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Fig. 1. Instant Random Phase Holography. Holographic displays promise immersive, true 3D visuals within a compact form factor. However, existing phase

retrieval methods struggle to support modern graphics primitives, fail to achieve real-time framerates, or rely on brittle “smooth phase” profiles that succumb
to dynamic obstructions [Chu et al. 2025]. We introduce Instant Random Phase Holography (Instant RPH), the first method for high-quality, real-time random
phase synthesis for holographic displays. By rendering arbitrary graphics primitives into a wave-optics-friendly, diopter-space Multiplane Image (MPI) and
reparameterizing phase retrieval via Linear Amplitude Encoders (LAE), our method efficiently synthesizes artifact-resilient phase patterns at 54 FPS. Instant

RPH natively reproduces natural defocus cues, handles view-dependent parallax, and remains temporally stable, effectively bridging the gap between modern

real-time graphics and holographic hardware.

Computer-generated holography (CGH) has the potential to become a prac-
tical medium for immersive AR/VR, offering true volumetric depth, real-
time performance, and robustness to optical deviations. However, existing
CGH methods are forced to compromise between performance, volumetric
accuracy, and robustness. Iterative solvers achieve high contrast but lack
interactive speed. Recent neural methods achieve speed but converge on
“smooth phase” solutions that are brittle to eye movement, aberrations, and
fail to produce natural defocus blur and parallax effects.

While random phase holography leverages the full angular spectrum
of a display to generate natural visual cues and artifact resilience, current
real-time random phase methods suffer from severe speckle noise and con-
trast loss. In this work, we introduce Instant Random Phase Holography
(Instant RPH), the first random phase CGH method that simultaneously
achieves real-time performance, high image quality, and true volumetric
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3D. Our key insight is that real-time random phase holography via ampli-
tude discard produces predictable speckle noise and degraded image quality.
Therefore, we reparameterize phase retrieval as a target amplitude modula-
tion problem, designing Linear Amplitude Encoders (LAE) to counteract this
degradation. Our method generates time-multiplexed holograms that are col-
laboratively trained to actively suppress speckle and maximize image quality.
To extend this formulation to high-quality 3D, we leverage diopter-space
Multiplane Images (MP]) as an efficient intermediate representation that de-
couples rendering cost from geometric complexity. By replacing global wave
propagation with compact Rayleigh-Sommerfeld Diffraction (C-RSD) convo-
lutions, we simulate light transport between layers with correct occlusion
in real-time.

Instant RPH generates artifact-resilient holograms by construction, nat-
urally encoding accurate occlusion, view-dependent parallax, and optical
blur in a single forward pass. Natively supporting arbitrary 3D representa-
tions, from standard triangle meshes to 3D Gaussian Splatting (3DGS), we
achieve high-fidelity, photorealistic 3D content streaming at 54 FPS (> 400x
speed-up over light-field synthesis), effectively transforming the holographic
display into a robust, plug-and-play monitor.

CCS Concepts: » Hardware — Emerging optical and photonic technolo-
gies; Emerging interfaces.
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1 Introduction

Conventional holograms aim to reproduce the full waveform of
an illuminated scene, inherently capturing light-transport effects,
accurate depth cues and view-dependent parallax and occlusions.
In the context of near-eye displays, holographic techniques promise
a wearable form factor for dynamic content [Aksit and Itoh 2023;
Chakravarthula et al. 2019; Choi et al. 2025b; Kim et al. 2024, 2022b,a;
Maimone et al. 2017].

However, despite recent progress on image quality [Choi et al.
2025b; Shi et al. 2022a], existing rendering pipelines remain an ob-
stacle to practical, immersive holographic displays. Because of the
3D nature of holographic light transport, popular methods rely-
ing on 2D RGB-D maps [Chu et al. 2025; Shi et al. 2021] or focal
stacks [Chakravarthula et al. 2019; Kuo et al. 2023] only offer a par-
tial solution, sacrificing occlusion and parallax accuracy to simplify
computation. Conversely, dense light field methods [Chakravarthula
et al. 2019, 2022; Kim et al. 2024; Padmanaban et al. 2019; Schiffers
et al. 2023] incorporate these effects, but at the cost of massive mem-
ory and rendering requirements, disconnecting holography from
interactive 3D content.

Solving the non-convex phase retrieval problem for high-fidelity
holography demands massive computational resources. Iterative
optimization and Fourier calculations [Chakravarthula et al. 2022;
Kavakli et al. 2023; Kim et al. 2024; Padmanaban et al. 2019; Yang
et al. 2022] are simply too slow for interactive scenes. Recent 3D
Gaussian splatting methods [Choi et al. 2025a; Kerbl et al. 2023] are
similarly prohibitive, as the number of Fourier operations scales with
scene complexity. Neural methods achieving real-time performance
[Chen et al. 2025; Choi et al. 2021; Peng et al. 2020; Shi et al. 2021,
2022b] typically converge on smooth phase solutions. While fast,
smooth phase holograms are notoriously brittle and restricted to a
narrow eyebox [Kuo et al. 2020; Tseng et al. 2024]. They struggle
to reproduce realistic defocus and parallax cues, and they lack the
stability to handle common optical artifacts like eyelashes or lens
dust [Chu et al. 2025].

In contrast, random phase holograms spread intensity over the
eyebox, enabling natural defocus, parallax, and artifact resilience
[Kim et al. 2024]. However, current real-time random phase methods
suffer from severe contrast loss and heavy speckle noise. Recent at-
tempts at content-adaptive pseudo-random phase generation [Chu
et al. 2025] attempt to suppress this noise but are restricted to 2.5D
RGB-D data and minimal depth resolution, creating holograms that
show incorrect parallax cues with visible artifacts. Parallax cues in
near-eye holographic displays are subtle, but crucial for an immer-
sive experience [Kim et al. 2024].

In this work, we introduce Instant RPH, a novel real-time method
for high-quality volumetric 3D holograms that bridges the gap be-
tween modern graphics and holographic hardware. To achieve it,
we observe that within a One-Step Phase Retrieval (OSPR) frame-
work, which aims at predicting the phase pattern to be displayed
in one forward step, naive amplitude discard produces structured,
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Fig. 2. Real-Time Random Phase Holography. Existing random phase
holography methods are bounded by a strict trade-off between speed and
image quality. To achieve interactive rates, iterative solvers significantly
sacrifice quality, yielding very poor results (top). The recent ARH [Chu et al.
2025] struggles in both image quality and runtime when scaling up focal
resolution (middle). Our Instant RPH overcomes this trade-off, synthesizing
high-quality 3D holograms with natural defocus and parallax (bottom).

predictable image degradation. To leverage this observation, we
first reparameterize OSPR in 2D as a target amplitude modulation
problem, jointly training time-multiplexed Linear Amplitude En-
coders (LAEs) to actively counteract speckle noise and contrast loss
without imposing any iterative overhead. Since the target plane
amplitude and SLM phase are strictly coupled via wave propagation,
we can encode target amplitude —which would otherwise be lost
during amplitude discard— directly into the spatial phase profile.
Then, to scale this approach to full 3D, we leverage a perceptually-
driven diopter-space Multiplane Image (MPI) representation that
decouples the holographic phase-retrieval cost from geometric com-
plexity [Moller et al. 2018], replace costly global Fourier Transforms
(FFTs) [Goodman 2005] with highly localized spatial-domain convo-
lutions, and train a LAE per layer to maximize image quality.

To ensure a fair performance comparison, our reported frame
rates are measured in the critical execution-path regime, consistent
with previous state-of-the-art evaluations [Chu et al. 2025]. Under
this standard RGB regime, Instant RPH runs at 54 FPS. More im-
pressively, when scaling our pipeline to maximum-quality settings,
processing full 3D RGB volumes with 24X time-multiplexing, our
method sustains interactive rates of 5 FPS. In contrast, the recent
ARH method [Chu et al. 2025] offers significantly less quality at just
7.6 FPS in the standard regime, and 1 FPS under ARH’s maximum-
quality settings (see Figure 2). This fundamental efficiency leap was
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achieved using standard PyTorch JiT; integrating custom CUDA ker-
nels, model quantization, or deploying on next-generation hardware
can be explored to make our method even faster in future work.

We hope our work helps unlock the potential of real-time random
phase holography. The source code and data for this project can be
found on our GitHub repository!.

2 Related Work

In the following, we review the related work on Computer-Generated
Holography (CGH), covering both phase retrieval and scene repre-
sentation. We also provide a summary in Table 1.

2.1 Computer-Generated Holography

The goal of CGH is to retrieve the phase pattern to display it, typ-
ically, on a phase-only Spatial Light Modulator (SLM), which will
propagate it to form a target 3D field. Classical iterative solvers
can converge to high-fidelity solutions [Chakravarthula et al. 2019;
Gerchberg 1972], although the requisite iteration count precludes
real-time operation for dynamic scenes.

Real-time approaches lean towards One-Step Phase Retrieval
(OSPR) methods, where preliminary techniques relied on analytical
schemes that preserve amplitude at the cost of halving spatial res-
olution, sacrificing image quality or increasing latency [Maimone
et al. 2017; Tsang and Poon 2013]. To achieve high quality at inter-
active rates, recent research has pivoted to Neural OSPR with deep
learning [Choi et al. 2021; Peng et al. 2020; Shi et al. 2021, 2022a] to
predict phase patterns directly from intensity inputs. A structural
limitation of these methods is their reliance on intensity-based loss
functions (e.g., MSE), which bias networks toward “smooth phase”
solutions. While smooth phase holograms achieve high-fidelity, they
concentrate energy into narrow diffraction angles. This lack of an-
gular diversity results in fragile holograms that are often disrupted
by ocular occlusions, such as eyelashes or floaters [Chu et al. 2025],
and fail to reproduce correct defocus blur and parallax.

In contrast, random phase holograms distribute energy across
the full aperture, providing inherent resilience to occlusion and
physically accurate defocus blur [Kim et al. 2022b]. While recent
works, such as Real-Time ARH [Chu et al. 2025], attempt to regular-
ize HoloNet-like backbones toward random phase, these methods
remain strictly bound by the limitations of modulating the target
phase pattern and complex-to-phase conversion. Furthermore, they
are bounded by RGB-D input data and scale poorly with depth res-
olution, typically restricted to a sparse approximation (e.g., three
planes) to maintain interactive frame rates.

In our work, we reparameterize neural OSPR to achieve high-
quality 3D holography. To leverage the full angular diversity of
an SLM, we use a fixed random phase initialization. We observe
that this initialization, combined with amplitude discard, produces
a predictable increase in speckle noise and a decrease in contrast.
To address this, we train a time-multiplexing-aware encoder that
collaboratively counteracts these predictable artifacts. Then, we
construct a graphics-driven pipeline based on multiplane images to
leverage the full capabilities of random phase holography, naturally
reproducing defocus and parallax cues.

Lhttps://github.com/opueyociutad/InstantRPH
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Table 1. Near-eye Computer-Generated Holography. Computer-
generated holograms for near-eye displays must provide high image quality,
view-dependent effects, and retinal blur, while being robust to artifacts and
computationally lightweight in order to be used in head-mounted displays.
We propose a method that addresses all of these aspects simultaneously.

Data type RGB RGB-D Focal stack Light field MPI
Method HoloNet | TensorV1 ARH MSH OLAS SLFH HP | TensorV2 Ours
[2020] [2021] [2025] [2023] [2019] [2023] [2024] | [2022a]
Quality 4 X 4 v X 4 v v v
Depth res. X 4 X v 4 4 4 4 4
Parallax X X X X X 4 v X v
Retinal blur X X v 4 X v v X v
Artifacts X X 4 v X 4 4 X 4
Random phase X X 4 v X 4 v X v
Single-step 4 v v X v X X v 4
Real-time 4 4 4 X X X X v v

2.2 Efficient Volumetric Holography

Moving beyond RGB-D inputs to full 3D content introduces a major
challenge: computational scaling with scene complexity. Early point-
based methods [Maimone et al. 2017] offered precision but suffered
from linear scaling with the number of primitives. To utilize modern
rasterization hardware, recent work has formalized diffraction for
surface primitives [Liu et al. 2023; Yang et al. 2014; Zhang et al. 2018]
and GPU culling techniques [Fricke et al. 2025; Wang et al. 2023].

Despite these optimizations, primitive-based approaches scale
poorly with the number of primitives, thus prohibiting render-
ing high-fidelity scenes with millions of polygons or Gaussian
splats [Choi et al. 2025a] directly to a hologram. We use Multiplane
Image (MPI) [Zhou et al. 2018] as an intermediate representation
widely used in view synthesis [Tucker and Snavely 2020; Wizad-
wongsa et al. 2021] and multifocal displays [MacKenzie et al. 2010;
Narain et al. 2015]. Several holography works also leverage MPIs
to achieve occlusion effects for efficient holography [Zhan et al.
2026; Zhang et al. 2017; Ziegler et al. 2008]. By rasterizing geometry
into a fixed-resolution MPL, the cost of holographic generation is
decoupled from the geometric complexity of the 3D scene.

The wave field propagation over the MPI has been made through
wave recording planes (WRP) [Li et al. 2025; Shimobaba et al. 2009;
Symeonidou et al. 2015], with learned wave propagation between
layers for 3D holography [Choi et al. 2021; Shi et al. 2022b], or using
Split-Lohmann transformations [Ding et al. 2024; Lagrange et al.
2025; Zhou et al. 2025] or depth-of-focus pruning [Ma et al. 2024].

However, these methods either rely on slow ASM propagation
between planes or on learned propagators. In contrast, we derive
our MPI layers from the human depth-of-field [Campbell 1957; Mar-
cos et al. 1999], and leverage that in a holographic setup these
layers are physically close. This allows us to replace costly ASM
propagation between planes with a spatially Compact Rayleigh-
Sommerfeld Diffraction (C-RSD) convolution, enabling us to syn-
thesize our perception-derived MPI of 21 layers at real-time rates.

3 Background

Before describing the proposed method, we briefly formalize the
background on holographic wave propagation.

SA Conference Papers 26, December 01-04, 2026, Kuala Lumpur, Malaysia.
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Fig. 3. One-Step Phase Retrieval (OSPR) Reparameterization. (a) We reparameterize Neural OSPR methods by jointly learning a Linear Amplitude
Encoder (LAE) per multiplexed frame (T = 8 in this example) to effectively counteract the loss of image quality and speckle from traditional random-phase
holography. (b) Our jointly learned LAEs resemble a speckle-like pattern, hinting at how they are counteracting speckle in the result. (c) Our Neural OSPR
Reparameterization significantly enhances image quality and suppresses speckle, achieving a PSNR increase up to 10 dB over uncorrected OSPR (Amplitude
Discard, AD), and up to 7 dB over REAL-TIME ARH [Chu et al. 2025], the state of the art in real-time random-phase holography.

3.1 Wave Propagation Model

Light transport between parallel planes can be computed using the
Angular Spectrum Method (ASM) [Delen and Hooker 1998; Good-
man 2005; Matsushima and Shimobaba 2009] by decomposing the
complex field into plane waves and propagating its Fourier compo-
nents. Given U(x, y; z), denoting the complex field at a distance z,
its propagation to a new plane at a distance z + Az is expressed, in
the frequency domain, as a multiplication by the transfer function
H as

Ux,y;z+A2) =F 1 [ F (U(x,y:2) - H(fo iy A2) | . (1)

where ¥ and ¥ ! denote the Fourier Transform and its inverse.
The transfer function H for a propagation distance Az is

exp (j%”Az\/l - 2(f2+ f;ﬁ)) ,

Hfofyide) =4 i f2+f2 <27 L@

0, otherwise

where (f, f,) are the spatial frequencies of the plane waves, and 1
is the wavelength of light. The ASM allows us to simulate diffraction
effects between discrete layers. From now on, we define the func-
tion ASM (U, z) to propagate the complex field U by a distance z. Its
spatial-domain counterpart, the Rayleigh Sommerfeld Diffraction
(RSD), computes this propagation as a convolution. We will lever-
age Compact RSD (C-RSD) convolutions to accelerate hologram
synthesis by avoiding global Fourier transformations.

3.2 Propagating Waves over MPI| Layers

MPIs have been used to render holograms [Shi et al. 2022a; Zhang
et al. 2017; Ziegler et al. 2008] by simulating the light propagation
alongside the amplitude and phase-based occlusions of each layer.
Holograms are commonly synthesized by compositing the MPI
layers from the last layer (i = N) to the front (i = 1).
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Let U;4; be the complex field from the layer i + 1, propagated
with the ASM method. When this field encounters the layer i, it is
partially occluded by the layer’s occluder o;, with its own emission
U; considered. We model this interaction as

U/ = ASM(Ujs1,Azi) - 0i+U; - (1—0;) . (3)
—,,——— ——
Occluded Field Emission

This occlusion o; can either modulate an opaque or a thin trans-
parent object via alpha blending, where 0; = «;, and ¢; is the trans-
parency of layer i. The term «; acts as an amplitude mask, atten-
uating both the real and imaginary components of the incoming
background wave, thereby correctly simulating occlusion in the
holographic reconstruction.

4 One-Step Phase Retrieval Reparameterization

Random phase holography leverages the full angular spread of light
afforded by a holographic display, achieving resilience to unpre-
dictable artifacts and natural focus cues. However, real-time meth-
ods suffer from significant contrast loss and speckle noise. In this
section, we first introduce the background formulation in Section 4.1.
Then, given our observation that converting a complex hologram
into a phase-only hologram via amplitude discard produces a struc-
tured, predictable loss of quality when the propagation distance and
phase initialization are fixed, we present our reparameterization
of One-Step Phase Retrieval (OSPR) for 2D holography to counter-
act this degradation (Fig. 3a,b) and significantly enhance hologram
quality (Fig. 3c). This reparameterization will be extended to MPIs
to generate high-quality 3D holograms in Section 5, becoming the
high-quality cornerstone of Instant RPH.

4.1 2D Random Phase Holography

The goal of 2D random-phase holography is to generate T time-
multiplexed phases ®siy = {Pg; 0 - - .,d)STLM} that are multiplexed
on an SLM to resemble a target image I at distance zspy as



2

. 4)

T
arg min L (I, D, 1= 1 Z ‘ASM (ei¢StLh1) ZSLM)
®sLm T =1
where L is a loss function such as mean absolute error (MAE). Solv-
ing this via gradient descent is too slow for real-time applications.
Real-time OSPR combines a target image with a generated phase
pattern, propagates it to the SLM plane, and converts it to a phase-
only hologram. Amplitude Discard (AD) yields T independent wave
fields with T phase patterns ¢} ~ U(0, 2r) and discards the ampli-
tude at the SLM plane as

Blon = LASM (A e, —zquy), )

where A = VI is the amplitude of the target image and / is the angle
operator. Unfortunately, as shown in Fig. 3c, this strategy causes
severe contrast loss, border artifacts, and speckle noise.

4.2 Random Phase Reparameterization

To invert the artifacts introduced by random-phase and amplitude
discard, we propose to reparameterize random-phase holography
by modifying the target image amplitude A. While prior work [Chu
et al. 2025] trained convolutional networks to generate pseudo-
random phase holograms, these architectures struggle to preserve
the extremely high-frequency, spatially-dependent features. Rather
than performing complex-to-phase conversions at the SLM plane,
we shift the optimization entirely to the target amplitude plane,
whose modulation will flow into the displayed SLM phase.

We propose Linear Amplitude Encoders (LAEs), a lightweight,
real-time approach to collaboratively counteract the quality loss.
Our LAE g; applies a learned per-pixel scale s and bias b to the
target amplitude for each time-multiplexed frame t as

Ac(t,x,y) = g (A(x,y)) =s(t, x, y)Alxy) +b(t,xy),  (6)

where s and b counteract the specific artifacts from the fixed random
phase ¢.. For clarity, g; denotes this per-frame modulation, whereas
g denotes modulation across all T time multiplexing frames.

We jointly optimize these time-multiplexed LAEs g, as depicted
in Fig. 3a, to resemble the target image I:

T
1 . 2
argmin £ (I, = Z )ASM (e"ﬁéLM, ZSLM)‘ ) , (7)
{91,-91} T t=1
Pspm = LASM (gz (A)ei, _ZSLM) . 8)

Our LAEs (Fig. 3b) are well-suited for real-time holography since,
in inference, they only involve a per-frame multiplication and an ad-
dition to the target amplitude. Furthermore, our method is the first
to generate time-multiplexed holograms in real-time that are collab-
oratively trained to maximize image quality. See the Supplemental
Material for complete training details.

4.3 Results

We evaluate our LAE reparameterization (T = 8) against naive
Amplitude Discard and Real-Time ARH [Chu et al. 2025]. Our LAEs
maximize image quality for the specific configuration used (zspp =
100 mm), requiring retraining when the optical configuration is
modified. As shown in Fig. 3c, our collaboratively learned LAEs
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effectively correct color shifts and suppress speckle noise, improving
image quality by up to 10 dB over naive amplitude discard and up
to 7 dB over Real-Time ARH. This unlocks real-time, high-quality
2D random phase holography and serves as the foundation for our
volumetric approach.

5 Real-Time Volumetric Random Phase Hologram

Given our LAE for 2D random phase holography, we develop In-
stant Random Phase Holography (Instant RPH), our real-time 3D
hologram generator with natural defocus and parallax cues. We
extend our 2D formulation to 3D by leveraging Multiplane Images
(MPIs) as a natural backbone for efficient and true 3D holography.
However, in 2D, LAEs only correct intra-layer speckle (from other
regions of the image), whereas in 3D, there is also inter-layer speckle,
arising from the interference between MPI layers. Furthermore, real-
time performance and perceptual accuracy are often thought of as
a trade-off. We draw relations to perception theory to achieve a
perceptually-driven MPI that can be efficiently synthesized into a
hologram.

As illustrated in Fig. 4, our Instant RPH synthesizes holograms
through three primary stages: (a) scene representation via a diopter-
space Multiplane Image (MPI) capable of rasterizing both meshes
and 3DGS; (b) complex field initialization with LAE and fixed ran-
dom phase, propagated using efficient wave propagation via Com-
pact Rayleigh Sommerfeld Diffraction convolutions (C-RSD); and
(c) phase-only hologram formation through amplitude discard.

We choose MPIs as our intermediate representation. We design
our slicing of the MPI to match the optical characteristics of the
human eye and the holographic display. We then leverage the under-
lying optical properties of our slicing strategy to use a fast diffraction
operator to propagate the complex field between layers. This enables
real-time holographic rendering with a depth layer resolution that
accurately samples the eye’s accommodation range. Key to the effi-
ciency of our method is to rely on our learned amplitude correction

Algorithm 1. Instant RPH generates high-quality holograms with
natural defocus and parallax cues in real-time in three main steps:
(1) diopter-space MPI rendering to extract scene amplitudes and
occluders, (2) layer-wise wave composition using efficient occlusion-
aware propagation (Compact RSD, C-RSD), where amplitudes are
modulated by our jointly-optimized LAEs (g) and combined with
a fixed random phase (¢), and (3) final phase-only conversion via
Amplitude Discard (2).

1 def Instant RPH(scene, (g,¢)[L, T,C, X, Y]):

2 A[L C X,Y],0[L,X,Y] < RenderDiopterMPI(scene)
5 | U[T,CX,Y] « 0

4 AL T,CX, Y] « g(A)

5 for/=L— 1do

6 o <—oll,...]

7 Uy — Ac[l,...] - etlb]

8 U’ « C-RSD(U’,Az) - 0; + Uj(1 - 0p)
9 b — LASM (U’, _ZSLM)
10 return CDSLM

SA Conference Papers 26, December 01-04, 2026, Kuala Lumpur, Malaysia.
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Fig. 4. Overview of Instant RPH. Our framework acts as a bridge between modern graphics engines and holographic hardware. (a) We take in arbitrary 3D
content, such as meshes or 3D Gaussian Splats, and render it into a diopter-space Multiplane Image (MPI), decoupling scene complexity from rendering cost.
We use 21 layers in our method to match the depth-of-field of the human eye (we only display three for simplicity). (b) We convert the MPI to a complex field
with a fixed random phase and our Linear Amplitude Encoders (LAE) to enhance hologram quality and reduce speckle noise. To avoid costly FFT-based ASM
propagation, we rely on complex-field propagation between layers with efficient Compact RSD (C-RSD) convolutions. (c) The complex hologram is displayed
on an SLM through amplitude discard, allowing real-time streaming of artifact-resilient 3D content with natural defocus and parallax cues.

through a per-pixel scale and bias, and the use of Amplitude Discard
[Maimone et al. 2017] for phase retrieval. We allow for a direct,
one-step hologram generation that maintains high reconstructive
fidelity without expensive iterative solvers.

Instant RPH is a differentiable, real-time 3D hologram generator, al-
lowing us to jointly optimize the LAEs per time-multiplexed frames
and per-layer, to maximize focal stack quality. We provide the com-
plete hologram generation details of Instant RPH in Algorithm 1.

5.1 Diopter-space MPIl in CGH

Human accommodation is characterized in diopters (D = d~?, with
d in meters), where the depth-of-field (DoF) is roughly constant in
diopter-space. Vision science indicates that the DoF for the human
eye is 0.3D [Campbell 1957; Marcos et al. 1999], and has been lever-
aged in multifocal displays [Narain et al. 2015] to achieve correct
perceptual visual cues. Let D be the total diopter range of the dis-
play (D = 6 in our implementation). We ensure our holographic
display provides continuous accommodation cues without percepti-
ble stepping artifacts by setting the sampling interval Ad = 0.31D
and, therefore, the number of required layers N as

N:[%]+1. )

This intermediate MPI representation decouples the render time
from the geometries and holograms.

Furthermore, according to the thin-lens equation, for a standard
eyepiece (f = 25 mm), the propagation distance between adjacent
MPI layers (Ad = 0.3D) corresponds to a physically small spac-
ing of ~ 0.25 mm. Evaluating Eq. (3) using the standard FFT-based
ASM Egq. (1) in holography requires two costly FFTs per layer. For
such short propagation distances, the diffraction kernel in the fre-
quency domain is highly oscillatory, but its spatial impulse response
(the convolution kernel) is compact. We replace the costly global
FFT with a Compact RSD (C-RSD) convolution with small kernel
size K = 5, which reduces the complexity of the propagation step
from O(HW log(HW)) to O(HWK?) and allows real-time hologram
synthesis.
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We refer the reader to the Supplemental Material for details on
diopter-space MPI rendering, as well as an analysis of the efficiency
of Compact RSD convolutions.

5.2 End-to-end, jointly-optimized Instant RPH

Instant RPH is naturally differentiable, which allows us to perform
end-to-end training of our LAEs from Section 4.2. To account for
the extra dimension (number of layers L), we also add this extra
dimension in our fixed random phases and amplitude correctors (s
and b) to effectively account for the number of layers, as shown in
Algorithm 1. By training our LAEs in this manner, we are able to
counteract not only intra-layer speckle, but also inter-layer speckle.

We generate a dataset consisting of randomly spawned objects
and camera positions. We render a diopter-space MPI matching our
6 diopters range, 21 layers, and an image resolution of 1280 X 800
pixels. We refer to the Supplemental Material for details on dataset
generation and data augmentation strategies. We co-optimize our
LAEs by computing the L1 loss over all the distances of the target
focal stack f as

L
1 - 1(f)
L=- Z fl% - fil,
L
. (10)
.1 ) 2
== ; ‘ASM (e“ﬁém,zsm - lAz)‘ ,
where the phase patterns ®spy = {¢g) - ¢§LM’ . .,¢STLM} are ob-

tained as described in Algorithm 1, and we color-balance adjusting
the means (p) with the corresponding image from the focal stack.
We use T = 24 for maximum quality in our results while keeping the
real-time performance. The final LAEs, g, are composed of textures
sand b of size L X T X C X H X W, which in our settings adds up to
a total of 3 billion parameters. We distribute the training of each
wavelength across four NVIDIA H100 GPUs. We train our method
for 20 epochs, which takes around twelve hours.



6 Assessment

We assess the merits of our method with both high-fidelity simu-
lations and experimental results. Specifically, we validate the fol-
lowing three key claims: (1) our LAEs improve image quality in 3D
Holography, (2) Instant RPH produces optically correct accommoda-
tion defocus, and (3) parallax cues that are lost in standard RGB-D
methods. Results are generated for a holographic display (both in
simulation and on the experimental prototype) with a pixel pitch of
10.8 pm and a resolution of 1280 X 800, targeting a physical distance
to the SLM of 95 mm to 100 mm, which corresponds to a perceived
range of 0 to 6 diopters.

We compare our Instant RPH with Artifact-Resilient Holography
(ARH) [Chu et al. 2025], the recent, state-of-the-art real-time random
phase method. Instant RPH not only reaches a 7x depth resolution,
but a 4.15X speed-up as well. We thus can afford to time-multiplex
24 phase patterns [Schiffers et al. 2025], as opposed to the eight
phase patterns in ARH. On an NVIDIA L40 GPU, the measured
FPS for three wavelengths (RGB) and 21 focal distances/images in
the measured critical execution-path regime (T = 1) is 7.6 FPS for
Real-Time ARH and 54 FPS for our method. In the maximum quality
settings shown in the results, Real-Time ARH (T = 8) runs at 1 FPS,
and Instant RPH (T = 24) runs at 5 FPS. We have developed our
method with PyTorch JiT, so it could be further optimized using
specific CUDA kernels.

Hardware Prototype. Our experimental prototype uses a 4-bit SLM
(Texas Instruments DLP670S with DLPC900 EVM) in a 4F optical
relay configuration. A three-wavelength fiber-coupled laser source
(wavelengths 450 nm, 520 nm, 660 nm) illuminated the SLM via a
beam splitter. The modulated wavefront was relayed through a 4F
system (f=100 mm and f=80 mm) to a monochrome sensor, enabling
spatial filtering at the Fourier plane to suppress undiffracted light
and higher diffraction orders. For focal sweep imaging, the sensor
was mounted on a motorized translation stage. For parallax imag-
ing, we added an eyepiece (f=75 mm) and camera lens (f=12.5 mm).
Holographic images were captured sequentially at each wavelength
and digitally combined to generate full-color reconstructions. See
the Supplemental Material for full details.

6.1 Accommodation and Defocus Cues

We compare our method in simulation and experimentally in three
different scenes made up of triangle meshes [Haven 2026] and one
3DGS scene [Kerbl et al. 2023]. We compare our results in Fig. 5
with ARH [Chu et al. 2025], the state-of-the-art in real-time, random
phase holography. ARH operates at a lower rate of 7.6 FPS (RGB,
T =1) to process 21 distances from an RGB-D input, due to their
neural architecture and ASM propagation of each layer, preventing
it from achieving real-time performance. Our LAEs significantly
improve color quality and speckle reduction, mostly noticeable in
homogeneous areas, such as the Bulldozer’s shovel. Furthermore,
ARH does not handle occlusion between layers, a problem that is
aggravated when considering parallax in the next section; this leads
to dark artifacts surrounding different depth layers.

In contrast, our Instant RPH improves up to 54 FPS (RGB, T = 1),
handling the same number of layers (21) from our diopter-space
MPI. Moreover, due to our efficient propagation between layers, our
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Instant RPH shows artifact-free, correct occlusions, while enabling
natural, continuous focus cues within the limits of human depth
perception.

When the virtual camera is focused on the foreground (Near
Focus), the background naturally diffuses into a bokeh-like blur.
Conversely, focusing on the background renders the foreground
blurred. The amount of blur scales with the dioptric distance from
the focal plane (we show three of the 21 layers), showing how
the combination of our MPI slicing strategy and our efficient per-
layer propagation effectively reconstructs the light field in real
time. The high-frequency details of the in-focus regions are well
preserved, eliminating the need for iterative Gerchberg-Saxton-style
refinement [Choi et al. 2022; Gerchberg 1972; Kim et al. 2024]. We
refer the reader to the Supplemental Material for a comparison with
iterative methods, ablation studies on end-to-end training, speckle
improvement from LAE in real captures, and a video comparison of
the results.

6.2 View-Dependent Parallax

A critical limitation of current real-time random phase holographic
pipelines [Chu et al. 2025] is their reliance on RGB-D (2.5D) data,
which lacks information about occluded geometry [Matsushima
et al. 2014]. Therefore, these holograms show incorrect parallax cues
with visible artifacts and produce incorrect results when observed
from a different, non-centered perspective. Parallax cues in near-
eye holographic displays are subtle, but crucial for an accurate
immersive experience [Kim et al. 2024].

To demonstrate how our Instant RPH presents correct parallax
cues and improves previous methods, we compare it in simulation
and experimentally in Fig. 6 by recreating a pupil moving from left
to right. In Fig. 6a, we show a basic test on parallax, where a set
of 3 x 3 pillars are axially aligned. Our method leverages the MPI
to yield correct view-dependent parallax, so the hidden pillars are
shown when observed from the side. Then, in Fig. 6b we show the
parallax effect in a more complex scene, when the pupil location
affects the separation between objects at different layers (depths).
Please refer to the Supplemental Material for dynamic visualizations
of perceived parallax.

We then compare our results against ARH [Chu et al. 2025] in
an experimental capture in Fig. 6¢c. ARH relies on input RGB-D
data, yielding dark fringes even when the view is centered. These
dark fringes appear from the lack of information from occluded
geometry and are view-dependent; thus, they become even more
visible when the geometry is observed from the side (left and right
pupil). In contrast, our Instant RPH encodes the necessary, view-
dependent parallax cues, so that, as the pupil moves from left to
right, the background pattern is correctly revealed without artifacts.
This confirms that our method enables view-dependent parallax
effects that are not possible with previous real-time random phase
methods. See the Supplemental Material for video visualizations.

7 Conclusion and Future Work

We first presented our random phase holography reparameterization
to collaboratively generate high-quality 2D holograms in real-time,
by training a set of LAEs that encode the target image to instantly
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generate holograms that minimize speckle noise and maximize im-
age quality. Then, we presented Instant RPH. By extending our
reparameterization to 3D holography through diopter-space MPIs
to learn the amplitude encoding of each MPI layer, and combining
it with efficient propagation between layers, we instantly generate
high-quality holograms that represent the volumetric effects of the
scene. We achieve high-quality, immersive 3D visuals with accurate
accommodation and defocus cues, and view-dependent parallax at
54 FPS by shifting the holographic synthesis paradigm from iterative
optimization to a direct, graphics-aware pipeline based on human
perception.

Random phase holograms naturally preserve continuous defocus
cues and parallax, and spread intensity over the eyebox, allowing
them to remain robust against the dynamic obstructions and op-
tical aberrations common in wearable displays [Chu et al. 2025].
We rely on temporal multiplexing and our reparameterization to
mitigate speckle noise. However, there are other sources of image
degradation, such as mismatches in the laser power distribution,
SLM field-fringing, or imperfections in the optical system, which
we do not currently include in our forward model. We believe fu-
ture work could explore combining our reparameterization with
hardware-aware models [Choi et al. 2022; Peng et al. 2020] to max-
imize experimental image quality. Other alternatives to explore
include: leveraging 3D networks to analyze the inter-layer speckle
and adjust the LAEs, using partially coherent light sources [Peng
et al. 2021], developing phase initializations that leverage temporal
multiplexing, or combining our method with recent work on multi-
plexing of sources [Kuo et al. 2023] or wavelengths [Schiffers et al.
2025]. Another promising direction is to integrate our method with
simultaneous color CGH, which removes the frame-rate penalty
of time-sequential RGB illumination and preserves the full SLM
frame rate [Markley et al. 2023]. The recovered temporal bandwidth
can then be spent on eye-box expansion via pupil steering/pupil
scanning [Jang et al. 2018].

We hope that our work helps take a step towards transforming
holographic displays into robust, plug-and-play monitors, enabling
fully interactive and immersive spatial displays.
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Fig. 5. Defocus Fidelity and Performance Comparison [Simulation (a) and Experimental (b)]. We compare the reconstruction quality and runtime
speed of our Instant RPH against ARH [Chu et al. 2025], the state-of-the-art real-time random phase method. We display the field of view for four complex
scenes and show insets visually refocused at near, mid, and far depths (independent of horizontal position). While ARH fails to scale to dense optical cues of 21
layers in quality and real-time (7.6 FPS for T = 1, 1 FPS for their maximum quality settings of T = 8), our method supports dense distinct layers (21 layers) at
real-time rates (54 FPS for T = 1, 5 FPS for our maximum quality settings of T = 24), improving PSNR by an average of 5-6 dB. Note how our approach yields
smoother optical blur in out-of-focus regions and reduced speckle noise compared to the baseline, confirming the effectiveness of our diopter-space MPI for
immersive 3D displays and the speed to enable 24x time multiplexing.
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(a) Occlusion Test (Simulation)
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Fig. 6. Parallax and Occlusion Validation [Simulation (a and b) and Experimental Capture (c)]. (a: Simulation): “Pillars” deep occlusion test. The
schematic (left) shows varying diopters (D). We visualize disparity using a red-cyan overlay, where the red channel encodes the left pupil perspective and
the cyan channel encodes the right pupil perspective. Regions visible in only one view appear as pure red or cyan. White arrows highlight red/green pillars
revealed behind the blue foreground by the shifting viewpoints. (b: Simulation): Instant RPH shows accurate parallax. Red arrows mark view-dependent
geometry (e.g., stars behind vase) consistent across pupil views. (c: Experimental): “Cow” comparison against ARH [Chu et al. 2025]. Crops show our MPI
approach yields higher fidelity. Note ARH’s incorrect border artifacts (due to RGB-D input) vs. our clean occlusion boundaries.
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