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Figure 1: SDF emitters used in production: moving cars illuminated by SDF-defined capped-torus emitters, distributed
through the tunnel. The tori are modeled as a volumetric emitters using an implicit function. Left: Baseline BSDF
importance sampling. Center: Our method enables importance-sampled next-event estimation using solid-angle sampling
from the volumetric SDF emitters, and the tractable PDF seamlessly works with multiple importance sampling (MIS).
Right: Reference. Baseline and our method are rendered with 256 samples per pixel. Our technique captures the soft
volumetric glow and parallax-aware intensity with significantly reduced variance, enabling fast convergence at a fraction of
the cost.

Abstract

We present a practical and unbiased sampling tech-
nique for volumetric light sources defined by signed dis-
tance functions (SDFs). SDFs can compactly represent
complex procedural shapes and support Boolean oper-
ations for flexible composition. However, their use as
emitters remains underexplored in photorealistic ren-
dering due to the absence of efficient sampling strate-
gies. Our key insight is to model the interior of an SDF

as a uniform volume and to project volumetric samples
onto the unit sphere centered at the shading point, yield-
ing a solid-angle distribution that captures the emitter’s
relative spatial layout. We derive the directional prob-
ability densities for analytic primitives and generalize
the formulation to arbitrary SDFs via Monte Carlo vol-
ume estimation. Leveraging robust sphere tracing, our
method enables accurate and efficient sampling of SDF
emitters without requiring explicit surface parameteri-
zation, voxelization, or precomputed tables. Compared
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to baseline approaches such as uniform directional sam-
pling or surface approximations, our technique achieves
significantly lower variance and runtime in next-event
estimation, while broadening the expressive power of
light sources in rendering.

Keywords: Monte Carlo Rendering, Signed Distance
Function, Next-Event Estimation, Importance Sampling

1. Introduction

In artistic and production rendering, light sources play a
crucial role not only in illuminating scenes but also in con-
veying mood, form, and story. In physically-based render-
ing systems, light sources are typically modeled as emit-
ters: objects that define how energy is radiated into the
scene. While most systems support a variety of surface-
based emitters such as points, polygons, or area meshes,
they offer far fewer options for volumetric emission. This
limitation becomes especially apparent when artists aim to
represent emitters with rich internal structure or nontrivial
spatial form. In such cases, mesh emitters are often used as
a workaround, approximating complex volumetric behavior
through surfaces. However, this approach introduces signif-
icant overhead in sampling, storage, and shading complex-
ity, limiting both performance and creative flexibility.

This disparity is not due to any fundamental weakness of
volumetric emitters, but rather to the challenges they pose in
sampling and integration. Existing volumetric models tend
to rely on discretized voxel grids, which trade fidelity for
tractability. By contrast, signed distance functions (SDFs)
offer a compact, expressive alternative for procedural mod-
eling—supporting smooth blends, Boolean operations, and
structural edits within a unified representation. Despite their
widespread use for geometry definition and scene evalua-
tion, SDFs remain almost entirely unexplored as emitters in
Monte Carlo rendering frameworks, owing to the lack of ef-
ficient and unbiased sampling strategies over their implicit
interiors.

We introduce SDF emitters: a new class of volumet-
ric emitters defined directly by signed distance functions.
Our core idea is to treat the interior of an SDF-defined re-
gion as a uniform emissive volume and to derive a solid-
angle distribution at the shading point through spatial-to-
directional projection. This yields accurate and efficient
importance sampling without requiring meshing, voxeliza-
tion, or precomputed tables. Seamlessly integrating into
existing Monte Carlo pipelines, SDF emitters expand the
expressive range of light modeling—enabling high-fidelity,
artist-controllable illumination with minimal overhead and
substantial variance reduction.

By integrating SDF emitters seamlessly into existing
Monte Carlo rendering pipelines, our method enhances the
expressive power and flexibility of light source modeling,

with only small variance through effective importance sam-
pling in next-event estimation.

In summary, the main contributions of this paper are

• The introduction of SDF emitters as a new class of vol-
umetric light sources, enabling implicit geometries to
participate in lighting without meshing or discretiza-
tion;

• The formulation of an unbiased importance sampling
technique based on solid-angle distributions projected
from volumetric samples; and

• A practical strategy for integrating SDF emitters into
Monte Carlo rendering, leveraging robust sphere trac-
ing for intersection and evaluation.

2. Related Work

2.1. Procedural and Implicit Geometry in Rendering

Procedural and implicit representations offer a compact
and flexible means of describing complex geometry. Unlike
traditional mesh-based models, these methods define shapes
through functions or composition rules, allowing efficient
storage, evaluation, and manipulation. Such representations
are widely used for geometric modeling in rendering, par-
ticularly for structured or fractal-like objects.

Signed distance functions (SDFs) are a common choice
in this domain. They describe geometry implicitly through a
signed scalar field and support constructive operations like
unions and intersections. SDFs are broadly used in pro-
cedural modeling, differentiable rendering (25), and neu-
ral geometry representations (13; 24), and can be parame-
terized through networks to yield continuous, high-fidelity
fields (18; 12).

In most of these applications, SDFs serve as surface
proxies for visibility testing, shading, or optimization, val-
ued for their compactness and efficient intersection rou-
tines. In contrast, we explore their use as volumetric emit-
ters defined over interior regions, and develop a solid-
angle–based directional sampling technique locally adapted
to each shading point, without requiring meshing or vox-
elization.

2.2. Light Source Modeling and Volumetric Emitters

Various strategies exist for modeling light sources in
physically based rendering. Analytic emitters like points,
spheres, or rectangles benefit from closed-form intersection
and sampling (2; 8; 20), but their simplicity limits the range
of visual effects. Mesh lights, composed of tessellated sur-
faces, offer greater flexibility but increase memory and sam-
pling complexity, as they effectively act as large aggregates
of triangle emitters.



Volumetric emitters, such as those found in fire or fog,
are typically modeled using density grids or proxy geom-
etry (5). Sampling such media often involves integrating
emission along rays, as in the works of Villemin et al. (22)
and Simon et al. (17), which interpret emission in terms of
directional contributions from volumetric regions.

Our approach builds on similar intuition by constructing
directional sampling distributions from volume integrals.
Unlike grid-based formulations, however, we operate di-
rectly on implicit volumes defined by SDFs. This allows us
to retain geometric continuity while avoiding the discretiza-
tion and memory costs typically associated with volumetric
grids.

2.3. Importance Sampling for Direct Lighting

Accurate sampling of light sources is critical for reduc-
ing variance in Monte Carlo rendering. Standard tech-
niques like next-event estimation (NEE) and multiple im-
portance sampling (MIS) (21) combine samples from light
and BSDF distributions, but they can still struggle in the
presence of occlusion, complex emission profiles, or large
light sets. To enable NEE for surface behind refracted
surfaces, manifold exploration and polynomial systems are
leveraged (9; 26; 7).

To better align sampling with the integrand, many meth-
ods operate in projected solid angle space (2), particularly
for structured emitters like disks and rectangles (8; 20). Be-
yond geometric terms, product importance sampling strate-
gies aim to sample the full product of illumination and ma-
terial scattering; for instance, Diolatzis et al. (6) extended
Linearly Transformed Cosines (LTC) (11) to guide paths by
the product of light and BSDF. Our method complements
these strategies by defining the normalized solid-angle dis-
tributions (pL) for implicit volumetric emitters required by
such frameworks, without requiring surface parameteriza-
tion. This enables spatially adapted sampling for a broader
class of emitter shapes and representations. In contrast to
data-driven approaches (28) that often require pre-training,
our technique remains purely algorithmic and lightweight,
making it uniquely suitable for dynamic procedural content.

For scenes with many lights, hierarchical techniques like
Lightcuts (23), cone trees (4), and light BVHs (14) im-
prove scalability by clustering and pruning candidate emit-
ters. More recently, sample reuse frameworks like Re-
STIR (3) introduced spatio-temporal resampling, amortiz-
ing sampling costs across space and time to enable real-time
rendering of direct lighting in complex scenes. Extensions
like ReSTIR GI (15) and ReSTIR PT (16) further generalize
this idea to indirect illumination.

Our method immediately fits into existing direct lighting
pipelines, and can work seamlessly with these many-light
sampling frameworks.

3. Formulation of SDF Emitter Sampling

Let � : R3 ! R be a signed distance function (SDF)
defining an implicit surface:

S = fx 2 R3 j �(x) = 0g:

We define the corresponding solid region (i.e., the interior
of the shape) as


 = fx 2 R3 j �(x) � 0g:

To model volumetric emission, we introduce the indica-
tor function:

v(x) =

(
1; if x 2 
;

0; otherwise:
(1)

This describes a volume with uniform density contained
within the implicit boundary defined by the SDF.

We denote the total volume of the region by

V :=

Z
R3

v(x) dx; (2)

which will serve as a normalization factor throughout.

3.1. Volumetric Emission Model

We model the emitted radiance in a direction ! 2 S2

from a volumetric emitter by integrating an emissive density
�(x) along the ray from a shading point x0. The function
� : R3 ! R defines the local radiative emission per unit
length. The radiance is then given by

Le(!) =

Z 1
0

v(x0 + t!) � �(x0 + t!) dt; (3)

where the indicator function v restricts integration to the
emitter interior 
. This integral reduces to a sum over
ray–volume intersection intervals [r�i ; r

+
i ]:

Le(!) =
X
i

Z r+
i

r�
i

�(x0 + r!) dr: (4)

In the case of uniform emission (i.e. �(x) � const), we
may normalize by total emitter volume V and set � = 1=V
to ensure unit total power. This yields the simplified form:

Le(!) =
1

V

X
i

(r+
i � r

�
i ): (5)

For general �(x), we may estimate the radiance us-
ing Monte Carlo integration. Drawing one point r� �
U [r�i ; r

+
i ] per segment, where U denotes the uniform dis-

tribution, the unbiased estimator becomes:bLe(!) =
X
i

(r+
i � r

�
i ) � �(x0 + r�!): (6)




