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Abstract: In this paper, directly following from Gage [J. Opt. Soc. Am. 23, 46 (1993)], we
study the design of a particular theoretical filter for photography, that we call the locus filter. It
is built in such a way that a Wien-Planckian light (of any temperature) is spectrally mapped to
another Wien-Planckian light. We provide a physical basis for designing such a filter based on
the Wien approximation of Planck’s law, and we prove that there exists a unique set of filters
that have the desired property. While locus filtered Wien-Planckian lights are on the locus, the
amount they shift depends both on the locus filter used and on the color temperature of the light.
In experiments, we analyze the nature of temperature change when applying different locus filters
and we show that real lights shift more or less as if they were Planckians in terms of the changes
in their correlated color temperatures. We also study the quality of the filtered light in terms of
distance from the Planckian locus and color rendering index.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

Colored filters have been historically used in photography to modulate the color of the prevailing
illuminant. A filter is usually a piece of colored glass (or another substrate) that is placed in front
of the lens of the camera leading to a change in the colors of the scene in the acquired photo.
One of the main goals of using these filters is to change the way the camera sees the light which
depends on the spectral properties of the filter used. As an example, we might use a ’warm’ filter
when taking a picture under a cool light to render the effective illuminant color neutral.
In Fig. 1(a), we show the spectrum of a locus filter, a theoretical filter which we will specify
and explore its properties in this paper (the max transmittance is normalised to 100%). This filter
is designed to, exactly, spectrally, map a Wien-Planckian light (Wien-Planckians are very similar
to Planckian lights but are described by a simpler equation, which we exploit in this paper) with a
color temperature 10000 Kelvin, or 10000K (henceforth, ‘K’ to denote Kelvin), to 4300K. Notice
the filter is very smooth. In Fig. 1(b), we plot CIE 10000K Daylight illuminant (also referred to as
D100) and also this light multiplied by the locus filter (where both lights are normalized to their
maximum intensity). As a Daylight does not lie on the locus, its color temperature is actually
a correlated color temperature (CCT), which informally equates to the actual temperature of a
close Planckian. In this example we find that - although not explicitly designed for this purpose our locus filter correctly maps D100 to D43. In Fig. 1(c) we plot, in the CIE uv chromaticity
space, the Planckian locus and the coordinates of D100 and D43. The reason behind using CIE
uv chromaticity space in our plots is to keep coherence as uv coordinates are the ones used to
calculate the CCTs of real lights. In Fig. 1(d) we ‘zoom in’ and plot the same data. In the more
detailed view, we see that D100 and D43 do not actually fall on the Planckian locus (they lie on
the Daylight locus which runs parallel to the Planckian)
Of course there will be many shapes of filters which will map a light with a given CCT to a
target CCT (since there are many metamers that integrate to the same color tristimulus). And,
there are many lights that have different chromaticities which map to the same CCT. In the
context of this paper, we propose that a good filter should have four properties. First, it should
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Fig. 1. An example of a locus filter applied on a daylight. (a) The spectral transmittance of
a locus filter. (b) Two Daylight illuminants, D100 and D43, in solid blue and dashed red
lines respectively (the filter in (a) multiplying D100 results in D43). (c) Their uv coordinates
in the uv chromaticity diagram, where a red ’+’ and a magenta ’x’ denote D100 and D43
and the Planckian locus is drawn in blue. (d) A zoomed-in view of our data

map a typical light to another typical light. In our example, one daylight is mapped to another,
meeting this criterion. Second, that the distance in uv chromaticity space, from the Planckian
locus should be maintained after filtering, to mimic a change in temperature along the locus.
Third, the filter should be smooth, palpably true for our illustration in Fig. 1. When a filter is
spiky, it is less likely it will work for all lights. Fourth, and importantly, the interaction of light
and filter should be predictable. Ideally, for a known filter and a light with a known CCT we
should a priori be able to predict how the CCT will change when the filter is applied.
In this paper, we start with the idea that it would be a useful property if a colored filter is
guaranteed to map all lights from one position (color temperature) on the Planckian locus to
another. That is, we wish to avoid the circumstance where a colored filter might for example,
make a Planckian light (yellows, whites and blues) slightly greenish. Following directly from
Gage [1], we show that it is indeed possible to design a filter that guarantees that the resulting
light stays on the Wien-Planckian locus. A Wien-Planckian is defined by a slightly different
formula than a Planckian that is useful for the derivations we set forth in this paper. We call such
a filter a ‘locus filter’, and present a physical basis for the design of such filters. Significantly, the
locus filters are the only ones that have the property that they map Wien-Planckian lights [2] to
other lights that are also on the Wien-Planckian locus.
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As the reader will have noticed, in this paper, we will sometimes need to speak of Planckian
lights and Wien-Planckians. Though they are similar and can often be thought of interchangeably
they are not the same. Thus, to avoid confusion we will say a light is Planckian if it is described by
Planck’s blackbody radiator equation, and Wien-Planckian if we are using Wien’s approximation.
However, the reader - in their mind’s eye - might wish to read Planckian and Wien-Planckian as
meaning the same thing, at least on the first read through, since the difference in the spectra the
two equations produce ranges from negligible to small.
A Planckian light (and a Wien Planckian), by definition, is dependent on a single number,
the color temperature (measured in Kelvin). As we move from 3000 to 5000 to 10000 Kelvin
the corresponding Planckian (and Wien-Planckian) light ’looks’ respectively yellowish, whitish
and bluish. The higher the temperature the cooler the color of the light. Our locus filter maps
a given input color temperature to another (the formulas are presented later) and this mapping
is non-linear in temperature. Not only does the locus filter map color temperatures accurately,
one Wien-Planckian is exactly spectrally mapped to another. Applying the locus filter on a
Wien-Planckian light results in shifting its temperature making the light more yellowish or more
bluish. Significantly, given a locus filter and the color temperature of a given Wien-Planckian light
we can explicitly, in closed form, calculate the color temperature of the filtered Wien-Planckian.
In this work, we are also interested in studying the behavior of locus filters when applied to real
lights. The analogous correlated color temperature (CCT) [3] is often used as a measure of the
color temperature of real lights. For a real light, we calculate the CCT before and after application
of the locus filter. Experiments demonstrate that the CCTs of real lights shift very similarly to
the corresponding Planckian (note CCTs are calculated according to the actual Planckian locus
and not the Wien-Planckian counterpart). Other metrics are also analyzed in our experiments to
assess how a locus filter filters real lights including the distance, before and after filtering, to the
Planckian locus (Duv) in the uv chromaticity diagram [4], and the color rendering index (CRI)
[5] of the filtered light.
In section 2 of this paper we present background material. Then, in section 3, we give the
physical and mathematical basis for the design of the locus filter. Here, we will provide a proof
of uniqueness: only a filter formulated as a locus filter has the property that it will always map a
Wien-Planckian to another Wien-Planckian. We will then, in section 4, empirically study how
locus filters affect non-Planckian lights. Lastly, we discus how some properties of real lights
affect the behaviour of locus filters when applied on those lights in section 5, then conclude in
section 6.
2.

Background

In a Lambertian scene, the sensor responses (of a camera or the XYZ Color matching functions
(CMFs)) ρk can be written as a function of the surface spectral reflectance S (λ), the spectral power
distribution of the illuminant E (λ), and the spectral sensitivities Qk (λ) (where k = R, G, B):
∫
ρk =
Qk (λ)S(λ)E(λ)dλ,
(1)
ω

where ω is the range of visible wavelengths. Throughout this paper, we consider the 1931 color
matching functions in our calculation.
Ignoring complexities such as interreflections, when a colored filter is put in front of the lens
of the vision system, the filtered sensor responses ρFk can be written as:
∫
F
ρk =
Qk (λ)S(λ)F(λ)E(λ)dλ,
(2)
ω

F(λ) defines the filter spectral transmittance.
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A Planckian blackbody illuminant EP is a function of color temperature T and wavelength λ,
and is written as:
c2
−1
EP (λ, T) = kc1 λ−5 (e T λ − 1) ,
(3)
where c1 and c2 are constants equal to 3.74183 × 10−16 Wm2 and 1.4388 × 10−2 mK, respectively.
The scalar k modulates the intensity of the Planckian light.
Much research in the literature has focused on finding a particular filter that changes a specific
illuminant in the scene to another chosen one. Gage [1] presented a study of the properties
of a filter that brings a Wien Planckian illuminant (see next section for a definition) with one
color temperature to an another specific one. As we present in the next section, it turns out
that a Gage-filter also maps any Wien-Planckian to another Wien-Planckian (our own analysis
starts with this result ). For known film-types, given lights, and a set of approximate, physically
realizable, Gage-type filters, McCamy [6] considered how these filters could be practically used
to optimise the exposure of color films. It has also been observed by Henry Hemmendinger - and
reported in [7] - that the the yellowing of the lens of the eye can be thought of as approximately
following a Gage-type equation. Weaver [8] also considered the design of a filter that converts
lights from one color temperature to another. In complementary work, Estey [9] studied the
properties of color temperature change for some commercially available filters.
Interestingly, the question of how the filters modulate arbitrary light has not, to our knowledge,
been considered quantitatively. If a filter maps (say) 6500K to 4500K how will it modulate a
10000K illuminant and will the filtered light still be on the Planckian locus? This predictability
question is a key concern of this paper.
Of course, there are other ways to measure how color temperature shifts when a light is filtered.
The Mired temperature [10] ( micro-reciprocal-degree), also called is sometimes used when we
wish to measure how similar one light color is to another. Reciprocal color temperature, T rec ,
measured in Mired units, is calculated from a color temperature T as follows:
T Mired =

106
T

(4)

It has been shown empirically that the just noticeable difference (JND) is 5.5 mired units
[10,11].
As discussed in the introduction we are also interested in how a filter changes the correlated
color temperature (CCT) of a real light. The CCT is the temperature of the Planckian illuminant
giving the closest perceived color to the real illuminant. Interestingly, how to calculate the CCT
is still an active area of research [12–14]. In this paper we will adopt the method [4] to calculate
CCTs.
According to this method, we first calculate the uv chromaticity coordinates for each
Planckian light at a resolution of color temperatures of 1 Kelvin, in the temperature interval [1000K,100000K]. We remember that the CIE uv chromaticity diagram (part of the LUV
color space) is useful because the distance between chromaticity points correlates with perceived
difference in color (see Fig. 1(a) to see an example plot in the uv diagram, there the Planckian
locus is also shown). Then, the uv coordinates, (u, v) of an actual real light are calculated. The
closest precomputed Planckian uv coordinate to (u, v) determines the closest Planckian light. The
temperature of the closest Planckian Light is the correlated color temperature, the CCT.
The color rendering index (CRI) will also be used in our experimental evaluation. We are
interested in how the CRI changes (or does not change) when a real light is filtered. The CRI [5]
is a quantitative measure of how close a light source to a natural or ideal illuminant in terms
of the way they render colors. CRI is a score in the range [0,100] with 100 meaning perfect
color rendition. A CRI of 90+ can be a taken as an indication of good color indexing (though
the perceptual meaning/significance of CRI is a source of debate). We will adopt CIE 1995
method for calculating the CRI, which is based on the color difference between standard samples

Research Article

Vol. 30, No. 8 / 11 Apr 2022 / Optics Express 12906

rendered with the light source and the same samples rendered using an ideal light source with the
same color temperature as the first one. More details about the calculation algorithm that we
used can be found here [15].
Regarding color filter design in general, more recent research has focused on the design of
filters for other tasks in image processing and digital photography. Some approaches in the state
of the art have focused on filter design and use in the objective of making camera sensors more
colorimetric [16–18]. In computational color constancy, specific color filters have also been
shown to be useful in the estimation of the color of the light and the determination of where
lights change in an image in scenes with multiple illumination conditions [19–21]. Moreover,
filters are also used in multispectral imaging [22,23].
3.

Locus filter model

In the range of typical lights (2000K to 20000K), a simple approximate form of Planck’s equation
- called Wien’s approximation - can be used to describe black body illumination [2]. These
Wien-Planckian lights are written as:
c2

E (λ, T) = kc1 λ−5 e− T λ

(5)

Here, k modulates intensity and the constants c1 and c2 are the same (defined after Eq. (3)). For
most practical purposes (and the ones we consider in this paper) we can use Planckian and Wien
Planckian lights interchangeably. However, there are small differences (when T>4000K). Thus,
throughout this paper we always say Wien-Planckian when we are, specifically, using Eq. (5) and
Planckian when we are using Eq. (3).
Now, let us focus on the problem of designing a filter that maps one light to another. Suppose
we have a Planckian illuminant with a temperature T1 , and that after applying the filter we would
like to obtain another Planckian illuminant with a temperature T2 . By dividing the spectra of
these two illuminants provided by Eq. (5) we obtain a filter transfer function Tr(λ, Tf ) that has the
desired property:
c

− T 2λ

Tr(λ, Tf ) = e

(6)

f

We note that Gage [1] actually derived the same equation by finding a filter for a single pair of
Wien-Planckian lights. But, he did not consider what happens when the filter is applied to other
Planckian (and non-Planckian, see our experiments section) lights.
We call the Tf parameter the locus filter-temperature (LFT), and it is equal to:
Tf =

1
1
T2

−

(7)

1
T1

We prove in the following section that the form of the filter equation is unique. That is,
there is no other filter which always maps all Wien-Planckian lights to corresponding lights that
themselves are Wien-Planckians.
Clearly, from Eq. (7), the LFT, Tf , is not uniquely defined by the pair of Wien-Planckian lights
with temperatures T1 and T2 . That is there are many pairs of temperatures that can lead to the
same LFT. Also following from Eq. (7), the LFT can be negative.
Let us now calculate the product of the filter Tr(λ, Tf ) with a third light that has a temperature
T3 to make a new light spectrum E ′(λ):
E ′(λ) = E(λ, T3 )Tr(λ, Tf )
c

c
− T 2λ − Tf2λ

= Ic1 λ−5 e

3

c

−5 − T ′2λ

= Ic1 λ e

e

(8)
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Clearly, E ′(λ) lies on the Wien-Planckian locus with temperature T ′ calculated as:
T′ =

1
1
Tf

+

1
T3

(9)

Curiously, Eq. (9) teaches that a filtered light can have a negative color temperature as LFT can
go negative (see Eq. (7)) but, of course, this is not physically possible. However, for the purposes
of our work we will allow negative color temperatures and, here, we briefly consider the import
of this choice.
Admitting negative temperatures, it turns out, leads to even bluer lights than occur when
the color temperature tends to infinity. Indeed, in Fig. (2(a)), we show on the uv chromaticity
diagram the Wien-Planckian locus in solid blue and the additional colors available in an extended
locus (that admits -ve colors) is shown in a red line. For reference a uniform white light has a
uv chromaticity coordinate of (0.21,0.47). Lights with a coordinate u<0.21 are cooler in color
than white and when u>.21 the color of lights become progressively warmer. To elaborate this
point on the Wien-Planckian locus (blue line) from left to right the temperature monotonically
decreases from limT→∞ to limT→0+ . Conversely, in the extended locus from right to left the
temperature monotonically increases from limT→−∞ to limT→0− .

Fig. 2. Negative locus filter temperature example. (a) The Wien- Planckian locus (blue for
+ve Temperatures) and the extended locus (red for -ve Temperatures in the uv chromaticity
diagram ).(b) Spectral transmittance of a locus filter with an LFT of −3333K. (c) the red
dashed line shows the spectral power distribution for a light with a color temperature tending
to infinity. Respectively, the solid blue line and the dash-dotted green line show a 5000K
Wien-Planckian and its filtered counterpart (filtered by the filter shown in (b)

Intuitively, the extended locus is quite a natural extension. As temperatures decrease, in
the limit a Wien-Planckian light has almost all its power concentrated in the very end of the
long-wave part of the visible spectrum (effectively, it becomes almost monochromatic). As
such, the reddest red light intersects with the spectral locus. In contrast, the bluest blue +ve
temperature Wien-Planckian (as the temperature tends to infinity) is actually not so blue. See
dashed red line in panel (2(c)). Admitting negative temperatures effectively allows a transit of
light colors that becomes progressively bluer until they too reach the spectral locus.
In (2(b)) we show a locus filter with a negative LFT of −3333. Now, we plot a 5000K
Wien-Planckian light (blue, solid) in (2(c)). Applying the locus filter to the light results in a
filtered light (green dash-dotted line), which has color temperature of −9997K. Compared to the
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spectrum for an infinite +ve color temperature (red dotted line), it is clear the filtered spectrum is
bluer than the bluest physically possible Planckian. All spectra in (2(b)) and (2(c)) are normalised
to have a maximum value of 1.
Finally, we note that the definition of locus filter has another degree of freedom. Specifically
we can scale the locus filter to transmit more or less light. In Eq. (10) we add the scalar k to
model this variable transmittance. Clearly, if one locus filter is a scalar, say <1, from another
then it will map Wien-Planckian lights to the same counterparts but they will be darker.
c

Tr(λ, Tf , k) = ke
3.1.

− T 2λ
f

(10)

Proof of uniqueness

Often colored filters are designed to mimic a change in illuminant color. A bluish light is
filtered by a yellowish filter results in a warmer colored light. Here, we prove that a WienPlanckian illuminant filtered by a locus filter results in a second Wien-Planckian illuminant (for
all Wien-Planckians) and, across all choices of filters, and only the locus filter has this property.
Theorem: Only locus filters - with the form defined by Eq. (10) - will map all Wien-Planckians
to other Wien-Planckians (where negative as well as positive temperatures are allowed).
Proof: We will present our argument in the log-domain (since, because the logarithm function
is bijective, if the filter maps the logarithm of all Wien-Planckians to log domain counterparts then
uniqueness is also proved in the non-log domain). Let us define α = log k, v(λ) = − cλ2 , β = T −1
and w(λ) = log(c1 λ−5 ). Adopting this notation, we write the logarithm of a Wien-Planckian as
e(λ, α, β) = α + βv(λ) + w(λ),

(11)

where, by construction there exists a k and T such that exp(e(λ, α, β)) = kE(T, λ).
Remember, we are allowing T to be positive and negative. As a consequence β ∈ R. Similarly,
α ∈ R as the log of the scalar k ∈ (0, ∞). It follows that there exists a log Wien-type illuminant
for all real scalars α and β.
A filter F(λ) (which has a multiplicative role in the non log domain) is an additive offset in the
log domain. Denoting f (λ) = log(F(λ)), for our proof, we need to show that, if F(λ) is a Locus
Filter, ∀α, β, ∃α ′, β ′:
e(λ, α, β) + f (λ) = e(λ, α ′, β ′)
(12)
Substituting, Eq. (11) in Eq. (12) we are interested in log filters where:
α + βv(λ) + w(λ) + f (λ) = α ′ + β ′v(λ) + w(λ)

(13)

α + βv(λ) + f (λ) = α ′ + β ′v(λ)

(14)

f (λ) = αf + βf v(λ)

(15)

or, equivalently
Let us define a filter as;
Then if we set α ′ = α − αf and β ′ = β − βf in Eq. (14) we see that f (λ) maps all logWien-Planckians to counterpart spectra that are also log-Wien-Planckians. And, of course, by
construction, F(λ) = exp(f (λ)) is a locus filter.
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Now, suppose we cannot write f (λ) using Eq. (15) (it is not a locus filter):
f (λ) = αf + βf v(λ) + δ(λ)

(16)

There do not exist scalars αδ and βδ such that αδ + βδ v(λ) = δ(λ):
∀αδ , βδ , αδ + βδ v(λ) ≠ δ(λ)

(17)

Returning to Eq. (13), and substituting f (λ) from Eq. (16) our theorem is not true iff:
α + βv(λ) + αf + βf v(λ) + δ(λ) = α ′ + β ′v(λ)

(18)

Let αc = α + αf − α ′ and βc = β + βf − β ′ our theorem would be contradicted if
−αc − βv v(λ) = δ(λ)

(19)

but, from Eq. (17), this is impossible (δ(λ) cannot be written as a sum of α and βv(λ)). Only
filters of the form in Eq. (15) (i.e. only locus filters) always map Wien-Planckian lights to
Wien-Planckian lights. This completes our proof of uniqueness.
3.2.

Planckian vs the Wien-Planckian approximation

At this point we should also be clear in stating that the Wien-Planckian locus is not identical to
the Planckian locus. However, they are surprisingly similar. Indeed, if we plot them on the same
uv chromaticity diagram they lie more or less on top of each other. Including and below 4000K
the spectra that are produced by Wien’s or Planck’s equation are nearly identical. Though, there
is some divergence for higher temperatures. In the normal temperature range for daylights and
artificial lights (say 2000K to 20000K) the largest spectral difference is found for a 20000K Wien
approximation compared with the true Planckian light. We show these spectra - normalised to
their maximum intensity (it is set to 1), in Fig. 3.

Fig. 3. A 20000K Planckian light (blue) compared with a 20000K Wien-Planckian
approximation (red).

Respectively, the Wien-Planckian and Planckian uv chromaticities for these lights are - to three
decimal places - (0.183, 0.402) and (0.185, 0.412), respectively. The Euclidean distance between
these points is 0.011. To understand the visual significance of these numbers let us multiply the
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Duv by 650 (i.e. we use the CIE LUV formulae to visualize the chromaticities when lightness
L∗ = 50, see [24]) then we can say something about the visual perceptibility of the difference.
For reference, the color difference Delta E here is 650 ∗ 0.011 = 7 which is visually noticeable
but, the difference is small. Indeed, studies [25] have shown that in complex imagery, unless a
Delta E is larger than 5 then color differences are not noticeable at all.
Having acknowledged the difference between Planck’s and Wien’s approximations because the
differences - from a perceptibility viewpoint are likely small - we will use the same temperature
when discussing each equation (despite the small spectral shift at higher temperatures). Returning
to Fig. 1(d), here a real D100 light (which is referenced to the real Planckian locus) has a locus
filter that maps a Wien-Planckian light of 10000K to 4300K. Here, the filtered Daylight also
maps to 4300K meaning that, at least for this example, a Daylight is shifting as predicted by our
Wien-Planckian locus analysis.
Later, we will return to this issue when we discuss how the correlated color temperature of
real lights shifts when we apply our locus filters. Specifically, we compare how Correlated
Color Temperature (CCT, calculated according the the Planckian-locus) shifts when we filter
with a locus filter (even though a locus filter is designed to shift color temperature along the
Wien-Planckian locus).
4.

Experiments

4.1.

Filtering Wien-Planckian lights

We demonstrated earlier that when applying a locus filter on Wien-Planckian lights, filtered lights
also lie on the Wien-Planckian locus. However, the change of temperature after applying the
filter depends on both the initial temperature of the Wien-Planckian light and LFT (locus filter
temperature, see Eq. (7) for its definition) of the applied filter (see Eq. (9)). In order to better
observe the nature of this change, we apply some locus filters with different LFTs with positive
and negative values to several Wien-Planckian lights with different color temperatures. The first
three columns of Table 1 shows the change of temperature when applying filters with a locus
filter with a positive LFT of 5000, 7500 and 10000 to different Wien-Planckian illuminants. The
last two columns are for the negative LFTs, −12000 and −20000.
Table 1. Color temperature shifts after applying locus filters on Wien-Planckian lights. Column one
records the color temperature in Kelvin for 4 input lights, ranging from 4000K to 10000K. The
columns show the LFT Tf ranging from −12000 to 10000. In position (i, j) we see the output colour
temperature for the ith input light filtered by a locus filter with the jth LFT.
Output colour temperature for LFT (Tf ),

Input Light Temperature
(5000)

(7500)

(10000)

(−12000)

(−20000)
5000K

4000K

2222K

2609K

2857K

6000K

6000K

2727K

3333K

3750K

12000K

8571K

8000K

3077K

3871K

4444K

24000K

13333K

10000K

3333K

4286K

5000K

60000K

20000K

From Table 1, we see that a 4000K light filtered by a locus filter with LFT = 5000 shifts to
2222K (i.e. a color temperature change of 1778K). However, the same light shifts to 6000K
when filtered with a locus filter with LFT = −12000. More generally, notice that filtering a
Wien-Planckian light with a filter with +ve LFT always makes the light warmer and conversely a
negative LFT will result in a filter that will always make lights cooler in appearance.
In Fig. 4, we show in the u, v chromaticity diagram, how a Wien-Planckian light with a color
temperature of 5000K shifts differently when being filtered with two different locus filters. In
the first case, the light is filtered with a locus filter with a positive temperature (LFT = 5000)
making it warmer. In the second case, the same light is filtered with a locus filter with a negative
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temperature (LFT = −12000) which makes it cooler. In both cases, the new lights are, as they
must be, on the Wien-Planckian locus.

Fig. 4. Color temperature shifts on the Wien-Planckian Locus in the u, v chromaticity
diagram after applying two different locus filters one with a positive LFT and the other with
a negative one.

4.2.

Filtering real lights using a locus filter

After seeing how the locus filter behaves when applied to Wien-Planckian lights, let us now
investigate its behavior with respect to real lights. To do that, we will quantify the change of
correlated color temperature (CCT) using a locus filter.
In our experimental investigation, we use two sets of lights: the 102 illuminants compiled by
Barnard et al. [26] which includes many artificial lights, and the set of 99 measured daylights in
Granada, Spain [27]. We will refer to these sets as Barnard set and Granada set respectively.
One hypothesis, to be validated in our study, is that the change of CCT after applying a locus
Filter is consistent with the change of color temperature when the same filter is applied to a
Wien-Planckian illuminant whose temperature is equal to that of the real light. In order to confirm
this hypothesis, for each real light, we first obtain an Equivalent Planckian light: the Planckian
light whose color temperature is equal to the CCT of that light using Eq. (5). Then, a locus filter
is applied to these two lights - real and Planckian counterpart - resulting in a filtered real light
and a filtered Planckian one. Lastly, the color temperature of the filtered Planckian illuminant is
compared to the CCT of the filtered real one to obtain a temperature error.
Here, it is prudent to refer the reader to our earlier discussion in section 3.2. There we
considered the fact that color temperature for Planckian lights and Wien-Planckians are different.
While they induce almost the same spectra when color temperature T<4000K, there is a small
divergence for larger color temperatures. However, this difference is quite small even for very
high color temperatures, see Fig. 3. In our experiments we are designing a locus filter that shifts
Wien-Planckian Lights by a calculable temperature. The corresponding shift for real Planckians
and for real lights is almost the same and in our experiments almost always within 1% of that
predicted for Wien-Planckians. Thus, in interpreting the figures in this section and the next three
sections the reader should be aware of this inaccuracy. This said, it will be clear that the predicted
shifts for a locus filter operating on a Wien-type Planckian broadly hold for the CCTs of real
lights too. Even though the CCT is calculated according to the Planckian locus as opposed to the
Wien-type Planckian locus.
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In detail, suppose a real light, L(λ) has a correlated color temperature T1c - we use the superscript
to denote a correlated color temperature - and its Wien-Planckian equivalent is denoted, E(λ, T)
(see Eq. (5)), where T = T c . Now for a given LFT Tf , the corresponding locus filter is denoted
Tr(λ, Tf , k), see Eq. (6). By filtering the real light with the locus filter, L(λ)Tr(λ, Tf , k), we obtain
a second light and we calculate its CCT, T2c Similarly, we can filter our Wien-Planckian with the
same filter, E(λ, T1 )Tr(λ, Tf , k), and we can use Eq. (9) to calculate the actual temperature T2 of
the filtered Wien-Planckian. Ideally, we would like the change in CCT to be close to the change
in corresponding temperature of the Wien-Planckian and its filtered counterpart i.e. T2 ≈ T2c , but
they will be different and we are interested in how much they differ,
We use two metrics to measure difference in temperatures. First, the absolute temperature error,
is defined as |T2c − T2 |, which reflects the absolute difference in color temperature of filtered real
lights compared to filtered Wien-Planckian counterparts; and the relative temperature error, equal
|T c −T2 |
to 2T2 , indicating the color temperature difference relatively to the original color temperature.
As a case study, we use a locus filter with an LFT of 5000 . In the first two rows of Table 2 we
show the average shift of temperature between filtered and unfiltered lights, and the mean absolute
temperature error between the real light case and the Wien-Planckian ones for the Barnard and
the Granada sets. One can observe that the mean absolute error is small compared to the actual
mean temperature shift. For both sets of lights, the average CCT shift is more than 3000K, while
the absolute CCT error is 66K for Granada set and 135K for the Barnard set.
c

Table 2. The absolute and relative temperature errors for filtered real lights compared to filtered
Wien-Planckian counterparts (both filtered with a locus filter with LFT=5000).
Barnard et al [26]

Hernandez-Andres et al. [27]

Mean temperature shift

3270K

3560K

Mean absolute temperature error

135K

66K

Mean relative temperature error

0.056

0.023

Median relative temperature error

0.035

0.008

Max relative temperature error

0.237

0.192

95th percentile relative temperature error

0.204

0.126

Table 2 also reports the mean of the relative temperature error for both sets in the third row.
This mean % error is small (respectively 5.6% and 2.3% for the Barnard and Granada Data
sets. The median value is also reported in the forth row, showing smaller values than the mean
one (respectively 3.5% and 0.8% for the Barnard and Granada Data sets). Two more relative
temperature metrics are added to have more statistical understanding of the temperature error:
the max and the 95th percentile relative temperature errors.
Perhaps unsurprisingly, the Daylight spectral set has smaller temperature errors (as Daylights
themselves are often expressed by their color temperature and the Daylight locus is close to
and runs parallel to the Wien-Planckian locus). While the temperature errors are larger for the
Barnard set they are also in general fairly low, even at the 95% percentile level the error is only
20%. Broadly, It can be concluded that the change in CCT of real lights mirrors the change in
Wien-Planckian temperature.
Finally, we remark that although our case study considers a locus filter with an LFT of 5000,
changing the LFT does not change the trend of our results. As per our case study, we have found
that, the amount the CCTs of a light (Daylight or artificial) shifts when filtered (by a locus filter)
is well predicted by the corresponding shift of the corresponding equivalent Wien-Planckian.
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Mired temperatures

We repeat our experiment for Mired units and report results in Table 3 (see section for a discussion).
In the first row we report the average temperature shift between filtered and unfiltered lights
(averaged over our two sets of lights). In Mired units the average shift is 179 and 208 for the
Barnard and Granada sets respectively (visually, significant, divide by 5.5). The Table also
records the mean, median, max and 95th percentile Mired absolute errors (we compare the
temperatures as for the first experiment (but now compute the absolute difference between the
CCT of the filtered light and the actual Wien-Planckian shift). It is noticeable that Granada set
has significantly better Mired errors compared to Barnard set. Indeed, the mean and the median
are sufficiently low as to be, on average, almost visually insignificant.
Table 3. The reciprocal temperature errors for filtered real lights compared to filtered
Wien-Planckian counterparts (both filtered with a locus filter with LFT = 5000).
Barnard et al [26]

Hernandez-Andres et al. [27]

Mean mired shift

179

208

Mean mired error

21.5

8.9

Median mired error

11.9

3.1

Max mired error

87.4

79.6

95th % mired error

81.5

46.1

4.4.

Delta uv error

Here, we wish to investigate the effect of the locus filter in more detail. As well as predicting a
CCT shift, intuitively, we’d like lights to shift along loci. In order to verify that filtered real light
are at least as close to the Planckian locus as real lights, we calculate the Duv distance, which
is the Euclidean distance between the u, v coordinates of the light and the u, v coordinates of
the closest point on the Planckian locus (i.e. the Planckian light that has a color temperature
equivalent to the CCT of the light).
Table 4 shows the average Duv of real lights of both light sets compared to the average Duv of
these same lights but after being filtered with a locus filter whose LFT is equal to 5000. We can
observe that the filtered lights are slightly closer to the Planckian locus. Of course these numbers
are hard to interpret (we are looking as raw chromaticity distances in the uv chromaticity space).
To understand the visual significance of these numbers suppose we multiply the Duv by 650
(i.e. we use the CIE LUV formulae to visualize the chromaticities when lightness L∗ = 50, see
[24]) then we can say something about the visual perceptibilty of the difference. For reference
650 ∗ 0.002 = 1.3 which means - according to our Delta E visualisation, that the filtered and
unfiltered lights are, on average, the same distance from the Planckian Locus.
Table 4. The average Duv of real lights and filtered real lights after applying a locus filter with
LFT=5000.
Barnard et al [26]

Hernandez-Andres et al. [27]

Mean Duv

0.005

0.002

Mean filtered Duv

0.004

0.001

Figure 5, shows an example of the temperature shift in the u, v chromaticity diagram after
applying a locus filter of a filter temperature of 5000 on a light with a CCT of 5450K and on its
equivalent Wien-Planckian light.
One can observe that the shifts are consistent between real and Wien approximated lights and
that the filtered real stays close to the Planckian locus.
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Fig. 5. The change in color temperature between a real light whose temperature is 5450K,
and its Wien-Planckian equivalent applying a locus filter with an LFT of 5000. (a) Spectral
power distribution of that real light. (b) Change of temperature in u,v chromaticity diagram.
(c) Zooming in.

4.5.

CRI error

Table 5, records the average Color Rendering Indices of the CRIs - see the Background section
for a discussion - of both Barnard and Granada lights being unfiltered or filtered with locus filters
with different LFTs. One can observe that CRIs of filtered lights are approximately equal to
the ones of unfiltered lights, which allows us to conclude that locus filters do not negatively (or
positively) impact the color rendering indices of real lights. The filtered lights, on average, have
the same CRI as their unfiltered counterparts.
Table 5. Comparison of average CRIs between unfiltered and filtered real lights using different
locus filters .
locus filter temperature
Light set

unfiltered

5000

7000

9000

11000

Barnard et al [26]

89.96

89.50

89.52

89.61

89.67

Hernandez-Andres et al. [27]

95.70

95.08

95.204

95.29

95.37
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Discussion

Returning to Table 3, we reported that the mean Mired error between the temperature shift
predicted by a locus filter and the actual observed CCT shift is larger than 5.5 Mired units, so
perceptually significant. In addition, we note that the error was higher for Barnard set which
includes artificial lights as opposed to the Granada set of Daylights. In this section, we test the
hypothesis that the larger the difference between a light and its Wien-Planckian equivalent (the
one whose color temperature is equal to the real light CCT) then the observed color shift when a
locus filter is applied will have a higher Mired error (between the actual CCT for the filtered
light) and the predicted Wien-Planckian temperature shift).
In order to validate this hypothesis, we take the 10 lights from the Barnard set that have 5 highest
and 5 lowest Mired errors (according to our Experiment presented in section 4.3). We call these
sets LOW and HIGH. For each of these lights we calculate the corresponding Wien-Planckian (i.e.
the Wien-Planckian with the same CCT). Given a pair of a real and Wien-Planckian equivalent
we calculate the angular error between the spectra and the CRI for the real Light. Given a real
light L(λ) with a CCT of T c then the matching equivalent Wien-Planckian is denoted E(λ, T c ).
In reality, both lights are represented by vectors of measurements at a discrete number of sample
points across the visible spectrum, which we denote L and E. With respect to this discrete
representation, the angular error is written as
AngularError(L, E) = acos(

L.E)
)
||L|| ∗ ||E||

(20)

where ‘.’ denotes the vector dot-product, ||.|| is the vector magnitude and acos is the inverse
cosine. The angular error, by construction, is independent of the magnitude of the vectors and
compares the shape of the underlying spectra.
In Fig. 6, the left and right columns show results for the HIGH and LOW sets (those whose
CCT shifts are not well predicted by the locus filter filtering a Wien-Planckian light and those
that are well described). In top left, (6(a)), we plot the 5 highest errors against the spectral
angular error. Here we see a good correlation between high Mired error and a large angular error.
Conversely when the Mired Error is low (6(b)) the angular error is low. Or, in summary, the
more the spectral shape of the light corresponds to a Wien-Planckian, the more (and this makes
intuitive sense) it behaves Like a Wien-Planckian when filtered by a locus filter. In panels (6(c))
and (6(d)) we respectively see that the HIGH and LOW mired sets have, respectively, low and
high CRIs.
Even for this experiment we can see that the relationship between the Mired error and either the
angular error or the CI is not, respectively, monotonically increasing or decreasing. Regarding
panel (6(a)), we see that the recorded Mired error of 82.9 results in an angular error of about 35
degrees. In contrast the light with the smaller Mired error of 82.6 has a higher angular error.
Regarding the CRI, we see in panel (6(c)) a similar trend. Our hypothesis predicts that as the
mired error decreases so the CRI should increase. But we do not see a monotonically decreasing
curve.
However, over all the lights, the trend of the data adheres to our hypothesis. A large mired
error correlates with a large angular error and a smaller CRI. Conversely, for small Mired errors
we find the angular error becomes small and the CRI increases.
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Fig. 6. The relation between Mired error calculated between real and Wien-Planckian case
and the properties of the real light in terms of its CRI and the angular error with its Planckian
counterpart. (a) Angular errors of 5 the lights with the highest Mired errors. (b) Angular
errors of 5 the lights with the lowest Mired errors. (c) CRIs of the the 5 lights with the
highest Mired errors. (d) CRIs of the the 5 lights with the lowest Mired errors.

6.

Conclusion

The locus filters, designed in this paper, have the - unique over all and any other formulations of
transmissive filter - property that they map all Wien-Planckian lights (Planckian lights described
using Wien’s approximation [2]) from one temperature to another. Each locus filter is defined by
a single parameter that we call the locus filter-temperature, or LFT. Experiments demonstrated
that the locus filter shifts illuminant toward a warmer or a cooler color but the magnitude of this
shift is related to the illuminant color temperature and the filter LFT.
On average, the correlated color temperature, CCT, of real lights were also shown to shift
analogously to the corresponding Wien-Planckian lights. Though, there are some lights that
shift less like Wien-Planckians (and so how a locus filter filters these lights is harder to predict).
However, when the predicted CCTs have higher errors, these lights, empirically, are much
less smooth than Wien-Planckian counterparts and also have a low color rendering index, CRI
(they score poorly in terms of how colors are rendered). Conversely, real lights that filter like
Wien-Planckians tend to have high CRIs and are spectrally similar in shape to Wien-Planckian
lights.
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