competent e o
spectra and narrow bands are _
reflected off surface whichis — - oy =
separated into component spectra S%of =
. <
that are measured for each emitted 5 & _ B2
) & A o 2
wavelength Ea R g ?
~ 3 % o & S
« Reflectance factor is determined for 20 T %3 o T
. = — [ o(}- —
each w ™ source band of light S 3 %5,
o °‘>§’%
rl,(D ) % ®
Ao i | fora=1t k &
™o =, » Yo =] * | TorA=itom 7 X%
© e T - g%,é/ Wo Spectrofluorimeter

* Fluorescence represents the combination
of the reflectance factors

F=lno Tl forositon L
L

Note: Fluorescence is measured as a matrix Reflecting Surface
(Commonly referred to as a Donaldson matrix)
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Spectroflourescence measurements curtesy of Brian Gamm
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Emitted light considerations

* The predicted light reflected (emitted) off an object is found by
multiplying the excitation light by the reflectance or fluorescence

enk = r?\,WQ\, Where: _ .
. . . . . . W1 e
e, =diaglW)r=w-r=r-w diagw)=|: =~
Ef — FW O ces Wn

» Colorimetry is determined by multiplying the emitted light by |
normalized color matching functions

] " ] "Y Note:
1 X X A1 " 1 ... 0]
— T — — — — wq
C — K y ) CT — YT' — Cer, Cf — 1/f — CEf diag(w)—l — .
z! Ly _Zf_ 0 1




Measuring reflectance when fluorescence occurs

 Reflectance factor is found by multiplying the reflected light by the
iInverse of the measurement light source

r, = diag(W,,.,s) e, and substituting for e,
I, = diag(Wmeqs) " diag(Wmea)r =1-T =T
« Reflectance factor is independent of the light source used to measure when

no fluorescence occurs

* Measuring reflectance factor (with a spectrophotometer) when
fluorescence is present is equivalent to

Ir=diag(Weqs) '€r  and substituting for es

— i -1
Ir = diag(Wmeas) ™ F Wieqs
» Reflectance factor is dependent on the light source used for measuring when
fluorescence occurs



Problem with using spectral reflectance
measurement of fluorescent object

* The predicted emission from an object that simply reflects is the term-by-
term product of the light source and the reflectance

Cralt = diag (Walt)r (1)
* The correct predicted emission when fluorescence occurs is
€ralt = F wg; (2)

 From previous slide, the measured spectral reflectance when fluorescence
oCcurs is expressed as

Ir = dlag (Wmeas)_lF Wineas (3)

« Combining (1) and (3) reveals that the only light source (w;;) that can be
predicted correctly with fluorescence is the measurement light source

€rait = dia.g (Walt)dia.g (Wmeas)_lF Wineas (4)






Using Substrate Correction to derive
fluorescent measurements (Part 1)

* Substrate correction uses "media relative adjustment” to get
colorimetric aims for alternate media

_Xw_alt X O 0
-Xalt- were -Xsrc
Y,
Yalt — 0 w-alt Yw sre 0 Ysrc
Zalt ) Zsrc
0 0 Zw_alt - 3
Zw_src

Calt = diag(Cw_alt)diag(Cw_src)_lcsrc



Using Substrate Correction to derive
fluorescent measurements (Part 2)

« Similarly - substrate correction can also be used to derive
reflectance factor aims for an alternate media

Fait = diag (rw_alt)diag (rw_src)_lrsrc
r?\,,src

r?L,W_STC

r?\,,alt = r?\,w_alt

* The fraction represents a normalization that separates
colorant reflectance from media reflectance and represents

the physical path of light reflecting off the media and then
being transmitted through the colorant

"Aw

r
mo= M e =T, M,



Example Spectral Substrate Correction

|




Using Substrate Correction to derive
fluorescent measurements (Part 3)

* The wavelength spectral substrate equation can
be rewritten to express the path of light going
through the colorant and then reflecting off the

media and finally going back through the colorant
"\
S;L — \/Tl7 — ’I"_
\ Aw
.
L = SATAw A

r=s-r-s=diag(s)diag(r,,)s




Light going through and back




Using Substrate Correction to derive
fluorescent measurements (Part 4)

« A formula for substrate correction with a media that
fluoresces can be expressed by replacing the s,
wavelength terms with vectors in diagonal matrices
before and after a Donaldson matrix for the
fluorescence of the media

F = diag (Semmision)Fwdiag (Sexcitation) -

* This equation allows for spectrofluorescent
measurements on media that fluoresces to be derived - F
from reflectance factor measurements on media that
doesn’t fluoresce F,

* Note: the diag(s,) matrices before and after the media term are likely different
dimensions to agree with the dimensions of F,, (because F,, is not square).



Example fluorescent substrate correction




Generating spectrofluorescence
measurements of an IT8 Chart

 Plausible Donaldson fluorescence matrices were determined
using fluorescent substrate correction (FSC) with a
spectrofluorescence measurement of a test substrate and offset
press reflectance measurements of patches in an IT8 chart

* A hypothetical spectrophotometer can be used with these
measurements to assess using different measurement light
sources and viewing light sources

« Mismatches between colorimetry from spectrofluorescence and
spectral reflectance measurements can then be quantified



Generated Donaldson Matrices for Primary Colors

Yellow Red Magenta

Substrate Black

Green Cyan Blue



Measuring 80% cy

an with different light sources
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Expected I T8 observational errors

Key
O - CFWD50

X - Cdiag(Wpso)diag (Wi )~ Fwi

Actual (fluorescence) Colormetry

The O’s represent observed colorimetry of
IT8 patches under D50.

Measured (reflectance) Colorimetry
The X’s represent measuring spectral
reflectances of IT8 patches with
illuminant A in device and then deriving
D50 colorimetry from reflectances.




IT8 fluorescence colorimetry versus reflectance
colorimetry

AE.. color differences between CFw,;., and Cdiag(W,;oy)diag(Wieqs) T FWoeqs

Viewing Condition Light Viewing Condition Light
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Correcting reflectance measurements to
better predict observed results

* It has been shown that using reflectance measurements to
determine colorimetry for non-measured viewing lighting conditions
may not predict observations when fluorescence occurs

 Thus, when view # meas:
CFinew * Cdiag(wview)rF,meas — Cdiag(wview)diag(Wmeas)_lFWmeas

* Question: Can a correction to reflectance measurements be found
that better predicts observations?
* Thus, can a correction matrix M be found that results in the following?

CFinew ~ Cdiag (inew)MrF,meas



Determining a correction matrix

CF;wyew = Cdiag (inew)MrFi,meaS solving forM

CIFiniew — Cdiag(inew)diag(inew)_lFiniew — Cdiag(wview)MrFi,meaS
Cdiag (inew)rFi,view — Cdiag (inew)MrFi,meas
Ip; view = MrFi,meaS
Let

Ryiew = [rFl,view an,view], Rieas = [rF1,m€aS an,meas]

Ryiew = MRypeqs
M = Ryjew DinV(Rpeqs)

Note: This requires that reflectances measured under both meas and view light sources are known!



Example correction for A meas to D93 view

— —

Mjtopos =




IT8 fluorescence colorimetry versus corrected
reflectance colorimetry

AE.. color difference between CFw,;,, and Cdiag(W,;.,,)Mdiag(Wyeqs) " FWeqs

Viewing Condition Light Viewing Condition Light
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uv LED e uv LED
= EEE  o.00 0.02 0.04 0.07 0.05 0.06 0.08 E B o.00 0.19 0.34 0.57 0.46 0.52 0.68
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Summary

* Fluorescence involves light being emitted from surface at different
wavelengths than are absorbed

» Spectral reflectance measurements are dependent on the light
source in the measurement device when fluorescence occurs
* Applying arbitrary illuminances to measured spectral reflectances (that have
fluorescence) will likely result in errors in predicting observed color

* Substrate correction approach can be applied to both spectral
reflectance as well as media that fluoresces to get estimates of
spectral fluorescence

* It might be possible to adjust measured spectral reflectances (with
fluorescence) to better apply to alternate viewing light sources

» However, the demonstrated method requires knowing the reflectance
measured under the alternate viewing light source
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