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Fundamental Spectral Boundaries of
Circadian Tunability

J. Cerpentier and Y. Meuret

Abstract—The discovery of melanopsin and the non-visual im-
pact of light, lead to a new era in lighting design. Using a melanopic
action spectrum, the CIE introduced the melanopic efficacy of lumi-
nous radiation (MELR), which quantifies the influence of light on
melanopsin. A significant amount of research has been conducted
on the possible variation of this MELR and other related metrics
for various practical lighting settings, but the fundamental spectral
boundaries have not yet been disclosed. Without these limits, it is
difficult to assess if a certain lighting system really achieves high
or low MELR. This paper determines these fundamental MELR
boundaries for different CCT and certain minimal TM-30 Rf val-
ues, using a a flexible parametrization of the light source spectrum
that is optimized with Differential Evolution. The obtained results
show that with increasing CCT, the interval between the theoretical
MELR extrema increases slightly, while the opposite occurs when
increasing the minimal TM-30 Rf value. The same parametric
model and optimization approach is also used to determine the
maximal Luminous Efficacy of Radiation (LER) within the ob-
tained MELR limits.

Index Terms—Optimization, non-visual response, spectral
power distribution (SPD), melanopic efficacy of luminous radiation
(MELR), color, modeling.

I. INTRODUCTION

IN this day and age, people spend most of their time indoors,
exposed to artificial light [1], [2]. This may disturb the human

biological rhythm, and could potentially lead to severe health
conditions, such as breast cancer and circadian phase abrup-
tion [3], [4]. The circadian rhythm is managed by the suprachi-
asmatic nucleus (SCN), which can be compared to a clock
settled in the human brain [5]. When light falls on the eye, the
SCN receives environmental information from the retina through
non-image forming, intrinsically photosensitive retinal ganglion
cells (ipRGCs), which function as circadian photoreceptors [6],
[7]. The ipRGCs express the photopigment melanopsin, which
reacts with the incoming light and predominantly influences
the excretion of melatonin, a hormone that plays a significant
role in sleep cycle moderation [8], [9]. The sensitivity of the
ipRGCs to incoming light is known to be wavelength-dependent,
and for lighting applications, this is described by a melanopic
action spectrum C(λ), which peaks at λmax = 490 nm. C(λ)
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Fig. 1. The melanopic (C(λ)) and photopic (V (λ)) sensitivity functions.

can be considered as the circadian counterpart of the photopic
sensitivity function V (λ) for human vision [10]. Similar to the
widely usedV (λ),C(λ) is standardized by the CIE, and the exact
values can be found in CIE S 026/E:2018 [11]. A comparison
of C(λ) and V (λ) is shown in Fig. 1.

The melanopic effect of light plays a significant role in the
field of human centric lighting (HCL), which focuses on the
design of lighting systems in order to achieve a particular set of
visual, biological and behavioral responses to that system [12].
The ipRGCs mainly affect the biological responses, and for a
lighting system, its melanopic effect is calculated by studying
interactions between the melanopic action spectrum C(λ) and
the system’s spectral power distribution (SPD) S(λ). These
interactions can be summarized in a metric, and the CIE has
standardized the melanopic radiant flux, which is the spectral
radiant flux, weighed with the melanopic sensitivity spectrum
C(λ) [11]. Melanopic radiant flux on its own is useful to quantify
circadian effects, but metrics that somehow characterize the
ratio of the melanopic to luminous flux are mostly adopted. In
particular, CIE S 026/E:2018 defines the melanopic efficacy of
luminous radiation (MELR) as:

Kmel,v =

∫ 780

380 S(λ)C(λ)dλ

Km

∫ 780

380 S(λ)V (λ)dλ
, (1)

with S(λ) the SPD. Km is the maximum spectral Luminous Ef-
ficacy of Radiation (LER) for photopic vision, which is 683.002
lm×W−1, implying that Kmel,v is expressed in watts per
lumen (W/lm), and thus inherently summarizes the amount of
“melanopic” power, relative to the visible light. By considering
the shape of V (λ) and C(λ), it is clear that a higher MELR
corresponds to a large amount of energy on the blue side of the
source spectrum, while a lower MELR represents a more right-
skewed SPD. As in most studies, we will report the MELR in
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mW/lm, adding another scalar factor of 1000 in the numerator
of Equation 1.

Aside from the MELR and melanopic radiant flux, there are
various other metrics designed to quantify melanopic effects
of light. The circadian action factor (CAF) is calculated as the
MELR without the scaling factor Km in the denominator, and
it is widely adopted as the main metric in optimization studies.
The CIE also standardized the melanopic daylight efficacy ratio
(MDER), which expresses the ratio between the MELR of the
source spectrum and the MELR of daylight (D65), which is equal
to 1.326 mW/lm. From these definitions, it is clearly seen that
the CAF and MDER differ from the MELR only with respect to
a scalar factor, in particular:

Kmel,v =
1000

683.002
× CAF = 1.326× MDER. (2)

These relations imply that whenever a study reports CAF or
MDER values, it also indirectly provides results on the MELR
and vice versa. From the definition of these metrics, it is clear
that they solely depend on the shape of the spectrum, and remain
identical even after rescaling the SPD, when e.g. performing a
normalization to a total power of 1 W. In reality, the melanopic
effect of light is not only characterized by the spectral shape, but
also by e.g. the total amount of energy falling on the outer surface
of the eye. With this in mind, the CIE introduced the melanopic
irradiance, which is the spectral irradiance weighted with C(λ),
and is expressed in watts per square meter (W ×m−2). Lastly,
this melanopic irradiance can be divided by the earlier mentioned
MELR of D65 in W/lm, leading to a quantitiy in lm×m−2,
which is equivalent to illuminance, expressed in lux (lx), com-
monly called melanopic lux because of the weighing with C(λ).
This metric is called the melanopic equivalent daylight illumi-
nance (MEDI). As opposed to the MDER, CAF and MELR, the
MEDI does not solely represent biological effects that originate
from the spectral shape, but it also accounts for the total amount
of light falling on the outer surface of the eye.

Research has shown that even at extremely low melanopic lux
levels, melatonin suppression is strongly driven by the ipRGCs
and melanopsin. This indicates that appropriate design of SPD’s
is of high importance, even at low light intensities [9]. With
this in mind, this paper solely focuses on melanopic effects
that originate from the actual source spectrum. Although the
CAF is widely used for this in spectral optimization studies, we
adopted the MELR as the main metric of interest, because it is
standardized by the CIE; nevertheless, results on the MELR can
be easily converted to results on the CAF and MDER, by using
2.

Ideally, the MELR of a light source should correspond with the
environmental setting, e.g. energizing light in the morning and
relaxing light in the evening. This has lead to a growing interest in
dynamic circadian lighting [13]. Such lighting systems realize
temporal changes of e.g. the MELR of the emitted light, by
combining multiple light sources with different spectra [14],
[15]. When varying the circadian impact of the illumination, it
is of course important that the other lighting parameters are also
controlled to assure high-quality light under all conditions. One
essential parameter is the CIE Ra, commonly called the Color
Rendering Index (CRI). This metric expresses the ability of a

light source to render object colors faithfully when compared
to a natural source, but has been argued to be an outdated
indicator [16]. An improvement is the IES TM-30 color fidelity
(Rf ), which uses 99 test color samples for comparison and
ranges from 0 to 100 [17], [18]. Another important chromatic
lighting parameter is the Correlated Color Temperature (CCT),
i.e. the temperature of the planckian radiator whose chromaticity
is closest to that of the source [19]. In practice, the CCT is useful
because it allows for a quick assessment of a light source’s
appearance, where lower CCT’s correspond to “warm white”
light, and higher CCT’s to “cool white” light [20]. For the CCT
to be a meaningful parameter, the distance to the planckian locus
must not be too high. This distance is summarized by the Duv
value, which quantifies the distance of the source chromaticity
point and the planckian radiator at the calculated CCT in the
CIE 1960 chromaticity space. This value thus gives information
about the whiteness of the light source [21]. If a source has a
high Duv, it may not appear as white anymore.

The importance of these chromatic lighting parameters for
artificial light, combined with the interest in dynamic circadian
lighting, leads to the question of which MELR values can be ob-
tained by different source spectra with similar chromatic param-
eters. This knowledge is of practical relevance when designing
tunable lighting systems with variable circadian impact that are
constrained to certain minimal Rf values or to a specific CCT
range. Since the MELR, CAF and MDER only differ scalarly,
it suffices to know the MELR minima and maxima in different
settings, in order to characterize how these 3 circadian metrics
can be tuned under specific chromaticity constraints. These
MELR extrema can be found by searching for fitting SPD’s. The
corresponding SPD’s can be acquired through an optimization
procedure, by parametrizing the spectrum and optimizing the
various parameters with respect to some objective function, also
called the merit function. This kind of optimization is called
spectral optimization [22], [23]. Using spectral optimization,
it has been found that three-band Gaussian SPD’s, constrained
to a CRI of 80, allow for a decrease or increase of the CAF
with respect to the blackbody radiator at a CCT of 2700 K, but
only a decrease at 8000K [24]. Another study has shown that
obtainable CAF ranges increase when loosening the constraints
on Rf and Luminous Efficacy of Radiation (LER), for the spe-
cific case of tetrachromatic clusters of narrow-band LEDs [13].
For LED-combinations that aim to maintain white light, with
controlled Duv and CCT values and a minimal CRI of 80, it has
been found that the CAF is tunable between values of 0.47 and
0.55 [25]. Extrema can also be studied for light sources with
varying CCT; for a quantum dot-based six-package LED, the
CAF could be tuned from 0.3 to 1.0 while maintaining a minimal
Rf of 87.3, by altering the CCT from 2128 K to 6459K [26].
With a parametric model of just 3 parameters, constrained to
CRI = 90, it was found that changing the CCT from 2700 K to
6500 K induced a maximal CAF range from 0.294 to 0.957 [27].
In terms of MELR, a recent study showed that under CRI, Duv
and TM-30 constraints, a MELR tunablity from 0.43 to 1.82
mW/lm is possible for a 5-channel luminaire, when varying
between CCT’s of 2700 K and 10000K [28].

While these studies give a first idea of the values that can
be achieved with certain practical light sources, and for specific
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Fig. 2. The obtained MELR value convergences for three different settings.
The blue and orange optimization development shows early termination. The
green setting does not meet the stopping criterion, but clearly stagnates near the
iteration limit.

Fig. 3. Maximal and minimal MELR values for the considered Rf contraints,
in function of CCT. MELR values increase together with CCT, and the same
occurs for the interval width.

chromatic parameters, these do not offer a complete overview
of the fundamental spectral limits in terms of CAF, MDER and
MELR. Providing these fundamental limits in relation to the
chromatic parameters Rf and CCT is the main goal of this
paper. To achieve this goal, spectral optimization is performed
with SPD’s that have the necessary flexibility to attain these
fundamental minima and maxima. Furthermore, an advanced
optimization algorithm is used, i.e. Differential Evolution (DE),
in order to assure that the global extrema are effectively found
for all considered settings [29].

II. METHODS

We search for fundamental MELR boundaries in different
settings. The theoretically maximal (or minimal) MELR in a
certain setting will always correspond to a specific SPD that
reaches this value. As mentioned in the introduction, these
spectra can be found by parametrizing SPD’s and optimizing
them in terms of the MELR. Since the spectra corresponding
to MELR extrema for different chromatic constraints are found
to be “unsmooth” and irregular, the parametric model must be
flexible enough to be able to reach these spectra. SPD’s are
generally represented by a sequence of values, corresponding to
the spectral radiant flux at each wavelength within the human
visible spectrum. In the official CIE documents, C(λ) and V (λ)

Fig. 4. Maximal LER for each MELR and CCT (with Rf ≥ 80). A general
decrease in maximal LER is visible, as CCT increases. The highest LER values
are found below the central MELR.

are also defined in this manner, using wavelength increments of
1 nm, leading to a sequence of 401 values. Since the calculation
of the MELR in 1 uses element-wise multiplication of the SPD
S(λ) with the sensitivity functions C(λ) and V (λ); describing
S(λ) as a similar list of 401 values suffices to attain all possible
CAF values, including the theoretical boundaries. This implies
that spectra should be modelled as a sequence of 401 parameters.
This is an extremely high amount, and since we aim to study
MELR extrema in various settings (combinations of CCT &Rf ),
optimizing this model in each setting would take a significant
amount of time. To guarantee convergence and consistency,
the amount of parameters was reduced to 81, by using steps
of 5 nm between consecutive wavelengths. We verified if this
induced any loss in achievable MELR values, by optimizing both
parametric models with 81 and 401 parameters in 4 different
settings, MELR maximization and minimization at 6500 K and
3500 K, under Rf ≥ 90. The model with a 1 nm interval lead to
an average MELR gain of 0.0017%, which is negligible.

The used optimization method in this study, i.e. Differential
Evolution, was initially proposed by Storn & Price in 1997 [29].
It is a global optimization algorithm that is considered superior to
other algorithms, such as Simulated Annealing [30] or Nelder-
Mead optimization [31]. It is a population-based evolutionary
algorithm, that modifies a candidate solution with respect to
a measure. This makes it a metaheuristic method, capable of
optimizing large solution spaces, and therefore it is a good
fit for the chosen parametric model and its high amount of
parameters [32].

Using the mentioned parametric model, this DE algorithm
was used to find the minimal and maximal MELR values for
various CCT, various minimal TM-30 Rf and a Duv tolerance
which is elaborated further. This was done by minimizing a merit
function f(X) with X the parameter vector of the parametrized
SPD model. The constraints on the CCT, Rf and Duv were in-
cluded in this merit function via penalty terms p1(X), p2(X) and
p3(X). This resulted in the following merit function, depending
on whether a MELR minimum or maximum is targeted

f(X) = ±MELR(X) + p1(X) + p2(X) + p3(X). (3)
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Since the merit function is minimized, a large, positive penalty
term is to be added if one of the constraints is not met. For
example, the constraint Rf ≥ 80 was included as the penalty
function

p3(X) =

{− 1e4 if Rf (X) ≥ 80
1e4 else

, (4)

which was represented in practice as

p3(X) = 1e4× sgn[sgn{80−Rf (X)} − 0.5], (5)

with sgn() the signum function.
To ensure sufficient whiteness for all considered SPD’s, 7-

step MacAdam ellipses were considered, which guarantee color
consistency according to the ANSI C78.377 standard [33]. This
corresponds to a Duv tolerance of 0.006 in both directions.
This was included in the optimization constraints by using
similar penalties to 4 and 5. Because both MELR and chromatic
parameters are independent of the total amount of power, a final
optimization constraint restricts the total power to one. This
considerably reduces the size of the parameter space.

Minimal Rf value constraints ranged from 80 to 90 with
steps of 2 (e.g. Rf ≥ 80), and the CCT constraints used the
values in ANSI C78.377, between 2200 K and 6500 K, where
we allowed a deviation of 50 K in both directions. Calculations
of CCT, Rf and Duv were performed using the LuxPy package
in Python [34]. Because of the high amount of settings in which
the MELR is optimized, parallel computing was used to run
the optimizations simultaneously [35]. The maximum amount
of iterations in the DE algorithm was chosen to be 105, and
if the algorithm found the same solution for 104 consecutive
iterations, the procedure was also terminated (tolerance 5e− 6).
This high amount of iterations was chosen to address the high
dimensionality of the considered optimization problem. Another
crucial setting is the DE population size. It has been argued that
DE problems with large dimension equal to d, should have a
population size anywhere within the interval [50, 10× d] [36].
Because this is a large interval, and there is no general consensus
on the best population size, two different population sizes were
considered in the DE algorithm: the first 5× 104 iterations work
with the largest possibility of10× d, which equals 810, followed
by the remaining 5× 104 iterations, using a population of size
4× d, which is 324. Fig. 2 illustrates the convergence of three
optimizations, relative to the obtained final MELR value. Two
out of the three procedures are terminated early by meeting
the tolerance criterion of 104 iterations. The other procedure
also stagnates at the end. These examples illustrate the general
convergence of the DE algorithm for this problem, and by
being a global optimization algorithm, this also guarantees the
non-locality of the obtained solution.

III. RESULTS

The obtained MELR maxima and minima are shown in Fig. 3.
It is clear that the interval between maximal and minimal MELR
diminishes as the Rf constraint becomes more stringent. This is
a logical result, since all spectra that meetRf ≥ 82 also meet the
less strict condition Rf ≥ 80. By focusing e.g. on the results for
Rf ≥ 80, it is also visible that the interval size increases as CCT
increases. The numerical values for this figure can be found in
the supplementary material.

The obtained fundamental MELR boundaries illustrate the
well-known fact that MELR can be varied by using SPD’s with
different CCT. But there is clearly also a significant MELR
tunability by using SPD’s with similar CCT. The broad MELR
intervals for constant CCT are a direct consequence of the
spectral flexibility that is offered by the used parametric model,
and these are (much) wider than the values that were presented in
previous literature for more restricted SPD’s, mostly in terms of
CAF. The main relevance of these fundamental boundaries lies in
the fact that the MELR of any future dynamic circadian lighting
system will need to operate within these limits. Knowing these
boundaries furthermore allows to evaluate how close a certain
dynamic lighting system approaches these fundamental limits.

In terms of CAF, previous research showed that at a CCT
of 4000 K with 5 LED channels and a CRI of 80, the CAF
could be tuned from 0.47 to 0.55 [25]. With Rf instead of
CRI and the same CCT and Duv constraints, we obtained a
maximal tunability ranging from 0.43 to 0.89, showing that a
significant improvement of the CAF tunability is still possi-
ble. In the introduction, it was mentioned that the CAF of a
six-package QD-based LED system could be tuned from 0.3 to
1.00 (under Rf ≥ 87.3) by altering the CCT from ≈ 2200K to
≈ 6500K [26]. By converting the results in Fig. 3 to CAF, it can
be seen that for Rf ≥ 88, the maximal CAF tunability ranges
from 0.16 to 1.09 for a CCT alteration of 2200 K to 6500 K.
This suggests that the results for the six-package LED approach
optimal CAF tunability.

Until this point, we solely focused on maximal MELR tunabil-
ity. In practice, the Luminous Efficacy of Radiation is also highly
relevant. The LER is quantified as the amount of (photopic)
lumen divided by the emitted radiant flux in W (lm/W), and it
is thus a measure for the amount of visible light with which
the considered SPD corresponds [37]. In addition to the resuls
in Fig. 3, we thus also studied the maximal achievable LER
value in a setting where Rf ≥ 80, for different CCT’s, while
varying the MELR in the previously obtained intervals. For
each MELR interval at a specific CCT, 10 equally spread values
were chosen as target, with an allowed deviation of 2%. The
optimization procedure then optimizes LER, with an additional
constraint on the MELR. This implies that there are multiple
SPD’s that can achieve similar MELR, CCT and Rf constraints,
and optimization is needed to find the SPD with maximal LER.

Fig. 4 presents the results of the LER optimization. Firstly,
by comparing the average maximal LER in the MELR intervals
at each CCT, the results indicate that there is a general decrease
in maximal obtainable LER with increasing CCT, which had
already been suggested in past literature [38]. Second, when
fixing the CCT and varying the MELR in the interval, it is
clear that the LER values increase when the MELR values
decrease. When maximizing the LER, the algorithm forces as
much energy as possible around the photopic sensitivity peak,
which is easier for lower MELR values. Near the minimal
MELR value however, we notice a significant drop in the
maximal LER that can be obtained. This is a direct conse-
quence of the low spectral flexibility at the MELR extrema,
which is also responsible for the low LER values at the MELR
maxima.

Although the LER is widely used as a performance metric for
the production of visible light, some consider it to be outdated.
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The LER assumes V (λ) to be representative for the human
eye sensitivity to light, which is only true for higher luminance
levels. In future work, it could be relevant to study the relation of
MELR boundaries to new criteria that also account for lower lu-
minance levels. Examples are the S/P-ratio, the ratio of scotopic
to luminous flux of a light source, or a brightness formula [39].
Another topic of further research is investigating to what extent
the identified MELR boundaries in this paper can be reached
by current LED- or laser-based light source technologies. In
this case, also the electrical-to-optical power efficiency could be
taken into account.

IV. CONCLUSION

In conclusion, this paper presents fundamental spectral limits
for the melanopic efficacy of luminous radiation, for various
CCT and minimal TM-30 Rf constraints. These fundamental
limits were determined by using a flexible parametrization of
the SPD’s that allows to reach every possible MELR value. This
parametric spectrum model was optimized using Differential
Evolution. Constraints were imposed on the Duv, CCT and
TM-30 Rf . The obtained MELR boundaries can serve as a
benchmark for future dynamic circadian lighting systems. The
same spectrum parametrization was also used to maximize the
attainable LER, within these MELR limits. The results of this
optimization show that increasing MELR comes with a strong
trade-off in attainable LER, and that reaching minimal or max-
imal MELR values induces a significant LER penalty.
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