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Fig. 1. Wafer fabrication of structural color BRDFs. The le Ctiiree columns show microscopic and height map images of our fabricated wafer, produced using
grayscale lithography at a feature resolution of 1.5-2.0 “m. The fourth and fi Ch.tolumns 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 o [erk no control over the color of the reflected light. In contrast, our method o [erk programmable angular and spectral control,
producing multicolor e [edts not possible with prior work. In the bo Carh 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 di [rattion. The resulting reflectance pa Lerh 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 re [edtance 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 re [edtance e [edts. However, existing wave-
optics-based methods are limited to controlling re [edtance intensity only,
lacking the ability to design full-spectrum, color-dependent BRDFs. In this

Authors’ Contact Information: Yixin Zeng, Zhejiang University, Hangzhou, China,
22221238@zju.edu.cn; Kiseok Choi, KAIST, Daejeon, South Korea, kschoi@vclab.kaist.
ac.kr; Hadi Amata, KAUST, Thuwal, Saudi Arabia, hadi.amata@kaust.edu.sa; Kaizhang
Kang, Zhejiang University, Hangzhou, China, cocoa_kang@zju.edu.cn; Wolfgang Hei-
drich, KAUST, Thuwal, Saudi Arabia, wolfgang.heidrich@kaust.edu.sa; Hongzhi Wu,
Zhejiang University, Hangzhou, China, hongzhi.wu@gmail.com; Min H. Kim, KAIST,
Daejeon, South Korea, minhkim@Kkaist.ac.kr.

Please use nonacm option or ACM Engage class to enable CC licenses @' BY

This work is licensed under a Creative Commons Attribution 4.0 International License.
© 2025 Copyright held by the owner/author(s).

ACM 1557-7368/2025/12-ART240

https://doi.org/10.1145/3763275

work, we present the [rst method for designing and fabricating color BRDFs
using a fully di Cerkntiable wave optics framework. Our di [erentiable and
memory-e [cieht simulation framework supports end-to-end optimization
of microstructured surfaces under scalar di [rattion theory, enabling joint
control over both angular intensity and spectral color of re [edtance. We
leverage grayscale lithography with a feature size of 1.5-2.0 “m to fabricate
15 BRDFs spanning four representative categories: anti-mirrors, pictorial
re [edtions, structural colors, and iridescences. Compared to prior work, our
approach achieves signi [cantly higher [ddlity and broader design [exibility,
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 ¥ Re [ecktance modeling;
Image-based rendering.

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

Modeling surface re [edtance is a fundamental topic in computer
graphics. While simple analytic models remain widely used due
to their e [ciehcy and ease of use, more physically accurate ap-
proaches—based on microstructured surfaces—have been developed
to capture complex re [edtance 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 re [edtance properties.

Fabricating surfaces with controlled re [edtance 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-speci [Cnarkers [Zyla
et al. 2022]. Beyond visual appearance, customized bidirectional
re [edtance 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 re [edtance 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 di [uge or anisotropic
specular lobes. Other techniques incorporate wave optics to achieve
more complex re [edtance 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 re [edted 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, o [ering 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 di [uge 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 re [edtance
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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 re [edt a red icon from
one angle and a blue icon from another—an e [edt that cannot be
achieved with pigments or angle-invariant structural coloration
alone. This paper addresses this gap by introducing the [rst 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 di Leréntiable wave optics
pipeline tailored for planar, high-re [edtance 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 e [edtiveness of our approach, we fabricated
a diverse set of [fiéen BRDFs spanning four distinct re [edtance
pro [Ies: anti-mirrors, pictorial re [edtions, 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 “m, corresponding to 12,700-16,933 dpi,
as shown in Figure 1. Our results show signi [cant improvements
over prior methods in both quality and generalizability, particularly
in achieving joint control over directional re [edtance and spectral
color. By leveraging high-resolution fabrication and fully di [eren-
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:

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

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

Demonstration of programmable BRDF families, including
anti-mirror, pictorial, structural color, and iridescent re [dtance
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 di Lerkntiable re [edtance 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 de [néd as a pointwise mapping be-
tween di [erential solid angles of incident and outgoing directions,
ignoring coherence and assuming locally de [ndd interactions. How-
ever, wave optics models light as a complex-valued [eltl that can
exhibit interference and di [rattion—e [edts 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 [nike 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 a [edits the coherence structure and rendering
formulation.

Point light source. For a point light source, the incident [eltl is spa-
tially coherent across the entire surface, and re [edted [eltls interfere
globally. Early work assumed a far- [eltl point light source. Under
this assumption, Stam [1999] introduced a di [raction-based ren-
dering model. The Harvey—Shack model [Harvey 1977] formulates
di [raction using a surface transfer function, later adapted to graph-
ics by Low et al. [2012] and Holzschuch and Pacanowski [2017].
These models o Cerlhigh computational e [ciehcy 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 [nike extent.

Extended light source. For extended light sources, coherence is
limited to localized regions, and re [edted [eltls interfere only within
those regions. This distinction plays a central role in BRDF modeling
under wave optics, as it de [nds how the surface modulates light and
how re [edted energy must be integrated across space. Subsequent
methods model extended light sources to better approximate phys-
ical conditions. Dhillon et al. [2014] modi [ed Stam’s formulation
using a spatial coherence window, enabling interactive rendering
via precomputed Taylor series terms. However, these precomputa-
tions are not practical for di Cerentiable 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 [eltls 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, o [ering the highest physical accuracy at the
cost of extreme computational overhead. Balancing physical [délity
and computational e Cciehcy, we adopt the Gabor-based model of
Yan et al. [2018] as our forward rendering engine. We extend their
method into a di Cerkntiable pipeline, enabling gradient-based opti-
mization of microgeometry for BRDF design.
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Fig. 2. Wave optics under di Lerknt 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 \ 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 re [edtance 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 di [use 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 con [guration lim-
its the achievable spatial resolution, thus decreasing angular [ddlity.
Overall, geometric-optics-based fabrication methods either lack gen-
erality or su [erfrom insu Lcieht resolution, which constrains their
applicability to complex or color-varying re [edtance.

Wave optics-based. Wave-optics-based fabrication methods o [er]
higher spatial resolution and richer appearance e [edts. Pereira et
al. [2017] use magnetic [aRes to fabricate anisotropic re [edtance,
but their design is restricted to single-color e [edts and simple lobe
shapes. Levin et al. [2013] employ wave optics to fabricate structured
re [edtance, 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 [xdd re [edtance families
or colors. This framework o [erk greater [eXibility 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 shi [Cah the incident wave, captured by the complex modulation
function ”. The incident waves have identical phase (%; = %), while the re-
flected waves exhibit geometry-dependent phase shi E(%i < %g). (2) Within
the coherence area, Kirchho Cidtegration 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 [Ims generate color via
thin- 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 e [edtive-
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-
ti [Cial 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 [xdd 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
di [raction theory. Andkjeer et al.[2014] incorporated di [erkntiable
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
di Cerkntiable 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 e [edts and custom BRDFs with spatially vary-
ing intensity and color, o [ering a level of control beyond existing
structural coloration methods.
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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 (le (10 right), the top row shows the
corresponding optimized height map. The middle row shows renderings
using geometric optics, while the bo [arh row shows results using wave
optics. Geometric optics fails to capture anti-mirror e [edts 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 re [edtance and neglect e [edts due to refraction and ma-
terial resonances. This implies our analysis concerns highly re [ed-
tive materials with micron-scale features, since nano-scale features
would give rise to resonance e [edts. For surface geometry, we model
surface re [edtance under the assumption that height variations are
con [ndd to the microscale. The surface is assumed to be globally
planar, with its normal vector aligned to the positive I-axis, denoted
by n. Under this assumption, occlusion, shadowing, and masking
e [edts are neglected.

For su Lciehtly distant light sources, the incident wavefront can
be approximated as a plane wave (Figure 2(a)). Furthermore, when
considering unpolarized illumination and re [edtion, the electromag-
netic [eltl can be modeled using a single complex-valued function
under the scalar [elll 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 Kirchho Cmodel [Beckmann and
Spizzichino 1987] can be used to estimate the re [edted wave Leltl
from microstructured surfaces. These models capture the inherently
nonlinear nature of di [rattion, where surface geometry modulates



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

For a point light source, the re [edted 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 e [edts are spatially localized within a [nike region
known as the coherence area [Goodman 1968], where the re [edted
wavefronts remain mutually coherent.

Within this coherence area, re [edted light is represented as complex-

valued [eltis and modulated by a surface-dependent complex re-
[edtion function. These [eltls interfere through coherent summa-
tion. Outside the coherence area, coherence is lost, and re [edtion
is computed by aggregating intensity, i.e., summing the squared
magnitudes of the individual [eltis, consistent with geometric op-
tics. Although the far- [eltl 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 10 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 *. Second, we integrate the

re [edted wave [eltl within the coherence area; under the Kirchho (1

approximation, this corresponds to taking the Fourier transform of
”. Third, we square the magnitude of the complex [eltl to obtain
re [edted 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 * into a mixture of Gabor
functions, enabling e Lcieht and di Cerkntiable 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 ,s”, where s = »Bg B-.. 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 re [edtion, the surface height induces a phase shift in the
wavefront, which depends on both the local height ,s” and the
incident wavelength _. This e [ect is captured by a complex-valued
modulation function ” ,s”, de [néd as:

2
7,8" = exp 8—Cb1 »S”

whereby =7 n 1)

Here, 83 and 8> denote the directions of the incident and re [edted
light, respectively,and 7 = 8 , 85 . The surface normal n is assumed
to be constant due to the globally planar surface assumption. The
term by accounts for the projection of the combined incident and
re [edted 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 [nike coherence area. We characterize the
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coherence area using a Gaussian kernel centered at a spatial point
X2, 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 \ (in radians). The spatial weighting function is
de [néd as:

1 ks xok?

2cf4 exp 2F% @

where f, = & speci [ed the standard deviation of the Gaussian,
and thus controls the coherence area size as a function of the wave-
length _ and source angular spread \. This kernel modulates the
surface modulation function ”, weighting each point’s contribution
based on its proximity to xp in accordance with the spatial coherence
decay.

F.s Xx"=

Fourier Transform. Under the Kirchho Capproximation, the co-
herent component of surface re [edtance can be expressed as the
Fourier transform of the modulated surface function. Accordingly,
the BRDF at a coherence center X, is given by:

2
.’ ¢ g exp 82—0,,7 s” 3s (3)
2 G —

where 7 is the 2D projection of 7 obtainggl by discarding its z-
component. The normalization factor ; = jF,,S"j23S. The term
"¢ "=F.,s x"”,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:

i7 nj?

by = g @
4_7i8i njj8o nj

Coherence Area Integration. To enable e [cieht simulation of wave-

based re [edtance, we adopt the Gabor kernel formulation introduced

by Yan et al. [2018]. A Gabor kernel 6,,s” is de [néd as the product
of a 2D Gaussian envelope and a complex-valued plane wave:

6,5,-fsga’= , ,5- fg"exp, 82c,a s (5)
where 5 ,s;- fg” is a normalized isotropic Gaussian:
1

L o K e
2cf¢ P VAT

In this formulation, - 2 R2 speci [ed the kernel center, fg controls
the spatial extent of the Gaussian envelope, and a 2 R? de [nds
the spatial frequency vector of the oscillating complex component.
This representation allows us to locally approximate the surface
modulation function ” using a linear combination of Gabor kernels,
facilitating fast and di [erkntiable Fourier evaluation.

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

2 .5 - Te" =

(©6)

5 2
7
5.8 8 "= L e 7 %
2 _
h i 5 2
b 7
2+ F. .F6sm fg.a — ®)
2 . _
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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 _., the corresponding complex-valued surface
modulation function > = 6 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 pa [erh to compute the loss. (b) Angular rendering pipeline. For each
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obtain the directional-spectral reflectance intensity g , 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

Rendering area

within each coherence area.

where F denotes the Fourier transform, and each term in the sum
corresponds to a Gabor basis element centered at m. with spatial
scale fg - and frequency a- . The weight F- modulates the contribu-
tion of the : -th component, while . isacomplex-valued coe [cieht
capturing amplitude and phase. For details on the derivation and
computation of Gabor parameters from the height map , 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 o [ers
a global solution, it requires high-resolution simulations across all
wavelengths and the entire spatial domain, resulting in signi [cant
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 re [edtance
within each Gabor independently. This locality enables e [cieht,
parallelized evaluation on the GPU using shared memory, eliminat-
ing the need for storing large global bu [erk or intermediate states
typically required for automatic di [erentiation. By performing an-
alytical Fourier transforms of the Gabor kernels directly—rather
than relying on global FFTs—we signi [cantly 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 re [edted 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 coe Lcieht 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 re [Edted intensities over a small
neighborhood of features. Following Levin et al. [2013], we de [né
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 re [edtance 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 di Cerentiable wave-optics pipeline that enables end-
to-end optimization via Fourier-based rendering, coherence model-
ing, and spectral integration.

4.1 Dilerkntiability in Wave Optics

While gradient-based inverse design is well established in di [ert
entiable holography [Chen et al. 2023], near-eye holographic dis-
play [Chakravarthula et al. 2019], di [rattive optical element (DOE)
design [Jeon et al. 2019; Sitzmann et al. 2018], and di Lrattive 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 re [edtance.



In addition, we formulate this optimization using scalar di [raction
theory, which provides a tractable approximation of wave propaga-
tion while exposing closed-form derivatives for phase and ampli-
tude. To e Lciehtly support gradient computation across coherence
regions, we introduce a Gabor kernel decomposition of the surface
modulation function, allowing fast, di Cerentiable 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:

The optical [elt is represented as a complex-valued wave-
front ,x" = ,x"4%9.X" capturing both amplitude and phase
explicitly.

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 re [edtion
function . Notably, the material a [edts only amplitude, not
phase, simplifying the gradient path.

Wave propagation is computed using Kirchho Ciftegration,
which maps directly to a Fourier transform, allowing e [cieht
and di Cerkntiable rendering in the frequency domain.

This formulation forms the core of our optimization framework,
enabling direct gradient [aw from rendered BRDFs back to sur-
face geometry. Figure 5 provides an overview of our optimization
framework. To our knowledge, this is the [rst di [erkntiable wave-
optics BRDF pipeline that jointly models interference, di [raction,
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-E [icient Backward Propagation

As illustrated in Figure 5, our goal is to optimize the surface height
map to match a target BRDF through a fast and di Cerkntiable wave
optics simulation. While automatic di Lerkntiation frameworks such
as PyTorch o [efla 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 signi [cant memory overhead and computational ine [Ciehcy—
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 autodi [s¥s-
tems, enabling a scalable and memory-e Lcieht optimization process.
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Table 1. Comparison of simulation speed and memory usage across wave-
optics-based BRDF simulation methods. All methods are evaluated under
identical se [inhs usinga 32 32 height map witha4 4 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 la [erlis 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 30 memory reduction compared to the GPU version of
Yan et al.

[Yu2023] [Levin2013] [Yan2018] [Yan2018] Ours

Speed (hr) 819.2 26 16.0 96 13
Memory (GB)  0.59 4 10.7 - 16.1 049
Device GPU GPU cPU GPU  GPU

To overcome the ine [ciehcies of general-purpose autodi [fdame-
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 signi [cantly improves computational throughput.

To enable parallel evaluation, we divide the Gabor [eltl into blocks
of 16 16 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 re [edtance 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 , #,” 16 , #2", where #;
is the coherence radius in one feature. As a result, the computation
blocks overlap, with an overlap margin of #; along each axis. This
coherence-aware block tiling strategy is central to our GPU-e [cieht
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
di [erkntiation. Although our approach does not involve solving an
adjoint equation as in classical adjoint methods, it achieves compara-
ble e Cciehcy 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, di [erkntiability alone is not su [Ccieht for practical opti-
mization. Our CUDA-based pipeline achieves an order-of-magnitude
improvement in both runtime and memory footprint: it is approx-
imately 7 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.
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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 ” from the [ifgéd Gabor decomposition,
and then attempting to reconstruct a corresponding height map.
Although this inverse mapping is generally not unique—since ” is a
periodic function of the surface height  (as shown in Equation (1))—
it is still feasible to select one valid height [eltl for fabrication in
the single-wavelength case.

However, this approach becomes signi [cantly more di Cculk in the
multi-wavelength setting. Finding a single height [eltl that simulta-
neously satis [ the modulation functions ” 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-speci [C€onstraints,
such as bounded height ranges, minimum feature sizes, and physi-
cal smoothness, and enables seamless extension to more advanced
fabrication-aware models, including di Lerkntiable lithography sim-
ulation. While this approach sacri [c8s global optimality in favor of
tractability (yielding local minima), it signi [cantly improves practi-
cality and generalizability.

4.3 Sampling

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

To evaluate the e [edt of sampling resolution, we conduct an
ablation study, summarized in Figure 6. We compare spatial and
angular accuracy under four sampling densities: 1 1,2 2,4 4, and
8 8 Gabors per feature. The results show that 1 1 and 2 2 fail
to preserve critical phase structures in the modulation function ”
while 4 4 and 8 8 sampling achieve much higher [ddlity. Based
on this analysis, we use 4 4 sampling during optimization and 8 8
sampling for [nal rendering throughout the paper. This corresponds
to 16 Gabors per feature, and angular BRDF rendering is performed
using a patch of 128 128 queries. To further suppress aliasing, we
apply a Gaussian blur with standard deviation f; =013 “m to the
height map before computing ”

Second, during optimization, we address directional sampling for
the incident and outgoing directions, 83 and 8-. 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. E[edt of sampling rate on BRDF rendering accuracy. Le [Cihput
height map (top) and the corresponding complex modulation function *
(bo [arh), 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 (1 1to 8 8). Top:
rendered BRDFs. Bo [arh: real part of the Gabor approximation (blue) versus
ground truth ” slice (orange). Based on this analysis, we use 4 4 sampling
for optimization and 8 8 for final rendering throughout the paper. The unit
used in both the colorbar and the line chart is “m.

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
(le D-dptimized 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 di Cculk 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 e Cedtively 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.

44 Optimization

We optimize the BRDF by minimizing the di [erknce between the
rendered and target re [edtance under full-spectrum illumination.
Our rendering pipeline evaluates eight discrete wavelengths and
converts the spectral re [dtance to SRGB using a standard CIEXYZ-
based transformation [Fichet et al. 2021]. For each angular pair
.88 85", the predicted BRDF is spatially evaluated and averaged
over a patch area. We use a default patch size of 32 32 features
throughout our implementation, while maintaining [eXibility for
user-speci [ed dimensions (see Supplementary Figure 8 for ablation).
This parameter physically corresponds to the surface area of a single
pixel when projected at the target display’s resolution.
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Supplemental Document.

Let 5,83 8> s” denote the BRDF in SRGB at spatial sample s, and
let g5 = é— B % .8 8> s” be the spatially averaged re [edtance
intensity over # samples within the patch area. Let g denote the
corresponding ground truth BRDF under the same angular con [gu-
ration. We de [ a simple photometric loss in RGB space as:

L= ,< < 9)
<
where < and < denote predicted and ground truth RGB values
across all angular samples <. We refer to the per-sample evaluation
as spatial rendering and the [nal 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 prede [né discrete BRDF families and apply heuristic
algorithm, our method jointly optimizes re [edtance across the full
visible spectrum via a fully di Cerkntiable simulation pipeline. This
approach o [erk 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 re [dtance pro [Ies, 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 speci [€we pad the central patch with repli-
cated height data, as illustrated in Figure 5(c). We control the re [ed-
tion intensity with an intensity scaler, and constrain the height map
to a [xdd range »0 . during optimization. Furthermore, to model
noise during fabrication, we apply a Gaussian [Ifér with a standard
deviation of f; to the height map and incorporate relative Gaussian
noise with a standard deviation of f=. For more detailed discussion,
please refer to Section C in the Supplemental Document.

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

distribution across wavelengths, while insu Lcieht scaling underem-
phasizes high-frequency re [edtance 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 di Cculty. We choose a maximum height of 08 ‘< and a
feature size of 1 6 or 2 “< 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- [dality 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; Mihlberger 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 signi [cantly
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:
(@) 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 o [erk high spatial resolution
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