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Fig. 1. Wafer fabrication of structural color BRDFs. The left three columns show microscopic and height map images of our fabricated wafer, produced using
grayscale lithography at a feature resolution of 1.5-2.0 um. The fourth and fifth columns present our BRDF simulation (with target insets) and corresponding
real-world fabrication results, demonstrating angularly resolved reflectance with accurate control over both intensity and color. In the top row, we highlight
our iridescent BRDFs—designed to exhibit structural color as a function of viewing direction. These results extend the prior work of the anti-mirror BRDFs by
Levin et al. [2013], which offers no control over the color of the reflected light. In contrast, our method offers programmable angular and spectral control,
producing multicolor effects not possible with prior work. In the bottom row, we demonstrate a pictorial BRDF (Batman inverted) fabricated using our method.
Compared to Weyrich et al. [2009], whose geometric-optics-based method yields lower-frequency grayscale textures, our wave-optical formulation enables
finer spatial resolution and additional color modulation through diffraction. The resulting reflectance pattern more faithfully captures the target image with
enhanced visual contrast and directionality. To our knowledge, this is the first physically validated system capable of fabricating color BRDFs using wave
optics, achieving both angular and spectral control over surface reflectance at micrometer-scale resolution. Refer to the supplemental video for more results.

Modeling surface reflectance is central to connecting optical theory with
real-world rendering and fabrication. While analytic BRDFs remain standard
in rendering, recent advances in geometric and wave optics have expanded
the design space for complex reflectance effects. However, existing wave-
optics-based methods are limited to controlling reflectance intensity only,
lacking the ability to design full-spectrum, color-dependent BRDFs. In this
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work, we present the first method for designing and fabricating color BRDFs
using a fully differentiable wave optics framework. Our differentiable and
memory-efficient simulation framework supports end-to-end optimization
of microstructured surfaces under scalar diffraction theory, enabling joint
control over both angular intensity and spectral color of reflectance. We
leverage grayscale lithography with a feature size of 1.5-2.0 ym to fabricate
15 BRDFs spanning four representative categories: anti-mirrors, pictorial
reflections, structural colors, and iridescences. Compared to prior work, our
approach achieves significantly higher fidelity and broader design flexibility,
producing physically accurate and visually compelling results. By providing
a practical and extensible solution for full-color BRDF design and fabrication,
our method opens up new opportunities in structural coloration, product
design, security printing, and advanced manufacturing.

CCS Concepts: « Computing methodologies — Reflectance modeling;
Image-based rendering,.

Additional Key Words and Phrases: BRDF design, BRDF fabrication, re-
flectance modeling, structural color, wave optics
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1 INTRODUCTION

Modeling surface reflectance is a fundamental topic in computer
graphics. While simple analytic models remain widely used due
to their efficiency and ease of use, more physically accurate ap-
proaches—based on microstructured surfaces—have been developed
to capture complex reflectance behaviors. These models leverage
geometric [Ashikmin et al. 2000; Cook and Torrance 1982] and
wave optics [Stam 1999; Yu et al. 2023] to more accurately simulate
light—surface interactions.

This advancement opens up new opportunities for applications
such as structural coloration, product design, and high-resolution
3D printing, particularly when paired with the ability to fabricate
surfaces with custom-designed reflectance properties.

Fabricating surfaces with controlled reflectance has broad practi-
cal value across domains such as 3D printing [Luongo et al. 2020],
product design [Chermain et al. 2023; Weyrich et al. 2009], and se-
curity applications involving illumination-specific markers [Zyla
et al. 2022]. Beyond visual appearance, customized bidirectional
reflectance distribution functions (BRDFs) also play an important
role in tasks such as microgeometry reconstruction [Johnson et al.
2011], appearance acquisition [Ren et al. 2011], and illumination
measurement [Alldrin and Kriegman 2006]. These applications high-
light the need for techniques that enable precise, programmable
control over surface reflectance properties.

Recent advances have introduced several methods for fabricating
surfaces with customized BRDF intensity distributions. Many of
these approaches are grounded in geometric optics [Chermain et al.
2023; Hullin et al. 2011; Luongo et al. 2020; Weyrich et al. 2009;
Wau et al. 2011], enabling the reproduction of diffuse or anisotropic
specular lobes. Other techniques incorporate wave optics to achieve
more complex reflectance behaviors [Levin et al. 2013; Pereira et al.
2017]. Despite these advances, existing methods remain limited in
expressiveness, typically producing only simple anisotropic lobes or
a small set of hand-crafted BRDF families. Moreover, all prior work
focuses solely on shaping the intensity of reflected light. The ability
to control the color of BRDF lobes remains entirely unaddressed.

Structural colorization has emerged as a compelling alternative
to traditional pigment-based coloration, offering advantages such
as vibrant appearance, long-term durability, environmental sustain-
ability, and low energy usage. Unlike pigments, which selectively
absorb parts of the visible spectrum, structural colors arise from
the interaction of light with microscale surface features, producing
phenomena such as iridescence. Recent methods have demonstrated
the fabrication of structurally colored surfaces [Auzinger et al. 2018;
Hwang et al. 2021; Zyla et al. 2022], but these approaches focus
solely on diffuse color appearance and do not provide control over
the angular intensity distribution of BRDF lobes.

In summary, previous approaches have enabled the fabrication of
either BRDF intensities or structural colors, but not both simultane-
ously. However, joint control over angular and spectral reflectance
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is essential for applications where appearance must vary predictably
with both direction and color. This includes tasks such as encoding
view-dependent color shifts for anti-counterfeiting, engineering
materials for spectrum- and angle-sensitive imaging systems, and
designing responsive surfaces that adapt to illumination or viewing
conditions. For example, a surface might reflect a red icon from
one angle and a blue icon from another-an effect that cannot be
achieved with pigments or angle-invariant structural coloration
alone. This paper addresses this gap by introducing the first method
to design and fabricate BRDFs with simultaneous control over both
angular intensity and spectral color. We build upon recent wave-
optics simulation techniques and develop a differentiable wave optics
pipeline tailored for planar, high-reflectance surfaces. Our frame-
work supports end-to-end optimization of surface microgeometry,
enabling the physical realization of BRDFs with programmable spa-
tial, spectral, and angular behavior.

To demonstrate the effectiveness of our approach, we fabricated
a diverse set of fifteen BRDFs spanning four distinct reflectance
profiles: anti-mirrors, pictorial reflections, structural colors, and
iridescences. Fabrication was performed using grayscale lithogra-
phy with a minimum controllable geometrical size (referred to as
the feature size) of 1.5-2.0 ym, corresponding to 12,700-16,933 dpi,
as shown in Figure 1. Our results show significant improvements
over prior methods in both quality and generalizability, particularly
in achieving joint control over directional reflectance and spectral
color. By leveraging high-resolution fabrication and fully differen-
tiable optimization, our method establishes a practical and extensible
pipeline for manufacturing a wide range of customized BRDFs.

The key contributions of this work are:

o A fully differentiable wave-optics simulation framework that
enables end-to-end optimization of surface microgeometry
for both intensity and color control of BRDFs,

o A fabrication-aware formulation using a Gabor-kernel decom-
position that incorporates spatial coherence, spectral sam-
pling, and physical blur models to bridge simulation and
real-world fabrication, and

e Demonstration of programmable BRDF families, including
anti-mirror, pictorial, structural color, and iridescent reflectance
patterns, fabricated on a wafer using grayscale lithography.

We anticipate that this framework opens new possibilities for BRDF-
based encoding, structural coloration, and surface design in ad-
vanced optical fabrication. Our code and data are publicly avail-
able at https://github.com/KAIST-VCLAB/color-brdfs-with-wave-
optics.

The rest of this paper is organized as follows. Section 2 reviews
related work. Section 3 introduces the wave-optics preliminaries and
presents our differentiable reflectance model. Section 4 describes the
optimization framework. Section 5 covers the fabrication process
and measurement setup. Section 6 presents experimental results and
ablation studies. Section 7 discusses limitations and future directions,
followed by conclusions in Section 8.

2 RELATED WORK

This section begins by examining current wave optics-based BRDF
rendering methods tailored for explicit micro-surfaces, followed by
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a discussion of our selected modeling approach. Additionally, we
investigate material fabrication techniques that manage the light
intensities and colors of the BRDF.

2.1 Wave-Optics Rendering

In geometric optics, BRDFs are defined as a pointwise mapping be-
tween differential solid angles of incident and outgoing directions,
ignoring coherence and assuming locally defined interactions. How-
ever, wave optics models light as a complex-valued field that can
exhibit interference and diffraction—effects that depend not only on
direction but also on the spatial coherence of the light source.

Unlike geometric optics, which assumes perfectly incoherent light
and sharp ray-path interactions, wave optics must consider how
light waves combine coherently within a finite spatial region. The
size of this region—known as the coherence area—is determined by
the angular extent of the light source, shown in Figure 2.

We categorize wave-optics-based BRDF models based on the
assumed extent of the illumination source—point-like or extended—
and describe how each affects the coherence structure and rendering
formulation.

Point light source. For a point light source, the incident field is spa-
tially coherent across the entire surface, and reflected fields interfere
globally. Early work assumed a far-field point light source. Under
this assumption, Stam [1999] introduced a diffraction-based ren-
dering model. The Harvey—-Shack model [Harvey 1977] formulates
diffraction using a surface transfer function, later adapted to graph-
ics by Low et al. [2012] and Holzschuch and Pacanowski [2017].
These models offer high computational efficiency and are suitable
for real-time rendering, but their idealized point lighting approx-
imation limits their applicability in fabrication-oriented settings,
where light sources have finite extent.

Extended light source. For extended light sources, coherence is
limited to localized regions, and reflected fields interfere only within
those regions. This distinction plays a central role in BRDF modeling
under wave optics, as it defines how the surface modulates light and
how reflected energy must be integrated across space. Subsequent
methods model extended light sources to better approximate phys-
ical conditions. Dhillon et al. [2014] modified Stam’s formulation
using a spatial coherence window, enabling interactive rendering
via precomputed Taylor series terms. However, these precomputa-
tions are not practical for differentiable pipelines due to the high
cost of regeneration for each surface. Werner et al. [2017] extended
wave-optical shading to scratched surfaces, while Yan et al. [2018]
generalized this approach to arbitrary height fields using Gabor
kernel decomposition for faster rendering. Falster et al. [2020] fur-
ther expanded the framework to include multiple scattering via
path tracing. Yu et al. [2023] presented a full-wave solver based on
Maxwell’s equations, offering the highest physical accuracy at the
cost of extreme computational overhead. Balancing physical fidelity
and computational efficiency, we adopt the Gabor-based model of
Yan et al. [2018] as our forward rendering engine. We extend their
method into a differentiable pipeline, enabling gradient-based opti-
mization of microgeometry for BRDF design.
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Fig. 2. Wave optics under different lighting conditions. (a) Under a far-field
point light source, the incident illumination can be approximated as a planar
wavefront over the microstructured surface. In this case, the reflected light
field remains fully coherent and must be modeled using wave optics. (b) In
contrast, real-world illumination typically originates from an extended light
source, which subtends an angle 6 on the surface. Coherent interference
occurs only within a finite region known as the coherence area. Outside
this region, wave interference diminishes, and the reflection behaves more
like a ray, making geometric optics a suitable approximation.
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2.2 Material Fabrication

Geometric optics-based. Fabrication methods based on geometric
optics have been widely adopted in applications such as 3D object
printing [Luongo et al. 2020; Piovarci et al. 2020], 2D reflectance con-
trol [Chermain et al. 2023], and dynamic BRDF displays [Hullin et al.
2011]. These approaches typically modify the surface at the macro-
or meso-scale to produce simple BRDF features, such as diffuse or
anisotropic specular lobes. Sakurai et al. [2023; 2018; 2023] demon-
strate holographic paper fabrication, which corresponds to BRDFs
with uniform intensity but angularly varying color. In contrast, Abu
Rmaileh and Brunton [2023] achieve view-dependent color on 3D
surfaces by embedding meso-scale facets and mapping their nor-
mals to color attributes. Weyrich et al. [2009] formulate a statistical
microfacet distribution to match a target BRDF and fabricate the cor-
responding surface using precision milling. While their method can
reproduce diverse BRDF shapes, its the geometric configuration lim-
its the achievable spatial resolution, thus decreasing angular fidelity.
Overall, geometric-optics-based fabrication methods either lack gen-
erality or suffer from insufficient resolution, which constrains their
applicability to complex or color-varying reflectance.

Wave optics-based. Wave-optics-based fabrication methods offer
higher spatial resolution and richer appearance effects. Pereira et
al. [2017] use magnetic flakes to fabricate anisotropic reflectance,
but their design is restricted to single-color effects and simple lobe
shapes. Levin et al. [2013] employ wave optics to fabricate structured
reflectance, such as anti-mirror BRDFs. However, their approach is
hand-designed and limited to two BRDF families, without support
for color variation. In contrast, our method enables the fabrication
of BRDFs with jointly controlled intensity and color, using a fully dif-
ferentiable wave optics simulation pipeline. We perform end-to-end
optimization of surface microgeometry to match a target BRDF dis-
tribution, allowing us to generalize beyond fixed reflectance families
or colors. This framework offers greater flexibility and expressive
power than prior wave-optics-based approaches.

ACM Trans. Graph., Vol. 44, No. 6, Article 240. Publication date: December 2025.
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Fig. 3. Wave optics BRDF computation pipeline. (1) The surface induces
a phase shift on the incident wave, captured by the complex modulation
function R. The incident waves have identical phase (P; = P;), while the re-
flected waves exhibit geometry-dependent phase shifts (P; # P;). (2) Within
the coherence area, Kirchhoff integration is applied to coherently sum the
reflected wave field. (3) Outside the coherence area, where spatial coher-
ence is lost, the reflected intensity is computed by summing the squared
magnitudes (i.e., incoherent energy addition).

2.3 Structural Coloration

Structural coloration techniques can be broadly categorized into
three classes. Non-magnetic multilayer films generate color via
thin-film interference [Chen et al. 2016; Chung et al. 2012], while
metal-insulator-metal (MIM) structures rely on Fabry—Perot cavity
resonances [Han et al. 2016; Wang et al. 2018]. These methods typi-
cally avoid complex nanofabrication steps but often result in strong
angle-dependent color shifts. Photonic crystals, composed of peri-
odic silicon-based nanostructures, can achieve angle-independent
coloration [Cao et al. 2010; Shen et al. 2014], though their effective-
ness is constrained by silicon’s high optical absorption. More re-
cently, plasmonic metasurfaces have enabled color generation based
on surface plasmon resonances in metallic nanostructures [Franklin
et al. 2015; Zhu et al. 2015]. For a comprehensive overview of ar-
tificial structural color mechanisms, see the review by Xuan et
al. [2021].

Most of these methods address the forward problem of produc-
ing a color appearance from a fixed structure, without tackling the
inverse design problem of customizing color through optimization.
One exception is Auzinger et al. [2018], who use multiphoton lithog-
raphy with transparent materials and optimize nanoscale struc-
tures via full-wave simulation to reproduce target colors. Hwang et
al. [2021] explore color control using randomly distributed spherical
microinclusions, optimizing parameters such as density, radius, and
refractive index. Johansen et al. [2014; 2015] demonstrated control
of surface color by optimizing nanoscale surface height under scalar
diffraction theory. Andkjeer et al.[2014] incorporated differentiable
iridescent color generation into their pipeline, but to our knowledge,
no fabricated results have been demonstrated.

In contrast, our approach supports both color and directional
intensity control by simulating and fabricating BRDFs through a
differentiable wave optics pipeline. We use a single metallic mate-
rial and fabricate surfaces via a grayscale lithography process. This
enables us to produce uniform colors within limited angular ranges,
as well as iridescent effects and custom BRDFs with spatially vary-
ing intensity and color, offering a level of control beyond existing
structural coloration methods.

ACM Trans. Graph., Vol. 44, No. 6, Article 240. Publication date: December 2025.
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Fig. 4. Comparison of geometric optics and wave optics for three optimized
BRDFs. We show rendering results for three BRDF designs—Anti-mirror,
Anisotropic anti-mirror, and Blue reflectance—each optimized via our dif-
ferentiable pipeline. For each case (left to right), the top row shows the
corresponding optimized height map. The middle row shows renderings
using geometric optics, while the bottom row shows results using wave
optics. Geometric optics fails to capture anti-mirror effects or wavelength-
dependent behavior, resulting in monochromatic and symmetric lobes. In
contrast, wave optics accurately reproduces directional destructive interfer-
ence of anti-mirror and spectral variations, including colored reflectance
such as the blue lobe in the third column.

3 FORWARD BRDF MODELING IN WAVE OPTICS
3.1 Domain of Validity

Following the approach of Levin et al. [2013], we focus exclusively
on surface reflectance and neglect effects due to refraction and ma-
terial resonances. This implies our analysis concerns highly reflec-
tive materials with micron-scale features, since nano-scale features
would give rise to resonance effects. For surface geometry, we model
surface reflectance under the assumption that height variations are
confined to the microscale. The surface is assumed to be globally
planar, with its normal vector aligned to the positive z-axis, denoted
by n. Under this assumption, occlusion, shadowing, and masking
effects are neglected.

For sufficiently distant light sources, the incident wavefront can
be approximated as a plane wave (Figure 2(a)). Furthermore, when
considering unpolarized illumination and reflection, the electromag-
netic field can be modeled using a single complex-valued function
under the scalar field assumption [Born and Wolf 1997], which
neglects polarization and assumes time-harmonic wave behavior.

Under these approximations, classical models such as the Harvey-
Shack model [Harvey 1977] and the Kirchhoff model [Beckmann and
Spizzichino 1987] can be used to estimate the reflected wave field
from microstructured surfaces. These models capture the inherently
nonlinear nature of diffraction, where surface geometry modulates



both phase and amplitude, producing wavelength-dependent re-
flectance effects, including iridescent and colorful patterns, that
cannot be explained by geometric optics alone (see Figure 4).

For a point light source, the reflected wave remains fully coherent
across the surface and must be modeled using wave optics. However,
real-world illumination typically originates from extended sources,
which introduce partial spatial coherence (Figure 2(b)). As a result,
interference effects are spatially localized within a finite region
known as the coherence area [Goodman 1968], where the reflected
wavefronts remain mutually coherent.

Within this coherence area, reflected light is represented as complex-

valued fields and modulated by a surface-dependent complex re-
flection function. These fields interfere through coherent summa-
tion. Outside the coherence area, coherence is lost, and reflection
is computed by aggregating intensity, i.e., summing the squared
magnitudes of the individual fields, consistent with geometric op-
tics. Although the far-field assumption is used across the paper, we
found partial spatial coherence introduced by the coherence area is
non-negligible, and an ablation about this is shown in Figure ?? in
the Supplemental Document.

3.2 BRDF Formulation

Our BRDF formulation in wave optics follows the standard three-
stage derivation introduced by Yan et al. [2018]. First, we compute
the phase modulation induced by the surface geometry, encoded as
a complex-valued modulation function R. Second, we integrate the
reflected wave field within the coherence area; under the Kirchhoff
approximation, this corresponds to taking the Fourier transform of
R. Third, we square the magnitude of the complex field to obtain
reflected intensity and combine it with incoherent contributions
from outside the coherence area. These three steps are illustrated
in Figure 3. Our method adopts this framework and accelerates
the Fourier evaluation by decomposing R into a mixture of Gabor
functions, enabling efficient and differentiable BRDF rendering.

Surface Geometry and Modulation. Following prior work [Levin
et al. 2013; Stam 1999; Velinov et al. 2018], we represent surface
microstructure using a height map H(s), where s = [s4,s,] de-
notes a 2D position on the planar surface. An example of such a
height map, along with one of our optimized results, is illustrated
in Supplementary Figure 1 in the supplemental document.

Upon reflection, the surface height induces a phase shift in the
wavefront, which depends on both the local height H(s) and the
incident wavelength A. This effect is captured by a complex-valued
modulation function R(s), defined as:

R(s) =exp (—i%g‘lH(s)), where & =y - n. 1)

Here, w; and w, denote the directions of the incident and reflected
light, respectively, and ¢ = w; +®,. The surface normal n is assumed
to be constant due to the globally planar surface assumption. The
term &; accounts for the projection of the combined incident and
reflected directions onto the surface normal and determines the
phase gradient induced by height variations.

As discussed in Section 3.1, wave interference is spatially local-
ized and occurs within a finite coherence area. We characterize the
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coherence area using a Gaussian kernel centered at a spatial point
X., corresponding to the center of coherence. The extent of coher-
ence depends on the angular size of the light source, denoted by the
subtended angle 0 (in radians). The spatial weighting function is

defined as:
lls — xc||*
_ , 2
w122 @

w(s—x.) = 202
where o, = % specifies the standard deviation of the Gaussian, and
thus controls the coherence area size as a function of the wave-
length A and source angular spread 6. This kernel modulates the
surface modulation function R, weighting each point’s contribution
based on its proximity to x. in accordance with the spatial coherence
decay.

Fourier Transform. Under the Kirchhoff approximation, the co-
herent component of surface reflectance can be expressed as the
Fourier transform of the modulated surface function. Accordingly,
the BRDF at a coherence center x, is given by:

21—
b2 LR*(S) exp (—iT(zp . s)) ds

fr (@i, 005 1) = A -

2

.0

where @ is the 2D projection of g obtained by discarding its z-
component. The normalization factor A, = f |w(s)|?ds. The term
R*(s) = w (s — xc) R(s) represents the surface modulation function
weighted by the spatial coherence kernel. We adopt the reciprocal
Original-Harvey-Shack (R-OHS) model [Yan et al. 2018] for angular
dispersion, resulting in the prefactor:

_ ly - nf?
= %y nl g nl @

Coherence Area Integration. To enable efficient simulation of wave-
based reflectance, we adopt the Gabor kernel formulation introduced
by Yan et al. [2018]. A Gabor kernel g(s) is defined as the product
of a 2D Gaussian envelope and a complex-valued plane wave:

g(s;p, 04,2) = Gap(s; p, 0g) exp (—i2z(a-s)), (5

where G,p (s; p, O'g) is a normalized isotropic Gaussian:

2
G (s:p.03) = —— exp (—”S £l ) ©
27oy 20y
In this formulation, p € R2 specifies the kernel center, ay controls
the spatial extent of the Gaussian envelope, and a € R? defines
the spatial frequency vector of the oscillating complex component.
This representation allows us to locally approximate the surface
modulation function R using a linear combination of Gabor kernels,
facilitating fast and differentiable Fourier evaluation.

We approximate the Fourier transform of R using a weighted
mixture of Gabor kernels, rather than computing it directly. This
formulation is not only computationally efficient but also well-suited
for parallel processing. The resulting BRDF can be expressed as:

2

fr (@i, w03 2) = % 7 [R*] (%) @
~ j—lc Zklwckﬁf[g (s my, ok )| (%) )
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Fig. 5. Overview of our reflectance optimization framework. (a) Given a trainable height map, we first apply Gaussian blurring, followed by normalization

and padding to enlarge the spatial domain for coherence-aware evaluation. For each sampled wavelength A, the corresponding complex-valued surface
modulation function R = )} g is constructed as a Gabor kernel mixture. BRDFs are rendered at each wavelength and then converted from spectral intensity to
RGB via CIE XYZ transformation. The simulated RGB BRDF is compared with the target pattern to compute the loss. (b) Angular rendering pipeline. For each
incident—outgoing direction pair (w;, w, ), spatially resolved BRDF samples f; (w;, wo, A, s)are computed within the center region. These are averaged to
obtain the directional-spectral reflectance intensity I; , 1, which serves as input to the final color synthesis and loss evaluation. (c) lllustration of padded height
maps. The center patch (rendering area) is evaluated under coherence-aware reflection using surrounding padded tiles that account for spatial interference

within each coherence area.

where ¥ denotes the Fourier transform, and each term in the sum
corresponds to a Gabor basis element centered at my with spatial
scale ok and frequency ai. The weight wy modulates the contribu-
tion of the k-th component, while Cy. is a complex-valued coefficient
capturing amplitude and phase. For details on the derivation and
computation of Gabor parameters from the height map H, we refer
the reader to Yan et al. [2018].

Advantage of Gabor Decomposition. The Gabor decomposition
used in our method provides several important advantages over tra-
ditional FFT-based wave propagation techniques. While FFT offers
a global solution, it requires high-resolution simulations across all
wavelengths and the entire spatial domain, resulting in significant
memory overhead and limited scalability for iterative optimization.
In contrast, Gabor functions have closed-form Fourier transforms
and inherently local support, allowing us to compute reflectance
within each Gabor independently. This locality enables efficient,
parallelized evaluation on the GPU using shared memory, eliminat-
ing the need for storing large global buffers or intermediate states
typically required for automatic differentiation. By performing an-
alytical Fourier transforms of the Gabor kernels directly-rather
than relying on global FFTs—we significantly reduce memory usage,
avoid redundant computation, and accelerate both the forward and
backward passes. As shown in Table 1, this decomposition improves
runtime performance and scalability, making large-scale BRDF opti-
mization under wave optics not only tractable but also practical for
real-world fabrication tasks.

Color. To simulate color appearance, we sample eight discrete
wavelengths uniformly spaced between 420 nm and 680 nm across
the visible spectrum. For each wavelength, the reflected intensity is
computed independently by evaluating the Gabor kernel mixture
in the Fourier domain. The resulting intensity is then scaled by the
wavelength-dependent Fresnel coefficient of the surface material.
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We assume a uniform illumination spectrum, i.e., equal energy distri-
bution across all sampled wavelengths. The spectral intensities are
converted to RGB values through a standard spectrum-to-CIEXYZ-
to-sRGB transformation. To evaluate and optimize BRDF appearance
at the spatial level, we average the reflected intensities over a small
neighborhood of features. Following Levin et al. [2013], we define
this neighborhood size based on the projected surface area cor-
responding to a single pixel at the target display resolution, also
referred to as the patch size.

4 BACKWARD BRDF OPTIMIZATION IN WAVE OPTICS

We now address the inverse problem in designing a surface mi-
crostructure that produces a target BRDF. This requires comput-
ing gradients of wave-optical reflectance with respect to surface
geometry—-a task complicated by the non-local and interference-
driven nature of light propagation. Unlike geometric models, wave-
optics-based BRDFs depend on phase interactions integrated over
spatial coherence regions. To make this optimization tractable, we
develop a fully differentiable wave-optics pipeline that enables end-
to-end optimization via Fourier-based rendering, coherence model-
ing, and spectral integration.

4.1 Differentiability in Wave Optics

While gradient-based inverse design is well established in differ-
entiable holography [Chen et al. 2023], near-eye holographic dis-
play [Chakravarthula et al. 2019], diffractive optical element (DOE)
design [Jeon et al. 2019; Sitzmann et al. 2018], and diffractive op-
tics [Baek et al. 2021; Peng et al. 2019; Sun et al. 2020], its application
to BRDFs remains largely unexplored. In this work, we bring dif-
ferentiable wave-optical modeling into the BRDF space, enabling
surface geometry to be optimized directly for both angular and
spectral reflectance.



In addition, we formulate this optimization using scalar diffraction
theory, which provides a tractable approximation of wave propaga-
tion while exposing closed-form derivatives for phase and ampli-
tude. To efficiently support gradient computation across coherence
regions, we introduce a Gabor kernel decomposition of the surface
modulation function, allowing fast, differentiable Fourier rendering.
This formulation serves as the foundation for our end-to-end opti-
mization pipeline and is key to producing spatially and spectrally
programmable BRDFs at the micrometer scale:

o The optical field is represented as a complex-valued wave-
front E(x) = A(x)e’®™, capturing both amplitude and phase
explicitly.

o Surface-light interactions are modeled using the reciprocal R-
OHS theory, which provides an analytic relationship between
surface height and phase modulation via the surface reflection
function R. Notably, the material affects only amplitude, not
phase, simplifying the gradient path.

e Wave propagation is computed using Kirchhoff integration,
which maps directly to a Fourier transform, allowing efficient
and differentiable rendering in the frequency domain.

This formulation forms the core of our optimization framework,
enabling direct gradient flow from rendered BRDFs back to sur-
face geometry. Figure 5 provides an overview of our optimization
framework. To our knowledge, this is the first differentiable wave-
optics BRDF pipeline that jointly models interference, diffraction,
and spectral color within a tractable optimization loop. However,
the periodic nature of the phase with respect to optical path length
can introduce high-frequency gradient oscillations, potentially lead-
ing to local minima during training. We address this with carefully
designed training parameters and controlled sampling strategies, as
described in later sections.

4.2 Memory-Efficient Backward Propagation

As illustrated in Figure 5, our goal is to optimize the surface height
map H to match a target BRDF through a fast and differentiable wave
optics simulation. While automatic differentiation frameworks such
as PyTorch offer a convenient starting point, they are ill-suited for
the structure of our problem. In particular, PyTorch requires tensors
to be stored contiguously in memory and parallelizes operations
over entire batches. However, our rendering pipeline involves com-
puting BRDFs over localized coherence areas, which act as sliding
windows across the height map (see Equation (8)).

To align with PyTorch’s requirements, one would need to unfold
the Gabor kernels into overlapping windows, duplicate data into
contiguous memory blocks for each window, and then merge them
into a large tensor for batch computation. This procedure intro-
duces significant memory overhead and computational inefficiency—
bottlenecks that become prohibitive in high-resolution, iterative
optimization scenarios.

To overcome these limitations, we introduce a custom CUDA-
based backward propagation framework tailored to the structure
of spatially local, coherence-aware BRDF rendering. This approach
avoids the costly data duplication required by generic autodiff sys-
tems, enabling a scalable and memory-efficient optimization process.

Designing and Fabricating Color BRDFs with Differentiable Wave Optics « 240:7

Table 1. Comparison of simulation speed and memory usage across wave-
optics-based BRDF simulation methods. All methods are evaluated under
identical settings using a 32x32 height map with a 4x4 sampling rate, consis-
tent wavelength sampling, feature size, and coherence area. All experiments—
except Yu et al. [2023], which requires at least four GPUs-are conducted on
a single NVIDIA GeForce RTX 4090 GPU. For Yan et al. [2018], we include
both the GPU and CPU implementations; the latter is run on a dual AMD
EPYC 7763 server with 768 GB DDR4 memory. Our method achieves the
fastest rendering time and the lowest memory footprint, demonstrating a
7% speedup and 30X memory reduction compared to the GPU version of
Yan et al.

[Yu2023] [Levin2013] [Yan 2018] [Yan 2018] Ours

Speed (hr) 819.2 2.6 16.0 9.6 1.3
Memory (GB)  0.59x4 10.7 - 16.1 0.49
Device GPU GPU CPU GPU GPU

To overcome the inefficiencies of general-purpose autodiff frame-
works, we design a custom CUDA-based solution inspired by recent
GPU-accelerated Gaussian rendering methods [Kerbl et al. 2023;
Waurster et al. 2024]. In our formulation, each query corresponds to
a spatial sample that requires evaluation of the BRDF over its local
coherence area. Rather than duplicating Gabor kernels across all
windows, we record the indices of relevant Gabors for each query
and fetch their parameters into fast shared memory on-demand
during execution. This approach avoids unnecessary memory du-
plication and significantly improves computational throughput.

To enable parallel evaluation, we divide the Gabor field into blocks
of 16X16 spatial samples, with each block processed by 512 CUDA
threads. Within each thread, the BRDF is evaluated in the Fourier
domain by aggregating contributions from all Gabors inside the
coherence area centered at the query point.

A key distinction from traditional Gaussian or Gabor splatting
is that, in our case, the reflectance of a sample depends on the
neighboring samples within its coherence region—not just on its
block. To account for this dependency, each CUDA block must
access an extended region of size (16 + N;) X (16 + N.), where N,
is the coherence radius in one feature. As a result, the computation
blocks overlap, with an overlap margin of N, along each axis. This
coherence-aware block tiling strategy is central to our GPU-efficient
optimization pipeline, enabling us to scale BRDF rendering to dense
spatial grids with high-frequency structure.

We derive gradients explicitly using the mathematical properties
of Gabor kernels and the chain rule, thereby avoiding numerical
differentiation. Although our approach does not involve solving an
adjoint equation as in classical adjoint methods, it achieves compara-
ble efficiency by leveraging analytical expressions for both forward
and backward passes, fully exploiting GPU parallelism and memory
bandwidth.

Because wave optics rendering is inherently compute- and memory-
intensive, differentiability alone is not sufficient for practical opti-
mization. Our CUDA-based pipeline achieves an order-of-magnitude
improvement in both runtime and memory footprint: it is approx-
imately 7x faster and consumes only 1/30 of the GPU memory
compared to a baseline implementation of Gabor-based BRDF ren-
dering. A detailed comparison of simulation speed and memory
usage across several state-of-the-art methods is provided in Table 1.

ACM Trans. Graph., Vol. 44, No. 6, Article 240. Publication date: December 2025.
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Multiple Solutions. For single-wavelength BRDFs, it is possible to
optimize BRDFs by adjusting the Gabor parameters, computing the
surface modulation function R from the fitted Gabor decomposition,
and then attempting to reconstruct a corresponding height map.
Although this inverse mapping is generally not unique-since R is a
periodic function of the surface height H (as shown in Equation (1))-
it is still feasible to select one valid height field for fabrication in
the single-wavelength case.

However, this approach becomes significantly more difficult in the
multi-wavelength setting. Finding a single height field that simulta-
neously satisfies the modulation functions R across all wavelengths
becomes a highly non-convex, mixed-integer problem. Moreover, to
ensure manufacturability, additional physical constraints must be
imposed on the geometry, making it impractical to stitch together
per-wavelength solutions. This challenge fundamentally limits the
extension of methods such as Levin et al. [2013], which rely on
hand-designed sampling and cannot support wavelength coupling
or color fabrication.

To avoid this complexity, we choose to directly optimize the
height map itself. This formulation ensures wavelength compati-
bility and allows us to incorporate fabrication-specific constraints,
such as bounded height ranges, minimum feature sizes, and physi-
cal smoothness, and enables seamless extension to more advanced
fabrication-aware models, including differentiable lithography sim-
ulation. While this approach sacrifices global optimality in favor of
tractability (yielding local minima), it significantly improves practi-
cality and generalizability.

4.3  Sampling

Accurate sampling is essential for stable and high-fidelity optimiza-
tion in our differentiable wave optics pipeline. While prior work in
BRDF rendering via wave optics [Yan et al. 2018] reported that one
Gabor kernel per feature was sufficient, their examples involved
relatively low-frequency height maps. In contrast, our optimiza-
tion process can generate high-frequency geometric detail, where
insufficient sampling introduces aliasing and distortion.

To evaluate the effect of sampling resolution, we conduct an
ablation study, summarized in Figure 6. We compare spatial and
angular accuracy under four sampling densities: 1X1, 2X2, 4x4, and
8x8 Gabors per feature. The results show that 1x1 and 2x2 fail
to preserve critical phase structures in the modulation function R,
while 4x4 and 8x8 sampling achieve much higher fidelity. Based
on this analysis, we use 4x4 sampling during optimization and 8x8
sampling for final rendering throughout the paper. This corresponds
to 16 Gabors per feature, and angular BRDF rendering is performed
using a patch of 128x128 queries. To further suppress aliasing, we
apply a Gaussian blur with standard deviation o; = 0.13 pm to the
height map before computing R.

Second, during optimization, we address directional sampling for
the incident and outgoing directions, @w; and @,. While we begin
with uniform concentric disk sampling, we observe that optimized
BRDFs often exhibit unwanted specular spikes near the mirror direc-
tion. As previously noted by Levin et al. [2013], these spikes result
from low-frequency components in the height map that produce
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Fig. 6. Effect of sampling rate on BRDF rendering accuracy. Left: input
height map (top) and the corresponding complex modulation function R
(bottom), derived from reciprocal R-OHS theory. The inset indicates the
horizontal line used for the 1D slice comparison. Right: BRDF rendering
and 1D approximation results for four sampling rates (1x1 to 8x8). Top:
rendered BRDFs. Bottom: real part of the Gabor approximation (blue) versus
ground truth R slice (orange). Based on this analysis, we use 4x4 sampling
for optimization and 8x8 for final rendering throughout the paper. The unit
used in both the colorbar and the line chart is gm.

Target Without importance sampling  Ours
Fig. 7. Impact of importance sampling on angular BRDF fidelity. We com-
pare rendering results for a high-frequency Anisotropic Anti-mirror target
(left) optimized using uniform sampling (center) and our importance sam-
pling strategy (right). Without importance sampling, the BRDF exhibits
a strong, unwanted specular spike in the center due to Fourier-domain
impulses. Our method reduces this artifact and more accurately reproduces
the desired angular profile.

Anti-mirror

impulses in the Fourier domain. Such components are difficult to
suppress, especially under spatial resolution constraints.

To mitigate this artifact, we introduce an importance sampling
strategy by squaring the normalized direction vectors, which con-
centrates samples near the center of the angular domain. This reallo-
cation encourages the optimization to more effectively suppress the
central specular spike. As shown in Figure 7, our method achieves
noticeably improved angular contrast and suppression of the unde-
sired central lobe, compared to uniform sampling.

4.4 Optimization

We optimize the BRDF by minimizing the difference between the
rendered and target reflectance under full-spectrum illumination.
Our rendering pipeline evaluates eight discrete wavelengths and
converts the spectral reflectance to sSRGB using a standard CIEXYZ-
based transformation [Fichet et al. 2021]. For each angular pair
(w;, w,), the predicted BRDF is spatially evaluated and averaged
over a patch area. We use a default patch size of 32x32 features
throughout our implementation, while maintaining flexibility for
user-specified dimensions (see Supplementary Figure ?? for abla-
tion). This parameter physically corresponds to the surface area of
a single pixel when projected at the target display’s resolution.



Intensity Scaler

Designing and Fabricating Color BRDFs with Differentiable Wave Optics « 240:9

Height Feature size

—1=032
——-1=0.16

—— h=12um N Feature Size = 0.4 um
——=h=08um A\ — — - Feature Size = 0.8 um

----- 1 =0.04

e
N
@

h=0.4um 1 R — TP Feature Size = 1.6 um ||

et
15
S

e
N
G

Spectral intensity

450 500 550 600 650 450 500

550 600 650 450 500 550 600 650

Wavelength (nm) Wavelength (nm) Wavelength (nm)
Fig. 8. Spectral intensity curves of Red, Green, and Blue BRDFs under varying training parameters. We render reflectance profiles at the center of the BRDF
lobe (20°) using 30 wavelength samples between 420 nm and 680 nm, and plot the spectral response for each color. Three ablation studies are shown: (left)
intensity scaling factor, (middle) maximum height range h, and (right) feature size. Sharper spectral peaks are observed with increased height, larger intensity
scaling, or finer feature size, leading to stronger color selectivity. For RGB renderings corresponding to these spectra, refer to Supplementary Figure ?? in the

Supplemental Document.

Let f, (w;, w,, s) denote the BRDF in sRGB at spatial sample s, and
let ;, = % s Jr (@i, o, 8) be the spatially averaged reflectance
intensity over N samples within the patch area. Let I;,, denote the
corresponding ground truth BRDF under the same angular configu-
ration. We define a simple photometric loss in RGB space as:

L= (m— )" ©

where I, and I, denote predicted and ground truth RGB values
across all angular samples m. We refer to the per-sample evaluation
as spatial rendering and the final patch-wise averaging as angular
rendering, as illustrated in Figure 5(b).

Our optimization directly operates in height space-without rely-
ing on regularization or hand-crafted priors. In contrast to Levin et
al. [2013], who predefine discrete BRDF families and apply heuristic
algorithm, our method jointly optimizes reflectance across the full
visible spectrum via a fully differentiable simulation pipeline. This
approach offers two key advantages: First, it enables precise con-
trol over both intensity and color distributions across angles and
wavelengths. Second, it supports arbitrary BRDF patterns, including
complex and color-structured reflectance profiles, while respecting
physical and fabrication constraints.

5 REAL FABRICATION
5.1 Consideration for Real Fabrication

To bridge the gap between simulation and real-world fabrication,
several practical factors must be addressed: patch padding for coher-
ence overlap, BRDF scale ambiguity, and fabrication-aware height
map constraints. To be specific, we pad the central patch with repli-
cated height data, as illustrated in Figure 5(c). We control the reflec-
tion intensity with an intensity scaler, and constrain the height map
to a fixed range [0, h] during optimization. Furthermore, to model
noise during fabrication, we apply a Gaussian filter with a standard
deviation of o, to the height map and incorporate relative Gaussian
noise with a standard deviation of o,,. For more detailed discussion,
please refer to Section ?? in the Supplemental Document.

Based on these designs, we investigate how intensity scaler, height
range, and feature size influence the color quality, shown in Figure 8.
Excessive scaling amplifies noise and distorts the relative energy

distribution across wavelengths, while insufficient scaling underem-
phasizes high-frequency reflectance features. We carefully choose
the proper scaler for every BRDF tested. Larger height ranges and
smaller feature sizes lead to better color quality, but also increase
fabrication difficulty. We choose a maximum height of 0.8 um and a
feature size of 1.6 or 2 um for real-fabrication based on this under-
standing. These studies inform the fabrication-aware constraints
used throughout our pipeline, ensuring both physical viability and
high-fidelity rendering.

5.2 Grayscale Lithography

Grayscale lithography is a versatile fabrication technique widely
used for creating 3D micro- and nanoscale surface structures. It has
been applied in domains such as biostructure engineering [Fallica
etal. 2017; Mithlberger et al. 2015], microlens fabrication [Aristizabal
et al. 2013; Deng et al. 2017], and structural color generation [Chen
et al. 2022]. Compared to traditional binary mask-based photolithog-
raphy, as employed in Levin et al. [2013], grayscale lithography
provides several advantages that make it especially well-suited for
fabricating customized BRDFs.

Conventional lithographic processes rely on hard masks with
strictly binary transparency (opaque or transparent). Fabricating
multi-level structures with such methods requires multiple expo-
sures using precisely aligned masks. However, maintaining accu-
rate alignment is challenging, and even small registration errors—
typically on the order of hundreds of nanometers—can significantly
distort the fabricated geometry, as reported in prior work [Jeon et al.
2019; Peng et al. 2016; Shi et al. 2024; Sun et al. 2020].

In contrast to binary photolithography, grayscale lithography
enables continuous surface reliefs by modulating exposure inten-
sity across the substrate. This can be achieved in two main ways:
(a) using spatial light modulators such as digital micromirror de-
vices (DMDs) or liquid crystal displays (LCDs) to project intensity-
modulated patterns; or (b) using direct laser writing, in which a
focused laser beam scans the surface and the local exposure is
controlled by dynamically adjusting the beam’s intensity. In both
cases, the process allows for maskless, single-step exposure based
on grayscale input images. Our fabrication system uses the direct
laser writing approach. This method offers high spatial resolution
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Fig. 9. Depth calibration curve for grayscale lithography. We empirically
determine the mapping between 16-bit input grayscale values and fabricated
depth in photoresist. To ensure accuracy in reproducing surface geometry,
simulation heights are scaled to a calibrated range of [0.376,1.185] um,
corresponding to input values between 201 and 989.

and precise depth modulation, making it well suited for fabricating
microstructured surfaces where accurate phase control is critical.
Compared to conventional multi-mask lithography, grayscale lithog-
raphy avoids inter-layer misalignment and achieves superior z-axis
resolution-key advantages for producing BRDFs with angle- and
color-sensitive microgeometry.

Although binary lithography can achieve finer lateral resolution,
grayscale lithography is more suitable for our application due to
its ability to produce smooth, multi-level height fields in a single
pass. In our BRDF fabrication pipeline, even minor misalignments or
quantization errors can severely affect angular reflectance. For this
reason, we adopt grayscale lithography as our fabrication method.

Depth calibration. To ensure precise correspondence between
simulated height values and fabricated geometry, we perform a cali-
bration process that maps grayscale pixel values to physical depth.
Using test exposures, we empirically establish a nonlinear response
curve between 16-bit grayscale input values and resulting etched
depths in photoresist. As shown in Figure 9, we map the height field
to a calibrated depth range of [0.376, 1.185] ym, corresponding to
pixel values in the range [201, 989]. This mapping is used to con-
vert our simulated height maps into 16-bit grayscale images that
are fed to the lithography system. This calibration is essential for
accurate reproduction of microstructure geometry in the final BRDF
fabrication.

Alternative methods. While two-photon lithography [Auzinger
et al. 2018] offers extremely high resolution (below 200 nm in both
lateral and depth directions), it suffers from several practical draw-
backs. These include high equipment cost, resist shrinkage, and
very low throughput [Grushina 2019], which limit its scalability. For
these reasons, we do not pursue this technique here, but consider it
a promising direction for future exploration.

5.3 Real Fabrication

Fabrication. We fabricated our prototypes using the grayscale
lithography mode of the Heidelberg DWL66+ laser writer, equipped
with a 5 mm write head. This system allows precise laser intensity
modulation to encode continuous 3D surface profiles in photoresist
directly. Each BRDF design is patterned onto AZ 4562 photoresist
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Fig. 10. Ablation study of different coating materials on simulated BRDF
appearance. We conduct optimization towards the same target using the
Fresnel coefficients of five materials: Ag, Al, Cr, Cu, and Si. Materials with
broad, uniform reflectance (Ag, Al, Cr) preserve color and angular structure,
while spectrally selective metals like copper produce distorted or muted
results. These simulations guide the selection of aluminum as the preferred
coating for physical fabrication.

by spatially varying the laser dose, achieving a single-step exposure
without masks.

To ensure accurate reproduction of surface geometry, we use
the pre-calibrated grayscale-to-depth mapping described in Fig-
ure 9. Our pipeline converts the optimized height maps into 16-bit
grayscale images that match the calibrated fabrication range. Fol-
lowing development, a 50 nm aluminum layer is deposited using an
ESC Ion Beam Assist Sputter system (model ESCRD4), providing a
high-reflectance metallic surface. This fabrication process enables
direct realization of simulation-optimized BRDFs onto wafer-scale
surfaces. For each BRDF example, we fabricate a 50 mm X 50 mm
square on the wafer for reflectance measurement.

We evaluate the impact of different metal coatings on the final
BRDF appearance by conducting optimization towards the same
target using the Fresnel coefficients of five candidate materials:
silver (Ag), aluminum (Al), chromium (Cr), copper (Cu), and sili-
con (Si). As shown in Figure 10, most materials with strong and
relatively flat reflectance spectra (e.g., Ag, Al, Cr) reproduce the de-
signed BRDF shape and color faithfully. In contrast, copper, which
exhibits significant spectral non-uniformity, introduces color shifts
and reduces angular fidelity. Based on these results, along with
considerations of cost, availability, and compatibility with our fabri-
cation process, we select aluminum (Al) as the coating material for
all real-world prototypes. Fresnel coefficients for all materials are
sourced from [Polyanskiy 2024].

Capture. We evaluate the fabricated reflectance by illuminating
the wafer with a high-power white light source, focused to a 1 mm
diameter spot. The light is incident at approximately 10°, ensuring
minimal masking or self-shadowing. The reflected light is projected
onto a diffuse white screen, where the angular reflectance pattern is
recorded using a machine vision camera (FLIR Grasshopper 3, 5MP)
at a viewing angle of ~45 degrees.

To ensure accurate spatial and spectral comparison with the simu-
lated BRDF, we apply geometric alignment and cropping to the cap-
tured image manually. We also perform white-balance calibration
by imaging the same screen under identical illumination without
the wafer and computing the average RGB intensity.

6 RESULTS

We evaluate our method across a diverse set of BRDFs, each opti-
mized using the Adam optimizer with a momentum of 0.9 and a
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Fig. 11. Comparison between simulated and real fabricated BRDFs across different BRDF families. The first row shows the simulated results, with the target
BRDF pattern shown in the inset. The second row displays the corresponding fabricated results captured under a controlled white-light setup. Each column
presents one example from the following BRDF categories: (a)-(b) anti-mirrors, (c)-(f) pictorial reflections, and (g)-(i) various patterns of iridescent reflection.

The results demonstrate that our method accurately translates simulated BRDFs into physical surfaces with complex angular and spectral behavior.

learning rate of 1 x 107>, All experiments are performed on a high-
performance server equipped with dual AMD EPYC 7763 CPUs
(768 GB DDR4 RAM) and a single NVIDIA GeForce RTX 4090 GPU.
For a typical BRDF, convergence requires approximately 6-12 hours,
depending on feature size and coherence area.

We organize our results into four representative BRDF families:
(a) anti-mirrors, which suppress reflectance in the mirror direc-
tion [Levin et al. 2013], (b) pictorial reflections, which encode arbi-
trary spatial reflectance structures [Weyrich et al. 2009], (c) structural
colors, which produce uniform colors visible within a certain angular
range, and (d) iridescences, which generate view-dependent color
shifts driven by diffraction. Figure 11 compares simulated BRDFs
with real fabricated results across twelve examples. These results
confirm that our end-to-end differentiable pipeline can generate
complex angular and spectral reflectance profiles that are physically
reproducible using grayscale lithography. Refer to the supplemental
video for more results.

To evaluate and visualize BRDFs throughout our experiments, we
visualize the outgoing 2D BRDF slice on the projected hemisphere

as shown in Figure 13, illustrating how view directions along ver-
tical and horizontal planes map directly to vertical and horizontal
slices in the BRDF visualization. In this visualization, each pixel
corresponds to a specific view direction, with the x- and y-axes of
the image representing the x- and y-components of the viewing
angle, respectively. The illumination direction is fixed to the surface
normal n, and reflectance is sampled across a hemisphere of view
directions centered around the normal. The angular sampling range
is defined as [—¢, ¢] in both axes, where ¢ denotes the maximum
viewing angle.

Although we present these four categories for clarity and system-
atic comparison, our method is not constrained to any predefined
BRDF type. Because our pipeline is fully differentiable and end-to-
end, it can theoretically optimize toward any physically realizable
BRDF pattern-bounded only by the coherence area, wavelength-
dependent interference, and fabrication limits. Additional results,
ablations, and parameters are provided in the supplemental material.

The fabricated wafers were produced using feature sizes of either
1.5 pm or 2.0 pum, with surface heights constrained to a maximum of
0.8 ym. To account for real-world fabrication artifacts, we simulate
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Fig. 12. Controlled color variants of anti-mirror BRDFs. We render isotropic and anisotropic anti-mirror designs simulated in white, red, and iridescent color
schemes. The pipeline reproduces angular nulls and controllable chromaticity through phase-guided optimization.

BB -
A A

Angular sampling

Projected outgoing BRDF

Fig. 13. We visualize outgoing BRDFs as projected images, where the x-
and y-axes correspond to the x- and y-components of the view direction.
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Fig. 14. Pictorial BRDFs encoding various icon shapes. We optimize height
maps to match target reflectance patterns for six icons: Butterfly, Lightning,
Music note, Rabbit, and Heart. Both original (row 2) and inverted (row 3)
silhouettes are accurately rendered in angular reflectance. These results
highlight our method’s capability to generate arbitrary symbolic patterns.
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the effects of optical blurring and process noise by applying a Gauss-
ian smoothing kernel with standard deviation o, = 0.65 ym esti-
mated from microscopic surface measurements, and adding relative
Gaussian noise with g, = 0.075 during training. Gamma correction
(y = 2.2) is also applied during both training and rendering to match
human visual perception and camera response.

Unless otherwise specified, all training parameters are defined
per-BRDF in Supplementary Table 2 in the supplemental document.
In the following sections, we analyze the results of each BRDF
family in detail and present ablation studies on fabrication noise,
feature size, and other key factors that influence color quality. Also,
additional ablations can be found in Supplementary Section E.
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6.1 Anti-Mirror BRDFs

Anti-mirror BRDFs suppress reflectance in the mirror direction,
creating angular nulls in the specular lobe. Figures 11(a)-(b) com-
pare simulated and real fabricated results for both the isotropic
and anisotropic anti-mirror cases. In both examples, the fabricated
reflectance patterns closely match the simulated designs, including
the intended suppression along the central axis and the distribu-
tion of light into off-specular directions. These results validate our
method’s ability to shape BRDFs by manipulating wave interference
effects across coherence areas.

To explore the appearance control of anti-mirror patterns, we
simulate three color variants for both isotropic and anisotropic cases:
white, red, and iridescent (Figure 12). The red variants show strong
color concentration at off-mirror directions, while the iridescent
designs produce clear view-dependent spectral separation. These
examples demonstrate that our framework enables not just angular
suppression but also controllable coloration through structural wave
design.

6.2 Pictorial BRDFs

One of the strengths of our pipeline is its ability to optimize re-
flectance patterns that represent complex and recognizable graphical
shapes. Figures 11(c)—(f) show the fabricated, pictorial BRDFs that
encode various symbolic shapes—Lightning, Music note, Batman,
and Inverted Batman logo-along with their simulated counterparts.
The fabricated patterns preserve both the coarse structure and the
fine angular layout of the intended designs. Although some high-
frequency edge details are smoothed due to lithographic blurring,
the target shapes remain clearly identifiable, validating our method’s
spatial expressiveness.

In addition to fabrication, we demonstrate the flexibility of our
pipeline in simulation by producing a wider set of pictorial BRDFs,
including Butterfly, Lightning, Music note, Rabbit, and Heart (Fig-
ure 14). We optimize both original and inverted versions of each
pattern. Despite strong symmetry or fine features in some designs,
our method produces consistent angular reflectance that captures
the silhouette and orientation of each pictorial shape.

6.3 Structural Color BRDFs

Our method enables control over both angular intensity and per-
ceived color, allowing us to synthesize BRDFs that exhibit a uniform
hue within a certain angular range. To explore the full color gamut,
we simulate BRDFs designed to produce red, orange, yellow, green,
cyan, blue, and purple (Figure 15). These structural color patterns
demonstrate our pipeline’s ability to selectively shape the spectrum
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Orange Yellow

Blue Purple

Fig. 15. Structural color BRDFs rendered across the visible spectrum. We optimize reflectance proflles to produce red, orange, yellow, green, cyan, blue, and
purple hues with uniform intensity in a narrow angular range (~ 20°). By spatially mixing red, green, and blue BRDFs in micro-patch units, any RGB color can

be approximated at the macro scale.

Target Blue Green

Fig. 16. Colored pictorial BRDFs using the Lightning pattern. We render
pictorial BRDFs with dominant blue, green, and red spectral peaks. Top row
shows angular reflectance within [-14°,14°], while bottom row visualizes
wider angular views in [-90°, 90°], revealing that undesired colors are de-
flected outside the design’s main lobe. This demonstrates angular spectral
separation, enabling directional color control for graphical BRDFs.

Target Simulated Target Simulated
(a) Iridescent circle (b) Circle inverted

Fig. 17. Iridescent BRDFs for structured patterns. We render the color sep-

aration effects for diffuse patterns under wave-optical rendering with a

feature size of 0.8 um. Distinct view-dependent spectral shifts emerge due

to directional interference, demonstrating programmable iridescence across

angular space.

within a tight angular window (= 20°). By composing different
patches (i.e., red, green, and blue) within small regions, we can
linearly mix any RGB color at the macro scale, offering a fabrication-
aware method for reflectance-based color design.

To further push the expressive capabilities of pictorial BRDFs, we
incorporate spectral control to produce colored pictorial reflectance.
In Figure 16, we use the Lightning symbol to demonstrate pictorial
BRDFs rendered with dominant blue, green, and red colors. These
reflectance profiles exhibit angular confinement of each color, show-
ing that color-coded information can be encoded and separated
based on viewing direction. The bottom row reveals that undesired
spectral components are reflected into peripheral angles (outside
the central design), confirming the angular selectivity enabled by
our optimization.

6.4 Iridescent BRDFs

Beyond spatial and spectral control, our pipeline supports the de-
sign of iridescent BRDFs that exhibit view-dependent color shifts—
produced purely through structural interference. Figures 11(g)—(1)
show real fabricated BRDFs for circled, 3-dot, and 5-dot reflectance
patterns, including their inverted counterparts. These examples ex-
hibit vivid color separation across viewing directions, confirming the
feasibility of encoding iridescent structure with micrometer-scale
precision.

At larger viewing angles, the simulated BRDF in Figure 11(g) ex-
hibits undesired red coloration, while Figure 11(h) reveals increased
background noise and artifacts. These distortions arise from the lim-
ited control over angular reflectance when using relatively coarse
feature sizes (2 ym). As shown in Figure 17, reducing the feature
size significantly enhances angular precision and spectral fidelity in
simulation. This trend suggests that further advancements in fabrica-
tion resolution could enable more accurate and cleaner reproduction
of complex BRDFs, particularly those with strong directional and
spectral constraints.

6.5 Ablation study

To evaluate the effect of feature resolution, we conduct an ablation
study in both simulation and fabrication.

Figure 18 shows the impact of feature size on anti-mirror fidelity.
We test two BRDFs (anisotropic anti-mirror with white color, and
anti-mirror with iridescence) at three resolutions: 0.8 ym, 1.6 ym,
and 2.4 ym. We observe that finer feature sizes enable more accu-
rate angular pattern reproduction and preserve chromatic effects,
especially in the iridescent case. In contrast, increasing the feature
size leads to a noticeable loss of angular resolution and diminishes
the structure’s ability to modulate color through diffraction.

Consistently, fabricated results in Figure 19 reveal that BRDFs
produced at 1.5 ym achieve higher color fidelity and sharper angu-
lar patterns than those fabricated at 2.0 ym. These trends confirm
that feature size is a critical factor governing not only the spatial
resolution of the reflectance but also the achievable angular spread
and chromatic precision.

As shown in Figure 20, training with a larger smoothing kernel
(over-smoothing) yields BRDFs that remain robust when rendered
with the actual fabrication blur. In contrast, under-smoothing dur-
ing training leads to noticeable artifacts and color distortion when
tested under realistic conditions. These results suggest that, for
structural color BRDFs in particular, it is preferable to conserva-
tively overestimate the extent of fabrication blur in order to ensure

ACM Trans. Graph., Vol. 44, No. 6, Article 240. Publication date: December 2025.
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Aniso. anti-mirror

Anti-mirror

Target 0.8 ym 1.6 ym 2.4 ym

Fig. 18. Ablation study of feature size in anti-mirror BRDFs. We evaluate
Anisotropic anti-mirror (white) and Anti-mirror (iridescent) across feature
sizes of 0.8 um, 1.6 um, and 2.4 um. Smaller features result in more precise an-
gular control and enhanced color fidelity. Results demonstrate that smaller
feature sizes (0.8 um) significantly enhance the quality of both BRDFs. Con-
versely, larger feature sizes (2.4 um) reduce the controllable angular range
and eliminate color production capability.

g
L0
g
<)
N

Simulated Fabricated Simulated Fabricated

(a) 3 dots (b) 5 dots

Fig. 19. Ablation study of the feature size for fabricated iridescent BRDFs.
We optimize towards the same target-3 dots and 5 dots—using the feature
sizes of 1.5 um and 2.0 um and fabricate the optimized heightmaps. Smaller
features yield sharper angular definition and clearer chromatic separation,
while larger features cause blur and reduce spectral resolution.

op(Train)= 0.50 ym
op(Render)=0.50 um

Fig. 20. Ablation study of training blur o} on the quality of Circle inverted.
The first two columns show BRDFs optimized with o, = 0.50 um, while
the last two use op = 0.65 um during optimization. Each optimized height
map is rendered under both smoothing levels (o5 = 0.50 pm and 0.65 ym)
to test robustness. Under-smoothing during training leads to noticeable
color shift and instability under blur. In contrast, over-smoothing results in
a more stable appearance across rendering conditions. Note that Gaussian
noise was excluded from both training and rendering to isolate the effect of
smoothing.

0.50 um
0.65 ym

0.65 um
0.65 um

0.65 um
0.50 ym

stability and perceptual fidelity in the final appearance. For more
additional ablation studies, please refer to Supplementary Section E
in the supplemental document.
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7 DISCUSSIONS

With higher fabrication precision, our method can realize a broader
range of BRDFs with improved fidelity across both spatial and spec-
tral dimensions. Simulated results for multiple BRDF families are
presented in Figures 12, 14, 15, 16, and 17, covering anti-mirrors,
pictorial reflections, structural colors, and iridescent patterns. The
feature size, coherence area, blur kernel, and angular sampling pa-
rameters for each main BRDF result are listed in Supplementary
Table 2.

Color. We observe that increasing the maximum height range
sharpens the spectral peaks, bringing the curves closer to ideal
RGB profiles (Figure 8). This introduces a trade-off: while taller
structures improve spectral selectivity and color accuracy, they
may also increase the risk of shadowing and masking. Similarly,
reducing the BRDF intensity or using smaller feature sizes improves
peak sharpness and chromatic contrast, but makes fabrication more
challenging.

For Red and Blue BRDFs, some spectral energy lies outside the vis-
ible range. However, for Red, overlap with the green channel leads to
a slight orange hue, while the Green spectrum lacks sufficient sharp-
ness and mixes with adjacent blue and red wavelengths-reducing
saturation. Refer to Supplemental Figure ??. These effects highlight
the challenges of precisely targeting perceptual color with physical
interference patterns.

Lastly, our small patch size enables spatial BRDF mixing at the
macro scale. By tiling Red, Green, and Blue BRDF units within small
regions, we can approximate arbitrary RGB colors through spatial
averaging-similar in principle to subpixel layouts in displays. This
opens opportunities for scalable, full-color reflectance patterning
without requiring per-pixel spectral optimization.

Simulation vs. Fabrication. Despite strong visual agreement be-
tween simulated and fabricated BRDFs, we observe minor discrep-
ancies in color and angular sharpness. These deviations stem from
real-world factors not explicitly modeled during optimization, in-
cluding surface scattering, inner refraction, and lithography-induced
blurring. To isolate the effects of fabrication noise, we conduct a
controlled ablation analysis in Figure 21. For the Anisotropic anti-
mirror BRDF, we compare renderings of the same optimized height
map using different Gaussian blur kernels. When rendered with a
smaller blur (o5, = 0.50 pm) than used during training (o, = 0.65 ym),
the result shows increased blue reflection in the mirror direction—
consistent with the dark blue fringe observed in the fabricated
output. This suggests that underestimating fabrication blur during
inference exaggerates unwanted angular reflections. Similarly, for
the Circle inverted BRDF, adding relative Gaussian noise (g, = 0.05)
to the optimized height map causes a noticeable shift in the cen-
tral color from blue to purple, matching the appearance in the real
captured result. These tests confirm that both angular and spec-
tral discrepancies can be attributed to fabrication-related noise and
structural deviations. While we incorporate noise modeling dur-
ing training to improve robustness, the residual gap suggests that
modeling alone is insufficient to fully compensate for real-world
imperfections. Ultimately, improving fabrication precision would



Simulated (0,=0.50 um) Fabricated Simulated (05, = 0.05) Fabricated
(a) Aniso. anti-mirror (b) Circle 1nverted

Fig. 21. Fabrication noise analysis using Anisotropic anti-mirror and Cir-
cle inverted BRDFs. Left: Anisotropic anti-mirror is optimized with o} =
0.65 pm blur, but rendered here with a smaller blur (o, = 0.50 pm), re-
sulting in blue reflection along the mirror direction—consistent with the
fabricated result. Right: Circle inverted is optimized normally, but adding
relative Gaussian noise (o, = 0.05) during rendering shifts the central hue
from blue to purple, closely matching the fabricated image. These results
highlight how small deviations in fabrication blur or additive noise can
explain observed discrepancies in spectral and angular behavior.

L)

Simulated 0n =0.05 0=0.50 pim Fabricated
Fig. 22. Failure case from the color BRDF family illustrating extreme sensi-
tivity to fabrication noise. Simulated results with added relative Gaussian
noise (o, = 0.05) or reduced blur kernel (o5 = 0.50 um) show significant
spectral distortion—especially in the red pattern. The fabricated result ex-
hibits similar degradation, with desaturation and angular blur, confirming
that structural color BRDFs—particularly red—are more vulnerable to process
variation than other families.

significantly enhance the alignment between simulation and physi-
cal realization, particularly for BRDFs with high spectral or angular
sensitivity.

Fabrication noise. Among the BRDF families we tested, struc-
tural color patterns—especially those with dominant red spectral
components—exhibit the highest sensitivity to fabrication noise. Fig-
ure 22 presents a representative failure case where a red-encoded
BRDF, fabricated with 1.5 ym feature size and realistic process noise,
produces an unsatisfactory result. Compared to other BRDFs (e.g.,
Anti-mirror or Circle inverted in Figure 21), the same noise levels
cause far more pronounced spectral distortion in the red pattern.

Specifically, adding relative Gaussian noise (o5, = 0.05) or reduc-
ing the smoothing kernel size to o, = 0.5 ym causes the simulated
red lobe to shift and desaturate—closely matching the real-fabricated
image. This highlights that color BRDFs, particularly those relying
on long-wavelength components, are more vulnerable to structural
inaccuracies and require stricter fabrication tolerances.

Improving fabrication precision—either via reduced feature blur,
better resist control, or higher-resolution lithography—-could miti-
gate this sensitivity and enable fabrication of more saturated, rainbow-
like BRDFs such as those demonstrated in simulation (e.g., Figure 15).

8 CONCLUSIONS

Our work introduces a differentiable wave-optics rendering pipeline
for BRDF design, enabling joint optimization of surface geometry
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to control both the color and intensity of reflected light. This ap-
proach supports high-resolution surface modulation and is vali-
dated through real-world fabrication using grayscale lithography.
Compared to previous methods, our framework can reproduce a sig-
nificantly broader range of BRDFs, including anti-mirror, pictorial,
colored, and iridescent patterns.

Nonetheless, several limitations remain. First, our model assumes
a globally planar surface, and cannot yet be applied to curved or gen-
eral 3D geometries. Second, the simulation ignores shadowing and
masking effects, which can restrict the angular range and accuracy
of reflectance in real-world conditions. Integrating more complete
physical models—such as those in [Yu et al. 2023]-may mitigate this.
Third, our fabrication method is constrained by the resolution and
variability of grayscale lithography. The minimum feature size of
1.5 ym and fabrication-induced blur introduce spectral and spatial
distortions, particularly for color BRDFs. Improved fabrication tech-
nologies, such as two-photon lithography, could enhance fidelity
and unlock finer optical control.

This work represents an initial step toward fabricating full-color,
directional reflectance on flat surfaces. Future directions include
extending the pipeline to handle non-planar geometries, modeling
the lithography process directly as part of the optimization loop,
and incorporating advanced wave-optics frameworks (e.g., [Cuypers
etal. 2012; Zhang and Levoy 2009]) to enable far-field diffraction and
other light-field effects. These advances would allow for broader
applications, from dynamic light encoding to fabrication-aware
appearance design on arbitrary objects.
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