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S1 Mathematics and Algorithms Elaboration
S1.1  Near-Field Wave Propagation in Free Space

The wave propagation between the SLM plane and the observation
plane is modeled using the established angular spectrum method
(ASM) [Goodman 2005; Matsushima and Shimobaba 2009], which
can be described as:

E(x,y,2) = 9‘1{97 [u (x0, o) ei“’(xo’y°>] H (fx,fy;z) } (S1)

where E and u denote the optical (wave) fields incident onto the
observation plane and the SLM, respectively. & [u (0, Yo) ei"’("O’yO)]
is the so-called angular spectrum of u (xo, o) e¢*0-%)  Notably, u is
often assumed to be a plane wave. ¢ denotes the phase modulation,
i.e., the hologram, induced by the SLM. & {-} and % ! {} are the
Fourier transform operator and its inverse, respectively. H is the
transfer function in the frequency domain, defined as:

i 1 _r2_r2
H (fo fyiz) = N2, (52
where A indicates the concerned wavelength.

“denotes equal contribution.
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S1.2  Wave Path Tracing

In Fig. 8 of the main manuscript, we illustrate ray—object interac-
tions in world space. Rays originating from the recording plane
(camera) scatter at object surfaces before reaching the light source.
Upon striking a facet, the scattering type is selected probabilistically
among the available lobes (e.g., specular reflection, ideal refraction,
diffuse reflection, glossy reflection). The outgoing ray direction is
then sampled from the probability distribution prescribed by the
selected lobe, as described at image point P,.

When a ray strikes a facet and a non-§ lobe is selected for scatter-
ing (as at image point P;), multiple outgoing rays are sampled from
the probability distribution of that lobe. These rays provide Monte
Carlo estimates of the incoherent radiance. Their radiances are first
averaged to estimate the outgoing intensity at P;, and the corre-
sponding linear amplitude is then obtained by taking the square
root. After appending a random phase to model incoherence, this
result is treated as the complex amplitude propagated back along
the incident ray to P;.

When a ray strikes a facet and a d-lobe is selected, no directional
scattering is sampled: the ray undergoes ideal reflection or refrac-
tion. The phase distribution of the light is preserved, consistent
with Huygens’ principle. Before and after traversing a d-lobe, the
coherent plane-wave bundle associated with the ray is preserved
and propagates back toward the camera (as illustrated in the lower-
left of Fig. 8). In contrast, once a ray undergoes an incoherent non-9§
scattering event, it no longer carries a coherent plane-wave bundle
but instead transports incoherent radiance. This behavior can be
illustrated by the two orange ray branches: one undergoes non-9
scattering at P,, while the other experiences § specular reflection at
P,, then reaches Ps, where it undergoes non-§ scattering.

The pseudocode in Algorithms S1 and S2 provides a detailed
description of the proposed wave path tracing pipeline, including
ray sampling from the hologram plane, recursive scene traversal,
and the treatment of coherent §-lobe transport versus incoherent
non-§ scattering. For brevity, we have omitted Russian roulette
and multi-importance sampling, which are commonly used in path
tracing to reduce variance and accelerate convergence.

S1.3 Bias Analysis of the Estimator

For the estimator itself, scattering is unbiased between incoherent
multi-frame superposition and BSDF-based rendering. Consider an
elemental scattering patch dA and one time-multiplexed frame ¢. Its
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Algorithm S 1: Wave Path Tracing

Algorithm S 2: Trace function

Data: 3D scene S, Samples Per Pixel Ngpp,, Samples Per Non-8 lobe
Nicattering, maximum ray depth depth ., coordinate
transformation T, wavelength A, feature size dy

Result: complex hologram U (x, y)

1 foreach Ogspn(x, y,0) on hologram plane do
2 U(x,y) « 0;

3 for i « 1to Ny, do
4 u « uniformSample (arcsin ﬁ);
// Uniformly sample u on the spherical cap where
arccos(u - n) < arcsin i
5 U « Osim + u;
6 V TilU, Oworld < Tilos]_M;
7 v « normalize (OyoraV);
8 L, dop1, «—trace(Oyoyid, V, depth = 0, 5 = True);
9 A=VL;
10 P’ Oyorla + dopLV;
11 Q « TP,
12 ¢, < GaussianRandomField(x0, yp);
13 U(x,y) « U(x, y) + Ae'(kdopL)+er
// k is wavenumber, yielding k =2x/A

14 L U(x’ y) — U(x’ y)/Nspp;
5 return U(x, y)

-

angular spectrum can be written as

Uaas(f fy) = %{ /f I(;) BSDF(w;, ,) 'rand (@o:t) gf27 (Cchetufy) dwo}

=I(w;) BSDF(wi, o (fx,fy)) e Prand (@o (fx=fy)!t)’

(S3)
where I(w;) denotes the incident radiance and ¢rand(wo, t) is the
random phase assigned in frame t. Since the random phase only
modulates the phase term while preserving the angular amplitude,
the expectation over frames satisfies

E[|Usas (o fy)|] = (w:) BSDF(wp, wo (o fy)) - (S4)

Hence, under incoherent time integration, the multi-frame holo-
gram reconstruction recovers the target angular distribution, or
equivalently the target light-field intensity distribution, in expecta-
tion.

S$1.3.1 8/non-§ split. The remaining deviations observed in recon-
struction results come from certain reasonable approximations ex-
isting in current numerical implementations. The most important
one arises from the §/non-¢ split used in the current renderer. Our
objective is not to reproduce the exact interference pattern of ev-
ery coherent ray emitted in a fully coherent optical setup, but to
reconstruct the physically correct image/object points produced by
a scene under incoherent illumination. For this reason, the imple-
mentation classifies each sampled BSDF lobe according to whether
it preserves optical path length and imaging ability: § lobes preserve
both and are traced coherently, whereas non-§ lobes are treated
as incoherent scattering events whose subsequent transport is rep-
resented only through radiance. This approximation is accurate
for fully diffuse or ideal specular interactions, but low-roughness
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1 Function trace(s, v, depth, §):

// This function traces the ray starting from s in
direction v,

// and returns the intensity L and accumulated OPL
dopr, carried by this ray

// Depth denotes the ray tracing recursion level,

// and & =True indicates that the ray has yet to
encounter a non-§ lobe

2 t « intersect(s,v; S) ;

// Compute the intersection ¢ between the ray and
the scene S

3 dopL<—n|l’—S|;

// n is the refractive index

4 L « emittedRadiance(t);

// emissive term, note that L = A?

5 if depth > depth, .. then

// Reached the maximum bounce limit

6 return L, dopr. ;

7 Lobe « sampleLobe(#);
8 if 6 = True then

9 if Lobe is § then
10 r « deltaScattering (¢, v; Lobe);
11 L', djp; <trace(t,r, depth + 1,6 = True);
12 dOPL — dé)PL + dOPL;
13 L« L,
// emissive term is discarded
14 else
15 Lsum «— 05
16 for j < 1 to Nicattering do
17 r « sampleScattering (¢, v; Lobe);
18 L, dé)PL «trace(t,r,depth + 1, § = False);
// dopr, is discarded
19 Loum < Lsum + L';
20 L L« Lsum/Nscartering +L;
21 else
22 if Lobe is § then
23 L r « deltaScattering(¢, v; Lobe);
24 else
25 L r « sampleScattering(¢, v;Lobe);
26 L, dé)PL «—trace(t,r,depth + 1, § = False);
27 L« 1L;
28 return L, dopL;

glossy materials lie between these two regimes and may still retain
limited imaging ability. As a result, the current binary treatment
can introduce a bias for such materials.

Two refinements are possible. One possible refinement is to re-
place the hard binary decision with a roughness-dependent prob-
abilistic weighting scheme, in which each glossy lobe is sampled
as either a coherent plane wave bundle or an incoherent radiance
ray according to probabilities determined by its roughness. In this
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Path Reuse (12 Fames) w/o Path Reuse (12 Fames)

Fig. S1. Reconstruction results with and without Path Reuse under 3 and 12 frames. For each set, we present close-up regions with the viewpoint focused
at front, middle, and back. The red box indicates in-focus region, while the white box indicates out-of-focus region. No noticeable differences can be observed
between the two sets, validating that path reuse does not introduce noticeable correlation across frames nor reduce path diversity.

way, low-roughness surfaces can still preserve certain chance of co-
herent propagation and thus retain part of their imaging capability,
while rougher surfaces are increasingly dominated by incoherent
transport. The other is to delay the incoherent radiance tracing
and continue coherent wave tracing through one or two additional
non-§ interactions, so that a higher-order approximation can be
achieved for low-roughness materials.

$1.3.2  Distances of recording plane. A second source of bias comes
from the use of a single wave recording plane (WRP). The color
drift observed for objects very close to the WRP (e.g. the chair back
in the classroom scene) is a consequence of this recording model
and its associated sampling tradeoff. The wave facet representation
relies on a sufficient propagation distance to encode view depen-
dency on the recording plane. If the WRP is placed too close to
the scene, the available spatial resolution becomes insufficient to
faithfully capture the local angular variation of near objects, leading
to color drift. If it is placed too far, however, the wave-propagation
sampling requirement increases substantially and the computation
becomes much more expensive to converge. The current system
therefore adopts a single WRP at a compromise distance. Extend-
ing the framework to multiple WRPs would be a principled way to
better capture both near and far view-dependent structure while
maintaining reasonable convergence.

S1.4 Details of Mesh-Baking Process

Monte Carlo ray tracing often exhibits significant stochastic noise
at low sample counts, particularly on Lambertian (diffuse) surfaces,

which demand a high number of samples per pixel to obtain a
converged, noise-free estimate. Such high sampling density imposes
a prohibitive computational overhead for real-time applications.
Given that our experimental environments in this work are static,
we employ a lightmap baking [Mitchell et al. 2006] strategy to pre-
compute the diffuse illumination and store it in textures.

Mathematically, for a perfectly diffuse surface at point p, the
outgoing radiance L, in direction w, is defined by the hemispherical
integral of the incoming radiance L; weighted by the bidirectional
reflectance distribution function (BRDF), expressed as:

Lo(pr ) = / f(pr o 0o)Li(p. ) cosOdeor. (S5)
Q

For a Lambertian surface, the BRDF is a constant f, = ]Br, where p
represents the surface albedo. As the outgoing radiance is uniform

across all directions, the above equation can be simplified as:

1op) = 22 [ Lp.onor - mdon. (50

Thus, we pre-compute the exitant radiance (or irradiance) for all
diffuse surfaces and store these values in 2K resolution lightmap
textures via UV unwrapping. During online rendering, the diffuse
lighting at a hit point is then efficiently retrieved via a simple texture
lookup.

To balance computational performance and visual fidelity, we
adapt our lookup strategy based on scene complexity, as follows:

o Simple Scenes: The baked value is queried directly at the
first diffuse intersection point.

ACM Trans. Graph., Vol. 45, No. 4, Article 39. Publication date: July 2026.
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Fig. S2. Per-sample Contributions in HoloPathTracer. Left: in wave path tracing, each scene point contributes through a cone of rays to the wave recording
plane, producing a complex-valued sub-hologram with view-dependent amplitude envelope. Right: in standard path tracing, each scene point contributes only
real-valued radiance along a single camera ray. This complex-valued recording enables HoloPathTracer to reconstruct DoF images focused at arbitrary depths.

e Complex Scenes: Due to the finite resolution of the lightmaps,
direct lookups at the first diffuse point can introduce notice-
able artifacts near UV island boundaries or geometric seams.
To mitigate this, we employ the baked textures at the second
diffuse bounce. In this setting, the lightmap still effectively
acts as a smoothed approximation of the indirect illumina-
tion, substantially reducing variance while maintaining high
performance.

S1.5 Path Reuse for Time-Multiplexed Hologram
Generation

Path Reuse is the key to enabling efficient generation of multiple
time-multiplexed holograms with different random phase distri-
butions under a path tracing framework. This does not introduce
noticeable correlation as the paths and terms e/40PL/% are in low
frequency/variance compared with random phases, so such vari-
ance will not significantly affect the correlation between different
frames. Nor does it reduce path diversity across frames, since path
sampling only determines ray—object interactions and encodes the
3D spatial-angular relationships used for wavefield accumulation
with physically correct visual cues. Consequently, different frames
do not require different sampled paths.

To further clarify this point, we compare the reconstruction re-
sults using the same paths and using different paths for different
frames in Figure S1.

S$1.6 Visualization of Per-sample Contributions in
HoloPathTracer

In the proposed HoloPathTracer, each ray sample contributes a
complex value to the wave recording plane, and each wave facet can
contribute through a cone of rays reaching that plane. Rays from
nearby scene points collectively form a complex wavefront with
view-dependent amplitude and a sub-hologram phase pattern, as
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shown in Figure S2. In contrast, standard path tracing accumulates
only real-valued radiance, where each scene point contributes only
along a single ray reaching the camera.

Consequently, standard path tracing records only an all-in-focus
image or a DoF image focused at a fixed depth, whereas HoloPath-
Tracer uses a complex-valued film to record interference patterns,
enabling DoF reconstruction at arbitrary depths.

S2 Technical Overview of Baseline Methods

In the main manuscript, we compare our method with alternative
CGH frameworks including the RGBD, focal stack, light field, mesh-
based, and Gaussian splatting-based methods. Below, we provide
further details regarding the implementation of these baseline meth-
ods.

RGBD. This is implemented based on the “Neural 3D Hologra-
phy” [Choi et al. 2021]. Specifically, the input scene is partitioned
into 4 distinct depth layers, with corresponding masks generated
for each. For hologram encoding, a phase-only hologram is propa-
gated to these 4 depths, masked by their corresponding masks, and
evaluated with the masked target RGB image to compute loss. The
optimization is then performed using an SGD-based optimization
algorithm.

Focal Stack. This is implemented based on the “Time-Multiplexed
Neural Holography” [Choi et al. 2022]. Similar to the RGBD coun-
terpart, a phase-only hologram is propagated to 4 depth layers and
optimized against the target image using a SGD-based optimization
algorithm. However, in this case, the target image used for loss
computation is pre-rendered with by a camera with finite aperture,
yielding artificial defocus blur consistent with the depth-of-field
formula.

Light Field. This is implemented based on the “Pupil-Aware Holog-
raphy” [Chakravarthula et al. 2022]. A phase-only hologram is first
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Dinning-room

Fig. S3. Illustration of 3D scenes used in our implementation.

propagated using ASM to different depth planes and filtered in the
Fourier plane corresponding to multiple viewpoints. The resulting
viewpoints’ complex wavefronts are then evaluated with the focal
stack of the corresponding view to compute the loss. In our im-
plementation, we use a 6x6 grid of viewpoints for the light field.
Each viewpoint is associated with a focal stack comprising 4 depth
layers. During the SGD-based optimization, a focal stack from a
randomly selected viewpoint is set as the target at each iteration to
save memory.

Mesh-based. This is implemented based on the work by Mat-
sushima et al. [2003], who propose the spectrum remapping to
achieve tilted ASM propagation for polygon (mesh)-based CGH. In
our implementation, each polygonal facet of the mesh is propagated
via the tilted ASM to the recording plane, yielding a complex wave
field, which can be further encoded into a phase-only hologram
using complex amplitude-supervised SGD (see Sec. S3.2).

Gaussian Splatting. This is implemented based on available open-
source code of “Gaussian Wave Splatting Holography” [Choi et al.
2025]. Specifically, we propagate the GS representation of a 3D scene
to the recording plane to obtain the complex wave field, which
can be further encoded into a phase-only hologram using complex
amplitude-supervised SGD (see Sec. S3.2).

S3  Hologram Synthesis

S$3.1  Time-multiplexing Optimization

To obtain holograms with different random phase distributions
for time-multiplexed holography, FFT-based propagation methods—
including RGB-D, focal stack, light field, and mesh-based approaches—
require reassigning random phases, which leads to a nearly linear
growth in computational overhead. “Gaussian Wave Splatting Holog-
raphy [Choi et al. 2025]” does not support assigning random phases
to the wave field. Our method enables flexible assignment of ran-
dom phases to the generated holograms with negligible additional
computation time (refer also back to Fig. 6 in the main manuscript).

$3.2  Hologram Encoding Elaboration

We build a holographic display prototype for validation, which
employs a phase-only SLM to load the hologram. Consequently, we
use the complex amplitude-supervised, SGD-based optimization to
encode the complex hologram into a phase-only pattern for display.
To account for phase shifting invariance and to normalize the field
energy, we further apply a complex-valued scale factor s to match

the reconstruction with the target. This s can be computed as:

2 (Refur} - Re{u} + Im{ur} - Im{ui})

O S el )
ey < ZCIm{u) Refu) + Refu) - mfup)
- Z(Re{“r}z + Im{“r}z) ’

where u, and u; represent the reconstructed wave field and the
target wave field, respectively. Subsequently, the optimization is
guided by the loss evaluated between s - u, and u;.

Notably, as this encoding optimization requires supervision only
on the complex wave field of one single depth plane, it is much faster
than conventional multi-depth- or multi-view-supervised encod-
ing methods. The computational overhead of supervising multiple
depths increases almost linearly with the number of depth planes.
For example, supervising 4 depth planes with a vanilla SGD algo-
rithm (e.g., for RGBD/focal stack) requires approximately 4x the
runtime compared to our complex amplitude-supervised SGD vari-
ant. We show a comparison of the reconstruction results between
complex hologram and phase-only hologram in Fig. S6. And quanti-
tative assessment in Table S2. The phase-only hologram shows some
contrast loss due to its reduced modulation degrees of freedom, but
it still preserves the core visual cues and depth-dependent effects.

S4  lllustration of Representative 3D Scenes for Our
Rendering

We visualize the 3D scenes [Bitterli 2016] used for our wave field
rendering in Fig. S3.

S5 Bench-top Holographic Display and Additional Results
S5.1 Experimental Setup and Specifications

Our experimental setup is illustrated in Fig. S4, with specifications
of the employed devices and parts listed in Table S1.

S5.2  Calibration Details

Before using the SLM for holographic display, it is essential to char-
acterize its phase modulation response as a function of the displayed
gray value, i.e., the look-up table (LUT). Although the LUT is typi-
cally provided by the manufacturer, it can vary with environmental
conditions and over time. In this work, we recalibrate the LUT us-
ing self-referenced interferometry [Zhao et al. 2018]. We present
the calibration patterns and corresponding captured results of the
reconstruction in Fig. S5.

ACM Trans. Graph., Vol. 45, No. 4, Article 39. Publication date: July 2026.
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Fig. S4. Photograph of our holographic display prototype. The light emitted from the single-mode fiber-coupled RGB laser source is first collimated
by a lens and then directed onto the SLM through a polarizer and a beam splitter (BS). The modulated light from the SLM is reflected by the beam splitter
and relayed to the sensor through an eyepiece and a camera lens. Notably, the polarizer ensures the polarization direction of the incident light on the SLM
matches the orientation of the liquid crystal molecules for optimal phase modulation. A frequency filter is placed between the eyepiece and the camera lens to
block stray light and unwanted diffraction orders. We use an Arduino micro-controller to tune the focus distance of the camera lens. The top-right inset shows
a close-up view of the light engine and capture module.

SLM Pattern

Interferogram ROI Comparison LUT Fitting
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&
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2 Raw data
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Fig. S5. lllustration of SLM calibration. The left-most column illustrates the calibration pattern displayed on the SLM. The center two columns denote the
captured interferometric fringes and the region of interest (ROI) in reference and measurement areas, respectively. The right-most column illustrates the
extracted phase values and the corresponding fitted LUT curve. Note, we illustrate calibration results for red channel only for brevity; green and blue channels
are calibrated in a similar manner.

Table S1. .Sp(?cifications of the devices and parts used to build our Specifically, we split the SLM plane into three regions, where
holographic display prototype. a half plane displays a binary grating pattern, and the other two
quarters display uniform gray levels. One of the two quarters serves

Parts | Models & Parameters

SIM HDSLM80R Plus (UPOLabs, 1,920 X 1,200, 10 bif as the reference _reglon_Wlth a fixed zero gray level, Wl;l;le the othejr
RGB Laser Fisbar ReadyBeam (640 nm, 516 nm, 455 nm) quarter sequentially displays gray levels from 0 to 2’ — 1 (10-bit
Sensor Grasshopper 3 (FLIR, 4,096 X 3,000, pixel pitch 3.45 pm) SLM) to cover the full modulation range. The binary grating pattern
Collimating Lens f =300 mm (Achromatic doublet) deflects half f the incident b hich interf ith th
Eyepiece lens f =50mm (Nikon SLR lens) erlects hall area o e 1nciden ean.1, whic 1.n erteres v.m e
Camera lens f =50mm (Canon SLR lens) sub-beams reflected from the two uniform regions, forming two
Beam Splitter 400-700 nm, Non-polarized, 50:50 (R-T) sets of interferometric fringes on the observation plane. During

calibration, we capture 256 interferograms corresponding to 256

ACM Trans. Graph., Vol. 45, No. 4, Article 39. Publication date: July 2026.



gray levels displayed on the measurement region. For LUT calibra-
tion, we are interested in extracting the phase difference between
the reference and measurement regions, which is encoded in the
relative position shift of the interferometric fringes. To this end,
we first select two ROISs for the reference and measurement areas,
respectively. Then, we extract the phase difference between the two
fringe patterns using Fourier transform. Finally, we fit the extracted
phase differences using bicubic spline interpolation to reduce the
noise and obtain the LUT curve. With the LUT curve, we can query
the required gray level by interpolation to achieve a target phase
modulation.

S5.3 Additional Results

We present additional simulation results in Fig. S7, as well as quan-
titative assessment in PSNR (dB) of all rendering results (5 scenes)
in Table S2.

Specifically, to faithfully evaluate the 3D visual realism (includ-
ing both focal stack and light field aspects) of holographic recon-
structions, the reported PSNR is computed as the average of two
components:

1) the PSNR of the center-view focal-stack (5 focused depths);

2) the average of PSNRs of all 7x7 views’ focal-stacks (5 focused
depths).

S6 Supplementary Video

See also the supplementary video HoloPathTracer.mp4 for elabo-
rated analysis and results.

Supplemental Material for HoloPathTracer « 39:7
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Phase-only Hologram

Complex Hologram

Ground Truth

Fig. S6. Reconstruction results comparison between complex hologram and phase-only hologram. For each set, we present close-up regions with the
viewpoint focused at front, middle, and back. Red box indicates in-focus region, while white box indicates out-of-focus region. Phase-only holograms show

some contrast loss due to their reduced modulation degrees of freedom.

ACM Trans. Graph., Vol. 45, No. 4, Article 39. Publication date: July 2026.
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Table S2. Quantitative assessment of rendering results. We report (average) PSNR (dB) T metrics for multi-view image stacks rendered from holographic
reconstructions across various CGH frameworks. Notably, GWS cannot support wave field rendering for highly complex scenes; and PSNR values for Mesh
results fall far below the threshold for meaningful quality. For our methods, both metrics from complex holograms and phase-only holograms are reported.

Scene | Ours (full) [phase-only]  Ours (fast) [phase-only] RGBD  FS LF GWS Mesh
Bathroom 20.13 [18.44] 13.16 [12.39] 9.21 12.38  12.72 - —
Teapot 14.40 [14.26] 14.38 [14.03] 7.69 7.05 7.96  11.57 —
Lego 29.03 [28.17] 28.75 [27.94] 21.09 2347 2190 22.99 —
Staircase 23.69 [22.03] 22.67 [20.75] 13.14 13.84 1637 — -
Classroom 18.12 [16.78] 19.50 [18.49] 11.29 1297 14.83 — —

Ours (Full) Ours (Fast) GWS Ground truth

Recon.
Image

front

Focused
mid

back

Left /
Right

Fig. S7. Additional simulation results of our two variants, GWS, and GT. 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.

ACM Trans. Graph., Vol. 45, No. 4, Article 39. Publication date: July 2026.
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