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Spectral Image Rendering of Fluorescent Objects
Using a Conventional Renderer

Life Fellow, IEEE, Shoji Tominaga, Giuseppe Claudio Guarnera, Ryo Ohtera

Abstract—We propose a practical spectral image rendering
method for fluorescent objects using a renderer that does
not natively support wavelength-shifting transport. For scenes
composed of matte fluorescent and non-fluorescent surfaces, the
illumination incident on a target fluorescent object is classified
into three types: (1) direct illumination from a light source,
(2) indirect illumination reflected from other reflective objects,
and (3) luminescent illumination emitted from other fluorescent
objects. We express the radiance observed on a fluorescent
surface as a linear combination of five terms: reflection and
fluorescence under direct illumination, reflection and fluorescence
under indirect illumination, and reflection induced by lumines-
cent illumination emitted by other fluorescent surfaces. Assuming
isotropic emission and single-bounce fluorescence, the fluorescent
shading terms reuse the diffuse-reflection shading produced by
the renderer, while measured Donaldson matrices provide the
wavelength conversion. Mitsuba is used as the underlying conven-
tional rendering system. Experiments conducted with a physically
built Cornell Box validate the proposed method through com-
parisons with direct measurements and an existing fluorescence-
capable renderer. Finally, we demonstrate an extension to non-
planar fluorescent objects via sparse emitter discretization.

Index Terms—Fluorescence, Spectral Image Rendering, Non-
Fluorescence-Aware Renderer.

I. INTRODUCTION

ANY objects around us are reflective, with optical

characteristics determined by their surface spectral
reflectance in the visible wavelength range of 400-700 nm.
However, reflectance alone does not fully characterize all
materials. Many common materials also exhibit fluorescence, a
wavelength-shifting phenomenon in which a material absorbs
light in an excitation band and re-emits it at longer wave-
lengths [1], [2]. Fluorescent agents are widespread in everyday
objects—paper, paints, plastics, and textiles—as well as in
natural materials such as minerals and plants. Fluorescence can
strongly affect appearance, often increasing perceived bright-
ness and saturation, making accurate fluorescence modeling
essential for physically based rendering.

Conventional approaches to physically based fluorescence
rendering require a fluorescence-aware spectral renderer that
explicitly samples wavelength-shifting events along light-
transport paths. In this paper, we show that, under standard
assumptions for matte fluorescent materials, a conventional
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(non-fluorescence-aware) spectral renderer can be repurposed
to synthesize fluorescent scenes without modifying its light-
transport core.

Figure 1: Color image of the Cornell Box rendered in this study.

To achieve this, we make two assumptions about fluo-
rescence. First, our spectral model for mutual illumination
between fluorescent object surfaces is based on single bounce
(path length 2) between two objects; that is, the fluorescence
emission occurs only once and does not recur. In other words,
the luminescent illumination emitted from a fluorescent object
does not excite other fluorescent objects. Second, we assume
that the spectral radiance of a three-dimensional fluorescent
object can be factored into a product of spectral functions
(such as spectral reflectance, luminescence spectra, and scene
illuminant) and shading terms (related to object geometry,
texture, and the positions of the light source and camera). The
spectral functions are inherent to each fluorescent material and
illuminant, while the shading terms change with the object’s
shape, viewpoint and light source position. We further assume
Lambertian surface reflection and approximately isotropic flu-
orescent emission [23], [24]. Building upon the similarities
between diffuse reflection and fluorescent emission, we show
that the shading terms for the fluorescent components can
be obtained from those of the reflection components. Con-
sequently, the spectral image of a fluorescent object can be
synthesized using a standard renderer. Tominaga et al. [15]
proposed an approach for the appearance synthesis of two
closely placed fluorescent objects with matte surfaces under
uniform illumination.

Here, we further extend this approach to general scenes,
in which multiple objects, including fluorescent objects with
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matte surfaces, are present and may not be uniformly illumi-
nated. We use the Cornell Box as a test environment, which is a
well-known benchmark for assessing the accuracy of rendering
systems by comparing rendered scenes with real observa-
tions [16]-[18]. Figure 1 shows a color image of the Cornell
Box rendered in this study. The surface geometry and location
of each object follow the original data available at [19]. The
red and green walls on the sides are fluorescent. The light
source is CIE standard illuminant D65 [1]. The remaining
walls, ceiling, floor, and the two gray rectangular objects are
matte and non-fluorescent, and their spectral reflectances were
taken from the real object.

Motivation for using a conventional renderer.: Our de-
composition allows us to reuse standard diffuse-shading terms
to synthesize single-bounce fluorescence from measured Don-
aldson matrices in a renderer that lacks native wavelength-
shifting transport. This approach improves portability and
interpretability, as each of the five components can be rendered
and inspected, while keeping the renderer’s native evaluation
on non-fluorescent surfaces unchanged. Limitations are sum-
marized in Section VIII-A.

The remainder of this paper is organized as follows. Related
work is summarized in Section II. In Section III, we describe
the bispectral model of a fluorescent object and define the
Donaldson matrix. In Section IV, we present the spectral
image formation process and derive the five-component de-
composition. In Section V, we describe the computation of
each component using Mitsuba V0.6 [20]. Section VI reports
validation on a real Cornell Box and comparisons with an
existing spectral render that supports fluorescence (the Ad-
vanced Rendering Toolkit - ART [21]). Finally, Section VII
generalizes the method to non-planar fluorescent objects.

II. RELATED WORK

Fluorescence characterization and Donaldson matrices:
Fluorescent behavior is commonly encoded by the bispectral
radiance factor—also called the Donaldson matrix—which
describes how incident wavelengths are re-emitted at (typically
longer) wavelengths, independent of the illuminant [2], [3]. A
series of imaging approaches estimate Donaldson matrices or
their factorizations from multispectral captures under multiple
illuminants. In particular, Tominaga et al. proposed practical
acquisition and estimation pipelines for matte surfaces that
recover the full matrix or compact factorizations from a small
number of illuminations and sensor channels [5]-[7], [15],
[29]. These methods provide bispectral inputs suitable for
predictive rendering and for validating renderer output.

Bispectral models and measurements: The Bispectral
Bidirectional Reflectance and Reradiation Distribution Func-
tion (BBRRDF) extends the BRDF to wavelength-shifting phe-
nomena. Hullin et al. [4] acquired and analyzed full BBRRDFs
for several fluorescent materials and introduced a PCA-guided
strategy to reduce measurement time while retaining angular
dependence. Earlier, Wilkie et al. [11] introduced an analytic
reflectance model for diffuse fluorescent surfaces based on a
layered microfacet construction, which couples a conventional
reflectance lobe with a diffuse fluorescent component parame-
terized by a reradiation matrix. More recently, Jung et al. [12]

proposed a simple, analytical, purely diffuse BBRRDF that is
continuous in wavelength and parameterized by absorption and
emission spectra together with a base reflectance; they discuss
energy and photon conservation and provide direct sampling
of incident and exitant wavelengths.

Rendering algorithms with fluorescence: Supporting flu-
orescence in physically based renderers requires spectral
transport with wavelength-shifting events. Wilkie et al. [10]
demonstrated combined rendering of polarization and fluores-
cence in a spectral Monte-Carlo renderer using reradiation
matrices defined over discrete bands. Mojzik et al. [13] ex-
tended hero-wavelength spectral path tracing to handle flu-
orescent events on surfaces and in volumes and proposed
a distance-tracking scheme for strongly asymmetric fluores-
cent volumes. More recently, Jung et al. [14] introduced
spectral mollification to enable bidirectional connections in
the presence of fluorescence, permitting bidirectional spectral
path tracing; they also discuss that the regularization changes
the evaluation at non-fluorescent surfaces, which must be
considered when interpreting color accuracy.

Compact representations and sampling: A practical bot-
tleneck for bispectral rendering is the memory and sampling
cost of Donaldson matrices. Hua et al. represented reradia-
tion matrices by compact two-dimensional Gaussian mixtures
and sampled wavelength-shifting events from the conditional
mixture, achieving large memory savings while maintaining
accuracy; they demonstrated seamless integration into a stan-
dard Monte Carlo path tracer and quantitative comparisons
on measured datasets [8]. Such compact representations are
complementary to our design: they can be used as inputs to fur-
ther reduce overhead when adapting a non-fluorescence-aware
renderer to fluorescent materials.

In contrast to prior work that either acquires full bispectral
data or relies on renderers with native bispectral transport,
we adapt a conventional (non-fluorescence-aware) renderer by
factorizing spectral and shading terms to model single-bounce
luminescent transport, reusing reflection shading and remain-
ing compatible with measured Donaldson matrices, bridging
the gap between the works above and practical pipelines.

III. BISPECTRAL MODEL OF A FLUORESCENT OBJECT

Let the Donaldson matrix be represented as a two-variable
function D(Aep, Aey) that depends on the excitation wavelength
Aex and the emission (or reflection) wavelength A.,. The
excitation wavelength for many fluorescent materials typically
starts from approximately 330nm to 350nm [22]. In this
study, due to the operating range of the spectral renderer,
the excitation range is set to 360nm < A, < 700nm, thereby
including parts of the near-UV and visible wavelengths. In
contrast, because common imaging systems operate in the
visible wavelength range for the human visual system, the
emission and reflection range is set to 400nm < A, < 700nm.

The Donaldson matrix is decomposed into two components:
the reflected radiance factor DR (Aem, Aex) associated with light
reflection, and the luminescent radiance factor Dy (Aem, Aex)
associated with fluorescent emission. The matrix DR (Aem, Aex)
is diagonal and has nonzero entries only when A, = Ay, cor-
responding to the surface spectral reflectance S(A). The matrix
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D1, (Aem, Aex) contains off-diagonal values with Ay > Aey due
to the Stokes shift (see [2]). Assuming that a fluorescent object
contains a single fluorescent chemical compound, the lumi-
nescent radiance factor can be factorized into a product of the
emission and excitation spectra Dy, (Aen, Aex) = O(Aem ) B (Aex)-
Since one of the two spectra a(A.,) and B(A.) can be
arbitrarily rescaled, we assume that the excitation spectrum
is normalized so that f3760(§) B(Aex)dAex = 1.

A discrete form of the Donaldson matrix with these prop-
erties can be represented as:

D=Dr +D =

alBl a Bmfn S1 0 e 0

o B OBnrn Bnn1 s oo 1)
: : Pt .0

anBl anﬁm—n aan—n—H anﬁm—l Sn

where s; (i=1,2,...,n), o4 (i=1,2,...,n) and fB; (i =
1,2,...,m — 1) denote the discrete samples of reflectance,
emission, and excitation, respectively. The norm of the ex-
citation vector 3 is normalized as ||B|| = 1:

2

In this study, we sample the spectral functions at equal
wavelength intervals of 5nm; thus, the Donaldson matrix is
described by m = 69 and n = 61. Figure 2 shows the Donaldson
matrix for the left red wall of the Cornell Box in Figure
1. Notably, the hump in the emission wavelength range of
600-700nm indicates the presence of luminescent radiation
factors that produce an orange color.

IV. IMAGE FORMATION MODELS

A. Single fluorescent object model

For a matte fluorescent object, the spectral radiance at
position x = (x,y,z) under a single illuminant L(A) can be
expressed as a continuous function of the wavelength A:

y(x, Aem) = fref(x> S(}Lem) L<2fem)

Aem 3)
+ frum (%) 0 (A /3 " B(Ae) Lier) dr,

where the first term on the right-hand side represents the
reflected radiance and the second term the luminescent ra-
diance. Here, fi.f(x) and fiym(X) denote the shading terms
for reflection and luminescence, respectively. In practice, this
continuous formulation is discretized as follows:

~—

yi(X) = fref(x) s;L; + flum(x) o, Z ﬁij, (l: 1,2,...,n).
j=1
4
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Figure 2: Donaldson matrix for the left red wall of the Cornell Box in
Figure 1. The vertical axis indicates spectral radiance factors. Diagonal
elements correspond to the surface spectral reflectances producing the red
color. Notably, the hump in the emission range of 600-700 nm indicates the
presence of luminescent radiance factors that produce an orange color.
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Figure 3: Classification of illumination into three types.

B. Multiple fluorescent object model

Now consider a general environment in which a fluorescent
object is surrounded by both fluorescent and non-fluorescent
objects, all with matte surfaces. Focusing on the illumination
incident on the target fluorescent object, we categorize it into
three types (see Figure 3):

1) direct illumination Lp from a light source,

2) indirect illumination Lj reflected from other reflective
surfaces,

3) luminescent illumination Lp emitted from surrounding
fluorescent surfaces.

Since both light reflection and fluorescent emission occur
at the object’s surface, the observed spectral radiance for
each illumination type is decomposed into reflection and
luminescent components as follows:
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Figure 4: Spectral functions of the spectral reflectance S(A) and emission
spectrum (A) (A), and the excitation spectrum B(A) (B), for the two
fluorescent walls located on the left and right sides in the Cornell Box in
Figure 1.These functions were estimated from real fluorescent sheets [5].

y(X, A‘em) = yD,ref(Xa A‘em) + YD, lum (X7 }Lem)
+ y1,ref(xa afem) + YLlum (X7 Aem)
+yF7ref(X7 2'em) ~+ YF lum (X7 )vem)a

where the components are defined as follows:

&)

e < 1> Reflection due to direct illumination from the light
SOUICE, YD ref-

e < 2> Luminescence due to direct illumination from the
light source, yp jum-

o < 3> Reflection due to indirect illumination, yr ef.

o < 4> Luminescence due to indirect illumination, yijum-

e < 5> Reflection due to luminescent illumination, y ref.

e < 6 > Luminescence due to luminescent illumination,

YF,lum-

Because fluorescence—where incident light excites a flu-
orescent object that subsequently emits light at a longer
wavelength—is accompanied by rapid energy attenuation, we
assume that fluorescence occurs only once. In other words,
the luminescent illumination emitted from a fluorescent object
does not re-excite other fluorescent objects. Thus, component
< 6 > can be neglected (i.e., g jum = 0).

Reflective
object L.(x,2)
Luminescent illumination
S(2) from other fluorescent objects
X

Figure 5: Reflection component < 5 > due to luminescent illumination emitted
from fluorescent objects.

Figure 4 displays the spectral functions of the reflectance
S(1), the emission a(A), and the excitation B(A) for the
two fluorescent walls in the Cornell Box. The luminescent
component < 6 > requires overlap between an excitation
spectrum and another material’s emission spectrum; under
the single-bounce assumption adopted here, we neglect yg jum
(component < 6 >) and retain only the reflection component <
5 > for luminescent illumination, as shown in Figure 5. Cases
with strong spectral overlap are discussed in Section VIII-A.

To simplify the description of the spectral radiance, we
define a combined quantity

E(x,A) £ f(x)L(x,4),

which merges the shading term and the illumination. Then,
the spectral radiance for each illumination component can be
written as follows:

yDch(Xa lem) = fD,ref(X) S()Lem) Lp (X; lem)

6
= S(lem)ED,ref(XaAem)- ( )

A’em
yDﬁlum(Xa 2'em) = fDJum (X) a(lem) /360 ﬁ(lex) Lp (X7 2fe)c) dAex

Aem
= a(lem) AGO ﬁ(lex)ED,lum(Xaafex)dler
(N

yI,rcf(Xa lem) = fI,ref(X) S()Lem) L (X7 Aem)

8
= S(lem)El,ref(Xaafem)- ®

Aem
YI,lum (X, A'em) = leum(X) a(lem) /&60 ﬁ ()Lex) LI (X’ le)C) d)Lex

‘Aem
= alhen) [ Br) Evtam (3, ) s
360 (9)

YF ref (X7 A«em) = fF,ref(X) S(Aem) Lg (X7 lem)
= S<2fem) EF,ref(X» /lem) .
Assuming Lambertian reflection and (approximately)

isotropic fluorescent emission [23], [24], fluorescent emission
obeys Lambert’s cosine law.

(10)

Fluorescent

Figure 6: A luminescent object treated as an emitter, with its surface divided
into a finite array of subareas where small area lights are spatially arranged.

Therefore, we set fpref(X) = foum(X) and firer(X) =
fium(X), so the shading terms for the fluorescent components
can be obtained from those of the reflection components. As
a result, we have Ep rer(X,4) = Ep jum(X, 1) (£ Ep(x,1)) and
Elref(X,A) = Ejjum(x,4) (£ Ei(x,A)). The quantity E(x,1)
for each illumination can be obtained from the spectral
radiance observed from the reflection component for each
illumination as follows:
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ED(Xaafem) = yD,ref(XaAem) /S<Aem)7
EI(X72'em) = yl7ref(X7Aem) /S(zvem)

The luminescent components ypjum and yrjm can then
be calculated by substituting Ep(x,A) from Eq. (11) into
Ep um(x,A) in Eq. (7) and Ey(x,A) into Eyjum(X,A) in Eq. (9).

Component < 5 > represents the reflection caused by lumi-
nescent illumination emitted from another fluorescent object.
In this context, the fluorescent object acting as the emitter is
treated as a secondary light source that illuminates adjacent
reflective surfaces. For rendering, although the spatial distri-
bution of the illuminant intensity is continuous, the emitter’s
surface is subdivided into a finite number of subareas (see
Figure 6), and small area lights are arranged accordingly. The
luminescent spectral distribution for each subarea is obtained
by spatially averaging the emitted spectrum over that subarea.

(1)

C. Reflective object model

For a reflective, non-fluorescent object, only the reflection
component contributes to image formation. Thus, the observed
spectral radiance is given by:

y(xvlem) = yD,ref(Xa)Lem)+yl,ref(xalem)+yF7ref(Xa}Lem)~ (12)

V. COMPONENT COMPUTATION AND RENDERER SETTING

In this study, we employ the non-fluorescent renderer Mit-
suba v0.6 [20] to compute the spectral images of scenes
containing fluorescent objects. Reflection components are esti-
mated by Monte Carlo simulation (bidirectional path tracing),
and luminescent components are computed from the rendered
reflection components using Egs. (7) and (9).

1.0

[ Floor, Ceiling, Back

09}
808} Luminaire
E
3 /
L~}
2 0.7+ Boxes

0.6

0.5 . . R . .

350 400 500 600 700

Wavelength (mn)

Figure 7: Spectral reflectances for non-fluorescent objects in the Cornell Box.

We use the “bdpt” (bidirectional path tracer) with carefully
chosen parameters. The key parameter, “maxDepth”, controls
the maximum number of bounces in the simulation. For
example, setting “maxDepth” to —1 enables infinite bounces
to capture full interreflection in the scene, while setting it
to 2 limits the simulation to a single reflection from direct
illumination. Additionally, the “rrDepth” parameter, defining
the minimum path depth at which the Russian roulette termi-
nation criterion is applied, is set to 10 to efficiently terminate
very long paths. The “independent” sampler is used with 1024
samples per pixel.

The 3D shape data of the objects are imported as OBJ files,
and the material BRDF is set to perfect diffuse reflection.

A perspective camera model is employed, with its field of
view adjusted to ensure the rendered image closely matches
photographs of a real Cornell Box. The standard Cornell
Box data, including geometry, dimensions, and lighting, were
obtained from [19]. In our setup, the left and right walls (red
and green, respectively) are treated as fluorescent (Figure 4),
while the floor, ceiling, back wall, and two rectangular boxes
are matte and non-fluorescent with their spectral reflectances
set as shown in Figure 7. The walls are assumed to be standard
reference white, and the two boxes are gray. The ceiling light
source is modeled after the CIE Standard Illuminant D65,
whose spectral power distribution is given in [1], [25], and
the lighting luminaire is set to a reflectance of 0.78. Spectral
functions (reflectance, excitation, emission, and illuminant
spectrum) are sampled at 5nm intervals over the wavelength
range of 360-700 nm.

Each component image is rendered as follows:
< 1 > Reflection component by direct illumination from a
light source, yp (X, Aem)
The spectral radiance yp ref(X, Aem) is obtained from the direct-
illumination reflection, computed by Mitsuba with “maxDepth
= 2”(Figure 8(A)).

©

D)

Figure 8: Rendered components < 1 —4 >: (A) component < 1 >; (B)
component < 2 >; (C) component < 3 >; (D) component < 4 >.

< 2 > Luminescence component by direct illumination
from a light source, yp jum (X, Aem)

The direct illumination distribution on each object’s surface is
computed as

ED(Xaafem) = YD,ref(X;lem)/Si(lem)a

using the spectral reflectance S;(A.;,) for object surface i.
The luminescent component is then calculated using Eq. (7).
Figure 8(B) shows the rendered image for this component.
< 3 > Reflection component by indirect illumination,
yIch(X,lem)
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This component is obtained by subtracting the spectral outputs
with “maxDepth = 2” from those with “maxDepth = -1” (i.e.,
infinite bounces). Figure 8(C) shows the rendered image for
this component.

< 4 > Luminescence component by indirect illumination,
YLlum (Xy Afem)

The indirect illumination distribution on each object’s surface
is calculated as

EI(X; Afem) = yl,ref(xalem)/si(ﬂvem%

using the spectral reflectance S;(A) for object surface i. The
luminescent component is computed using Eq. (9). Figure 8(D)
shows the rendered image for this component.

<5 > Reflection by luminescent illumination, yg rcf(X, Aen)

Figure 9: Luminescent image showing light from the left and right walls.

(A) (B)

Figure 10: Rendered images (A) and (B) using 8-by-8 emitters for the left and
right fluorescent walls, respectively. The spectral image Y ref(X, Aen) €xcludes
the fluorescent wall from each spectral image.

The luminescent light Lp(x,A.p) from the left and right
walls is the sum of the luminescent components from direct
and indirect illumination (i.e., components < 2 > and < 4 >),
shown in Figure 9. Each fluorescent wall is subdivided into
an N x N array of subareas; for each subarea, the luminescent
spectral distribution is computed as the spatial average of
the emitted spectrum and used to define a diffuse area-light
emitter. We render the reflection component Y ref(X, Aen) for
the remaining surfaces with “maxDepth = -1” using this
emitter array (Figure 10), excluding the fluorescent wall geom-
etry. Increasing N reduces discretization artifacts but increases
rendering time. In our tests, 8 x 8 provides the best trade-off,
while 16 x 16 yields visually and numerically similar results

(between 8 x 8 and 16 x 16 the RMSE is 0.0359) at higher
cost (Figure 11).

Figure 11: Rendered image with 16x 16 emitters for the left fluorescent wall.

(A) B)

Figure 12: Images based on light reflection only (A) and luminescent
illumination only (B).

The overall spectral radiance due to light reflection is
VD ref (X, Aem) + Vi rer(X, Aem), Which is directly obtained from
the renderer with “maxDepth = -1”. The spectral radiance
from luminescent illumination is the sum yp jum (X, Aem) +
yl,lum(xﬁkem) +yF,ref(Xazfem)~ Figures 12(A) and (B) display
the images for the reflection and luminescent components,
respectively. Finally, the overall spectral radiance is obtained
by linearly summing these five components:

V(X Aem) = yD,ref(Xv Aem) +)’D,lum(xa Aem)
+ Vi ref (X, Aem) + Vi um (X, Aem)
+ yF,ref(X, 2fem) .
This yields the final SRGB image as shown in Figure 1.

Figure 13 shows the final sSRGB image with 1024-by-1024
pixels.

13)

VI. EXPERIMENTS
A. Evaluation using a real Cornell Box

A real Cornell Box was constructed with two rectangular
objects inside, shown in Figures 14(A) and 14(B). Figure 15
shows the dimensions of the real Cornell Box and the positions
and sizes of the objects within it (in mm). The primary
construction material for both the box and the objects was
wood, with surfaces covered by paper seals. The red and green
walls (on the left and right sides of the box, respectively) were
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Figure 13: Final SRGB image with 1024-by-1024 pixels.

(B)
A)

Figure 14: Real Cornell Box and objects within the box: (A) overview; (B)
front view.

covered with fluorescent paper seals (Lumino Sheet, Okina
Inc., Tokyo, Japan), and their surface spectral reflectances
along with fluorescence excitation/emission characteristics are
displayed in Figure 4(A) and (B). Figure 16(A) and (B) show
the spectral functions for reflectance and illuminant power
distribution. The ceiling, back, floor, and two small boxes
were covered with non-fluorescent white seals (A-one Label
Seal, 3M Japan, Tokyo, Japan), and their measured spectral
reflectances are shown in Figure 16(A). A hole was cut in the
ceiling and covered with a diffuser. The light source, placed at
the ceiling hole, is an artificial sunlight lamp (SOLAX 100W,
SERIC Ltd., Tokyo, Japan), whose the measured spectral
power distribution is shown in Figure 16(B).

Figure 17 shows the rendered sRGB image of the real Cor-
nell Box, derived from the spectral radiance image produced
by the Mitsuba renderer using the proposed method. The right
green wall in Figure 17 looks slightly different from the image
in Figure 1. This is due to the difference in the light sources.
The light source in Figure 1 is CIE standard illuminant D65,
while the light source in Figure 17 is the artificial sunlight

Figure 15: Dimensions of the real Cornell Box and positions/sizes of the
objects within it (in mm).

%)
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Figure 16: Spectral functions for reflectance and illuminant power distribution:
(A) spectral reflectance of the non-fluorescent white seal used for the ceiling,
back, floor, and two rectangular objects; (B) spectral power distribution of an
artificial sunlight lamp.

lamp with the spectral power distribution in Figure 16(B).

In the figure, numerical labels indicate the measurement
points of the spectral radiance. A spectral radiometer (Spec-
traScan PR705, Photo Research, USA) with an aperture size
of 1/8 degree was used for these measurements. Figure 18(a)
presents a set of spectral distributions sampled at the pixel
points corresponding to the numbered measurement points
in Figure 17. Figure 18(b) shows a set of spectral radiance
distributions directly measured by the spectral radiometer at
the same points. The spectral distributions are represented at
5 nm intervals over the visible wavelength range (400-700 nm)
and are normalized by the average radiance at the top white
surface of the small box numbered 7.

To evaluate the accuracy of the proposed method, the
average root-mean-square error (RMSE) was calculated over
the 13 spectral distributions Yproposed(Xi) and Ymeasured (Xi)
(i=1,2,...,13) between the generated spectral radiances and
the direct measurements, using

/2

1 13 1 !

E{RMSE} = {13 Z <61 ||YProposed(Xi) — YMeasured (Xi) Hz) } .
1

i=

14
Additionally, color differences were computed using the
CIEDE2000 equation [26]. For this, the spectral distributions
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Figure 17: Rendered sRGB image of the real Cornell Box using our method.
Numbers indicate measurement points.

were first converted into CIE XYZ tristimulus values and then
into CIELAB values, using the spectral radiance measured at
point 7 as the white reference. The average values of RMSE
and color difference were obtained as E{RMSE} = 0.157 and
E{DEjppo } = 2.98, respectively.

B. Comparison with the other fluorescent renderer

ART [21], [27] is a spectral rendering system that supports
fluorescence rendering by allowing the specification of the
bispectral characteristics of fluorescent materials. It operates
through a suite of specialized tools, including the primary
command-line renderer (artist) and a tone-mapping utility
(tonemap). We rendered the Cornell Box using ART with iden-
tical scene parameters (geometry, reflectances, illumination,
Donaldson matrix from Eq. (1)) for direct comparison with
our method.

Figure 19 shows the rendered sRGB image of the real
Cornell Box, derived from the spectral radiance image pro-
duced by ART. We used ART 2.0.3 here. The SAMPLES
option was set to —1 (UNLIMITED), meaning that the sampler
continued until manually terminated (approximately 30,000
samples were collected). The internal spectral representation
was set with the command-line flag “-s46e”, corresponding to
a 46-band spectrum with 10nm intervals over the range of
320-780nm. For consistency, the ART output spectra were
converted from 10nm to 5nm intervals via interpolation.
Additionally, the average color value on the top white surface
(point 7) of the small box was adjusted to match between
Figures 17 and 19, and some areas (including the ceiling light
source) are saturated (R, G, B > 255). Figure 18(c) shows the
set of spectral distributions sampled at the same points as in
Figure 17 from the ART output, normalized by the average
radiance at the top white surface (point 7).

ART accuracy was evaluated using the same 13 measure-
ment points, yielding E{RMSE} = 0.191 and E{DEjy0} =
6.94, E{RMSE} = 0.191 and E{DEqp} = 6.94, demonstrat-
ing that the proposed method achieves substantially higher
accuracy than ART.

The processing time cannot be compared between the pro-
posed method and ART. Our method requires simple image
processing to extract the fluorescent area in order to render
component < 5 >, while ART does not require this.

VII. GENERALIZATION TO NON-PLANAR FLUORESCENT
OBIJECTS

To demonstrate generalizability to non-planar geometry, we
rendered a fluorescent Stanford Bunny [28] (72,027 vertices,
144,046 triangles) placed inside the Cornell Box. The Cornell
Box configuration, materials, camera, and lighting follow
Section V.

We suppose that the bunny exhibits white diffuse reflection
and orange diffuse fluorescence. Figure 20 shows the spectral
functions of the reflectance S(A), the emission a(A), and
the excitation B(A) for the bunny. The fluorescent spectral
functions were obtained from a real fluorescent object (see
[5]). Note that the spectral reflectance is assumed to be the
same as that of the boxes in the Cornell Box shown in Figure 7.
All spectral functions were sampled at 5nm intervals over
the wavelength range of 360-700 nm. The spectrally rendered
images have the size of 512-by-512 pixels. Figures 21(A)—(D)
display the rendered images in the same manner as in Sec-
tion V for components < 1 —4 >.

Next, we consider component < 5 >, that is, the reflection
component due to luminescent illumination based on the
sum of components < 2 > and < 4 >. This component is
composed of three types of luminescent light from the left
wall, the right wall, and the bunny. Fluorescence emitters
are analyzed for each fluorescent object individually. The
same procedure as previously was applied to the left and
right walls. The fluorescent walls were divided into an 8-by-8
grid of subareas. For each subarea, the luminescent spectral
distribution was computed as the spatial average of the emitted
spectral distribution. The reflection component image for all
reflective surfaces in the Cornell Box was spectrally rendered
using these 8-by-8 emitters in Mitsuba with maxDepth = —1.
Figures 22(A) and (B) demonstrate the rendered images based
on the 8-by-8 emitters for the left and right fluorescent walls,
respectively, where the fluorescent walls with emitters were
excluded from the rendered images.

Concerning component < 5 > for the bunny, we must
consider reflection of objects near the bunny in the Cornell
Box. From the camera’s viewpoint, there are light-emitting
curved objects in front of and behind the bunny. In particular,
objects at the back of the box are illuminated by the bunny’s
fluorescence emission. To estimate the fluorescence emission
from the back of the bunny, a camera was placed on the back
of the Cornell Box. Figure 23 shows an image rendered with
maxDepth = —1 where the camera was placed on the back
wall of the box opposite the current camera position.

A finite number of fluorescent emitters were placed on the
bunny. To do this, the bunny is approximated by a finite
number of triangular polygons, and emitter primitives were
instantiated at the face centroids. Figures 24(A) and (B) show
the bunny approximated using a total of 100 polygon faces
on the front and back, respectively, where the red square
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Figure 19: Rendered sSRGB image of the real Cornell Box, derived from the
spectral radiance image produced by ART.
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Figure 20: Spectral functions of the reflectance S(A1) (A), the emission
spectrum ¢¢(A), and the excitation (1) (B) for the bunny.

dots represent the center points of the respective triangles.
Each emitter has diffuse emission, and the fluorescent spectral
power distribution is determined on the image plane. In this
paper, we assume a pinhole camera, as shown in Figure 25.
Assuming a pinhole camera, the following relationship
holds between the three-dimensional coordinates (X,Y,Z) of
a point in space and the coordinates (x,y) on the two-
dimensional image, where f is a focal length:
15)

X Y
x_f27 y—fZ-

Since the geometry of the Cornell Box is known, f is

i

- -
© D)

Figure 21: Rendered components < 1 —4 >: (A) component < 1 >; (B)
component < 2 >; (C) component < 3 >; (D) component < 4 >.

estimated, and the corresponding point on the image for the
polygon center that approximates the bunny is found. When
the camera is on the back of the bunny, the camera position
is close to the object, so the above assumption of a pinhole
camera introduces an error. Therefore, a more direct projection
model was used, where P is the 2 X 3 projection matrix:

)
Yy
The matrix P is estimated by using the known geometry of

the Cornell Box and by extracting some feature points from
the bunny surface.

X
=P |Y]|,
z

(16)

Figure 26 shows the rendered images based on the emitters
shown in Figure 24 for the front (A) and back (B). These
images demonstrate the reflection effects due to the fluores-
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(A) (B)

Figure 22: Rendered images based on the wall emitters (8-by-8 subdivision)
for the left (A) and right (B) fluorescent walls.

Figure 23: Rendered image with maxDepth= —1 and the camera placed on
the back wall of the box.

cence emission from the front and back of the bunny. Note that
the reflection effects at the back are much stronger than on the
front side. The rendered image for component < 5 > combines
all reflection effects due to the three fluorescent objects: the
left wall, the right wall, and the bunny.

Finally, the overall spectral radiance was obtained by lin-
early summing the five components. Figure 27 displays the
final RGB image.

Rendering times. Spectral images (512x512 pixels, 69
wavelength bands at 5 nm intervals in the range 360-700 nm)
were rendered using Mitsuba with the following relative times:

e 1.00: Direct reflection (component < 1 >);

e 6.11: Infinite-bounce reflection;

o 3.52: Reflection from left wall luminescence;

o 3.52: Reflection from right wall luminescence;

o 2.04: Reflection from bunny front luminescence;

 3.80: Reflection from bunny rear luminescence.

Total wall-clock time was 24 minutes (consumer laptop—
Panasonic CF-SC). Post-processing components < 2,4,5 >
and RGB conversion in MATLAB added negligible overhead.

Comparison with ART. Figure 28 shows a side-by-side
comparison of SRGB images between two resulting images
using the proposed method and the ART method, where
both images were transformed so that their overall average
luminance values matched. Figure 29 shows a difference map
between the two images, where the difference image for each
RGB component was calculated to produce a color image.

Note that the color difference of the ceiling lighting is
large. ART internally provides the D65 spectral distribution at

N
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Figure 24: Bunny approximated using a total of 100 polygon faces on the
front (A) and back (B), where the red square dots represent the centers of the
respective triangles.

30 40 450

Figure 25: Setup of a pinhole camera.

10 nm intervals, while we used the D65 spectral distribution
specified by CIE at 5 nm intervals in our method. While color
differences in the bunny region are modest, differences on the
fluorescent right wall are significant.

VIII. CONCLUSIONS

We proposed a spectral rendering method for fluorescent
objects using a non-fluorescent renderer. We demonstrated
that general environments—where a fluorescent object is sur-
rounded by both fluorescent and non-fluorescent objects with
matte surfaces—can be effectively simulated, as illustrated
using a Cornell Box setup containing fluorescent objects.

Our method decomposes incident illumination on fluores-
cent surfaces into three types: (1) direct from light sources,
(2) indirect from reflective objects, and (3) luminescent from
other fluorescent objects. Each type is further decomposed into
reflection and luminescence components. Assuming single-
bounce fluorescence and isotropic emission (similar to Lam-
bertian reflection), we express the total spectral radiance as
a linear combination of five components, with fluorescent
shading terms derived from their reflection counterparts. The
fifth component treats luminescent objects as secondary area-
light sources.

We implemented this decomposition in Mitsuba V0.6, a
conventional spectral renderer. We described the practical
computational procedure and parameter settings for each
component, with spectral functions (reflectance, excitation,
emission, and illuminant) sampled at 5nm intervals over the
wavelength range of 360-700nm. Image resolutions were
512x512 and 1024x1024 pixels; post-processing was per-
formed in MATLAB.

Experimental validation using a physical Cornell Box
demonstrated accuracy via RMSE and CIEDE2000 metrics
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Figure 26: Rendered images based on the emitters shown in Figure 24 for the
front (A) and back (B).

Figure 27: Final RGB image from linearly summing the five components.

compared to direct spectroradiometric measurements. Com-
parison with ART, a native fluorescence renderer, showed
our method achieves substantially higher accuracy (RMSE:
0.157 vs. 0.191; AE»000: 2.98 vs. 6.94) despite the simplifying
assumptions.

Finally, we demonstrated generalization to non-planar flu-
orescent objects using a Stanford Bunny model. Overall, the
results confirm that conventional renderers can be effectively
adapted for accurate spectral rendering of fluorescent scenes,
offering a practical solution for broader applications.

A. Limitations and extensions

Single-bounce fluorescence. Our model assumes single-
bounce fluorescence between fluorescent objects; scenes with
strong re-excitation (i.e., substantial overlap between the ex-
citation spectrum 3 of one surface and the emission spectrum
a of another across multiple materials) are out of scope.
Extending the approach to controlled multi-bounce cases is
conceptually straightforward but would require estimating
additional luminescence terms (e.g., iterating the mutual-
illumination computation).

Purely diffuse (Lambertian) surfaces. We assume matte
reflection and approximately isotropic fluorescent emission.
Specular or glossy fluorescent materials (e.g., coated plastics

(A) (B)

Figure 28: Side-by-side comparison of sSRGB images between the proposed
method (A) and ART (B), where both images were transformed so that their
overall average luminance values matched.

Figure 29: RGB difference map between our method and ART (Figure 28).

or gemstones such as diamonds) are out of scope because their
directionally varying appearance cannot be recovered from dif-
fuse shading terms alone; such cases would require directional
measurements (BBRRDFs) and corresponding evaluation in
the renderer.

Donaldson matrix measurements. Our method requires a
Donaldson matrix (or its factorization) and reflectance spectra
for each fluorescent material. These quantities are typically
measured or estimated from multispectral data; noise and
model mismatch propagate directly to the rendered spectra,
and materials with multiple fluorophores may require higher-
rank (or full) bispectral representations.

Emitter discretization and non-planar objects. Component
< 5 > approximates luminescent illumination by subdividing
fluorescent surfaces into a finite set of diffuse area-light
emitters. Coarse subdivisions can introduce artifacts, while
finer subdivisions increase rendering time (Section V). For
non-planar objects, emitter placement is currently manual;
automation via adaptive subdivision or contribution-driven
sampling would be a natural extension.

Edge artifacts and geometric precision. At corners where
white and fluorescent plates meet, enhanced fluorescent emis-
sion can occur due to strong local reflection. Additionally,
geometric discretization at sharp edges can produce localized
bright artifacts. These effects are sensitive to floating-point
precision in geometry placement; even microscopic misalign-
ments can create extremely small distances causing numerical
instabilities in geometric terms. We addressed these through
spatial filtering; more robust solutions (e.g., distance clamping,
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higher-precision geometry, or adaptive near-field sampling)
could be explored in future work.

Spectral range. The excitation range in our Mitsuba config-
uration is limited to 360-700 nm; materials primarily excited
below 360 nm would require extending the renderer and mea-
surements into the UV.
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