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Fig. 1. Locality in wave optics. Spectral rendering of a spaceship model (10 cm in length) with a scratched aluminium fuselage. To render the scratches, we
either use (a) our method, or for the bottom insets (b) we use a method similar to Werner et al. [2017]. Colourful wave effects arise when distinct wavefronts—
scattered from the base surface and phase-shifted scatter from the scratches—superpose and interfere, hence reproduction of these effects requires integration
over a positive region. Werner et al. [2017] use a Gaussian integration patch of a constant size, chosen ad hoc. We denote as 𝑟 the radius of this integration
region. Observe that when that region is too small, wave effects fail to materialize, and a purely geometric optics response arises, as expected. As we increase
𝑟 , the correct effects emerge, up until further increases produce no observable response in the rendered appearance. This highlights two problems we address
in this paper (discussed further in Section 1): (i) choosing the wavefront shape and size used for the integration of a wave-optical BSDF is not trivial; and (ii)
the sampling problem: further increase of 𝑟 has no observable effect but nevertheless induces a significant change in the integrated BRDF (note the log-scale
BRDF lobe visualizations), meaning that the BRDF used for importance sampling differs from the actual observed BRDF. The sampling problem can make
integrating wave effects a significant challenge (see Figs. 7 and 8). We present a formal framework that uses generalized rays—weakly-local constructs that
exactly quantify the shape and size of wavefronts that BSDF need to act upon—to accurately sample and render any wave-optical distribution.
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Ray optics is the foundation of modern path tracing and sampling algo-
rithms for computer graphics; crucially, it allows high-performance imple-
mentations based on ray tracing. However, many applications of interest in
computer graphics and computational optics demand a more precise under-
standing of light: as waves. For example, accurately modelling scattering
effects like diffraction or interference requires a model that provides the co-
herence of light waves arriving at surfaces. While recent work in Physical
Light Transport [Steinberg et al. 2022; Steinberg and Yan 2021] has intro-
duced such a model, it requires tracing light paths starting from the light
sources, which is often less efficient than tracing them from the sensor, and
does not allow the use of many effective importance sampling techniques.
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We introduce a new model for wave optical light transport that is based
on the fact that sensors aggregate the measurement of many light waves
when capturing an image. This allows us to compactly represent the sta-
tistics of light waves in a generalized ray. Generalized rays allow sampling
light paths starting from the sensor and applying sophisticated path trac-
ing sampling techniques while still accurately modelling the wave nature
of light. Our model is computationally efficient and straightforward to add
to an existing path tracer; this offers the prospect of wave optics becoming
the foundation of most renderers in the future. Using our model, we show
that it is possible to render complex scenes under wave optics with high
performance, which has not been possible with any existing method.

CCS Concepts: • → ;
; • → Physics.

Additional Key Words and Phrases: wave optics, optical coherence, light
transport, PLT

1 Introduction
Ever since the introduction of the rendering equation [Kajiya 1986],
modern light transport algorithms have been built on an assump-
tion of ray optics. Ray optics is able to accurately represent many
forms of light scattering in the physical world, and it has two key
properties that lead to efficient light transport simulation algorithms:

(1) : the light-transport primitive, i.e., the ray, exists at
a singular position (a point) in space and propagates into
a singular direction at any given time. This enables high-
performance ray tracing algorithms that can be used to sim-
ulate light propagation. Today such algorithms can also be
hardware-accelerated [Burgess 2020].

(2) : the radiometric quantities associated with rays
(e.g., intensity or radiance) sum linearly. Rays do not inter-
act with other rays, which further enables high-performance
and parallel implementations.

The ray optics model has the additional advantage that it is com-
plete: any effect that can be described by the applicable physics may
also be simulated.

Yet because ray optics does not simulate the wave nature of light,
it is not able to accurately simulate many important optical phe-
nomena. Such phenomena include the colourful glints that appear
when light is scattered by scratches in metal; the colour of the
wings and scales of some species of insects, snakes and fish; stress
birefringence; and the appearance of an oil layer or metal oxide on
a surface. While there is a significant amount of previous work in
modelling such phenomena in computer graphics (discussed fur-
ther in Section 2), this work has focused on modelling surface scat-
tering and has required that significant assumptions be made about
the wave properties of the incident light at points being shaded.

Fig. 1 shows how these assumptions can lead to errors in ren-
dered images. In that scene, a BSDF that models interference is
used for the scratched spaceship body. In order to accurately ren-
der its appearance, it is necessary to integrate over the correct area
around each shaded point: this area of integration depends both
on the wave coherence of the incident light as well as on the ob-
server’s ability to resolve optical details. If an arbitrary coherence is
assumed, as has been done in previous work that is based on ray op-
tics light transport, the imagemay be incorrect. As additional exam-
ples, Fig. S3 in our supplemental material demonstrates diffraction

of light around geometric obstacles, and Fig. 6 shows how somema-
terials may exhibit different appearance depending on the light’s
coherence properties. In all these cases, choosing the correct inte-
gration region is essential, but doing so accurately is challenging.

The coherence of light arriving at a point on a surface depends
not only on the emissive properties of the light sources, but it is
also affected by scattering from other surfaces before it reaches the
point. Thus, an accurate simulation of wave-optical light transport
is required to provide this information. One might hope to formu-
late a wave-optical formalism that would provide locality, linearity,
and completeness, but unfortunately that is impossible: a single-
point formulation of light—one that is simultaneously both local
and linear—is incompatible with electromagnetism [Wolf 2007].

Extensive research has been devoted to study alternative formu-
lations of wave optics that regain some of the “grainy” picture of
ray optics, where point queries of light’s behaviour may be per-
formed. While locality and linearity cannot be achieved simultane-
ously, many computational electromagnetic frameworks have been
designed to be perfectly local: i.e., they employ a ray-like construct
to conduct wave simulations. Unfortunately, any such formalism
inevitably abandons linearity and frustrates the application of sam-
pling and path tracing techniques (see Section 2).

Recent developments in Physical Light Transport (PLT) algorithms
have provided a weakly-local wave optics light transport frame-
work: rather than perfectly local rays, the transport primitive is
a beam that occupies a small, well-defined spatial region and prop-
agates into a solid angle [Steinberg et al. 2022; Steinberg and Yan
2021]. PLT sets the spatial region occupied by a beam to be propor-
tional to the spatial coherence of light such that distinct beams be-
come mutually incoherent and beams superpose linearly, enabling
the application of some classical path tracing tools.

However, PLT is based on a forward model of light transport,
where paths are sampled starting from light sources. Sampling paths
from the light sources is inefficient in many scenes, for example if
only a small part of a large scene is being rendered. Although it
is possible to sample paths starting from the sensor with PLT if a
global lower limit on the coherence of light is defined [Steinberg
et al. 2022], such a limit must be conservative. Using such a limit
leads to poor sampling for materials with strong wave-interference
effects, which are precisely the materials of interest. In that case,
the renderer uses a BSDF for importance sampling that significantly
differs from the observable BSDF, as shown in the plots in Fig. 1.We
call this incompatibility of weakly-local formalisms with backward
transport the sampling problem.

In this paper, we develop a new formalism that efficiently and ac-
curately models wave-optical light transport and allows path sam-
pling from the sensor. Our formalism is simultaneously weakly-
local, linear, and complete. This is a powerful result: completeness
means that our formalism can simulate arbitrary wave-optical dis-
tributions of light, of any wavelength, any spectrum, any polariza-
tion, and any optical coherence.

Our approach takes advantage of the fact that sensors integrate
incident light waves over a small area; it is not the individual waves
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Fig. 3. Light transport and dynamics in phase space. A sensor’s sensi-
tivity function (gray) and a light source’s emission function (orange) are vi-
sualized in the wave-optical phase space. In a sense, generalized rays (blue)
generalize the concept of optical partial coherence to backward (sensor-
to-source) sampling and transport of light: generalized rays quantify the
phase-space extent over which interference may be observed. In Section S7
in our supplemental we derive a formal relation to optical coherence. Ob-
serve that free-space propagation constitutes a horizontal shear of the
phase space (formalised by Eq. (S6.3)) just as in the ray-optical case.

4.2 Light Transport with Generalized Rays ∗
For each generalized ray sampled from a detector, viz. Eq. (18), we
run a light transport simulation, as formalised by Eq. (14). That sim-
ulation is dictated by the time-reversed (total) interaction operator
K -t. To compute the contributions of the detection element to the
total intensity observed by the detector, we finally integrate the
generalized ray over the light sources’ sourcing distributions 𝒲𝑠 .

Often it is more practical to formulate the interaction operator
K , that quantifies the total action on light of the entire scene, as a
sequence of interactions, viz. K ≡ K1©K2© . . . ©K𝑀 . A single inter-
action K 𝑗 might now describe free-space propagation, or a light-
matter interaction. The definition of the composed interaction op-
erator K 𝑙

©K 𝑚 only depends on the respective interaction kernels
𝐾𝑙 , 𝐾𝑚 , and follows immediately fromEq. (1) (see Torre [2005, Chap-
ter 8.3.2]).The time-reversed interaction operator trivially becomes
K -t ≡ K -t

𝑀
©K -t

𝑀−1
© . . . ©K -t

1 .
We now recursively apply each kernel K -t

𝑚 to a generalized ray,
in order to Monte Carlo integrate the light transport through the
scene. This process is similar to classical light transport: A general-
ized ray undergoes interactions with the scene at discretized steps.
Because a generalized ray is weakly-local, each interaction is con-
fined to a small region in space. A sequence of interactions gives
rise to a path, enumerated via the indices of the generalized rays
chosen at each interaction, starting with 𝑛, the index of the sourced
generalized ray from Eq. (18). Let a path of depth𝑚 − 1 be denoted
by a tuple 𝝅 = (𝑛1, . . . , 𝑛𝑚), where the indices 𝑛𝑖 denote sampled
generalized rays at each interaction. We define the addition opera-
tion of a path with an index as: 𝝅 + 𝑛𝑚+1 = (𝑛1, . . . , 𝑛𝑚, 𝑛𝑚+1), for
some index 𝑛𝑚+1.

We denote a generalized ray’s phase-space representation as the
Gaussian WDF 𝑔𝝅 , for an arbitrary path 𝝅 , as

𝑔𝝅
(
®𝒓, ®𝒌

)
≜ 𝑔𝛽𝝅 ,𝜌𝝅

(
®𝒓, ®𝒌 ; ®𝒓𝝅0 , ®𝒌𝝅0

)
, (20)

each defined w.r.t. the values 𝛽𝝅 , 𝜌𝝅 , ®𝒓𝝅0 , ®𝒌𝝅
0 . Note that Eq. (20) gen-

eralizes Eq. (19).

Recursive light transport. Let 𝝅 be some path of depth𝑚 − 1 ≥ 0,
i.e. |𝝅 | = 𝑚, and 𝑔𝝅 the generalized ray sampled using that path.
For the initial case𝑚 = 1, 𝑔𝝅 = 𝑔 (𝑛) is a sampled sourced general-
ized ray from the detector, as in Eqs. (18) and (19). Denote the WDF
that arises after interaction with K -t

𝑚 :

𝒬𝝅
𝑚 ≜ K -t

𝑚

{
𝑔𝝅

}
=
∫

d®𝒓𝑖 d®𝒌𝑖 𝐾 -t
𝑚

(
®𝒓, ®𝒓𝑖 , ®𝒌, ®𝒌𝑖

)
𝑔𝝅

(
®𝒓𝑖 , ®𝒌𝑖

)
. (21)

As interaction kernels fulfil all the properties of a WDF [Testorf
et al. 2010, Chapter 1.6], the integration above is a phase-space con-
volution of a WDF with a Gaussian, hence 𝒬𝝅

𝑚 is indeed a Husimi
Q distribution (as defined in Eq. (9)). Note, the above holds only
because our generalized ray is a phase-space Gaussian (a WDF is a
non-negative Husimi Q distribution if, and only if, it can be written
as a convolution of an arbitrary WDF with a Gaussian).

Gaussian functions form an overcomplete functional basis [Rudin
1990]. Therefore, a Husimi Q distribution, being a non-negative,
bandwidth-limited distribution (a consequence of the convolution),
may always be written as a finite sum of Gaussians to arbitrarily
high accuracy, viz.

𝒬𝝅
𝑚

(
®𝒓, ®𝒌

)
≈ 1
𝑁𝑚

𝑁𝑚∑
𝑛𝑚=1

𝛼𝝅+(𝑛𝑚 )𝑔𝝅+(𝑛𝑚 )
(
®𝒓, ®𝒌

)
, (22)

where𝛼𝝅+(𝑛𝑚 ) > 0 are the intensities of eachGaussian above (posi-
tiveness is a consequence of the non-negativity of a Husimi Q distri-
bution). Thereby, we have sampled 𝑁𝑚 generalized rays with paths
𝝅 + (𝑛𝑚) of depth𝑚, arising from the action of the operator K 𝑚

on the generalized ray 𝑔𝝅 .
Continue this process recursively, giving rise to sampled gener-

alized rays 𝑔𝝅 𝑗 , with 𝝅 𝑗 being the sampled paths, and each gener-
alized ray is defined by the tuple {®𝒓𝝅 𝑗

0 , ®𝒌𝝅 𝑗
0 , 𝛽𝝅 𝑗 , 𝜌𝝅 𝑗 } and 𝛼𝝅 𝑗 . The

sampled path depth is |𝝅 𝑗 | − 1: For |𝝅 𝑗 | = 1 these generalized
rays are sourced from the detector D, while for |𝝅 𝑗 | > 1 these
generalized rays are sourced from a distribution that arises after
interaction with K -t

|𝝅 𝑗 |−1
© . . . ©K -t

1 .

The rendering equation. The recursive rendering equation for back-
wardwave-optical light transport, that drives the process above, takes
the familiar form of a Fredholm integral equation:

Rendering equation

𝒬𝑜

����
®𝒓0

=
∫

d®𝒌0 d𝛽 d𝜌 K -t
𝑟

{
𝑔𝛽,𝜌

(
®𝒓 ′, ®𝒌′ ; ®𝒓0, ®𝒌0

)}
, (23)

where K -t
𝑟 is some interaction operator (acts w.r.t. the primed vari-

ables),𝑔 is an incident generalized ray and the integration is over all
possible generalized rays’ wavevectors ®𝒌0 and parameters 𝛽, 𝜌 . In
contrast to the classical rendering equation that acts upon scalars,
Eq. (23) acts upon functions, all generalized rays that are incident to
mean position ®𝒓0, and its result is a function aswell, the distribution
𝒬𝑜 . Outgoing generalized rays are then sampled from the resulting
light distribution 𝒬𝑜 , in an identical manner to Eq. (22). There is
no emission term: interaction with light sources is handled by the
measurement operator, introduced next. The interaction operator
is discussed further in Section S6 in our supplemental material.
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Measurement. The recursive light transport process above solves
for the total light transport, viz. the term K -t{𝑔 (𝑛) } in Eq. (18). The
observed intensity is computed by integrating each generalized ray
over the sourcing distribution𝒲𝑠 , quantified by the followingmea-
surement operator :

Measurement

ℑ{𝑔} ≜
∫

d®𝒓 ′ d®𝒌′𝒲𝑠

(
®𝒓 ′, ®𝒌′

)
𝑔𝛽,𝜌

(
®𝒓 ′, ®𝒌′ ; ®𝒓0, ®𝒌0

)
= 1
(2π)3

����∫ d®𝒓 ′𝜓𝑠
(
®𝒓 ′
)
𝜓¢
𝛽,𝜌

(
®𝒓 ′ ; ®𝒓0, ®𝒌0

)����2 , (24)

where we apply the Moyal formula [Torre 2005, Chapter 6.3.7] in
order to reformulate the phase-space integration using Wigner dis-
tributions into integration in position space using wave functions,
and with 𝜓𝑠 being the sourced wave function. In practice, the in-
tegration above happens once a generalized ray is incident upon a
light source, and under the support of that light source’s WDF.

4.3 Analysis
In our supplemental material, Section S5, we analyze the formula-
tion presented above and formally show that it is indeed weakly-
local, linear and wave-optically complete. We also connect the abil-
ity of generalized rays to always remain mutually-linear to sam-
pling theory, and give an intuitive insight into the mutual deco-
herence induced by generalized rays. Furthermore, in Section S5.2
and Fig. S5 in our supplemental material we also numerically vali-
date our formalism, and show that diffracting scatterers placed at
arbitrary locations can always be accurately sampled with gener-
alized rays. In Section S6 in our supplemental material we derive
several light-matter interaction BSDFs that we use in this paper.

5 Wave-Optical Rendering
In this section we introduce our rendering algorithm.We start with
the accurate algorithm that applies our light transport formalism,
as derived in Section 4, exactly. Later, in Section 5.1 we show that
with a few reasonable assumptions, our formalism gives rise to an
interactive wave-optical rendering algorithm that is easy to imple-
ment in a modern path tracer.

Our wave-optical light transport formalism works by propagat-
ing backwards, from the detector, generalized rays and simulating
their interactions with the scene under time-reversed dynamics,
and finally measuring their contributions by integrating over the
sourcing distributions of light sources. A generalized ray is a time-
reversed Gaussian beam sourced from the detector: Eqs. (5) and (15)
define its wave function and WDF, respectively.

Crucially, generalized rays are always (generalized rays
never interfere), and : we limit the spatial extent of
the generalized ray to some finite radius around its mean position
®𝒓0. Being Gaussian beams, with rapidly-decaying tails, this can be
easily done to arbitrarily high accuracy. For example, a radius of 𝜚 =
2.5𝛽 , where 𝛽2/2 is the generalized ray’s spatial variance, captures
> 99.8% of its weight. Finally, this formalism is .

InAlgorithm 1we summarise our general-purpose, accurate light
transport algorithm:

• A generalized ray is fully described by its mean
position ®𝒓0, mean wavevector ®𝒌0 (quantifying direction of
propagation and the wavelength), spatial variance 𝛽2/2 and
correlation parameter 𝜌 . For each sample, these parameters
are sourced via Eq. (18), thereby sourcing a generalized ray
initiating a path.
• Wepropagate the generalized ray through free

space, until it (or a part of it) encounters matter. As we limit
the spatial extent of a generalized ray to a region (ball of ra-
dius 𝜚 ) around its mean ®𝒓0, tracing it reduces to beam (or
cone) tracing through the scene. We formalize the transfor-
mation of the generalized ray’s parameters, {®𝒓0,®𝒌0,𝛽,𝜌 }, un-
der free-space propagation in Eq. (S6.3) in our supplemental
material.
• If the generalized ray (or part of it) encoun-

ters a light source, we integrate the generalized ray over the
sourcing distribution, as formalised by the measurement op-
erator (Eq. (24)). When no light source is present, ℑ ≡ 0.
• We compute the interaction op-

erator K (Eq. (11)), that quantifies the action of matter that
falls within the spatial extent of the beam (ball of radius 𝜚
centred at ®𝒓0). This operator acts upon the traced general-
ized ray, giving rise to the scattered distribution 𝒬𝑜 (as in
Eq. (21)). Then, a diffracted generalized ray is sampled out
of this distribution and the light transport simulation contin-
ues.

The tuple 𝝅 is a bookkeeping variable that keeps track of the indices
of the generalized rays that were sampled at each step.

The algorithm presented above is a novel wave-optical render-
ing algorithm. As formulated, it is able to simulate rigorous wave-
optical light transport accurately (to arbitrarily good precision) us-
ingweakly-local, linear generalized rays.This algorithm is employed

detector (pixel) D
𝐼 ← 0; /* will hold the computed detected intensity */

𝑛 ← 1 to 𝑁 /* sample the backward light transport */{
®𝒓0,®𝒌0,𝛽, 𝜌

}
← source generalized ray; /* Eq. (18) */

𝛼 ← 𝛼 (𝑛)
𝑁𝑝 (𝑛)

; /* path weight; p is sampling probability */

path depth � max depth

propagate the generalized ray
{
®𝒓0,®𝒌0,𝛽,𝜌

}
;

/* measurement (or solve pass) */

𝐼 ← 𝐼 + 𝛼 · ℑ
{
𝑔𝛽,𝜌

(
®𝒓 ′, ®𝒌

′
; ®𝒓0, ®𝒌0

)}
; /* Eq. (24) */

/* light-matter interaction */
K ← interaction operator around ®𝒓0;
𝒬𝑜 ← K

{
𝑔𝛽,𝜌

(
®𝒓 ′, ®𝒌

′
; ®𝒓0, −®𝒌0

)}
; /* rendering equation */{

®𝒓0,®𝒌0,𝛽,𝜌
}
← sample 𝒬𝑜 ; /* Eq. (22) */

𝛼 ← 𝛼 𝛼𝝅+(𝑛𝑚 )
𝑁𝑚

; /* update weight (𝛼𝝅+(𝑛𝑚 ) , 𝑁𝑚 as in
Eq. (22)) */
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for the simulation in Fig. S5 in our supplemental material. A pair
of practical difficulties may arise:

(1) In contrast to classical light transport, propagation cannot be
done via ray tracing and requires significantly-slower beam
tracing, as generalized rays are not perfectly local (indeed,
no wave-optical formalism may be simultaneously perfectly
local and linear).

(2) Because generalized rays occupy a positive extent, the op-
erator K in the light-matter interaction stage may need to
account for multiple different materials simultaneously (for
example, when a generalized ray is incident upon an edge
or a slit, or upon a surface with spatially-varying scattering
characteristics).This can be understood as the interaction be-
ing a composition of two or more operators, viz. K ≡ K1©K2.
Formally, this can always be done, but, in practice, formalis-
ing the composed interaction and sampling generalized rays
from it (thereby accounting for the mutual interference of
the scattered generalized rays from all materials that are in-
volved in the interaction) can be difficult.

Algorithm 1 describes the basic backward path tracing algorithm
with generalized rays. As the rendering equation (Eq. (23)) is linear—
by construction, as no interference arises between distinct general-
ized rays—many typical computer graphics rendering techniques
(like Russian Roulette, next event estimation and importance sam-
pling methods [Pharr et al. 2016]) can be applied to our rendering
algorithm. We discuss this in Section 5.1.

An efficient implementation of beam tracing, designed for mod-
ern GPUs, as well as deriving some composite interactions of inter-
est (e.g., free-space diffraction of a generalized ray around geome-
try) would be of great interest, and are left for future work. Such
work would be especially important for wave-optical simulation
at longer wavelengths (e.g., RADAR). In the rest of this paper our
focus is on rendering at optical frequencies. We present next our in-
teractive wave-optical rendering implementation, where we make
a simplifying application-specific assumption.

5.1 Interactive Rendering
In similar manner to optical rendering with PLT [Steinberg et al.
2022], we make the assumption that the spatial extent 𝜚 of a gen-
eralized ray is smaller or comparable to the scene’s smallest geo-
metric details (we refer to the explicit geometry against which we
trace rays, and not analytically defined details like surface proper-
ties). Therefore, we may neglect the generalized ray’s spatial extent
and use ray tracing to propagate it. Then, the propagation stage in
our rendering algorithm, Algorithm 1, reduces to simple ray trac-
ing, and in the light-matter interaction stage we do not consider
composite interactions with multiple materials.

The simplifying assumption above is reasonable for our target
application: high-performance rendering at optical frequencies. In
terms of optical effects, this assumption means that we neglect free-
space diffractions (light “bending” around geometry) and interfer-
ence across distinct materials. We stress that this assumption is not
a limitation of our wave-optical light transport formalism, as pre-
sented in Section 3.

diff (no-MS)

1440p | 16k spp | 180ms/spp

pr
ism

grating
4spp 32spp 128spp 1024spp

Fig. 4. Manifold sampling. Example application of an advanced sampling
technique. When performing next event estimation (NEE), manifold sam-
pling (MS) [Hanika et al. 2015; Zeltner et al. 2020] enables finding a light
path between a surface and a light source across one or more dielectric in-
terfaces. In the rendered scene, such a sampled path, that refracts through
the dispersive prism (outlined in blue), is visualized via the dotted blue line.
We also employMS for NEE on specular reflections: note the reflections off
the paint brush’s metal handle and off the paint tubes, as well as the thin
diffraction grating (outlined in yellow) dispersing light into multiple diffrac-
tion lobes. See full high-resolution rendering in our supplemental material.
(inset) Colour-coded difference compared to a without-MS rendering. (bot-
tom) The diffraction grating lobes at increasing samples-per-pixel (spp).

Under the assumption above, we may convert a classical unidi-
rectional, backward path tracer into a path tracer compatible with
wave optics: generalized rays replace the classical ray as the “point
queries” of light’s behaviour. In practice, doing so requires the fol-
lowing changes: (i) transitioning to a spectral, vectorized (polariza-
tion-aware) path tracer; (ii) transforming generalized rays on free-s-
pace propagation; and (iii) reformulating all the BSDFs in terms of
generalized rays.

In addition, in Section S7 in our supplemental material we make
a connection between generalized rays and optical coherence, and
detail a novel, simple variance reduction technique that we use in
our implementation: sample-solve.

Implementation details. To source a generalized ray from the de-
tector distribution D of a pixel: the variance 𝛽2/2 is taken to be
a fraction of the pixel spatial size; 𝜌 = 0 at sourcing; for simplic-
ity, we set the detection efficiency 𝛼 = 1; the initial mean posi-
tion ®𝒓0 is sampled uniformly at random on the pixel; and, −®𝒌0 is
the (mean) wavevector. A wavelength 𝜆0 (such that | ®𝒌0 | = 2π

𝜆0
) is

drawn randomly at uniform from the visible spectrum. This wave-
length drives the path sampling process, hence we refer to it as the
“Hero wavelength” [Wilkie et al. 2014].

The propagation of a generalized ray remains unchanged, as de-
scribed in Section 5. Light-matter interactions are done as described
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Fig. 5. Bike scene. The bike scene from Steinberg et al. [2022] rendered using generalized rays. The scene contains a few materials with visible wave-
interference effects, most notably the birefringent dielectrics, (a) like the plastic wheel spoke guard, (b-c) as well as the diffraction grated wheel brake surface.
(b) when illuminated by direct sunlight, this grating disperses light into visible diffraction lobes; however, (c) when sunlight passes through a diffuser (like
clouds), only the direct lobe is visible. (bottom) Low spp renderings, with (left side) and without (right side) a denoiser, showcasing the interactive rendering
performance of our wave-optical renderer.

in Section S6 in our supplemental material, and we are able to im-
portance sample these interactions.

We continue to transform the generalized ray’s parameters, viz.
{®𝒓0,®𝒌0,𝛽,𝜌 }, on propagation and on interaction with matter. There-
fore, we are able to quantify exactly the spatial extent over which
a generalized ray interacts with matter. Materials that describe de-
terministic scattering features, like a surface’s explicit microgeom-
etry, or a multilayered stack, can be accurately rendered.This is not
possible with any existing linear wave-optical formalisms: none of
them are able to recover weak locality, and would require integra-
tion over the entire material.

In addition, when a generalized ray encounters matter, we at-
tempt to connect the path to a light source via next event estima-
tion (NEE). We also perform “Russian roulette” early path termina-
tion. We are also able to apply other advanced sampling techniques
in our wave-optical rendering algorithm: To demonstrate that we
have implemented manifold sampling [Hanika et al. 2015; Zeltner
et al. 2020], see Fig. 4.

Under the context of our sample-solve algorithm (Section S7 in
our supplemental material), the measurement stage in Algorithm 1
is replaced with a PLT solve pass. Every time a path has been con-
nected to a light source, either organically or via NEE, the solve
stage kicks in to compute the partially-coherent transport over the

sampled path. If the sampled path does not contain dispersive delta
segments (e.g., refraction through a smooth dielectric interface),
in addition to the Hero wavelength, we also importance sample
three additional wavelengths from the light’s emission spectrum.
We therefore transport one to four spectral samples per sampled
path. The solve stage applies PLT in an essentially unchanged man-
ner, see Steinberg et al. [2022] for more details.

Our implementation supports two types of light sources:

(1) Distant light sources—These include analytic distant sources,
with a predefined solid angle that they subtend from the scene,
as well as environment maps, in which case light is sourced
from a small cluster of a few pixels, defining the solid angle.

(2) Emissive geometry light sources—where light is sourced from
a small area on the emitting triangle.

As a design choice, our implementation ignores polarization during
the sample pass (i.e., the backward transport with generalized rays).
This is done for simplicity and performance: decomposing and in-
verting Mueller matrices, and other polarimetric interactions, can
be cumbersome and expensive. No errors are introduced: the solve
pass is fully vectorized, and hence correctly accounts for all polar-
ization effects.
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