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Introduction:

The use of triangle meshes to represent geometric designs is ubiquitous in virtual prototyping. Many
triangle meshes originate from discretizing parametric representations de�ned in computer-aided design
(CAD) tools. Using a CAD-native parametric representation, users can easily edit geometric designs.
However, if the parametric representation of the geometry is unavailable or lost, users cannot conveniently
edit geometric designs, as triangle meshes include little to no parametric or semantic data.

A vast amount of literature addresses the reconstruction of CAD data [1]. While feature-based
modeling of boundary representations is common in CAD, constructive solid geometry (CSG) combines
parametric primitives with Boolean operations. Due to its low number of primitives and operators,
the search space for reconstructing a CSG expression from a mesh is substantially smaller than that
for reconstructing a feature-based modeling expression [2]. Despite the reduced search space, current
methods require many minutes or even hours to reconstruct complex geometries. As the reconstruction
process is non-deterministic, many attempts may be required to obtain a suitable result.

Reducing the search space by pre-segmenting the geometry [3] and partitioning the reconstruction
[5] provides faster and more robust reconstruction. Therefore, we propose a user-guided method that
enables users to form partitions as a selected set of segments. Our method enables users to conveniently
partition clearly identi�able design parts such as a strut connecting two assemblies. After user-guided
partitioning, our method performs a per-partition reconstruction. For faster performance, all steps in
our pipeline from segmentation to CSG reconstruction are accelerated using the graphics processing unit
(GPU). We achieve speedups of up to two orders of magnitude compared to state-of-the-art methods.

Our User-guided CSG Reconstruction:

We present a fast method for user-guided CSG tree recovery from manifold triangle meshes (see Fig. 1).
The �rst step is the pre-segmentation of the input mesh. For a semantic group of adjacent triangles,
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Fig. 1: The input mesh is split into face groups (FG)s (separated by color) using automatic segmentation and
cut planes. Then, the user selects FGs to form partitions. For each partition, our method �ts primitives and �nds
a CSG tree. The CSG trees are combined into a CAD model.

the mesh editing community has coined the term face group (FG), which we adopt in our work, because
it describes our intent well: user-selectable segments that are associated with parametric shapes. Our
method is embedded in an interactive graphical system for user-guided partitioning. Users may bisect
selected FGs along a cut plane to re�ne the segmentation. By selecting FGs, users select multiple
triangles to form partitions PT1, . . . ,PTn. Each partition PTi consists of m user-selected FGs: PTi =
FG1 ∪ · · · ∪ FGm. The resulting n partitions represent CSG1, . . . ,CSGn sub trees of the intended CSG
tree to limit the combinatorial complexity. For each partition, the user speci�es a Boolean operation
to combine the partition with the other partitions, as the interface of partitions often includes many
mutually intersecting primitive shapes, e.g., multiple holes in a �llet. Our system defaults to choosing a
union operation, because connected components can often be combined as unions [5]. As partitioning is
done recursively in a top-down manner, we obtain an expression CSG-expr to combine all sub trees. For
each partition, we determine the best-�tting primitives to the FGs. Then, we use a genetic algorithm
(GA) to �nd a CSG sub tree for each partition:

(CSG∗
1, . . . ,CSG

∗
n) = (argmax

CSG1

E1(CSG1), . . . , argmax
CSGn

En(CSGn)), (2.1)

where Ei(CSG) = E(CSG,PTi) evaluates how well CSG �ts PTi. The resulting sub trees are combined by
the user-speci�ed expression CSG-expr to obtain the �nal CSG tree:

CSG∗ = CSG-expr(CSG∗
1, . . . ,CSG

∗
n). (2.2)

Segmentation into Face Groups:

Our FG segmentation �rst classi�es triangles based on principal curvature and subsequently performs
region growing between triangles of similar curvature. Both of these steps are accelerated with the GPU.

Curvature classi�cation

We classify triangles based on an angle threshold φr for ridge edges and curvature thresholds εplane, ε
l
cone,

εhcone, and εsphere. Our classi�cation �rst detects geometric faces, ridges and corners in the mesh (see
Figs. 2a to 2c). Due to its robustness, we use tensor voting [6] to assemble the quadric metric tensor Av

using the one-ring of surrounding vertices v1, . . . ,vk and triangle (unit) normals n1, . . .nk:

Av = n1w1n
T
1 + · · ·+ nkwkn

T
k , where wi = |atan2(∥(v − vi)× (v − vi+1)∥2, (v − vi) · (v − vi+1))| .

After singular value decomposition of Av, we use Jiao's thresholding scheme [6] to classify v into face,
ridge, and corner, setting φr as ridge angle and the other thresholds as detailed by Jiao. Next, we draw
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Fig. 2: We detect faces (a), ridges (b), and corners (c). Instead of using vertex normals (d), normals for curvature
are separated by ridges (e). With �tting, we detect transitions of the same primitive type (f).

tentative boundaries between FGs, marking edges whose vertices are not classi�ed as face, and where the
triangles t and t′ meet at an angle φt,t′ > φr. With a pass over each v's one-ring of triangles, we count
the marked edges that meet at v to obtain a tentative number kFGv of adjacent FGs. To adjust normals
in between FGs (see Fig. 2d), we compute tentative per-FG normals (see Fig. 2e) in another pass over
each v's one-ring:

nFGv =

k∑
i=1

niwti , where wti =

{
0 if ti not part of FG

area(ti) otherwise.
(2.3)

With the per-FG normals, we compute per-triangle principal curvatures κmin and κmax using the method
of Rusinkiewicz [7], as it is well-suited for GPUs [8]. Like Bénière et al. [9], we use principal curvature
and mean curvature H = 1

2 (κmin + κmax) to classify triangles into:

planar if |H| < εplane/sAABB,

spherical if ||κmax| − |κmin|| < Hεsphere,

conic if |κmax| > Hεhcone and |κmin| < Hεlcone,

where sAABB is the diagonal length of the axis aligned bounding box (AABB) of the input mesh. In
contrast to Bénière et al. [9], we use two thresholds εhcone and εlcone for conic triangles. The threshold
εhcone speci�es the intended portion of κmax to κmin and εlcone controls how close κmin should be to zero.
We distinguish spherical and conic triangles into inverted and non-inverted depending on sign(κmax).

Region growing

To form segments we grow regions among triangles of similar curvature. We �rst present a simple method
for highly e�cient region growing and then a more robust method based on primitive �tting.

Simple region growing : Initially, we assign each triangle a unique FG associated by its index. Parallel
�ood �lling propagates the index to adjacent triangles. The FG index of a triangle propagates to its edge
neighbors, if the adjacent triangles are associated with smaller FG indices. The propagation is restricted
to triangles of equal curvature classi�cation to separate regions with di�erent curvature. Eventually, the
largest FG index is assigned to all the triangles within a region of common curvature.

Region growing based on primitive �tting : The simple region growing method does not detect transitions
between di�erently parametrized shapes, e.g., a smaller cylinder blends into a larger cylinder (see Fig. 2f).
Therefore, we provide a region growing method for more complex meshes. Similar to Rendon-Cardona
et al. [10], we �t the primitives plane, sphere, cone, and cylinder. In contrast to Rendon-Cardona et al.
[10], we choose seed triangles at random and the primitive by curvature type to reduce user interaction.
Each triangle is marked as a candidate seed or as processed. We grow regions to adjacent triangles with
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the closest curvature to the seed. As the region should grow in the direction of maximal curvature to
estimate the shape parameters as early as possible, we choose the adjacent triangle t′ that minimizes:

min
t′

|κseedmax − κt′

max|(nseed · nt′). (2.4)

Once the region is large enough, we �t the seed's primitive to the region. While planar and spherical
curvature types are each associated with one primitive type, conic curvature can indicate a cylinder or
cone. For conic curvature, we �t a cylinder if all triangle normals are perpendicular to the region's axis;
otherwise, we �t a cone. If primitive �tting succeeds, we mark all the region's triangles as processed.
After �tting all regions, we assign each triangle the best-�tting primitive to resolve overlapping regions.

Primitive Fitting:

After FG detection and user-guided partitioning, our method determines a set of best �tting primitives
for each FG of a partition PTi = FG1∪· · ·∪FGm. We �rst �t plane, sphere, cylinder, and cone primitives
and then construct bounded primitives. To �t a plane to a FG, we compute the arithmetic average of
vertices and the sum of normals weighted by triangle area. We accept the resulting plane for the FG, if
maximum distance of points is below a certain threshold εdplane and

1
N

∑N
i=1 θi < cos(εnplane) holds for the

triangle's gradients θi = max(ni · n,ni · (−n)). For the non-linear primitives, we use GPU-accelerated
Gauss-Newton iterations [11] to �nd shape parameters p1, . . . , pn that minimize the squared distances:

min
p1,...,pn

∑
i

d2prim(xi, p1, . . . , pn), where dprim is the signed distance function of the primitive type. (2.5)

To optimize the parameter vector p = (p1, . . . , pn)
T, we assemble the Jacobian matrix J(p) of dprim. In

each iteration i, we solve J(pi)
TJ(pi)ui = −J(pi)

Td(pi), where d(pi) is the vector of distances from
vertices to the primitive. We perform updates pi+1 = pi +ui until convergence. If no primitive type �ts
the FG, we perform the region growing based on primitive �tting within the FG.

After primitive �tting, we construct bounded cylinders and cones from capping planes [12]. In addi-
tion, we check if the �tted planes can be combined to a cuboid using a GA and ghost plane detection by
Friedrich et al. [12] with unique hash mapping of planes to avoid duplicate cuboid evaluation. Sometimes
additional primitives are needed to reconstruct the geometry, e.g., a �llet on a cuboid. Therefore, we
add the planes of a primitive's oriented bounding box [3] to the set of primitives. As an optimization for
cylinders/cones, we do not add separating planes but a compound primitive composed of the di�erence
of the plane and the cylinder/cone. This reduces the search space for a GA.

CSG Tree Reconstruction:

The �nal step of our method searches for a CSG tree CSG∗
i that combines the primitives �tted for the

partition PTi. To �nd a CSG tree we evolve a population of 150 random CSG trees using the GA of
Fayolle and Pasko [3]. The evolution iteratively optimizes the population, keeping the nbest trees and
forming new trees by crossover and mutation of trees selected by a tournament sort. We use the same
�tness function as Fayolle and Pasko to rate the trees. To evaluate the �tness function, we uniformly
sample the triangles of the partition and project the sampling points onto the primitive surface for robust
evaluation [5]. We implement pre-processing of trees and early termination as proposed by Friedrich et al.
[5]. As a pre-process, we compute the SDF values and gradients for each single primitive. Especially for
compound primitives, e.g., cuboids, this pre-computation relieves the GA from unnecessary tree traversal.

During the GA, we evaluate the �tness of each CSG tree by bottom-up traversal starting at the
leaves, i.e, the primitives. As the GA is the most expensive step, GPU-acceleration of �tness evaluation
is crucial. For each tree node, we compute signed distances and gradients on the GPU. If a node is only
associated with one or two primitives, we perform a quick evaluation of the possible combinations, instead
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Model Segmented into FGs Partitioned CSG model

FM07

timings 1.5 min to specify cut planes 4 min for partitioning 3.2 sec for reconstruction

InvCSG153

timings 4 min to specify cut planes 14 min for partitioning 78 sec for reconstruction

Fig. 3: Reconstruction of FM07 (top) and InvCSG153 (bottom) meshes. Each model is segmented into FGs
(left) and partitioned by the user (center). Our method then reconstructs a CSG model (right).

of executing a GA. For internal nodes, our traversal uses the arrays of both child nodes to compute new
distances and gradients respecting the Boolean operation associated with the node. We allocate the upper
bound of arrays in GPU memory required for distances and gradients, which is the maximum tree level
ℓ+1 due to the binary tree structure. The reconstruction for the partition terminates when the best tree
achieves a su�cient �tness or a maximum number of iterations is performed. After reconstructing each
partition, we convert the expression in Eq. (2.2) to the OpenSCAD format.

Results:

We implemented our method in C++ and CUDA and evaluated its performance on 50 meshes of varying
complexity. Our evaluation compares the performance of our method with InverseCSG [4] and the per-
partition reconstruction of Friedrich et al. [5]. We recorded reconstruction run times over 10 repetitions
for each mesh on an Ubuntu 24.04 system with an AMD Ryzen 7 3700 (hyperthreading enabled) and an
NVIDIA GTX 1650. Our method consistently provides the fastest median run times. On average, our
method achieves 137× faster median run times than InverseCSG and 175× faster median run times than
Friedrich et al. [5]. To evaluate the accuracy of the reconstruction, we compute the relative reconstruction
error as the Hausdor� distance between the input mesh and the triangulation of the reconstructed CSG
tree divided by the diagonal of the AABB of the mesh [4]. Our per-partition reconstruction achieves
a 34× smaller mean error compared to InverseCSG and 14× smaller mean error compared to Friedrich
et al.'s [5] method. The smaller errors of our method are primarily due to correctly detecting more
primitives and more accurate primitive parametrization.

As our method involves user interaction, we demonstrate on the FM07 and InvCSG153 meshes that
user-guided partitioning is bene�cial for complex meshes (see Fig. 3). For the FM07, we reconstruct
all partitions in 3.2 seconds, while InverseCSG requires 94 minutes and Friedrich et al. [5] require 125
minutes. After automated segmentation, we specify cut planes to separate FGs at di�erent assemblies
in 1.5 minutes and perform user-guided partitioning in 4 minutes. The 5.5 minutes for user-interaction
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are signi�cantly lower than the reconstruction times of InverseCSG and Friedrich et al. [5]. In terms
of reconstruction error, our method provides a 140× lower error than InverseCSG, while the method of
Friedrich et al. [5] provides the same result as our method. For the InvCSG153, we reconstruct most
features correctly in 78 seconds, while InverseCSG requires 172 minutes to provide a result of 2.4× lower
reconstruction error compared to our method. The method of Friedrich et al. [5] requires 32 minutes
for the InvCSG153 mesh but misses many features leading to an 18× larger mean error compared to our
method. Using our method, we specify cut planes in 4 minutes to split segments at di�erent assemblies
and then perform user-guided partitioning in 14 minutes. This results in 18 minutes of user interaction
which is signi�cantly lower than the reconstruction times of InverseCSG and Friedrich et al. [5].

The user-guided partitioning provides signi�cant improvements of run time performance enabling
the reconstruction of complex meshes in seconds, while other methods require several minutes or even
hours. Since reconstructing a CSG tree involves a large search space and is non-deterministic, several
reconstruction attempts may be necessary for complex meshes. In such a situation, our user-guided
method provides tractable reconstruction and fast performance to quickly perform several reconstruction
attempts.

Conclusions:

We have presented a user-guided method for CSG tree recovery that provides fast run time performance
and accurate results. In conjunction with proper parallelization, the reduced combinatorial complexity
leads to a speedup of up to two orders of magnitude. The reduced search space of our per-partition
reconstruction facilitates �nding a correct CSG tree, which leads to an order of magnitude lower mean
error. As our method provides substantial improvements in terms of run times and accuracy, it is
worthwhile to invest a few minutes for the interactive partitioning step. A limitation of our method is
that it is not resistant to noise and cannot be applied to scanned point clouds. In future research, our
method could be extended to automatic partitioning to reduce user labor.
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