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Fig. 1. Technical footprint and reconstruction results of our HoloPathTracer. Left: Wave field rendering from a target scene to the hologram recording plane,
with physically accurate visual cues encoded. The resulting hologram is displayed on an SLM and illuminated by coherent light for optical reconstruction.
Center: Reconstruction (simulation) via propagating the hologram-modulated wavefront to the observation plane, with viewpoint near-focused at the imagery
of the stairs via the glass sphere. Right: Close-up comparisons of our method and existing CGH baselines, validating superior visual fidelity (e.g., natural
defocus, glossy highlight) at varying physically accurate depths (0.5m, 0.9m, and 10m). FS: Focal stack; LF: Light field; GT: Ground truth from Mitsuba3.

Holography offers unique advantages for delivering perceptual realism while
preserving compact form factors in VR/AR. Its perceptual quality, however,
hinges on encoding rich wavefronts of photorealistic scenes into interfer-
ence patterns and then incoherently multiplexing the resulting wave fields
for perception. Existing CGH paradigms decouple radiance estimation from
wave propagation by pre-rendering radiance on discretized scene sectors.
This separation between radiometric and wave-optical computation inher-
ently limits the range of focus cues and visual effects that can be faithfully
reproduced, including depth- and view-continuity, and physically based
material behaviors such as glossy or mirror-like reflection and refraction.
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We present a physically accurate yet computationally efficient wave optics
rendering framework leveraging path tracing to encode full 3D visual cues
into phase holograms. Specifically, we employ a Monte Carlo method to
solve both the rendering equation and the Rayleigh-Sommerfeld integral
simultaneously. Our algorithm is fully compatible with modern graphics
techniques and can generate multiple time-multiplexed random holograms
with minimal additional time cost via Path Reuse. By employing a fast approx-
imation with an ambient radiance cache, we realize an order of magnitude
convergence speed improvement. The resulting coherent wave fields that
inherently encode comprehensive visual effects are converted into phase-
only holograms under complex-amplitude supervision. Through extensive
simulations and experimental validations on a spatial light modulator-based
display prototype, we demonstrate faithful holographic reconstructions of
natural 3D cues and complex materials, including realistic defocus blur,
view-dependent effects, as well as appearance highlights and reflections.
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1 Introduction

The objective of holographic displays is to reconstruct a wavefront
indistinguishable from those emitted by real objects, thereby en-
hancing the immersive capabilities of VR/AR [Jang et al. 2024; Zhou
et al. 2025a]. By leveraging light diffraction and interference, such
displays typically employ a spatial light modulator (SLM) with a syn-
thesized 3D hologram to manipulate coherent wave fields [Blanche
2021]. Realizing Perceptual Realism—with natural depth and other
visual cues—motivates mimicking incoherent emission via multi-
plexing coherent behaviors inherent in holography (see also Sec. 3.3),
a direction further enabled by emerging high-speed SLMs [Choi
et al. 2022]. Complementing photonics hardware advances [Yin et al.
2022], computer-generated holography (CGH) algorithms compute
the wave fields on the hologram plane from a 3D scene, which are
then encoded into phase-only holograms through either iterative or
direct methods [Choi et al. 2021] for optical reconstruction.

Exploring a physically accurate yet computationally efhi-
cient rendering framework for complex-valued wave fields is
essential for realistic handling of specular reflection, glossy surfaces,
and transparent materials under in-focus and defocused conditions.
Yet, this rendering, grounded in Rayleigh-Sommerfeld (RS) and Huy-
gens principles [Buitrago-Duque and Garcia-Sucerquia 2019; Shen
and Wang 2006], is computationally demanding due to stringent
sampling requirements and the heavy load of multi-view propaga-
tion. To remain tractable, existing numerical diffraction computa-
tions for CGH “practically” abandon fully physically accurate wave
propagation models in favor of approximate formulations.

Wave propagation formulated with point-based models [Tsang
et al. 2018], while physically expressive, demands dense sampling
and becomes prohibitively expensive when rendering coherent fields
for complex scattering and involving multiple viewing angles. Al-
ternative image/layer-based models (e.g., focal stacks, holographic
stereograms, light fields [Choi et al. 2022; Schiffers et al. 2023])
partition the scene into discretized layers and leverage FFT to ac-
celerate intra-layer propagation. Yet, the inter-layer discretization
compromises perceptual quality (e.g., incorrect scene occlusions),
and runtime still scales linearly with the number of layers. Polygon-
based paradigms [Wang et al. 2023] similarly adopt layer-based
propagation, where high-fidelity configurations are achieved, yet
computation scales linearly with the facet count. Recently, Gaussian
primitives-based propagation enables fast neural rendering of 3D
cues [Choi et al. 2025a]. This concurrent direction remains an ap-
proximation to full physical wave propagation and generally yields
smooth-like patterns, trading reconstruction fidelity (e.g., correct
refraction/reflection) for computational efficiency, akin to prior for-
mulations. More broadly, overly smooth patterns may suppress the
stochastic nature of holograms, which is important for resilience
and perceptual realism, as discussed in Sec. 2.

Path tracing is a physically accurate framework for modeling
light transport, as it characterizes the propagation of light energy
in a scene by stochastically sampling light paths via sequences of
surface interactions [Steinberg et al. 2024a; Yu et al. 2023]. Inte-
grating such a rendering paradigm with wave optics in an efficient
manner is of significance for advancing CGH [Watanabe et al. 2024].
Notably, conventional path tracing pipelines render only radiance
(amplitude) while discarding the phase information carried by light.
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Consequently, they do not “encode” the full complex wavefront
essential for holographic reconstruction. Yet, naively computing the
complex wavefront via explicit wave propagation remains compu-
tationally prohibitive [Blinder et al. 2021; Chen et al. 2023], due to
multi-bounce light transport and high sampling rates demanded.
This work employs RS integral-grounded path tracing to render
complex-valued wave propagation, without relying on predefined,
discretized geometric primitives. The resulting wave field naturally
encodes physically based rendering effects such as view-dependent
highlights, specular reflections, transmissive materials, and global
illumination, enabling holographic reconstructions with photoreal-
ism comparable to that of the Mitsuba renderer [Jakob et al. 2022].
To validate the rendered wave field, we adopt a stochastic gradient
descent-based phase-encoding algorithm supervised in the complex-
valued domain, and build a holographic display prototype using a
phase-only SLM-based light engine.
In summary, this work makes the following contributions:
® We propose an explicit wave path tracing rendering frame-
work for CGH, HoloPathTracer, that computes physically accu-
rate complex-valued wave fields for 3D scenes. Our pipeline
decomposes physically based illumination into coherent and
incoherent components, pre-optimizing the incoherent part,
to preserve physical fidelity while realizing practical compu-
tational efficiency.
® We develop a parallel-like rendering pipeline that efficiently
generates random-like instances of the complex wave field to
support multi-frame time-multiplexed holographic displays.

® Our method exhibits sub-linear scaling with respect to the
number of primitives in 3D scenes. Consequently, we success-
fully conduct simulations on highly complex physics-based
rendering mesh scenes with up to two million geometric ele-
ments, maintaining photorealism comparable to Mitsuba path-
traced renderings.

® We build a holographic display prototype, optimize phase-only
holograms, and experimentally show holographic images with
natural defocus cues.

Source code is available on our GitHub repository*.

2 Related Work

This work builds on recent progress in CGH algorithms, but focuses
on exploring a physically accurate yet computationally efficient
wave field rendering framework for CGH. For a more comprehensive
overview of holographic displays, we refer the readers to [Blanche
2021; Chang et al. 2020; Javidi et al. 2021].

Wave Field Rendering and Hologram Recording. Prior CGH pipe-
lines first render scene radiance on discrete geometric primitives, and
then apply numerical wave propagation to the hologram plane. Point
clouds are widely employed due to their implementation simplic-
ity [Chakravarthula et al. 2019; Tsang et al. 2018], but they typically
require extensive sampling. Polygon meshes [Matsushima and Naka-
hara 2009; Wang et al. 2023] can be processed analytically, offering
high computational speed at the cost of lacking detailed texture rep-
resentation; or numerically, they resemble point-based methods and

Lgithub.com/zhou-wb/HoloPathTracer
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Table 1. Summary of CGH algorithms w.r.t. computational efficiency and reconstruction visual fidelity. Compared frameworks include the point-
based, polygon-based, CNN w/ RGB-D input, SGD-based w/ focal stacks and light fields, and Gaussian-based wave splatting methods. Herein, A/¢//X denote
partial/yes/no for each item, and green/yellow/red indicate good/moderate/poor capability. Our approach uses readily available 3D scene data in graphics with
less dependency on pre-defined geometric primitives, and does not require pre-training any networks tied to a specific configuration. Importantly, the path
tracing-empowered wave optics rendering naturally supports advanced shading, occlusion, and view-dependent effects. Representative methods: 1 [Maimone
et al. 2017], 2 [Wang et al. 2023], 3 [Shi et al. 2021], 4 [Choi et al. 2022], 5 [Kim et al. 2024], 6 [Choi et al. 2025a].
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demand significant sampling during baking process. Layer (RGBD)-
based sampling methods are computationally attractive as they
operate on a finite set of pre-rendered 2D images [Choi et al. 2021;
Kavakli et al. 2023], but they can struggle to provide continuous
depth cues. Light fields can be transformed via short-time Fourier
transform (STFT) into holographic stereograms [Chakravarthula
et al. 2022a; Padmanaban et al. 2019], which encode both depth-
and view-dependent effects but remain computationally expensive.
Recently, Choi et al. [2025a] utilize 2D Gaussians for CGH with en-
hanced computational efficiency over classical meshes-based meth-
ods. Despite progress, initiating wave propagation from discretized,
pre-rendered primitives inevitably introduces approximations that
degrade wave-field accuracy and hinder faithful reproduction of cer-
tain optical/shading effects (see Table 1). This work integrates these
two stages—radiance rendering and hologram wave recording—to
directly derive target wave fields.

Ray Tracing with Wave Optics. Ray tracing has been widely adopt-
ed in optical system analysis and lens design [Steinberg and Yan
2021; Wang et al. 2022]. Recently, wave-optical behaviors have been
incorporated into Monte-Carlo rendering frameworks [Liu et al.
2025a; Magallon et al. 2021; Steinberg et al. 2022] to model effects
beyond the reach of geometric optics alone, including diffraction and
high-frequency interference patterns [Bar et al. 2019; Kim et al. 2025;
Steinberg and Yan 2022], as well as wave-informed BRDFs [Wei et al.
2025; Zeng et al. 2025a]. As a representative, Steinberg et al. [2024a]
introduce generalized rays for backward wave-optical light trans-
port, enabling sensor-to-source path sampling while retaining the
coherence information needed for rendering diffraction and inter-
ference effects.

Particularly relevant to our work, Blinder et al. [2021] introduce
a point-based CGH framework rendered via path tracing; however,
their method primarily targets global illumination on point primi-
tives and does not model coherent propagation through complex
materials. Chen et al. [2023] improve BSDFs and ray samplings to
accelerate computation. Notably, as these methods leverage path
tracing solely to acquire physically accurate radiance without care-
fully incorporating “long-path” wave propagation influence, they
offer limited support for encoding full visual cues via transparent
or glossy objects and demonstrate results on a narrow range of
reconstruction scenes. We primarily validate the proposed frame-
work using the Disney principled BSDF [Burley 2015]; nevertheless,

established path integral regimes that exploit wave-optical light
transport and microstructure-based BxDFs [Jakob et al. 2014; Stein-
berg et al. 2024b; Yan et al. 2018] are, in principle, compatible with
our formulation and can be incorporated.

Smooth-Random Phase Trade-off and Photorealism Matter. The
spatio-angular behavior of resulting reconstructions can depend on
the wavefront’s phase profile: smooth-phase versus random-phase
holograms [Choi et al. 2025b; Yoo et al. 2021]. The former type [Shi-
mobaba et al. 2015] typically yields reasonable 2D image-like quality
for a few fixed viewpoints/depths; however, the relative energy con-
centration in low angular frequencies inherently limits the eye-box
size and produces unnatural defocus cues [Tseng et al. 2024; Xia
et al. 2025]. By contrast, constructing a random-like phase for a
given 3D scene better utilizes the available spatio-angular band-
width of holographic displays [Schiffers et al. 2023], a prerequisite
for perceptual realism. This benefit comes at a cost: rapid phase
variations across pixels tend to induce speckle noise and other vi-
sual artifacts [Goodman 2007], which can become more prominent
when enforcing pixelated SLMs affected by crosstalk [Ban et al.
2026a]. Consequently, additional speckle reduction and hardware
calibration strategies are typically required [Peng et al. 2021].

Faithfully reproducing visual effects requires considering both
amplitude and phase during hologram recording. Yet, established so-
lutions, including aforementioned layers- and light field-based ones,
primarily enforce constraints on amplitude to approximate wave-
front continuity in 3D space [Shi et al. 2021], thereby only indirectly
shaping phase during modeling and ultimately achieving “partial”
photorealism. Prior work that integrates path tracing concepts into
CGH [Blinder et al. 2021; Sun et al. 2020] has targeted either compu-
tational acceleration or vanilla global illumination, that are, again,
not inherently phase-centric. This work departs from existing wave
presentations: we develop a microfacet-extended formulation and a
full wave field rendering framework from light sources to hologram
recording planes (see Sec. 4.1). This design provides fine-grained
control over the hologram “spectrum” in both amplitude and phase,
further enabling multiple time-multiplexing frames to be rendered in
parallel with minimal extra cost via path reuse, thereby supporting
aricher set of 3D visual effects at reduced computational expense.

Computational Techniques for Hologram Encoding. Direct meth-
ods (e.g., DPAC and its variants [Shi et al. 2022]) are highly efficient,
analytically decomposing a complex-amplitude into a coherent sum
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of two phase-only patterns, but at the cost of reduced light effi-
ciency and additional opto-mechanical filtering. Deep learning of-
fers an alternative direct-inference route via inverse networks [Liu
et al. 2025b; Zhou et al. 2025b], some with support for compres-
sion through compact latent representations [Ban et al. 2026b]. Yet,
many models tend to generate phase patterns with checkerboard-
like structures, an artifact that may degrade holographic reconstruc-
tions. Most hologram encoding schemes tend to overfit the ampli-
tude of supervised pixels [Choi et al. 2021], rather than faithfully
reconstructing the underlying 3D wave field. Our framework is com-
patible with mainstream phase-only hologram encoding paradigms
and we adopt SGD-based optimization under complex-amplitude
supervision [Chen et al. 2021]. By explicitly constraining both am-
plitude and phase of the target field, we mitigate the tendency of
overfitting to pixel-wise intensity. We also introduce a phase-shift-
invariant scale factor to handle global and local phase ambiguities
for better convergence.

3 Preliminaries of Path Tracing and Wave Propagation

Path Tracing and RS integral. For path tracing, one can employ
the rendering equation to solve for radiance under global illumina-
tion [Schmidt et al. 2013], expressed as follows:

Lo(%00) = Le(x,0) + / £ (% 0 00) Li(%, ) cos(n, o) doy,
Q
)

where L,(x, w,) and L.(x, w,) denote the outgoing and emitted
radiance at point x with the direction w,. L;(x, @;) indicates the
incoming radiance with the direction w;. f;(x, w;, w,) represents
the bidirectional reflectance distribution function (BRDF). The in-
tegral sums contributions of all possible incoming directions. To
account for both amplitude (intensity) and phase information for
physical realism, one can incorporate the RS integral [Buitrago-
Duque and Garcia-Sucerquia 2019; Shen and Wang 2006] within the
path-tracing framework to describe wavefront propagation, as:

u(x) = % //Au(xi)%ei%ﬂ’cos(n, r)dS, )

where u(x) is the complex amplitude at point x, A is the wavelength,
r is the distance between x and x;, and r denotes the vector from x
to x; yields r = |r|. A represents the illuminated aperture.

The RS integral can be interpreted as the wave-optics counterpart
of Eq. 1, with Huygens’ principle enforcing isotropic radiation from
each point. While this integral could be solved via a path tracing
framework, it is often computationally prohibitive due to the com-
bined costs of multi-bounce light transport and dense sampling
rates inherent to wave optics. As such, we extend the microfacet
model and decompose diffuse reflection, glossy reflection, mirror
reflections, and transmissions into coherent (solved by RS-integral)
and incoherent components (solved by path tracing). We then record
the resulting BRDF into a complex amplitude on the surface, thereby
accelerating sampling for holographic scene reconstruction.

Angular Spectrum of Wave Field. For a complex amplitude u(x, y),
its angular spectrum is defined as its Fourier transform U (fs, fy),
which gives the coefficients of its plane-wave decomposition. For
detailed derivations, we refer readers to Supplementary Sec. S1.1.
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The key insight is that the coefficient U(f,, f;) corresponds to the
plane-wave component propagating along direction (0, 8,), where
(0x, 0y) = (arcsin(Afy), arcsin(Afy)). Its magnitude |U (f, f,)| there-
fore measures the strength of the wave component traveling in that
direction [Matsushima et al. 2003], which we refer to as the angular-
amplitude in this work.

Notably, an ideal plane wave extends infinitely in space and lacks
spatial localization, while an ideal point source is perfectly localized
but exhibits a spatially uniform spectrum, limiting its ability to
represent anisotropic scattering. We instead model light as coherent
plane-wave bundles emitted from mesh facets that are locally
small on the macroscopic scale yet much larger than the wavelength.
Each bundle is assumed to have a finite divergence angle, allowing
efficient ray-based tracing [Steinberg et al. 2022]. This intermediate
representation, lying between the extremes of an ideal point source
and an ideal plane wave, can be propagated through the scene via
path tracing, thereby capturing aspects of the wave—particle duality.

Coherent versus Incoherent Propagation. Notably, a hologram with
a smooth phase yields speckle-free images under coherent illumi-
nation, but concentrates its angular-spectrum energy near zero fre-
quency. Consequently, after propagating through the optical system
it undergoes pronounced diffraction, resulting in smaller caustics
with ringing artifacts. In real-world scenarios, light sources are gen-
erally incoherent, even if monochromatic. Objects illuminated by
such sources scatter complex waves, whose initial phases fluctuate
randomly over time. The human visual system integrates and aver-
ages these fluctuations over tens of milliseconds [Goodman 2007;
Schiffers et al. 2025]. Thus, the angular-amplitude of an incoherent
light beam tends to uniformly occupy the available bandwidth at
the receiving plane, leading to natural defocus blur after propaga-
tion. We leverage this context to synthesize perceptually realistic
incoherent blur via time-multiplexed holograms (see also Sec. 4.3),
an increasingly practical strategy as high-speed SLMs are gradually
entering the market [Choi et al. 2022].

However, most aforementioned CGH algorithms are designed
to generate a single frame per inference, suggesting a substantial
increase in computation time for multi-frame generation for a given
3D scene.

4 Wave Field Rendering via Path Tracing

Figure 2 overviews our HoloPathTracer, whose rendering pipeline
consists of nine key stages. A ray is emitted from a point on the
SLM (recording plane) in hologram space with a random initial
direction (s1). This ray is then transformed into world space (s2) and
traced through the scene (s3). Upon intersecting a facet, scattering is
evaluated according to its BSDF, where different lobes are sampled
probabilistically (s4). The first non-delta BSDF sample is defined as
the real image point P in world space. Before reaching P, the coherent
plane-wave bundle is traced with OPLy,,14 accumulated. While after
reaching P, several incoherent radiance rays are traced to estimate
the amplitude of the incident plane-wave bundle (s5). Then, the
virtual image point P’ is calculated and mapped back into hologram
space Q via a coordinate transformation (s6). Based on the position of
Q, the OPLy,, is determined (s7) and several random phase samples
are selected from the pre-computed Gaussian random fields (s8) to
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Fig. 2. HoloPathTracer processing pipeline. Top-left: the proposed method can be divided into 9 Stages including ray sampling and tracing (1, 3), projection
transformation (2, 6), BSDF evaluation (4, 5), phase sampling (8), and complex amplitude accumulation (7, 9). Step-by-step details are presented in Sec. 4.
Top-right: the wave field propagation undergoes various materials where we evaluate the BSDF of the intersected facet (point) to determine which condition,
i.e., 8 or non-3, to activate before reaching the SLM, inherently encoding these complex visual cues into the hologram recording process. Bottom-left: we
model image points as the view-dependent wave-facet to record certain angular-amplitude distribution obtained via path tracing. Bottom-right: wave facets
are initialized with random phases sampled from Gaussian random fields to spread their energy over the desired divergence range.

model the incoherent scattering at P. Finally, the contribution of each
plane-wave bundle is calculated by combining the amplitude (from
s5) and phase (from s7 and s8), and then coherently accumulated
on the hologram recording plane (s9).

In the following, we introduce the wave-optics-based scattering
model: wave facet (Sec. 4.1), wave path tracing scheme for coher-
ent plane-wave bundles (Sec. 4.2), parallel wave-field rendering
and Gaussian random fields for multi-frame holography (Sec. 4.3),
and strategies for accelerated sampling (Sec. 4.4). More algorithmic
details are presented in Supplementary Material.

4.1  Wave Facet: Extended Microfacet Modeling

The microfacet model, commonly used in physically based rendering,
provides an effective description of incoherent irradiance and is
formulated as a BSDF in conventional path tracing. However, for
wave field rendering grounded in coherent scalar diffraction, an
extended microfacet model must also incorporate phase information,
not just intensity. In this work, we denote our facet model for CGH
rendering as wave facet.

We refer to a small macroscopic surface patch (characteristic size
M > ]) on the recording plane or object surface as a facet, with
light wavelength A. The recording plane physically corresponds to
the hologram (i.e., SLM) plane. Due to the finite feature size of the
hologram, the bandwidth of a facet on the recording plane is limited:
each facet can record only incident waves with angles smaller than
arcsin [A/(2d)] without aliasing, where d is the hologram feature

size. When a coherent plane-wave bundle interacts with a facet,
the scattered field may contain both coherent and incoherent com-
ponents. For coherent scattering (e.g., specular reflection or ideal
refraction), the wavefront remains phase-consistent in accordance
with Huygens’ principle. It is therefore necessary to continue tracing
the subsequent OPL to preserve correct depth cues and multi-view
consistency for objects observed through specular surfaces. In con-
trast, for diffuse and glossy surfaces, photons undergo path-length
variations due to stochastic scattering events. We model this incoher-
ent behavior by applying random phase perturbations at the surface,
effectively decorrelating the outgoing field. In subsequent tracing
we omit further phase (OPL) accumulation—as the phase has already
been randomized—and only record the ray-carried amplitude (i.e.,
the square root of average radiance).

Matsushima et al. [2009] show that, for both diffuse and glossy
reflectance, assigning a certain random phase pattern can effec-
tively modulate the propagation directions of the resulting wave
field. Motivated by this, we associate each rough facet in the scene
(e.g., diffuse and/or glossy) with a random phase sampled from a
Gaussian random field (see Sec. 4.3 for details). This stochastic phase
perturbation broadens the angular bandwidth of the emitted wave,
yielding a statistically uniform yet random angular-amplitude. The
degree of randomness provides an explicit control to balance an-
gular spread against speckle noise. A subsequent path tracer then
resolves the geometric component, determining how radiant energy
is distributed across outgoing directions from each rough facet. In
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Fig. 3. Simulated angular amplitude on each wave facet, constructed
by combining the amplitude from path tracing and the phase from OPL,
facilitating variable-frame-multiplexing (right).

Fig. 3 we analyze the angular-amplitude computed by our frame-
work, which characterizes the distribution of light’s propagation
directions on the wave facet. Specifically, for light incident on a
rough-like surface, the recorded angular-amplitude closely follows
the PDFs of outgoing directions for different materials, validating
that the proposed wave facet model can faithfully reconstruct the
material PDFs by combining the “random-like” phase structure and
view-dependent amplitude distribution of the wave field.

4.2 Wave Path Tracing

The recording plane resides in hologram space, where physical re-
construction is ultimately realized. Accordingly, all diffraction accu-
mulation for solving the RS integral must be performed in hologram
space. In contrast, path tracing is carried out in world space, which
hosts the virtual scene and is required to recover physically correct
light transport. The transformation from world space to hologram
space can be achieved by Xnolo = TXworid, Where T is defined as:

T= (Pholovholo Mpolo ) ! Pyorld VworldMworlds (3)

where M, V, P denote model, view, and projection transformations.

Rays are randomly sampled within a limited divergence cone
at the recording plane in hologram space, transformed into the
world space, and then traced. Upon intersecting a wave facet, the
path tracer, i.e., Mitsuba, samples one lobe of the material’s BSDF
according to its probability. Each sampled lobe is marked as either §
or non-9 (see top-right in Fig. 2): § lobes represent specular reflection
or ideal refraction, where the outgoing direction is described by a
delta function; non-¢ lobes correspond to diffuse or glossy reflection,
where the outgoing direction follows a PDF determined by material
properties such as metallicity and roughness.

When a ray encounters a § lobe, we continue to propagate that
path coherently by accumulating its OPL, yielding OPL = X;L;n;,
where n; denotes the refractive index of the medium and L; specifies
the associated segment length. In contrast, for non-§ lobes we only
compute the subsequent ray intensity, since rough surfaces induce
stochastic path-length variations. Equivalently, the outgoing field
can be regarded as the superposition of many coherent plane-wave
bundles with random phases, making phase tracking unnecessary;
therefore, we switch to incoherent path tracing to estimate the
remaining intensity transport. This design improves efficiency by
omitting wave sampling requirements in subsequent transport.

Specifically, we define the point at which a ray first hits a non-§
facet as the real image point P. The amplitude traced beyond this
point is accumulated at P, assigned several random phases (for time-
multiplexed reconstruction, see Sec. 4.3) to model interactions with
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Fig. 4. Gaussian random field sampling on facet in UV and Holo spaces.

rough surfaces, and then coherently propagated back to the record-
ing plane. We assume the accumulated OPL through all §-lobes prior
to P to be dopr. The virtual image point for perception is therefore
P’ = O + dopLv, where O and v denote ray origin and direction. To
compute the wave perturbation induced by P’ in hologram space
and accumulate its contribution on the recording plane, we trans-
form P’ into hologram space using Eq. 3, yielding Q = TP’. After
assigning the corresponding phase and amplitude, the resulting
wave is propagated to the recording plane. Summing the contribu-
tions of all sampled rays on the recording plane yields a solution to
the RS integral.

Even after leveraging incoherent light transport to accelerate
random wave propagation, the wave path tracer may still converge
slowly (see Fig. 5) due to multi-bounce evaluation for amplitude
and dense RS-integral sampling for phase. To reduce amplitude
variance, we adopt a texture-baking strategy [Knodt et al. 2023]
that caches view-independent ambient illumination (Supplemen-
tary Sec. S1.4); when a ray hits the ambient-light lobe, its intensity
is directly fetched from the cache. To further accelerate phase ac-
cumulation, we introduce a two-stage strategy that substantially
reduces the RS-integral sampling requirements (refer to Sec. 4.4).

4.3 Multi-frame Wave Field Rendering

Recent advances in digital holography with SLMs leverage multi-
frame time-multiplexing to realize temporally incoherent superpo-
sition, thereby reducing coherent speckle and improving resilience
to artifacts [Choi et al. 2022; Chu et al. 2025]. To support such
a multi-frame holography regime, we efficiently render multiple
complex wave fields of the same scene in parallel, each differing
only in the random phase assigned at non-d§ facets. We note that
the random phase should not arbitrarily perturb the wavefront in
object-space parameterizations; instead, it should redistribute en-
ergy within the angular bandwidth physically recordable by the
hologram. Let 0,y = arcsin [1/(2d)] denote the maximum incident
angle supported by the recording plane. For the m-th frame, we
therefore precompute a band-limited Gaussian random field (GRF)
on the hologram plane as:

Fm(%, 1) = // eim (feofy) g2mi(fex+fyy) dfs dfy
Qf

= o fy) i B},

©

where Qf = {(ﬁc,fy) | £2 +f; < (sin Hmax//l)z} indicates the ad-
missible angular-spectrum support, yq, is the corresponding circu-
lar passband, and &, (fs, fy) ~ U[0, 27] are independent random
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Fig. 5. Convergence behavior of wave field rendering schemes. Our
method adopts a two-stage scheme that first renders the complex-valued
wave field to a wave recording plane, then uses ASM to continue propagation
to the SLM (hologram) plane; we further accelerate this via texture-baking
(“fast” variant). A naive baseline directly renders from the scene to the
(typically distant) SLM plane, leading to higher computational complexity.
x-axis: samples per pixel (SPP); y-axis: number of time-multiplexed frames.
Convergence rate is measured by the ratio of reconstruction PSNR against
that of 107 spp. Note, white dashed lines indicate the 80% convergence.

spectral phases. This formulation can be interpreted as a superposi-
tion of many plane-wave components with random initial phases,
while confining all energy to the desired divergence cone. Although
the Fourier-domain phases are sampled uniformly in our imple-
mentation, the inverse transform sums many independent phases,
SO 'y, is approximately Gaussian in the spatial domain by the cen-
tral limit theorem; we therefore refer to it as a GRF. We then use
om(x,y) = arg (rm(x,y)) as the random phase map of the m-th
frame.

Herein we consider an image point in world space that is trans-
formed to a point Q(xg, yg,zp) in hologram space. For the m-th
frame, the phase assigned to this point is sampled from the GRF at
its projected location, i.e., ¢o,m = @m(x0, yo). If the traced path as-
sociated with Q yields amplitude Ap and optical path length dopr 0,
its contribution to the recording plane is

Un < Un + Ag exp

i (Z%dopL,Q + ¢Q,m):| . (5)

This yields spatially and angularly consistent random phases across
the scene, as shown in Fig. 4. Compared with assigning phases via
facet UV coordinates, our strategy keeps the sampling density and
effective bandwidth tied to hologram space, avoiding distortions
caused by changes in facet normals or UV scaling.

Moreover, only ¢o ,» depends on the frame index m; the traced
geometry, amplitudes, and OPL terms are shared by all frames. The
same ray paths can therefore be reused across time-multiplexed
holograms with negligible additional overhead (see Fig. 6). Further
discussion on path reuse is provided in Supplementary Sec. S1.5.

4.4  Wave Sampling with Rays

In FFT-based diffraction, the sampling requirements of the qua-
dratic phase term depend on both propagation distance and an-
gle [Wei et al. 2023], and must be performed on a specific plane. If
the pre-defined spatial or angular sampling intervals are coarser
than required, numerical diffraction produces artifacts. In contrast,
our path tracing-based approach avoids predefined sampling grids
by employing Monte Carlo ray sampling, equivalent to randomly
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Fig. 6. Runtime ablation on representative CGH frameworks. Colors indi-
cate varying-frame-multiplexing: 1, 3, 8, 24 frames. The proposed methods
generate multiple frames with only marginal computational overhead.

sampling the sub-hologram of each object point. This strategy sup-
presses artifacts of undersampling and naturally supports heuristic,
spatially varying non-uniform sampling schemes.

Converting rays to wave fields on the hologram plane resembles
an integral-based diffraction operation with computational complex-
ity O (Np,oNray,0), where Ny and Nrayo denote the pixel samples
and ray samples per pixel (SPP) on the hologram plane, respectively.
Here, SPP corresponds to the number of samples in the angular do-
main and scales quadratically with the hologram area, which itself
grows quadratically with propagation distance. Consequently, the
overall complexity of this Monte Carlo integral increases approx-
imately with the fourth power of propagation distance. To obtain
a high-fidelity hologram, it is essential to satisfy these sampling
requirements during path tracing. In our setting, the hologram plane
is placed 85 mm away from the farthest scene point. To reduce the
computational cost, we adopt a two-stage strategy inspired by the
wave recording plane (WRP) technique [Shimobaba et al. 2009].
Specifically, we first convert traced rays into wave fields on a WRP
placed 5mm away from the farthest scene point, then propagate
this field from WRP to the hologram plane using ASM. The com-
putational complexity of this procedure is O (NpNray + 2N, log Np),
where N, and N,y denote the counterparts on WRP. The factor 2
accounts for double zero-padding in FFT-based ASM to avoid alias-
ing. In practice, the ASM overhead is negligible because both Ny
and N, remain much smaller than their counterparts Niay,0 and Ny,
on the distant hologram plane. Therefore, as illustrated in Fig. 5,
compared to direct conversion on the hologram plane, this WRP-
based scheme substantially reduces the required samples. which is
particularly beneficial when enforcing the multi-frame wave field
rendering in practical CGH.

5 Experiments and Results
5.1 Scene and System Configurations

We use readily available 3D scenes [Bitterli 2016] from Mitsuba,
which we further edit in Blender to show complex rendering effects.
Their visualization is presented in Supplementary Sec. S4. The wave-
lengths for simulations are set to 640.0 nm (red), 516.5 nm (green),
and 455.4 nm (blue), with a pixel pitch of 8 ym and a propagation
distance of 80 mm (corresponding to virtual infinity). Detailed setup
specifications are provided in Supplementary Sec. S5. Baseline meth-
ods for assessment are described in Supplementary Sec. S2.
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5.2 Rendering Results

Figure 7 compares rendering results of different CGH frameworks,
including two HoloPathTracer variants, RGBD, focal stack (FS),
light field (LF), and ground truth from Mitsuba3 (GT). “Fast” denotes
our renderings employing a texture-baking strategy for accelerated
computation. Similarly, Fig. 8 compares rendering results of Ours,
Gaussian wave splatting (GWS), and mesh-based (Mesh). For each
set, we present close-up regions with the viewpoint focused at front,
middle, and back, as well as the left/right view-dependent effects.

Across evaluated scenes, RGBD exhibits noise-corrupted defocus
regions (e.g., when focused at front) due to depth-layer disconti-
nuities in supervision. FS improves the defocus consistency but
softens details in focused regions (see red boxes for middle-focus).
LF provides the highest visual quality among image/layer-based
baselines because of dense angular supervision, yet noticeable arti-
facts remain (e.g., third-column close-ups), likely due to overfitting
to predefined viewpoints and pupil sizes. Both GWS and Mesh strug-
gle to reproduce accurate mirror-like visual cues (see pink boxes
where Lego truck imagery is missing in the mirror). Our method
closely matches GT under arbitrary viewpoints, refocus distances,
and pupil sizes, yielding smooth focus transitions, and accurately
reproducing lens/mirror-formed imagery. “Fast” variant preserves
the same focus cues while being faster than baselines, with only mi-
nor detail/color drifts mainly due to baking approximations. Please
refer to the Supplementary Material for results on additional scenes,
and to the Supplementary Video, where the view-dependent effects
and focus transitions are more clearly visible.

5.3 Experimental Results

Phase-only Hologram Encoding. We adopt the established SGD-
based optimization following recent literature [Choi et al. 2021]. Im-
portantly, to better align with the scope of efficiently and accurately
encoding both amplitude and phase, we supervise the optimization
directly in the complex-valued domain, rather than supervising only
the amplitude as in the prior work. In such a way, one would only
need to supervise on one single reconstruction plane without losing
both depth and view continuity, significantly reducing optimization
time. Further details of the phase-only optimization are described
in Supplementary Sec. S3.2.

Physical Configuration. Our holographic display prototype closely
follows the simulation, as shown in Supplementary Fig. S4. Syn-
thesized holograms are quantized and displayed on a phase-only
SLM, illuminated by a fiber-coupled RGB laser. The beam is directed
through a neutral density filter, a collimating lens, a linear polarizer,
and a beam splitter before incident onto the SLM. The modulated
wavefronts transmit through an eyepiece and a lens before being
recorded by a sensor. We configure an iris mounted on translation
mechanics in between the eyepiece and the camera lens to mimic
the pupil-filtering. For multi-depth holographic reconstruction, we
propagate to 5 depth planes, uniformly spaced at 1.25 mm inter-
vals within 80-85 mm. The camera focus can be adjusted using
an Arduino micro-controller to support re-focusing on multiple
pre-calibrated planes. At this proof-of-concept stage, color and time-
multiplexing results are obtained via post-image processing (e.g.,
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24 frames). Detailed specifications of devices/parts are presented in
Supplementary Sec. S5.

Acquired Display Results. We present captured 3D focal stacks of
holograms generated and displayed on our experimental prototype
in Fig. 9, comparing ours with the representative focal stack (FS)
baseline. For each set, we present close-up regions highlighting
depth-dependent effects. We observe across three scenes that ours
produced sharper in-focus details and more natural defocus effects.

Noteworthy, although the displayed image contrast may appear
low, it remains comparable to that reported in recent CGH sys-
tems [Chakravarthula et al. 2022b; Chu et al. 2025; Kuo et al. 2023]
built upon similar light-engine setups without extensive filters. In
addition, random-phase holograms are known to be more sensi-
tive to SLM inter-pixel crosstalk, which can further reduce image
contrast. Possible remedies include learned camera-in-the-loop cali-
bration [Choi et al. 2021], crosstalk-aware optimization [Markley
et al. 2023], and higher-fidelity SLM hardware. Improving display
contrast is therefore largely orthogonal to the main scope of this
work, which is to establish a fast wave path tracing framework that
faithfully reproduces 3D visual cues.

6 Discussion and Conclusion

We develop a path tracing-based wave optics rendering paradigm
for CGH that encodes physically accurate 3D scene attributes into
holograms while maintaining reasonably fast computation. In par-
ticular, our method delivers physically accurate and spatially con-
tinuous depth cues, even in the presence of curved reflective and/or
refractive surfaces. We further achieve substantial computation
speedups via coherency decomposition, ambient-light caching, and
a two-stage sampling strategy. We envision this novel wave field
rendering framework paving the way towards efficient, multi-frame,
random hologram generation in large-scale, complex 3D scenes. We
validate our HoloPathTracer framework through simulations and
experiments, demonstrating photorealistic reconstruction quality
comparable to state-of-the-art scene rendering pipelines (e.g., the
Mitsuba renderer) on off-the-shelf scene datasets.

Limitations and Future Work. While our wave field rendering ex-
ecution has been demonstrated to efficiently support multi-frame
hologram generation with only marginal computational overhead,
its runtime is presently bounded by the inherent sampling cost
of wave propagation, and can be further accelerated by training
advanced network models to represent/infer the propagation (ren-
dering) [Qu et al. 2025; Zeng et al. 2025b]. We also observe minor
visual discrepancies in brightness (dynamic range) and color details
between our reconstruction and ground-truth, especially for the
“fast” variant tailored for higher computational efficiency.

For scenes illuminated by incoherent light sources, the time-
multiplexed random phases reconstruction adopted in this work
is an unbiased estimator of the target light-field intensity distri-
bution in expectation. The remaining discrepancies are therefore
mainly tied to modeling approximations in the implementations. In
particular, the binary §/non-§ treatment can introduce errors for
low-roughness glossy materials that still preserve limited imaging
ability, and using a single wave recording plane may cause color
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Fig. 7. Rendering results of different CGH frameworks. Fast denotes our rendering using texture-baking for computation acceleration.
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Fig. 8. Rendering results of our two variants, Gaussian wave splatting, and mesh-based. We refer readers to “imagery” differences on the mirror.
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Fig. 9. Acquired display results comparing Ours with Focal Stack, with front- and back-focused close-ups. Our method produces sharper in-focus details
and more natural defocus. The observed contrast loss primarily stems from the higher sensitivity of our random-phase holograms to SLM crosstalk compared
with smoother, single-view-supervised image-based holograms, while better supporting multi-view reconstruction.

drift for objects placed very close to it due to the limited spatial reso-
lution for recording view dependence. Roughness-aware coherence
modeling and multiple recording planes are promising directions
to mitigate these effects, as further discussed in Supplementary
Sec. 51.3.

In addition, our experimental holographic display quality is bound-
ed by the restricted étendue of the SLM and residual degradations
from imperfect optics. The étendue bottleneck is a long-standing
challenge in CGH, and emerging photonics-based SLMs with much
smaller pixel pitch [Kaczorowski et al. 2024] promise to lift this
limitation. A camera-calibrated, learned propagation model, similar
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to those explored in prior work [Choi et al. 2021], could correct for
most residual degradations along the optics path. We regard such
calibration as a valuable future add-on.
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