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Fig. 1. Differentiable CSG optimization. Given the CSG model of a bike (left), our DiffCSG renders the corresponding shape in a differentiable manner, such
that its continuous parameters can be optimized to best match multi-view renderings of a target shape (right, pink). Our solution builds upon differentiable

rasterization to compute image gradients with respect to CSG parameters (middle). Here we visualize the per-pixel gradient contribution for the global scale

parameter s, the seat height A, the

, and the wheel radius r (we cropped the gradient visualizations around the areas of interest for h, [ and r). In

this example, the optimization decreased the seat height, increased the wheel radius, and made the handles vanish by setting their size to 0 (top middle). The

optimization also adjusted the orientation of the pedals.

Differentiable rendering is a key ingredient for inverse rendering and ma-
chine learning, as it allows to optimize scene parameters (shape, materials,
lighting) to best fit target images. Differentiable rendering requires that each
scene parameter relates to pixel values through differentiable operations.
While 3D mesh rendering algorithms have been implemented in a differen-
tiable way, these algorithms do not directly extend to Constructive-Solid-
Geometry (CSG), a popular parametric representation of shapes, because
the underlying boolean operations are typically performed with complex
black-box mesh-processing libraries. We present an algorithm, DiffCSG, to
render CSG models in a differentiable manner. Our algorithm builds upon
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CSG rasterization, which displays the result of boolean operations between
primitives without explicitly computing the resulting mesh and, as such,
bypasses black-box mesh processing. We describe how to implement CSG
rasterization within a differentiable rendering pipeline, taking special care to
apply antialiasing along primitive intersections to obtain gradients in such
critical areas. Our algorithm is simple and fast, can be easily incorporated
into modern machine learning setups, and enables a range of applications
for computer-aided design, including direct and image-based editing of CSG
primitives. Code and data: https://yyyyyhc.github.io/DiffCSG/.
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1 INTRODUCTION

Constructive-Solid-Geometry (CSG) represents 3D shapes as para-
metric primitives (e.g., cylinders, cuboids) combined with boolean
operators (e.g., union, intersection, difference) [Voelcker and Re-
quicha 1977]. CSG models are particularly popular in rapid pro-
totyping as they allow designers to create editable shapes whose
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(a) Input CSG program (b) Meshed CSG (c) Meshed CSG (e) Rasterized CSG

for di erent parameter values with intersection edges antialiased
Fig. 2. Ideation. Given two intersecting primitives (a), the result of subtracting one primitive from the other can be obtained by computing boolean operations
on meshes explicitly (b). However, the topology of the resulting mesh (number of vertices, connectivity) needs to be updated for any parameter change (b-c),
which is costly and complex to implement in a di erentiable way. The Goldfeather algorithm displays the result of the subtraction while maintaining the
original primitive meshes (d), but the discontinuity formed along the intersection of the two primitives is not anti-aliased (d, inset). We detect intersection
edges explicitly and apply anti-aliasing on them (e), which allows back-propagation of gradients from pixels to primitive triangles, all the way to primitive

(d) Rasterized CSG

parameters.

dimensions can later be adjusted to best t di erent designs [Maker-
Bot 2023; Marius Kintel 2023; Oehlberg et al. 2015].

However, authoring and reusing CSG models requires program-
ming skills, not only to de ne the primitives and boolean operators
that form the shape's structure but also to adjust the individual pa-
rameters of all its components. Although specialized solutions exist
to optimize certain CAD programs, they can only handle a small
number of parameters [Michel and Boubekeur 2021], or support
unions of primitives but no intersections or di erences [Cascaval
et al. 2022; Gaillard et aR022; Kodnongbua et.&023]. In contrast,

di erentiable rendering has recently gained popularity as a exible
way to optimize shape parameters to best t target images [Zhao
et al 2020], enabling diverse applications like image-based shape
reconstruction [Loubet et aR019] and text-based shape generation
[Chen et al 2023; Liao et a023]. Unfortunately, existing di eren-
tiable renderers are not well suited to optimize parameters of CSG
models.

On the one hand, fast di erentiable rasterizers work on meshes
[Laine et al 2020]. But computing boolean operations on meshed
primitives is a complex and costly operation [Cherchi et 2022],

that needs to be executed for any parameter update since such oper-

ations produce drastically di erent meshes for di erent parameter
values (Fig. 2b,c). Furthermore, boolean operations are typically
implemented with mesh processing libraries that do not support
automatic di erentiation. On the other hand, boolean operations

black-box geometry processing libraries. By maintaining the original
tesselation of the primitives, we can backpropagate gradients from
any point on the shape to the primitive vertices, all the way to the
primitive parameters that control these vertices.

We achieve this unique combination of features by revisiting CSG
rasterization algorithms [Goldfeather et.@l989; Stewart et a1 998]
under the new perspective of di erentiable rendering. CSG raster-
ization performs depth tests against front and back faces of each
primitive to deduce the fragments that form the rendered CSG shape
(Fig. 2d, Fig. 4). Then, di erentiable rasterization provides a way to
backpropagate gradients from fragments to mesh vertices [Laine
et al. 2020]. However, care must be taken at discontinuities, such as
across contours and silhouettes where the set of vertices a ecting
a pixel color change abruptly. In such cases, existing algorithms
achieve di erentiability by leveraging antialiasing to interpolate
fragments across discontinuity edges [Laine et 2020; Li et al
2018]. But fast rasterizers only apply antialiasing along visibility
edges detected on the input mesh this is insu cient for CSG
rasterization as it also produces discontinuities at fihéersectiorof
primitives. Since these discontinuities are not antialiased by state-
of-the-art di erentiable rasterization (Fig. 2d - inset), they do not
provide valuable gradients. This lack of gradients is especially prob-
lematic for CSG optimization because primitive intersections are
precisely among the visual features that vary most for di erent
values of primitive parameters.

can be expressed on Signed Distance Fields (SDFs) in a di erentiable Fortunately, while computing boolean operations on meshed

way [Kania et al 2020], but custom analytical SDF expressions need
to be de ned for each type of primitive.

We propose an e cient and exible solution to optimize the
continuougparameters of CSG models using di erentiable rendering.

primitives is a complex and costly procedure, detecting edges formed
by intersections of primitives is a much easier and tractable task.
Doing so in a di erentiable manner allows us to feed additional
edges to the anti-aliasing module and achieve di erentiability over

On the one hand, we represent CSG models using boolean operators the entire CSG rendering pipeline (Fig. 2e - inset). We demonstrate

applied on meshes, which allows us to support any primitive that
can be de ned by a xed tesselation, including the ones supported
by popular CSG modelers [Marius Kintel 2023] (cuboid, cylinder,
sphere, sketch-extrude). On the other hand, wendbcompute mesh

boolean operations explicitly, avoiding the need to call complex
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the simplicity and practicality of this approach by integrating it
in Nvdi rast [Laine et al. 2020], a popular framework for di eren-
tiable rasterization. We then evaluate our CSG optimization on a
benchmark of 50 CAD shapes and illustrate its potential on several



downstream tasks, such as image-based editing and direct 3D shape
manipulation.

2 RELATED WORK

Modern Computer-Aided-Design (CAD) strongly relies on paramet-
ric representations of 3D shapes to encode variations of a design.
Constructive-Solid-Geometry (CSG) [Voelcker and Requicha 1977]
is one such representation where a design is de ned both by dis-
crete parameters (number and type of geometric primitives, type
of boolean operators applied to these primitives) as well as by con-
tinuous parameters (position, orientation, and dimensions of the
primitives). CSG is the core modeling metaphor of popular software
like OpenSCAD [Marius Kintel 2023], as well as a key component
of feature-based CAD systems like OnShape [PTC 2024] and Fu-
sion360 [Autodesk 2024; Willis et.&2021] that heavily rely on
sketch-extrude operators to create or remove geometry. In this pa-
per, we focus on application scenarios where the discrete structure
of the CSG model is given, while its continuous parameters need to
be adjusted. Such editing tasks frequently occur when users want
to reuse an existing design [Oehlberg et 2D015], but are challeng-
ing to perform as soon as the design exposes multiple parameters
that are di cult to relate to the desired outcome [Gonzalez et al
2024]. The ability to optimize continuous shape parameters can also
bene t reverse-engineering tasks where the structure of the CSG
model is discovered by other means, including methods based on
program synthesis that typically quantize continuous parameters to
a small set of integer values to treat all program tokens as discrete
variables [Du et al2018; Ellis et aR019; Sharma et.&018]. Our
approach could be used to re ne continuous parameters once the
discrete structure has been discovered, or used in conjunction with
iterative program synthesis [Kapur et 22024] to jointly solve for
discrete and continuous parameters.

Several approaches have been recently proposed for di erentiable
execution of CAD models, but most of them do not apply to CSG.
Cascaval et a[2022] and Gaillard et a[2022] use automatic dif-
ferentiation to relate the position of mesh vertices to the shape
parameters that control these vertices, which allows them to o er
users a bidirectional work ow where CAD models can be edited
either in parameter space or in mesh space. Kodnongbua {2@23]
further combine di erentiable CAD execution with di erentiable
rendering to t CAD models to images. Similarly, Worchel and Alexa
[2023] demonstrate how to extract triangle meshes from parametric
surfaces (Bézier, B-spline, NURBS surfaces) in a di erentiable way,
enabling di erentiable rendering of such surfaces. However, ex-
tending these systems to CSG would require implementing boolean
operations on meshes within an automatic di erentiation frame-
work, a non-trivial task given the complexity of robust mesh boolean
algorithms [Cherchi et al2022]. A notable exception is the work
of Gonzalez et a[2023], which allows users to edit the position,
rotation, and scale of CSG primitives directly in 3D space. But this
system relies on instrumenting the CSG editor OpenSCAD [Marius
Kintel 2023] with custom 3D widgets, rather than employing di er-
entiable execution to automatically optimize arbitrary parameters.

Michel and Boubekeur [2021] propose a method to assign a unique
identi er to any point of a parametric shape expressed by a direct
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acyclic graph (including CSG trees), enabling to compute pointwise
derivatives by nite di erences rather than through automatic dif-
ferentiation. While this approach is well adapted to click-and-drag
interactions, its computational cost limits it to models controlled
by a small number of parameters. In contrast, our approach com-
putes gradients with respect to tens of parameters, over all visible
points of the object, enabling image-guided optimization of CSG
parameters.

Given the di culties induced by boolean operations on meshes,
several authors perform machine learning with CSG models us-
ing alternative shape representations such as occupancy grids and
signed distance functions (SDFs) [Kania et20120; Lambourne et al
2022; Ren et a021], where boolean operations are expressed as
min/max functions implemented with softmax to achieve di eren-
tiability. Recently, Liu et al[2024] proposed to replace the min and
max operators by a uni ed, fuzzy-logic operator that enables to
also optimize the type of boolean operation applied on primitives.
However, employing SDFs raises several challenges. First, the SDF
of each primitive type needs to be de ned analytically, as a func-
tion of the primitive parameters. While analytical SDFs have been
de ned for simple primitives such as spheres, cylinders and cuboids
(see supplemental material from [Kania et 2D20; Ren et a2021]),
expressing complex primitives, such as sweep surfaces formed by
Bézier curves, would be more involved [Inigo Quilez 2023]. Second,
evaluating SDFs throughout optimization is costly, as demonstrated
in our evaluation (see Sec. 4.3). Finally, optimizing SDFs according
to image-based losses requires rendering them with di erentiable
sphere tracing, which is also a costly procedure [Bangaru e2@P2;
Vicini et al. 2022]. Our solution avoids these challenges by working
with meshes, which are easy to de ne for diverse parametric prim-
itives and are fast to rasterize. Yet, we avoid computing boolean
operations on meshes explicitly and instead leverage di erentiable
rasterization to backpropagate image-space gradients to primitive
vertices, all the way to primitive parameters.

3 METHOD

Figure 3 provides an overview of our algorithm. Our method takes as
input a CSG model composed of a set of parametric primitives com-
bined with boolean operations (Fig. 3a). We build on the Goldfeather
algorithm [1989], which performs visibility tests during rasteriza-
tion to render CSG models without computing boolean operations
on meshes explicitly. While we can perform these visibility tests
in place of the standard depth test in a di erentiable rasterization
pipeline (Fig. 3b), the nal image contains edges not present in the
original geometry. We detect these edges explicitly by nding in-
tersections between the parametric primitives (Fig. 3c). We then
provide the detected intersection edges along with visibility edges
to the anti-aliasing module of a di erentiable rasterization pipeline
(Fig. 3d), which allows back-propagation of image-space gradients
to the respective primitives.

We now provide background details about the CSG rasterization
and di erentiable rasterization algorithms we build upon, before
describing how we combine these two components with intersection
edge detection to achieve di erentiable CSG.

SA Conference Papers '24, December 3 6, 2024, Tokyo, Japan.
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Fig. 3. Algorithm Overview. Our algorithm adapts a di erentiable rasterization pipeline (light blue) to render CSG models (a) in a di erentiable way. First,
we replace the standard depth test by the Goldfeather algorithm (b), which selects among front and back faces of the CSG primitives the ones to be displayed

according to boolean operations. Second, we detect intersection edges between CSG primitives (c) and provide these edges to the anti-aliasing module (d).

Proper anti-aliasing is critical to allow back-propagation of gradients from the final image all the way to the primitive parameters.

3.1 Background on CSG Rasterization

Fig. 3 (light blue) depicts the main stages of a modern rasterization
pipeline [Laine et al2020]. Starting from input triangle meshes,
the rasterization module projects the triangles on the screen and
uses the depth bu er to test which fragments are visible. These
fragments are subsequently shaded and anti-aliased.

The Goldfeather algorithm [1989] is a simple modi cation of this
pipeline (Fig. 3(b)), which consists of replacing the depth test with a
combination of depth and parity tests that implements the boolean
operations applied on primitives. Fig. 4 illustrates the algorithm
on two convex primitives, and . To display the intersection of
the two primitives, the algorithm checks whether there is an odd
number of polygons lying between the front faces of the primitives
and the camera (Fig. 4(b)). For the subtraction of A from B, the
algorithm keeps the fragments from back faces of A that have an
odd number of polygons from B occluding them from the camera,
and keeps the fragments from front faces of B that have an even
number of occluding polygons from A (Fig. 4(c)). For a union of
primitives, the standard depth test is applied. We refer the reader
to [Goldfeather et al1989; Kirsch and Déllner 2005; Stewart et al
1998] for additional details, such as the handling of non-convex
primitives and algorithm optimizations.

3.2 Background on Di erentiable Rasterization

Di erentiable rendering aims at computing how much the pixel
values of an image change in reaction to small changes in scene
parameters (geometry, material, light, camera). Di erentiable ren-
dering is a critical ingredient of inverse rendering, which aims at
optimizing scene parameters to best match a target image. In the
past few years, signi cant progress has been made in di erentiable
rendering based on either raytracing [Bangaru et 2020; Zhang

et al. 2020, 2023; Zhao et &020] or rasterization [Cole et 82021;
Laine et al2020; Liu et al2019]. We focus on rasterization for its
real-time performance, and extend it to CSG models for di eren-
tiable CSG rendering.
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Fig. 4. Goldfeather algorithm. The algorithm takes as input individual
primitives of the CSG model (a). For an intersection, only the front-facing
fragments that are occluded by an odd number of polygons are displayed
(b, crosses depict occlusions along viewing rays). For a subtraction, the two
primitives apply di erent parity tests against each other (c). Considering

, the algorithm displays the front-facing fragments of that are
occluded by an even number of polygons from and the back-facing
fragments of that are occluded by an odd number of polygons from

We build our algorithm on the di erentiable rasterizer of Laine
et al [2020], i.e. Nvdi rast, which implements the main steps of
the rasterization pipeline in a di erentiable way. Several steps of
this pipeline are continuous by construction, such as barycentric
interpolation of vertex attributes, or trilinear interpolation of texture
values, and as such easy to di erentiate. In contrast, the visibility
test creates sharp discontinuities in the image, which provide no
gradients for vertex positions. Similar to Li et.42018], Laine et
al. apply screen-space anti-aliasing along visibility edges to obtain
smooth discontinuities (Fig. 3(d)), where pixels crossed by silhouette
edges are blended with their neighbors, with weights determined
by edge coverage (see Fig. 5). However, Laine et al. only consider
edges from the input triangle mesh, and only apply anti-aliasing
on the ones that correspond to silhouettes. This procedure is not
su cient to obtain proper gradients for the Goldfeather algorithm,
since this algorithm introduces sharp discontinuities along primitive
intersections, which can occur away from silhouettes and do not
necessarily align with the input mesh edges.
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