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Average Spectral Difference —
New Metric to Evaluate the
Naturalness of Artificial Light
Sources

Lighting has more effect on people than just enabling us to see — it
can also impact and affect our mood and health. Advanced
spectral engineering methodologies enable spectral manipulation
to enhance or reduce emission at specific wavelengths. This
technology can be used to augment or suppress specific targeted
wavelengths in the emission spectra, or to reduce spectral spikes
and valleys to improve the spectral consistency to that of natural
light, both of which may affect human physiology. While there are
differing schools of thought in the lighting industry, delivering natural
light is of primary interest to many human centric lighting
advocates. This raises the question: how do we objectively
quantify naturalness? Standard lighting quality metrics such as CRI
and TM-30 do not fully address this naturalness question. This
article presents a new metric, Average Spectral Difference (ASD),
which provides a quantitative measurement of how closely a light
source matches the spectra of natural light.

Characteristics of
Natural Light Sources

hancement of LEDs tailored for use in HCL
applications: exaggeration or naturalness.

cates that the more natural a light source
is, the better for the observer. Mimicking
the spectra of natural light sources offers

The first area focuses on influencing human advantages in bringing natural lighting to

In recent years, the lighting industry has be-
gun to explore ways to improve the quality,
as much as the quantity, of light produced
by LED light sources. More broadly, light-
ing designers, specifiers, and end-users
are exploring the concept of human-centric
lighting (HCL). HCL has many definitions,
but it is broadly agreed that it encom-
passes the effects of lighting on the physi-
cal and emotional health and well-being of
people.

While there are many factors that can be
considered in developing a human centric
light source such as color temperature,
color rendering, glare, flicker, and more,
the spectral power distribution (SPD) of the
source is a fundamentally important factor
to consider. There are two main areas of
research and development for spectral en-

behavior. Several studies have shown that
enhancing or retarding certain wavelengths
can affect human physiology. Through in-
creasing intensity in the blue to cyan wave-
length ranges, melatonin secretion can be
suppressed, increasing alertness. Con-
versely, through reducing emission in these
wavelength ranges, the opposite effect can
be achieved, increasing restfulness and
relaxation. While various scientific studies
have been conducted to support this in-
teraction with light at specific wavelengths
and human physiology, the long-term ef-
fects of this artificial influence on humans
remains unknown.

The second area focuses on replicating
the spectra of natural light, under which
humans have evolved for hundreds of thou-
sands of years. There is a strong presump-
tion among lighting experts and HCL advo-

interior environments where humans spend
most of their time, and lighting specifiers for
both residential and commercial spaces
such as offices, schools, care homes,

and hospitals might also presume that the
safest option is to avoid exposing people to
non-natural augmented lighting.
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Figure 1: Spectral engineering examples of 3000 K LEDs targeted for human centric lighting
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Figure 2: The standardized reference SPDs of natural light
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Figure 3: SPD of a typical 98 CRI 3000 K LED with IES TM-30 R of 94 and R, of 102, still exhibiting a
spectral spike at 450 nm and valley at 480 nm

Figure 1 shows spectral power distribution
curves for two 3000 K LED light sources
against the 3000 K Black Body Curve
(BBC). The enhanced spectrum pertains
to the first area of R&D where the SPD

is selectively exaggerated to nudge hu-
man physiology into a “wakefulness” state,
whereas the natural light SPD is indicative
of the second area of R&D in which the
spectrum is engineered to match natural
light. By looking at these SPDs, we can
qualitatively see that the natural light curve
matches the BBC much more closely than
the enhanced spectrum curve, however
arriving at a quantitative comparison has
eluded industry experts, until now.

Evolution has conditioned humans to func-
tion in daylight hours by the light of the sun,
and after dusk, in the warm glow of fire.
Thus, we define natural light sources as
those of sunlight and firelight. Conveniently,
these natural light sources have standard-
ized spectral definitions, ubiquitous in the
lighting industry. The most widely used sci-
entific method for defining a light source is
the SPD, typically plotted on a graph of the
type shown in Figure 1.

Likewise, Figure 2 plots the standardized
spectral definitions of natural light. They
represent the exact balance of wavelengths
to which evolution has conditioned the
human body to respond, and under which
humans have evolved and thrived.

SPDs can be plotted for any visible light
source. If an artificial light source with a
color temperature of 6500 K, for example,
has a spectral power distribution closely
matching the D65 curve in Figure 2, it

will have a higher Color Rendering Index
(CRI) value compared to a light source that
does not match the standardized spectral
reference as closely.

Color quality metrics such as CRI and TM-
30 provide important information about the
extent to which a light source matches the
lighting effect of a natural reference source
such as daylight (at cooler color tempera-
tures of >5000K) or the black body curve
(at warmer color temperatures of <4000 K).
However, two different light sources with
the similar CRI, TM-30 R, and TM-30 R,
values may appear differently when viewed
side by side, or may have vastly different
physiological impacts, because they have
significantly different SPDs. Thus, these
metrics alone are insufficient to define the
naturalness of light. Figure 3 compares a
3000 K LED with near perfect CRI of 98, to

the standardized definition of a 3000 K
natural light source (i.e. the black body
curve). The comparison shows that simply
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having high CRI and TM-30 values does
not necessarily mean that the source is a
close match to the spectra of natural light,
as indicated by the highlighted spectral
peak and valley.

Average Spectral
Difference: A Definitive
Measure of Naturalness

To quantify the relative difference in natural-
ness between SPDs, we must first consider
the spectral range in which the compari-

son is made. Although the spectral range
of human vision stretches from 380 nm to
780 nm, the subset of this range that corre-
sponds to the photopic response curve, or
V()), is ideal for this calculation. V()\) is the
luminous efficiency function describing the
average spectral sensitivity of human visual
perception of brightness. The wavelength
range of 425 nm to 690 nm was chosen

to remove the tails of the V()) gaussian
distribution below 1% of the peak value

at 555 nm. While the V()\) curve stretches
from 380 nm to 780 nm, the rationale for re-
ducing the total range is rooted in maximiz-
ing the usefulness of the comparison be-
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Figure 4: Photopic response curve, V(\), against the 3000 K blackbody curve with shaded boxes indicating

the cut off range for ASD calculations
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Figure 5: SPDs of 80 CRI, 90 CRI, 98 CRI, and Thrive LEDs in comparison with the blackbody curve

Evalutation Metric 3000K 3000K 3000K 3000K 3000K
BBC Thrive 80 CRI 90 CRI 98 CRI
ASD

0% 9%

28% 20% 18%

CRI Ra 100 83 92 98
" R; 100 84 91 94
<9 R, 100 101 93 97 102

Table 1: Typical ASD, CRI, and TM-30 values for 3000K light sources

tween light sources. As the ASD acronym
reads, the metric uses an “average” of the
spectral differences between two SPDs
across a range of spectra. Since nearly all
LED light sources have low emission at the
low and high ends of the visible spectrum,
averaging the spectral differences over the
entire range results in a less meaningful
comparison as the data is skewed by the
lack of emission at the tails of the distribu-
tion. The range proposed covers 99.9% of
the total area under the photopic response
curve, shown in Figure 4.

To arrive at a quantitative value for depict-
ing the naturalness of the light source, the
SPDs of each source are first Y-normalized
so that they are comparable in the visible
spectrum. The spectrum is then divided
into 266 1 nm wide segments between

the visible light wavelengths of 425 nm

and 690 nm. The difference in radiometric
power between the artificial light source
and its reference light at each nanometer
segment is measured and expressed as

a percentage deviation. The absolute val-
ues of all 266 values are then averaged to
produce a single value. This calculation
can be expressed as an Average Spectral
Difference, or ASD. Lighting professionals
can compare this single value to assess the
relative naturalness of different light sources
under consideration.

The equation for calculating the ASD value
is:

690
Pref—¢

Pres |y
266

ASD = 2=1% (1)

The ASD value, expressed as a percent-
age, always compares a test source to a
reference source at the same CCT. The ref-
erence source used in this calculation is the
blackbody curve (BBC) for light sources of
4000 K and below, and the daylight spec-
trum (standard illuminants such as D50,
D57, and D65) for light sources of 5000 K
and above. These natural light reference
spectrums are equivalent to those used by
the IES for calculating TM-30 color quality
metrics.

A comparison of the 3000 K LED SPDs

in Figure 5 shows the superior qualitative
naturalness of the Bridgelux Thrive™ source
compared to other Bridgelux standard LED
sources at 80 CRI, 90 CRI, and 98 CRI.

By using the newly defined ASD metric,
the quantitative difference is stark. While
the best of the three standard LEDs is the
98 CRI product, with an ASD of 18%, the
Thrive LED has an ASD of just 9%, cutting
the deviation from natural light in half.
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It might seem counterintuitive that the 98
CRI product would have a similar, and not
significantly lower, ASD value in comparison
to the 90 CRI product, however, the 98 CRI
product has been spectrally engineered to
deliver a high CRI, not to deliver a closer
match to natural light. This validates the
premise that CRI alone is not an accurate
measurement of naturalness.

While high CRI'and TM-30 values can be
produced by a light source that has a poor
(high) ASD value, a light source with a good
(low) ASD value will always correspond to
high CRI and TM-30 ratings due to the nat-
uralness of the light. Table 1 exemplifies
this by showing that the two sources with
the lowest ASD values (natural light as de-
fined by the black body curve and Thrive)
have near perfect CRI, where the 98 CRI
product also has a near perfect CRI but a
much worse (higher) ASD.

When comparing the quality of light be-
tween two sources, it is important to un-
derstand the limits of human vision. The
limit of perceptible distinction of color fi-
delity between two sources can be speci-
fied and is typically referred to as the just-
noticeable difference. Research conducted
at the California Lighting Technology Cen-
ter (CLTC) at the University of California

at Davis produced an interesting finding
about human perception of artificial light
sources using the TM-30 framework. The
CLTC research suggested that if an illumi-
nated reference color sample has Ry >92,
the average observer may not be able to
distinguish between that source and the
reference source, natural light. Thus, for a
human observer, light sources with TM-30
Ry values >92 are essentially equivalent to
reference natural light sources with Ry of
100.

Figure 6 compares the individual color
sample fidelity scores of the 3000 K Thrive
LED and the 3000K 98 CRI LED. For the
3000K Thrive LED, 97 of the 99 TM-30
color sample fidelity values are >92 with
the two values below 92 still greater than
90. For the 3000K 98 CRI LED, only 74
of the 99 color sample fidelity values are
>02, with 13 of the 25 values below 92
also below 90.

While the data reported throughout this ar-
ticle is based on 3000 K light sources, the
same comparison can of course be made
for other CCTs with similar results. Table 2
shows the comparison of existing color
quality metrics vs. ASD for Bridgelux Thrive
and other Bridgelux high CRI light sources
at commonly used CCTs. While there are
minor differences in the CRI and TM-30
metrics, the differences in the ASD values

lightfair
innovation
awards
2020

NGIAY

SAPPHIRE AWARDS
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between these sources are significantly
higher, as this metric has been developed
specifically to provide a quantitative mea-
surement of naturalness. This data further
indicates that high CRI or TM-30 values do
not necessarily correlate to low ASD values,
but in all cases a low ASD value corre-
sponds to high CRI and TM-30 values.

The natural lighting spectrum delivered

by the Bridgelux Thrive products can also
be used to implement advanced forms of
tunable human-centric lighting solutions.
Tunable white lighting gives the end user
flexibility and control to further personalize
their environment beyond the historical lim-
itation of only adjusting intensity through
dimming. Since the CCT and SPD of sun-
light changes throughout the day, having a
natural spectra light source that is also SPD
and CCT tunable enables spectral align-
ment between it and sunlight throughout
the day. This approach maximizes har-
mony between the indoor lit environment

and inhabitant circadian rhythm. Other use
cases for natural tunable white sources
include function-oriented lighting and per-
sonalization per individual preference.

The award winning Bridgelux Vesta Thrive
products deliver full, natural spectra in an
easy to use two channel tunable white
solution. The Vesta Thrive spectra delivers
low ASD values across the tuning range,
delivering a significantly closer match to
natural light than other two channel tunable
white lighting options. The ASD values for a
2700-6500K Vesta Thrive COB range from
8% to 11%.

Conclusions

The lighting industry is ready to move on
from fundamental comparisons of raw lu-
men output and power consumption to the
profound differences in the naturalness of
light from one source to another. To date,
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Figure 6: TM-30 Individual sample fidelity scores of a 3000 K Thrive LED (top) and a 3000 K 98 CRI LED

(bottom)

— Bridgelux ASD CRI R, TM-30 Ry TM-30 Ry
Product
08 96 99

Thrive 10%
2HQIR > 95 CRI 19% 97 o4 101
Thrive 9% 98 98 101
SORIIR > 95 CRI 18% 98 o4 102
Thrive 8% 98 97 100
AO0IR > 95 CRI 18% %6 90 97
Thrive 9% 98 97 100
SRR > 95 CRI 15% %6 %3 100
Thrive 8% 98 9 99
SeliIk > 95CRI 16% %6 o1 %8

Table 2: Typical ASD, CRI, and TM-30 values for Bridgelux LEDs of various CCTs

quality of light metrics have been narrowly
confined to color fidelity and color gamut,
comparing the rendering and saturation of
color with a reference light source. Users
are becoming increasingly mindful of the
effect of LED light on human health and
well-being, driving the demand for natural
lighting products which mimic the spectral
power distribution of natural light sources.
ASD is a comprehensive and scientifically
credible metric, independent of human
observation or preference variables, that
marks a significant improvement on exist-
ing lighting metrics that aim to quantify the
naturalness of a light source.

Existing quality metrics do not address the
naturalness of light sources, and as such
there has been significant interest in under-
standing and utilizing ASD as a new quan-
titative metric. Work will continue, together
with industry partners, to define appropri-
ate industry standard metrics to quantify
spectral matching to natural light to enable
straightforward comparisons between arti-
ficial light sources. As our industry evolves
with an increased focus on human centric
lighting, Bridgelux will continue to develop
innovative products that transform the lit
environment to mimic the naturalness of
sunlight. M
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