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Figure 1: Instantiation of radiometric accumulation assumptions in geometric optics-based rendering. Conventional geometric optics-
based rendering relies on implicit assumptions such as effectively incoherent illumination and sensor accumulation over long exposure times. 
We make the corresponding accumulation process explicit in a controlled camera-space construction. Starting from a ray-based radiometric 
input (a), we assign uniformly randomized phases to instantiate a camera-space complex field and propagate it through the aperture and 
lens. One sampled phase configuration produces an instantaneous sensor intensity (b) with prominent interference structure (c). We then 
model long-exposure sensor accumulation by averaging independent phase samples over time (d). Under this accumulation, the interference 
structure is progressively suppressed (e), yielding a stable radiometric result (f) consistent with the path-tracing reference. Although the 
accumulation returns to the radiometric endpoint, the construction makes the transient camera-space process available for analysis and use.

Abstract
Geometric optics-based rendering relies on radiometric assumptions that yield linear intensity superposition. These assump-
tions include effectively incoherent illumination and accumulation over exposure times long compared to the optical period, yet
they are usually absorbed into the standard image-formation model rather than explicitly isolated and examined. We present
a controlled phasor-based camera-space construction that makes this accumulation process explicit through statistical phasor
construction and propagation. This construction replaces only the primary camera segment. Starting from ray-based radiomet-
ric inputs whose phase is underdetermined, we assign randomized phases to instantiate statistical camera-space complex fields
and propagate them through the aperture and lens to the sensor. Individual phase samples produce interference-dominated
patterns on the sensor plane, while temporal or spectral accumulation progressively suppresses this structure. Under matched
scene and camera configurations, the accumulated result agrees with the path-tracing reference, providing a fixed radiometric
baseline for examining the randomized phase completion. Since the construction starts from path-traced irradiance, the re-
sulting complex field is interpreted as a statistical camera-space completion rather than as a recovered physical source field,
a scene-scale wave-transport solution, or a microscopic wave-material model. This restricted interpretation directs attention
to the intermediate accumulation process itself while bounding the scope of the construction. Within this scope, the intro-
duced phase degree of freedom gives transient camera-space interference a functional representation and provides a controlled,
backward-compatible interface for rendering and analyzing phase-sensitive camera-space effects, including aperture-induced
diffraction.
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1. Introduction

Geometric optics-based rendering has been highly successful in re-
search and industrial applications, even though light propagation
can be more generally described in terms of waves. In practice, this
success depends on radiometric assumptions under which wave-
level fluctuations are not modeled explicitly in the final image-
formation process. These assumptions include effectively incoher-
ent illumination [Vea98], accumulation over exposure times long
compared to the optical period, and wavelength-wise integration.

In computer graphics, such assumptions are usually adopted as
part of the radiometric foundation of rendering, but they are less of-
ten isolated and examined in a controlled numerical setting. In this
paper, we study this transition through a camera-space construction
that makes the accumulation process explicit while preserving the
usual geometric treatment elsewhere.

Concretely, we replace only the primary camera segment with
statistical wave propagation and keep the remaining light transport
in standard ray-based form. Working on top of path tracing, we be-
gin from a radiometric input in camera space (Fig. 1). Since this in-
put contains only radiometric energy, its phase is underdetermined.
We therefore instantiate a camera-space complex field by assign-
ing a randomized phase, propagate the resulting field through the
aperture and thin lens, and examine both the instantaneous sensor
intensity and its accumulated limit.

Within this setting, individual phase samples exhibit structured
interference patterns on the sensor, whereas temporal or spectral ac-
cumulation progressively suppresses this structure. Under matched
camera configurations, the accumulated result remains consistent
with the stable irradiance predicted by conventional thin-lens path
tracing. This agreement is used as a consistency baseline for the
randomized phase completion, rather than as evidence that the
missing physical phase has been recovered. The point of the con-
struction is, therefore, not to replace geometric optics-based ren-
dering with a complete wave-optical transport formulation, but to
provide a controlled setting in which an otherwise implicit stage of
radiometric image formation becomes directly analyzable.

We note that the scope of our work is deliberately restricted. We
focus on the primary camera segment and introduce statistical wave
propagation only there. Accordingly, the resulting complex field
should be understood as a camera-space intermediate representa-
tion constructed from radiometric input, rather than as a physical
source model or a general-purpose wave-optical rendering frame-
work. This restriction keeps the construction compatible with ex-
isting ray-based rendering pipelines while exposing phase-sensitive
camera-space propagation effects.

The above positioning guides the remainder of the paper. Sec-
tions 2 and 3 review related work and wave-optical background.
Section 4 details the proposed construction, with implementation
provided in Section 5. We evaluate radiometric consistency in Sec-
tion 6 and analyze intermediate pattern suppression in Section 7.
Finally, Section 8 discusses the construction’s scope, limitations,
and potential applications, concluding in Section 9.

2. Related Work

This work draws on the theoretical foundations of classical radiom-
etry, wave optics, and numerical diffraction methods. Following a
brief review of these core fields, we establish the scope and posi-
tioning of our approach to clarify how our restricted camera space
construction complements existing rendering techniques.

2.1. Radiometry and the Geometric Rendering Equation

Radiometry [NRH∗77] provides the physical basis of geomet-
ric optics–based rendering. In computer graphics, geometric light
transport is commonly expressed through the rendering equation
introduced by Kajiya [Kaj86]. Although the original formulation
did not expcility adopt radiometric quantities, the rendering equa-
tion is commonly written in radiometric terms in modern physically
based rendering [Vea98, PJH23].

2.2. Radiometry and Coherence

Radiometric quantities are traditionally defined under assumptions
consistent with incoherent light [Wal68] and, therefore, do not ex-
plicitly account for coherence effects or phase information. As a re-
sult, wave-optical phenomena, such as interference and diffraction,
lie outside the descriptive scope of classical radiometry. These lim-
itations have long been recognized in the optics literature and have
motivated the development of generalized quantities for coherent
and partially coherent fields [Wal68, Wal73, Fri79]. For example,
the Wigner Distribution Function [Bas79, CHB∗12] has been ex-
plored as a quantity that connects wave fields and radiometric rays.

2.3. Wave Optics in Computer Graphics Rendering

Since purely geometric rendering formulations cannot account for
interference and diffraction, several works have incorporated wave
phenomena into ray-based rendering pipelines. Examples include
the embedding of wave-related effects into local appearance or
shading models [DTS∗14, WVJH17, YHW∗18, BAGL19, SY22,
YXW∗23, XWH∗23, YKPJ25]. Even within such local models,
the finite spatial extent of coherent interaction can matter. Dhillon
et al. [DTS∗14] explicitly incorporate this aspect through a finite
Gaussian coherence window when rendering structural colors from
measured biological nanostructures. At a more theoretical level, the
rendering equation itself has also been generalized. For instance,
Lessig [Les12] established modern mathematical foundations for
light transport simulation, formalizing its underlying connections
to wave optics. More recently, Steinberg et al. [SY21, SP26] pro-
posed new transport formulations that explicitly extend classical
rendering to wave optics.

2.4. Numerical Wave Simulation

Rigorous full-wave solvers such as Finite-Difference Time-Domain
(FDTD) [TH00], Finite Element Method (FEM) [Jin14], and
Boundary Element Method (BEM) [BTW84] are standard tools
for wave propagation. However, they remain computationally in-
feasible for scene-scale rendering. Instead, we adopt layer-based
methods, such as the one proposed by Zhao et al. [ZCZ∗15],
which have been well developed in computer-generated hologra-
phy [SCS05, VZT19].
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2.5. Boundary and Positioning

Positioning this construction at the intersection of these fields re-
quires clearly defining its boundaries. Regarding our theoretical
foundation, we do not use radiometric quantities to derive new light
transport formulations. They serve merely as inputs to explicitly
unbox the implicit accumulation process. Similarly, analyzing mu-
tual coherence is not our objective. We employ the random phasor
sum model solely to ensure alignment with the geometric refer-
ence. In the context of strict physical wave simulation, our scene
scale makes rigorous computation completely infeasible. While we
borrow propagation methods from holography, we simulate macro-
scopically incoherent light rather than coherent wave fields. Within
computer graphics, compared to existing wave-optical rendering,
we have not yet proposed entirely novel visual effects. Given these
boundaries, wave propagation is restricted entirely to the primary
camera segment. Under this limitation, the construction retains
a practical utility as a backward-compatible foundation for post-
processing pipelines, as discussed further in Section 8.

3. Background

This section reviews the background from radiometry and wave op-
tics that is needed for the rest of the paper. Rather than presenting
a comprehensive physical optics framework, we establish the spe-
cific theoretical connections between wave fields and radiometric
observables required to formulate our camera-space construction.

3.1. Radiometric Quantities

We briefly summarize the radiometric quantities used in this work
to establish notation. Further details can be found in related liter-
ature [NRH∗77, Vea98, PJH23]. These quantities remain the refer-
ence language of the paper since both the precomputed input and
the final accumulated result are interpreted radiometrically.

Radiant flux (or power) Φ denotes the rate of radiant energy Q
with respect to time, that is Φ = dQ/dt.

Irradiance Ee(p) is defined as the radiant flux per unit area A in-
cident at position p, Ee(p) = dΦ(p)

dA . In rendering, pixel values are
obtained by integrating irradiance over the sensor area and expo-
sure time.

Radiance L(p,ω) is a fundamental quantity of ray-based light
transport, and it is defined as the radiant flux per unit projected area
dA⊥ and per unit solid angle ω:

L(p,ω) =
d2

Φ(p)
dA⊥ dω

, dA⊥ = (n ·ω)dA, (1)

where n denotes the surface normal at p. Under geometric optics
and in the absence of absorption, radiance is invariant along rays.
This makes it a convenient quantity for modeling light transport.

Irradiance can equivalently be expressed as an integral of radi-
ance over the incident hemisphere Ω:

Ee(p) =
∫

Ω

L(p,ω)(n ·ω)dω, (2)

which forms the basis of radiance-based image synthesis. Our con-
struction is designed to remain aligned with this radiometric image-
formation target at the accumulated level.

3.2. Wave-Optical Quantities

Building on the radiometric foundation outlined above, we intro-
duce the corresponding wave-optical description that explicitly re-
lates optical fields to the aforementioned radiometric observables.

In rendering applications, scene geometry is typically many
orders of magnitude larger than the wavelength of light. Under
this condition, electromagnetic wave propagation can be approx-
imated using a scalar wave model, that is, by neglecting polar-
ization [Goo17]. In this work, we use this approximation in the
camera-space construction described later.

Within this scalar setting, light is described by a time-varying
optical field E(p, t), corresponding to a single component of the
electric field. For a (quasi-)monochromatic field with temporal fre-
quency ν, the physical field at position p can be written as:

E(p, t) = A(p, t) cos(2πν t − ϕ(p, t)) , (3)

where A(p, t) denotes the real-valued field amplitude and ϕ(p, t)
denotes the optical phase. Here, the optical frequency is given by
ν = c/λ, where λ denotes the wavelength.

For analytical convenience, it is common to factor out the rapidly
oscillating carrier term and represent the field using a complex-
valued amplitude, or phasor, expressed as:

U(p, t) = A(p, t)e jϕ(p,t), (4)

where j is the imaginary unit. This representation is useful here
because it makes amplitude and phase explicit in the camera-space
construction.

This timescale difference is central to the definition of observ-
able quantities. The instantaneous intensity associated with the op-
tical field is defined as [Goo15]:

I(p, t) = |U(p, t)|2. (5)

However, optical oscillations occur far faster than the response time
of typical image sensors. As a result, sensors do not resolve the
optical field at this timescale, but instead record a temporal average
of the field intensity. Accordingly, irradiance corresponds to the
temporal average of the instantaneous intensity:

Ee(p)∝ ⟨I(p, t)⟩=
〈
|U(p, t)|2

〉
, (6)

where ⟨·⟩ denotes a temporal average over durations long compared
to the optical period. This distinction will later be used to interpret
the intermediate sensor intensity and the final accumulated irradi-
ance in the proposed construction.

3.3. Mutual Coherence and Linear Intensity Accumulation

In geometric rendering, light sources are typically treated as effec-
tively incoherent [Vea98]. In statistical optics, assuming the optical
field to be stationary and ergodic [Wol07], the spatial and temporal
coherence of a field is characterized by the mutual coherence func-
tion (MCF). This is defined as the correlation of the complex field
U at two spatial positions p1 and p2 separated by a time delay τ:

Γ(p1,p2,τ) = ⟨U(p1, t)U
∗(p2, t + τ)⟩, (7)

where U∗ is the complex conjugate of U .
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Ideally, an optical field is strictly incoherent if Γ = 0 for any
two distinct spatial positions under an arbitrary time delay. Under
this condition, the cross-interference terms between different field
contributions vanish, leading to the linear addition of intensities.

3.4. Random Phasor Sums as a Statistical Foundation

To interface radiometric inputs with wave-optical propagation, it is
necessary to assign complex-valued fields to purely energy-based
quantities. To this end, we adopt the random phasor sum model,
governed by three classical statistical assumptions [Goo20]:

1. Phasor contributions are statistically independent.
2. For each contribution, amplitude and phase are statistically in-

dependent.
3. Phases are uniformly distributed over (−π,π).

Fields satisfying these conditions provide a statistical model for
random phasor superposition and can lead to speckle-like inten-
sity statistics after propagation. In this model, the phase-dependent
cross-interference terms between distinct contributors vanish after
averaging over sufficiently independent phase configurations. This
property motivates the accumulated radiometric consistency exam-
ined later in the paper. After averaging, the remaining intensity is
governed by the camera-space propagation response rather than by
a coherent sum of phase-dependent interference terms.

The assumption of phase independence in this statistical model
inevitably leads to an approximation of spatial-temporal decou-
pling. For a rigorous discussion on the coupling of these coherence
properties, we refer readers to Wolf [Wol07], as it lies beyond the
scope of this work.

3.5. Wave Propagation Model

Under scalar wave optics, propagation can be described by the
Huygens–Fresnel principle [BWB19]. According to this princi-
ple, the optical field at a point in space is given by the super-
position of secondary spherical waves emitted from a reference
surface [Goo17]. For monochromatic scalar fields, the Rayleigh–
Sommerfeld formulation provides a mathematically consistent ex-
pression of this principle [Goo17].

We note that the vanishing of coherence mentioned above is only
between each contributor. However, propagation itself can still in-
duce spatial coherence effects, as described by the Van Cittert–
Zernike theorem [Wol07]. In other words, treating the source as
effectively incoherent does not mean that this incoherence is fully
preserved during propagation. Accordingly, the accumulated result
should not be expected to be exactly identical to the radiometric
reference. At the same time, the remaining camera-space propaga-
tion response is retained in the construction, which makes aperture-
dependent behavior observable in the controlled setting.

In this paper, we use this wave-optical description only for the
primary camera segment in a controlled camera-space construction.
The remainder of the light path stays in its usual ray-based form.
This is the propagation model that underlies the proposed construc-
tion described in the next section.

4. Controlled Wave-Optical Construction in Camera Space

This section describes the controlled construction used in our ex-
periment. To compare wave-optical and ray-based image forma-
tion under matched radiometric conditions, we isolate the primary
camera segment while preserving the usual radiometric treatment
elsewhere. Fig. 2 provides an overview of the procedure, which
consists of three stages: Procedure Input, Layered Scene Represen-
tation, and Ensemble Wave Simulation.

In surface rendering, a light path connecting the source to the
sensor can be separated into the primary segment from the sensor to
the first visible surface and the remaining light transport paths. The
proposed construction replaces only the primary segment with a
wave-optical model while keeping the rest of the path ray-based. As
a result, wave propagation is confined to camera space, while global
illumination is precomputed and stored as an irradiance texture.

4.1. Procedure Input

Our procedure begins with a scene (Fig. 2a) and two camera config-
urations (Fig. 2b), namely a pinhole setting and a thin-lens setting.
The two share the same camera position and orientation, while the
thin-lens setting defines the optical parameters used for both the
path tracing reference and the wave-optical simulation.

Path Tracing Reference Image The reference image is obtained
by rendering the scene with the thin-lens camera configuration us-
ing path tracing as shown in Fig. 2k. This image serves as the ra-
diometric reference for the comparisons that follow.

Camera Space Irradiance Texture To generate the input for the
wave-optical simulation, we use the pinhole camera setting to ren-
der an irradiance texture (Fig. 2c) and a depth map (Fig. 2d). These
maps are pre-computed using path tracing and are subsequently
transformed into the Layered Scene Representation (Fig. 2e) for
the wave-optical propagation. Note that the irradiance texture is
not itself a wave field. It contains only radiometric energy, while
the phase information used in the wave simulation is constructed
statistically afterward.

4.2. Layered Scene Representation

Directly evaluating the diffraction integral scales as O(N4), where
N is the lateral resolution of the irradiance texture (Fig. 2c).
This complexity stems from the pairwise contribution between N2

source points and N2 aperture points, rendering the approach im-
practical for high-resolution rendering. To address this, we adopt a
layer-based method [ZCZ∗15] from computer-generated hologra-
phy, transforming the irradiance texture (Fig. 2c) using the depth
map (Fig. 2d) into a discrete layered representation (Fig. 2e). More
specifically, we discretize the camera frustum into k parallel slices
according to depth, and each pixel from the irradiance texture is as-
signed to the nearest slice using its depth value. This layered repre-
sentation makes it possible to implement the propagation using Fast
Fourier Transforms, reducing the complexity to O(k ·N2 logN).

© 2026 The Author(s).
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Figure 2: Overview of our numerical experimental procedure. The procedure begins with the scene geometry (a) and camera settings (b). 
We first generate a radiometric irradiance texture (c) and a depth map (d) using a pinhole camera model. These inputs are transformed into a 
layered scene representation via depth slicing (e), which discretizes the scene into parallel planes. Inside the simulation loop, we perform a 
single realization (trial) by assigning a uniformly randomized phase ϕ ∼ U [−π,π] (f) to initialize the wave field on each slice (g). Through 
slice-wise propagation, these fields are accumulated to form the combined wave field at the aperture plane (h). Finally, this field is 
modulated and propagated to the sensor plane, yielding the instantaneous sensor intensity (i). Averaging these intensities over multiple 
realizations produces the final wave-optical irradiance (j), which closely matches the reference thin-lens path tracing result (k).

4.3. Ensemble Wave Simulation

In this section, we describe how the ensemble wave simulation pro-
duces the final sensor irradiance. We first introduce the averaging
procedure and the corresponding ensemble-averaged quantity (Sec-
tion 4.3.1). We then describe how the instantaneous intensity en-
tering this average is constructed (Section 4.3.2) and propagated
(Section 4.3.3).

4.3.1. Incoherent Time Integration

As discussed in Section 3.2, the irradiance (Eq. 6) observed by
the sensor (Fig. 3g) is the time average of the instantaneous in-
tensity (Eq. 5). To simulate this process, we employ a Monte Carlo
approach [HH64]. We refer to a single simulation pass with one
sampled phase configuration as a realization. The final incoherent
irradiance Ewave

e is obtained by averaging the instantaneous inten-
sities over M independent realizations, which gives a finite-sample
Monte Carlo estimate of the temporal average:

Ewave
e (p)∝

〈
|U(p, t)|2

〉
≈ 1

M

M

∑
m=1

|U (m)
sensor(p)|2. (8)

In the following subsections, we describe how the instantaneous
intensity |U (m)

sensor|2 is computed for one realization.

4.3.2. Complex Amplitude Initialization

A representation mismatch arises because numerical wave propaga-
tion requires a defined complex field, whereas the irradiance texture
(Fig. 3a) provides only a time-averaged statistical quantity. Since
the mapping from irradiance to a specific field realization is un-
derdetermined, we adopt the following assignment consistent with
the assumptions in Section 3.4 [Goo20]. Accordingly, we write the
field at a point p for the m-th realization as:

U (m)(p) =
√

Ee(p)e jϕm(p), ϕm ∼ U [−π,π]. (9)

Here, the random phase ϕm introduces variation across realizations,
while the amplitude

√
Ee ensures intensity consistency.

4.3.3. Propagation Sequence

Once constructed, the complex field is propagated through the
camera-space setup shown in Fig. 3. Within a single realization,
the field is treated as coherent for propagation. As a result, the
wave contributions originating from different scene slices (Fig. 3a)
can be linearly superposed and accumulated at the aperture plane
(Fig. 3d) after propagation from each slice. The accumulated field
is then modulated by the optical elements, including the binary
aperture mask (Fig. 3e) and a thin-lens phase factor (Fig. 3f), given

© 2026 The Author(s).
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Figure 3: Camera-space propagation setup. The scene geometry 
is discretized into parallel depth slices (a). The wave field propa-
gates from these slices to the aperture plane (d), where it is mod-
ulated by a binary aperture mask (e) and a thin-lens phase factor 
(f), before reaching the sensor plane (g). Blue dashed lines (b) in-
dicate the geometric pinhole projection used for input precomputa-
tion, while red-blue gradient lines (c) represent the region of wave 
field propagation.

by e− jπν(x2+y2)/(c f ), where p = (x, y,z) denotes the spatial posi-
tion and f is the focal length of the lens. The modulated field is 
subsequently propagated to the sensor plane (Fig. 3g), where its 
squared magnitude yields the instantaneous sensor intensity, de-

noted by |U (m
sensor

) |2.

5. Implementation Details

This section summarizes the implementation and experimental set-
tings used for reproducibility and to illustrate the computational 
scale of our simulations (e.g., up to 81922 resolution), rather than 
performance evaluation.

5.1. Code Implementation

The proposed camera-space construction is implemented using 
Mitsuba 3 [JSR∗22], NumPy [HMW∗20], CuPy [OUN∗17], and 
the Diffractio library [SBSGAP∗24]. Wave propagation is evalu-
ated with a Rayleigh–Sommerfeld kernel [Goo17, Och17, SB25] 
using the Chirp–Z transform [HWW∗20], which is convenient for 
the sampling and regions of interest required in our setup. Our ref-
erence implementation is publicly available [SBFS26].

5.2. Scene Configuration

We evaluate the proposed construction on four scenes from the Mit-
suba 3 gallery [JSR∗22]. They are the Cornell Box, Veach MIS, 
Spaceship, and Living Room scenes. Table 1 lists the configuration 
for each of these scenes used in Section 6 and Figs. 4 and 5, in-
cluding the spectral range, number of spectral samples (Nλ), num-
ber of axial slices (Nz), number of realizations (M), field of view 
(FOV), and texture resolution. These settings define the computa-
tional scale of the construction used in the consistency and pattern 
analyses that follow.

6. Consistency Evaluation

Before analyzing the intermediate patterns produced by the con-
struction, we first verify that its accumulated limit remains aligned
with conventional thin-lens path tracing under matched optical con-
figurations. This consistency is not the end goal of the paper by
itself. Instead, it indicates that the proposed construction provides
an appropriate setting for examining the pattern-formation and sup-
pression process discussed in the following sections.

6.1. Visual Comparisons

In Figs. 4 and 5, we compare the accumulated result of our con-
struction (left column) with the thin-lens path tracing reference
(right column) across several scenes. As shown, the two sets of
images demonstrate close visual agreement.

(a) 550 nm (Ours) (b) 550 nm (Path Tracing)

(c) Spectral (Ours) (d) Spectral (Path Tracing)

Figure 4: Cornell Box visual comparisons. Accumulated results 
produced by the proposed camera-space wave propagation con-
struction (left column) and the reference thin-lens path tracing re-
sults (right column). The top row shows the monochromatic 550 nm 
setting, and the bottom row shows the visible-spectrum setting.

Cornell Box We use the Cornell Box as a base case because it con-
tains only Lambertian reflection and emission. We evaluate both a 
monochromatic setting at 550 nm (Figs. 4a and 4b) and a visible-
spectrum integration from 390 nm to 710 nm at 5 nm intervals 
(Figs. 4c and 4d). In both cases, our accumulated results show close 
visual agreement with the thin-lens path tracing reference. A small 
residual difference appears around the ceiling light in our result 
(e.g., Figs. 4a and 4c), which is related to the aperture-dependent 
propagation response discussed in Section 8.

© 2026 The Author(s).
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Scene Spectrum Nλ Nz M FOV Resolution PSNR SSIM

Cornell Box 550 nm 1 128 4096 19.5◦ 4096×4096 40.38 0.9965
Cornell Box 390 nm - 710 nm 64 64 64 19.5◦ 4096×4096 40.41 0.9961
Veach MIS 390 nm - 710 nm 64 64 64 19.5◦ 4096×4096 39.46 0.9911
Spaceship 390 nm - 710 nm 64 64 64 19.5◦ 4096×4096 46.44 0.9962
Living Room 390 nm - 710 nm 64 64 64 50.0◦ 8192×8192 44.61 0.9877

Table 1: Numerical configurations and consistency metrics for the evaluated scenes. Here, Nλ denotes the number of spectral samples, Nz 
the number of axial slices, and M the number of realizations. PSNR and SSIM represent the Peak Signal-to-Noise Ratio and Structural 
Similarity Index, respectively.

(a) Veach MIS (Ours) (b) Veach MIS (Path Tracing)

(c) Spaceship (Ours) (d) Spaceship (Path Tracing)

(e) Living Room (Ours) (f) Living Room (Path Tracing)

Figure 5: Additional visual comparisons. Accumulated results 
produced by the proposed camera-space wave propagation con-
struction (left column) and the reference thin-lens path tracing re-
sults (right column) across scenes with specular transport, trans-
mission, and a larger field of view.

Additional Scenes We further evaluate our construction across a
diverse set of scenes to test different transport phenomena and cam-
era configurations (Fig. 5). The Veach MIS scene (Figs. 5a and 5b)
introduces specular transport. Since its brightest light source region
is approximately 104 times more intense than the background, the
residual difference near the source becomes more visible here. The
Spaceship scene (Figs. 5c and 5d) tests light transmission. The Liv-
ing Room scene (Figs. 5e and 5f) provides a broader environmental
context rendered with a larger field of view.

6.2. Quantitative Comparisons

We use the values calculated for the PSNR (Peak Signal-to-Noise
Ratio) and SSIM (Structural Similarity Index) metrics [WBSS04]
as supporting evidence for accumulated-level agreement, rather
than as the primary contribution of the work. Before evaluation, we
apply a linear global exposure alignment to account for overall in-
tensity differences. All images are resized to 1024×1024 for con-
formity with the reference resolution. For visible-spectrum results,
the comparisons are performed on the Y channel in XYZ space af-
ter exposure alignment and log transformation. The values listed in
Table 1 show that the accumulated images remain in close agree-
ment with the thin-lens reference across all test scenes.

6.3. Observed Low-Pass Behavior

When the accumulated results are examined at a magnified scale,
they show a slight low-pass behavior compared with the thin-lens
path tracing reference. This observation can likely be attributed to
the finite-grid camera-space construction used in our simulation,
rather than an additional image-space filtering step. We record it
here as an observed limitation and defer its detailed interpretation
to Section 8.

6.4. Summary

Across all tested scenes, the accumulated results of our construc-
tion remain consistent with the thin-lens path tracing reference, up
to a small residual difference in some cases near bright sources.
This is the main point of the present section. It establishes that
the proposed construction remains aligned with the standard ra-
diometric image at the accumulated level. With that accumulated-
level consistency established, we can now examine the intermediate
pattern-suppression process within the construction.

© 2026 The Author(s).
Proceedings published by Eurographics - The European Association for Computer Graphics.



8 of 12 Y. Sun et al. / A Phasor-based Camera-Space Construction for Making Radiometric Accumulation Assumptions Explicit

7. Intermediate Interference Patterns

Having established accumulated-level consistency, we now turn
to the intermediate sensor patterns produced before that limit is
reached. In single realizations, the sensor intensity is not dominated
by ordinary Monte Carlo noise, but by realization-dependent inter-
ference structure induced by the statistical wave construction. The
purpose of this section is to characterize that structure and to exam-
ine how it is progressively suppressed under accumulation.

7.1. Interference Patterns in a Single Realization

Fig. 6 shows the instantaneous sensor intensity from a single re-
alization. The image contains visible interference structure that
should not be interpreted as ordinary path-tracing noise. Instead,
it arises from coherent interference within one realization of the
statistical field construction in camera space. As Fig. 7 shows, this
pattern differs qualitatively from Monte Carlo noise in both spatial
scale and connectivity.

Fig. 7a provides a zoomed-in view of Fig. 6 around the upper-left
corner of the shorter box. The observed interference pattern differs
from conventional Monte Carlo noise produced by path tracing, as
shown in Fig. 7b.

More specifically, the interference patterns appear coarser and
exhibit more spatial connectivity, whereas Monte Carlo noise from
path tracing consists of finer and more isolated grain structures.
Note that both images are shown at the same resolution.

Figure 6: Single realization. Instantaneous sensor intensity ob-
tained from a single realization. The visible interference patterns 
differ from Monte Carlo noise in path tracing.

(a) Interference Pattern (b) Monte Carlo Noise

Figure 7: Interference pattern vs. Monte Carlo noise. Images 
shown for comparison, with (a) showing an interference pattern 
from a single realization as zoomed-in views of the scene depicted 
in Fig. 6 and (b) showing a typical Monte Carlo path tracing noise 
pattern cropped from the same image region.

7.2. Statistical Signature of the Single Realization Pattern

To further characterize the single realization shown in Fig. 6, we 
examine the statistics of its instantaneous intensity. Specifically, 
we select the light-source region in the Cornell Box and plot the 
normalized histogram shown in Fig. 8. The observed distribution is 
consistent with a negative-exponential profile. In addition, the con-
trast of the instantaneous intensity, computed as the standard devi-
ation divided by the mean, is 0.9762. These statistics are similar to 
those commonly associated with fully developed speckle.

These statistics suggest that a single-realization image (e.g., 
Fig. 6) is not simply ordinary noise, but contains a realization-
dependent interference pattern.

Figure 8: Statistical signature. Normalized intensity distribution 
in a single realization, measured in the light-source region of Fig. 
6. The observed distribution is consistent with the negative-
exponential distribution p(x) = e−x.
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(a) Temporal Interference Pattern Suppression

(b) Spectral Interference Pattern Suppression

(c) Monte Carlo Path Tracing Convergence

Figure 9: Suppression through accumulation. (a) Temporal suppression of the interference pattern under temporal accumulation. (b) 
Spec-tral suppression of the interference pattern under spectral accumulation. (c) Monte Carlo noise reduction in path tracing.

7.3. Suppression Through Accumulation

We now examine how the realization-dependent interference pat-
tern identified above is progressively suppressed under accumula-
tion. Figs. 9a, 9b, and 9c show this process in our monochromatic
setting, in our spectral setting, and in path tracing, respectively. Al-
though these processes look different, they all become stable as ac-
cumulation proceeds. In our construction, the stable image does not
come from any single realization. It is obtained only through accu-
mulation, which gradually averages out the interference structure
visible in single realizations.

Temporal Suppression of the Interference Pattern Fig. 9a
shows the temporal accumulation process in our monochromatic
setting at 550 nm. Starting from a single realization, the image
contains visible interference patterns. As more realizations are ac-
cumulated, these patterns are progressively suppressed. The final
result approaches the stable irradiance image shown in Fig. 4a.

Spectral Suppression of the Interference Pattern Fig. 9b shows
a similar suppression process under spectral accumulation from
390 nm to 710 nm. The result is visualized exclusively using the
Y channel in XYZ space to prevent color shifts from confounding
visual inspection of the pattern suppression. As contributions from
different wavelengths are integrated, the interference patterns are
also progressively suppressed. The final result approaches the spec-
tral image shown in Fig. 4c. Compared with Fig. 9a, the left-most
subfigure here has a smaller pattern size, which is consistent with
the shorter wavelength at the beginning of the spectral integration.
For a more rigorous and complete treatment of spectral suppression
and wavelength-dependent coherence effects beyond the scope of
this work, readers are referred to Wolf [Wol07].

Monte Carlo Noise Reduction Fig. 9c shows the usual conver-
gence process in path tracing. As the number of samples increases,
Monte Carlo noise is gradually reduced, and the result approaches
the reference image in Fig. 4b.

7.4. Summary

Overall, this section shows that single realizations produce interfer-
ence structure on the sensor and that this structure is progressively
suppressed under temporal or spectral accumulation. The stable ir-
radiance image is obtained only after this suppression. In this way,
the proposed construction makes it possible to examine an interme-
diate stage of image formation that is usually implicit in geometric
rendering. The observed patterns are interpreted here at the level of
statistical interference behavior within the present construction, not
as a complete physical account of speckle formation.

8. Discussion

The intermediate patterns discussed above require careful interpre-
tation. The main question is not only what the proposed construc-
tion produces, but also what kinds of conclusions it supports. In
this section, we clarify the role of the construction, the scope of the
resulting patterns, and a limited secondary observation enabled by
the same setup.

8.1. Relation to Existing Approaches

The proposed construction serves a different role from both rigor-
ous full-wave solvers and full-path wave-optical rendering formu-
lations. Methods such as FDTD [TH00], FEM [Jin14], and BEM
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[BTW84] aim at first-principles wave simulation but remain dif-
ficult to apply at the scene scale. Existing full-path wave-optical
formulations in computer graphics [SY21, SP26] are typically ex-
pressed through transport-level statistical or phase-space quantities.
By contrast, our method simulates the explicit complex field us-
ing a configuration-space formulation, restricted entirely to camera
space. For the present purpose, it is more intuitive because it keeps
the intermediate interference structure visible and allows us to ex-
amine its suppression under accumulation before the stable radio-
metric image is obtained.

8.2. Scope

The scope of the proposed construction is intentionally narrow. It
supports statements about how interference structure appears in sin-
gle realizations and how that structure is suppressed through tem-
poral or spectral accumulation within the present camera-space set-
ting. Accordingly, the results in this paper should be interpreted as
results obtained within this construction and under its assumptions.
They are not presented as direct statements about full scene-scale
wave transport or about wave-optical interactions distributed across
the entire light path. The scene-side transport remains in its usual
ray-based form, and the wave-optical component is introduced only
along the primary camera segment. This restriction is part of the de-
sign. It isolates the camera-space accumulation process and makes
the relevant assumptions directly analyzable.

8.3. Interpretation of the Observed Patterns

The patterns produced by the proposed construction are best in-
terpreted as realization-dependent interference structure arising
within statistical camera-space propagation. In this sense, they are
meaningful features of the construction rather than arbitrary nu-
merical artifacts. Their intensity statistics are similar to those com-
monly associated with fully developed speckle, and their appear-
ance and accumulation behavior distinguish them from ordinary
image noise. In the present work, this is the level at which these
patterns are interpreted.

At the same time, the construction does not model microscopic
wave-material interactions. The scene-side transport remains in its
usual geometric form, and statistical wave propagation is intro-
duced only in camera space. For this reason, the resulting patterns
should not be understood as carrying material-specific wave in-
formation. They should instead be understood as statistical con-
sequences of the construction.

8.4. Limitations from the Finite-Grid Construction

The finite-grid construction introduces several limitations for the
physical interpretation of the observed patterns. In the ideal inco-
herence condition introduced in Section 3.3, the mutual coherence
is zero between any two distinct spatial positions under arbitrary
time delay. Our numerical construction does not instantiate this
continuous limit directly. Instead, one random phase is assigned
to each discrete radiometric sample.

As a result, each sample acts as a finite coherent cell rather than
an infinitesimal point of an ideal incoherent source. This explains

why the patterns shown here should not be interpreted as realistic
physical speckles. In real physical settings, speckle size typically
depends on propagation distance, depth, aperture, sensor integra-
tion, and the coherence properties of the source. That behavior is
not fully reflected in our images. In particular, the observed pattern
scale is tied to the discrete camera-space representation and there-
fore does not reproduce the expected depth-dependent speckle-size
variation.

The same finite-grid setting may also affect the accumulated im-
age. Under the discrete random-phasor construction, accumulation
suppresses phase-dependent interference only between distinct dis-
crete samples, rather than between arbitrary spatial positions in a
continuous field. Thus, the accumulated image should not be in-
terpreted as the exact continuous-limit result of an ideal incoher-
ent source. Even after this discrete cancellation, the accumulated
image is still shaped by the sampled camera-space propagation re-
sponse. The detailed form of this response depends on the propaga-
tion operator, the camera-space discretization, and the optical con-
figuration, including the aperture and thin-lens phase. Evaluating
this propagation on a finite grid inherently limits the representable
spatial frequencies. This provides one possible finite-grid-related
explanation for the mild low-pass appearance observed under mag-
nified inspection.

Another related limitation is the lack of explicit sensor-side spa-
tial integration. A physical sensor would integrate irradiance over
a finite pixel area, while the present implementation evaluates the
propagated field on a discrete sensor grid. Modeling this integra-
tion, together with a finer scene-side representation, would require
substantially higher spatial resolution and is beyond the scope of
the present setting.

These limitations matter for physical interpretation, but they do
not change the main point of the paper. The proposed construction
is intended to make the realization-dependent interference struc-
ture and its suppression under temporal or spectral accumulation
directly analyzable within a controlled camera-space setting. The
results should therefore be understood within this construction and
at that level of interpretation.

8.5. Aperture-Dependent Effects as a Camera-Space Utility

After accumulation, phase-dependent cross-interference terms are
suppressed, but the spatial interference structure can remain in the
accumulated result. This makes the construction useful as a camera-
space interface for aperture-dependent effects, rather than merely
as an image-space filtering operation. Since the propagated field
interacts directly with the camera aperture before accumulation,
changes in aperture geometry can remain visible in the accumu-
lated result. As shown in Fig. 10, changing the pupil to a regular
hexagon produces distinct spike patterns.

We include this example to illustrate a possible utility of the con-
struction, rather than as a developed contribution to lens-induced
artifact rendering. Camera and lens effects, such as wave-based lens
flare, have been studied as dedicated rendering problems, for exam-
ple by Hullin et al. [HESL11]. A fuller treatment of bloom, diffrac-
tive spikes, or other lens-induced effects would require a separate
study and lies outside the scope of this work.
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9. Conclusion

In this paper, we introduced a controlled camera-space construc-
tion for making radiometric accumulation assumptions explicit.
Working on top of path tracing, the construction replaces only the
primary camera segment with statistical wave propagation, while
keeping the remaining transport in its usual ray-based form.

Within this setting, we established two main results. First, the
accumulated result remains consistent with the reference thin-lens
path tracing image under matched camera configurations. This
agreement should be interpreted as a consistency baseline for the
underdetermined randomized phase completion, rather than as evi-
dence that the missing physical phase has been recovered. Second,
individual phase samples produce interference structure on the sen-
sor, and this structure is progressively suppressed through temporal
or spectral accumulation before the stable radiometric image is ul-
timately obtained.

Overall, the construction exposes an intermediate pattern-
formation and suppression process that is usually implicit in radio-
metric image formation. The resulting complex field should be un-
derstood as a camera-space intermediate representation constructed
from radiometric input, rather than as a recovered physical phase.
By preserving the accumulated radiometric objective and modi-
fying only the primary camera segment, the construction remains
backward-compatible with existing geometric rendering pipelines.
Future work may extend this interface toward richer camera-space
wave effects, partial coherence, sensor-side integration, and wave-
material interactions.
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