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Figure 1: Our 2D collision-free shape simplification is applicable to multiple stacked polylines. a) Original shapes depicting each layer with
a different color. b,c,d) Simplification of 80%, 90%, and 95% of the initial vertices. The left side shows the result without our untangling

approach, and the right side shows our results.

Abstract

We propose a simplification-aware untangling algorithm for 2D layered shapes stacked on each other. While the shape un-
dergoes simplification, our approach adjusts the vertex positions to prevent collision with other layers while simultaneously
maintaining the correct relative ordering and offsets between the layers. The method features a field-based representation of the
shapes and extends the concept of "implicit untangling" by incorporating interleaved shape preservation through a parameter-
ized shape-matching technique. Our approach can be plugged on top of any existing vertex-decimation approach, leveraging
its localized nature to accelerate the field evaluation. Furthermore, our method can seamlessly handle an arbitrary number of
stacked layers, making it a versatile solution for stacked garment simplification.

CCS Concepts

* Computing methodologies — Mesh geometry models; Volumetric models;

1. Introduction

Mesh simplification is widely used to adapt the level of details of
3D shapes. Since the seminal work of Garland et al. [GH97], mul-
tiple efficient approaches have been developed for efficient simpli-
fication revolving around the edge-collapse operation and can even
adapt to dynamic levels of details for varying camera viewpoints or
animation. However, some shapes still remain notoriously difficult
to simplify. Among the most challenging ones are the multi-layered
surfaces, when surface layers are tightly stacked on each other.
Such a stacked configuration is commonly met in virtual character
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clothing, where each cloth layer is worn on top of the other. Ap-
plying a standard simplification scheme to such a layered structure
would create tangled configurations that are visually perturbing and
unsuited for simulation.

In this work, we propose a dedicated approach that handles lay-
ered shape simplification in a robust and efficient way. Our ap-
proach focuses on the 2D case, where the shape is described by
a polyline that can typically represent a planar cut of a layered gar-
ment configuration. Our method considers an arbitrary simplifica-
tion scheme applied on a set of layered 2D polylines and computes
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a geometric deformation, ensuring that the result is collision-free
and preserves the local ordering of the polylines layers (see Fig. 1).
To this end, we first associate the shape with an implicit form using
Signed Distance Functions (SDF), allowing us to robustly express
the notion of the interior and exterior of a shape. After the simplifi-
cation process, we then apply a local iterative deformation scheme
coupling an implicit-based deformer with a shape preservation ap-
proach to converge toward a collision-free state.

Our method builds upon the concept of implicit untangling pro-
posed by Buffet et al. [BRB*19] but extends it along two technical
contributions. Firstly, we extend the convergence process of the N-
ary implicit-based deformer by coupling it with a shape-matching
approach, which helps to limit non-rigid shape deformations. Sec-
ondly, we optimize the efficiency by restricting the implicit surface
evaluation to a local area based on the simplification scheme and
the shape topology.

2. Related Work

The main focus of this work is to perform collision-free simpli-
fication on 2D multi-layered shapes, specifically those that can be
used on a planar cut of multi-layered clothes; we restrict our related
works to Simplification and Clothes untangling.

2.1. Mesh Simplification

We categorize existing simplification algorithms into the three fol-
lowing groups:

Vertex Decimation approaches simplify models by removing
vertices that minimize shape modifications [SL96, SZL97]. The
empty space left by the vertex removal is then filled by re-
triangulation. Decimation methods have been extensively studied in
order to minimize various global error control, for instance, using
simplification envelopes [CVM*96], or by re-evaluating the error
after each iteration [CCMS96,BS96, KLLS96, RR96, Gué96].

Vertex Clustering: Another way of simplification is to use one
vertex as the replacement of a group of vertices. First, bounding
boxes were used by Rossignac and Borrel [RB93] to cluster ver-
tices, which is later improved by Kalvin and Taylor [KT96] us-
ing adaptive grid structures. Then, pair-wise vertex decimation was
introduced by Garland [GH97] to reach higher efficiency, which
groups vertices based on quadric error metrics.

Model Rebuilding: Simplification can also be done by rebuild-
ing with new vertices sampled on the surface of the model [Tur92].
New vertices are sampled on maximal curvature locations, and their
number is smaller than the model’s old vertices.

While simplification approaches have been widely studied to
preserve specific properties of a given surface, they do not take into
account possible collisions with other surfaces resulting from the
decimation. In contrast, our approach serves as a post-process, that
rectifies a temporary state after a simplification step. This makes it
compatible with any simplification method and leverages the local-
ized nature of decimation to achieve efficient computation.

2.2. Collision avoidance

In the context of cloth simulation, the most common approaches
are based on the collision handling pipeline introduced by Bridson
et al. [BFAO2]. This pipeline uses continuous collision detection
(CCD) to detect and handle collisions between triangles of cloth
meshes. Acceleration structures such as bounding volume hierar-
chies by Wong et al. [WLBY10] are proposed to increase the effi-
ciency of CCD. While this methodology has achieved impressive
results in complex simulation scenarios, it relies on the knowledge
of a continuous displacement of the vertices with constant topology
over the simulation step time. In our case, the simplification process
can lead to an arbitrarily large displacement and change the shape’s
connectivity.

Untangling algorithms have been developed to resolve situa-
tions where shapes are tangled or colliding, without the need for
prior knowledge of a mapping to a collision-free state. The sem-
inal work of Baraff et al. [BWKO3] introduced the use of Dis-
crete Collision Handling (DCH) and Global Intersection Analysis
to perform untangling. The original algorithm is limited to clothes
without boundaries, and this limitation is removed by Wicke et
al. [WLGO06]. DCH method is further improved by Volino and
Magnenat-Thalmann [VMTO06] through the introduction of Inter-
section Contour Minimization. Recently, Cha and Ko [CK22] pro-
posed a new DCH method with explicit convergence under certain
conditions, which can guarantee the resolution of tanglements in
finite time steps. However, because DCH is based on discrete in-
tersection detection between pairs of meshes, each time, it can only
handle at most two layers of clothes. For multi-layer clothes, it may
happen that the solution of the first untangling will cause new tan-
gling with other layers.

Another group of recent history-free cloth collision handling
algorithms is based on volumetric models [GRH*12, CFW13,
SNXY16, WEK18]. However, these works can only handle col-
lision between a cloth mesh and a volumetric body. They use a
projection mechanism to move penetrating cloth vertices out of
the body volume and are not designed for untangling multi-layer
clothes.

Buffet et al. [BRB*19] introduced a new algorithm for untan-
gling by using scalar fields. The main idea is to combine scalar
fields of tangled layers to find the scalar field of wanted untangled
states. The advantage of this algorithm is that all corrections are
done in one go. But because it uses iso-surface of scalar field to
represent the untangled states of clothes, if the model is vertex-
based, a method is required to move vertices to the corresponding
iso-surface. The author proposed to use the gradient of the scalar
field, but paths guided by the gradient are not evenly distributed
and may intersect. This will not only modify the shape of the orig-
inal clothes but it will also introduce new self-tangling. This paper
improves this algorithm to make it compatible with vertex-based
multi-layer models in 2D. Our method embeds the shape-matching
algorithm proposed by Miiller [MHTGOS] to maintain the shape of
clothes after untangling and to avoid self-tangling caused by gra-
dient descent. Furthermore, because we assume that clothes are
intersection-free before simplification and penetrations only hap-
pen at places of simplification, our method is localized to simplified
areas, which largely improves efficiency.

© 2023 The Authors.
Proceedings published by Eurographics - The European Association for Computer Graphics.



X. Gong, A. Parakkat, D. Rohmer / Collision Free Simplification for 2D Multi-Layered Shapes

(a)

N

[T

(c)

Figure 2: Untangling without shape matching may lead to singularities and bad shape sampling. a) Initial models where the two black dots
on the green layer indicate where the simplification will take place. b) Result obtained after simplification, before untangling. c¢) Two levels
of zoom in the corrected area obtained after 150 steps of gradient descent. While the blue curve seems correctly untangled from far away,
several vertices converged toward a similar position, leading to a local singularity with self-collisions.

3. Shape preserving implicit untangling

This section describes our extended version of Implicit Untangling,
providing a tradeoff between fast collision-free convergence and
shape details preservation.

3.1. SDF-based implicit untangling

Suppose a set of shapes made of N > 1 locally stacked curves rep-
resented as 2D polylines. We assume that each curve (c,-),-e[l’ N] can
be indexed from inside to outside. As such i; < i = ¢;, to be un-
der the curve c;,. We associate to every curve c¢; a Signed Distance
Field (SDF) f; such that ¢; is the O-isovalue of f;, with

fix)=0, ifxec;
vxeR% | fi(x)>0, ifxisabovec; (1)
fi(x) <0, ifxisbelowc; .

As the 2D curves may represent a slide of a 3D cloth, they do not
necessarily represent a closed contour. Thus, the notion of above
and below have to be defined specifically. We rely on the approach
described in [BRB*19] using a secondary covariant field defined
from the border vertices, allowing us to robustly define the notion
of interior/exterior from an open curve.

The Implicit Untangling operation relies on computing a new
field f; such that

Vi € [I,N], fi(x) = Oi(fi(x), -, fv(x)) )

where O; is a composition operator defined in [BRB*19], and the
zero-isovalue surface of f; represents the untangled surface for the
layer i. These operators can take into account per-layer weights
; and offsets o0;. These two parameters can relate to cloth stiff-
ness, i.e. allowing some layers to be easier to deform than others,
and cloth thickness, i.e. allowing a specific empty gap between two
consecutive layers. Note that the Implicit Untangling approach only

© 2023 The Authors.
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prevents collision between different layers, but cannot handle self-
collision, which remains out of the scope of this work.

In our case, layers are initially represented as polylines; we can
deform it to its untangled state by displacing the vertex positions
onto the zero-set using an iterative gradient descent algorithm such
that

X = x4 ATV fi(x)

A 20; 3)
i=) -V,

Fer S

where x" (resp. x"“) are the current (resp. next) positions, and Ar
is the gradient descent step size.

While the original Implicit Untangling approach relied on the
use of the Hermite Radial Basis function, we rather use SDF, pro-
viding a simpler mapping between distances measured in the field
space and in the spatial domain as ||V f;|| = 1. Still, the use of the
gradient descent algorithm may lead to artifacts and large shape
deformation that we propose to tackle in the following part.

3.2. Shape preserving untangling

Applying a gradient descent within the field ; on multiple vertices
may lead to paths that can get arbitrarily close to each other or even
cross when following discrete steps. This might result in undesir-
able outcomes like intersecting paths, different vertices ending up
at the same final position, and self-tangling due to the change in its
relative position (as shown in Figure 2). One solution suggested in
[BRB*19] is to use tangential relaxation inspired by ARAP [SA07]
that allows for matching constrained positions for a subset of ver-
tices while preserving the appearance of its local neighborhood.
However, ARAP only enforces rigid transformation, which leads
to the apparition of sharp features. Our proposed method employs
gradient descent steps interleaved with shape-matching [MHTGO5]
to preserve the shape’s appearance. By leveraging shape matching,
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we gain finer control over the extent of deformation, allowing for
the simulation of layer stiffness and quadratic deformation. This ap-
proach produces smoother and more desirable results, as discussed
in Section 5.1.

Let us consider a local subset of N, vertex positions x?, i€[1,N)]
before applying the gradient descent steps, and X; their positions
after a few steps of gradient descent from Eq. (3). We call x¢, (resp.
x?m) the barycenter of these positions. We defined q = [gx, %}T
X) = X0, P =[x, Py = Xi — Xem, and @ = [qx. Gy, G345, 4x By -
We then compute the optimal rotation R as

/ -1
R =Ap( Alequt/)

with Apg = (ZPiQiT) ,
7

“

and transformation A
A=Ypa))(Laal )" ®)
i i

By taking linear and quadratic terms formed by vertices’ coor-
dinates, the mode of transformation can be confined to shearing,
stretching, bending, and twisting. Furthermore, the deformation
and rotation parts can be adjusted using a weighted combination
to compute the final vertex position X; as

%= (1 - oxi+-o [(BA+ (1 - BR) —x0) +Xen| . ©)

where the rotation matrix is extended to R € R**> = [R 0 0] to
make dimension consistent. The parameter o € [0, 1] is used to pro-
vide a tradeoff between the position obtained through gradient de-
scent, and the one from shape-matching. High o values close to 1
fully preserved the original shape after deformation, but the vertices
may deviate from the O-isosurface. On the other hand, o = 0 yields
the result of gradient descent alone. The parameter § determines
the desired level of deformation and stiftness in shape matching. A
value of 0 simulates rigid deformation, while p = 1 incorporates all
quadratic terms of the deformation.

Our full shape preserving untangling then works as follows. Af-
ter performing a simplification, we then perform N, iterations
of gradient descent from Eq. (3), followed by one iteration of
weighted shape matching from Eq. (6). This interleaved process
is iterated until converging to vertex positions that remain at fixed
positions. We introduce the average displacement speed defined as

y= 1 %=X ’

N, A @)

i=1
and set the convergence criteria to be V < €. In our case, we typi-
cally considered Ng4 around 20 to 30, and € = 0.1.

4. Localization after Simplification

The calculation of SDF is the most computationally expensive part
of the untangling algorithm. In 2D, calculating this SDF involves
determining the shortest distance between a vertex under consider-
ation to all line segments of the layer, resulting in a complexity of
O(n), where n is the number of vertices in a layer.

Assuming that the input cloth models are free of intersection or
a global untangling has been performed already, we do not require

a global untangling procedure after simplification since the pene-
tration only happens in the vicinity of the modified vertex. Based
on this finding, only the vertices within a specific region around
the simplified area have to be adjusted to untangle any potential
intersections. We describe in the following a way to define this lo-
cal region and propose in Algorithm 1 a summary of the overall
process.

Algorithm 1 Localized Collision Free Simplification

while Simplification is not finished do
Perform one simplification iteration
Create a bounding box B for modified vertices
Extend sides of B by double the total thickness of clothes
Create empty cloth model C’
for Each layer L; in original clothes model C do
Find the first and the last vertex contained in B
if Vertices are found then
Record their index as start and end
start < max(start —7, 0)
end < min(end +7, size of L;)
Append a new empty layer L to C’
Append Vigars t0 Vg to L
end if
end for
while Untangling does not converge do
Perform untangling on C’
end while
Replace corresponding vertices in C by C’
end while

The main criteria to define this local region is to ensure that it
contains all the modified vertices from all layers. To achieve this,
we initially find the minimum connected components that include
all simplified vertices in every cloth layer. These connected com-
ponents are then extracted as new cloth models, and the untangling
algorithm is applied to them. The untangled components are then
finally stitched back to the original model to complete our algo-
rithm. A simple solution to defining the local region would be to
use the minimum bounding box containing these connected com-
ponents. However, stopping the curve abruptly at the bounding box
border would lead to boundary artifacts when evaluating the field.
Our approach consists of slightly extending the box and the vertices
used to compute the field and the shape matching in order to avoid
such artifacts.

Firstly, the Implicit Untangling models the cloth thickness us-
ing a prescribed offset in the SDF space. Here, the thickness of a
cloth layer is given by the user to indicate the minimum gap be-
tween the current layer and its neighboring layers. In order to take
into account such thickness in the spatial domain, we expand the
size of the bounding box by twice the total thickness of all the lay-
ers, thus allowing enough space to replace the vertices at their cor-
rect offsets after deformation. Secondly, we aim to achieve a con-
tinuous field evaluation by integrating additional vertices outside
the bounding box. For each connected component that intersects
the bounding box, we include N,y extra contiguous vertices in the
evaluation. These additional vertices serve two purposes: they con-
tribute to the smoothness and well-defined behavior of the fields

© 2023 The Authors.
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Figure 3: Untangling localization: a) Original configuration of the model. b) Simplification applied on the blue model before untangling. c)
Untangling applied within the bounding box without taking into account the Nour extra vertices. Note the sharp corners and flat surface on
the green layer due to the sudden field discontinuity near the border. d) Considering Nous additional vertices outside of the box allow smooth
and well-behaved untangled solutions for the green and red curves despite the extreme simplification of the blue layer.

at the boundary, and they aid the shape-matching process in pro-
viding additional boundary conditions that prevent arbitrary vertex
displacements near the border (as shown in Figure 3). We found
that Nows = 7 suited our requirements, but this value can be adjusted
case by case based on the sampling distance between vertices for
different models.

5. Experiments and Results

We describe in the following the results and analysis obtained with
our simplification aware untangling. All tests were performed on a
PC Intel i7-10750H, 2.6GHz, using a C++ implementation.

Our result featuring the case of a cloth-looking scenario is illus-
trated in Fig. 1. Starting with a high-resolution initial configuration,
we perform a series of simplifications at 80%, 90% and 95% of to-
tal vertex decimation. We compare at each step the result obtained
without untangling and with our approach. We can note that our ap-
proach avoids collision between layers and ensures that each layer
remains in its local order, while still preserving the global appear-
ance of the initial cloth-looking model.

A key advantage of our result is its ability to handle an arbitrary
number of layers. We highlight its robustness in Fig. 4 featuring 8-
stacked layers on top of the others. The result of such a challenging
case is obtained in 8s.

We then detail in the following a quantitative evaluation regard-
ing the effectiveness of our approach in terms of shape preserva-
tion using shape-matching parameters, and speed-up from our local
field evaluation.

Because this paper focuses on the untangling process, the sim-
plification method used here is the simplest one, where random ver-
tices are deleted, and their neighbors are connected. The influence
of different choices of simplification remains as a future work.

5.1. Shape preservation parameter
We first propose the study of the influence of the parameters o and

B used to define the shape preservation in Eq. (6).

© 2023 The Authors.
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Origin Model Simplified

and Untangled

Figure 4: Collision Free Simplification on 8-Layer Model

Experiment Setup We consider a 5-layer model illustrated in
Fig. 5. The red layer is the innermost layer, and the purple layer
is the outermost layer. The third layer is perturbed, while others
are curved and smooth. In the image (b), we set o and 3 to 0.99
and 0.9. Subsequently, in the image (c), we fixed the value of o
while decreasing  to 0.2. In the image (d), we fixed the value
of B and decreased o to 0.9. In image (e), the result is obtained
using ARAP by replacing shape matching. In this study, twenty
gradient descent iterations are performed before applying shape
matching or ARAP.

Result and analysis In our algorithm, o controls how much shape
matching is going to influence the result. The higher o is, the
more two shapes are matched. B controls how much quadratic
deformation is contained. The higher the value, the more defor-
mation models can have. By alternatively decreasing two param-
eters, we can observe that the result meets the expectation by get-
ting more and more rugged. Instead of being just pushed away
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Figure 5: Results obtained in a test case when varying the shape preservation parameters o. and B. a) The original model before untangling.
b), ¢), d) Result obtained by using shape matching with different o and B as indicated in the captions. e) Result obtained by ARAP.

by the middle green layer, the rest four layers deformed more to
fit the shape of the middle layer when o and B are low.
Compared with ARAP, shape matching is better because we gain
the ability to control how neighboring layers interact with each
other through adjusting o and . Furthermore, if we take a closer
look at the result in the image(e), the innermost red layer is
strangely influenced by the shape of the middle layer. This is
because ARAP only matches the old and new positions of ver-
tices, which are marked as constraints. The rest of the vertices are
moved to best match the old and new Laplacian of the surface.
Although layers produced by ARAP are the smoothest in terms
of second-order derivative, large artificial bumps were created,
and they can not be adjusted within the algorithm.

to mitigate this issue is to reduce the value of o in Equation 6,
although this may introduce the risk of self-tangling. Therefore,
shape matching not only reduces processing time but also allows
for an increase in ., thereby avoiding self-tangling and preserv-
ing fine details.

5.3. Weights in Implicit Untangling

We propose a final test checking the relation between the magnitude
of deformation as a function of the layer weights ®;. While not yet
used in this work, knowing such a relation could help optimize the
untangling weights ®; for a prescribed deformation budget.

Experiment Setup Tests are performed based on the same con-
figuration in the image (a) of Fig. 5. Here We considered o0 =

5.2. Localization of Untangling

We provide a second experiment quantifying the speed-up provided
by our local untangling model.

Experiment Setup We consider the configuration shown in Fig. 2-

B =0.9. We considered for the third dark-green layer a varying
@3 on the interval [0, 1], while adapting the other weights such
that }'; ®; = 1. The amount of deformation is computed as the
summed distance between the vertices before, and after, the de-
formation.

b, with Nyg = 30, o0 = 0.8 and B = 0.9. Firstly, we compute how
much time is needed to perform 150 untangling iterations. Sec-
ondly, we compare the total number of iterations needed for con-
vergence and the corresponding computational time.

Result and analysis For the first test, 150 steps of non-local un-

tangling are computed in 9.7s, while the local version requires
only 0.2s. For the second test, the non-local version reaches con-
vergence in 300 iterations after 19.2s. The local version required
600 iterations that were computed in 0.8s.

These results reveal several key observations. Firstly, it is evi-
dent that the localized version significantly reduces the required
time. As mentioned earlier, the main computational cost of the
untangling process arises from the calculation of the Signed Dis-
tance Function (SDF), which is directly proportional to the num-
ber of vertices. Consequently, when the ratio of untangling re-
gion vertices to the total number of vertices is lower, the time
saved by localization becomes more pronounced. Secondly, an
interesting finding is that the global untangling approach neces-
sitates fewer iterations to achieve convergence compared to the
localized version. This discrepancy arises because, during global
untangling, shape matching is performed on a global scale. As a
result, the untangled vertices are heavily influenced by the fixed
vertices, causing the cloth layer to become much stiffer with ver-
tices remaining in their original positions. One potential solution

Result and analysis The plot of the shape deformation as a func-
tion of the w3 weight is shown in Fig. (6). The graph shows
a non-linear relation between the deformation and the weights,
even if we consider O to be a linear composition. Indeed, while
the fields f; can be a linear function of the other fields, they are
evaluated at different positions during the untangling iterations.
As such, the displacement of the vertices relative to the other
layers introduces a non-linear relationship. However, leveraging
an approximation of such a relation for future optimization could
be a future topic for our research.

6. Performance on More Complex Models

When clothes are stacked up layer by layer and flat, our algorithm
works well. But when clothes are rolled up or folded, our algorithm
can not be applied generally. This is because the untangling algo-
rithm moves vertices based on whether vertices are on the outside
or the inside of other layers. If some vertices need to be placed at
the outside when the majority of the layer is on the inside, or if the
definition of outside and inside is ambiguous, the algorithm will
fail. We showed three examples in Fig. 7 to demonstrate.

In the image (a), the sleeves of the inner and the outer clothes
are rolled up. For each vertex, it is straightforward to determine
whether it is on the inside or the outside of the other layer. So, the

© 2023 The Authors.
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Amount of Shape Deformation v.s. Weights of Implicit Untangling
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« Layer 2
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Shape Deformation
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Figure 6: Experiment results of different weights for implicit un-
tangling.

untangling algorithm successfully separated the rolled-up part to
fulfil the gap requirement.

In the image (b), only the sleeves of the inner layer are rolled
up. In this case, for rolled-up vertices, they are on the outside of
the outer layer. So, the untangling algorithm fixed them by pushing
them to the inside, which introduced new intersections. We have
not found a good way to modify the untangling algorithm so that it
can treat vertices in the same layer differently without introducing
intersecting. This could be a possible direction for the future work.

In image (c), the case is more complicated. Sleeves of both lay-
ers are rolled up twice. For the vertices at the end of the inner (red)
layer, they are on the outside of some segments of the cyan layer
while on the inside of the other segments. Meanwhile, these seg-
ments are stacked closely to each other. The definition of inside
and outside, in this case, is ambiguous. It can not perfectly guide
the algorithm to move vertices to untangle the clothes. As a result,
new intersections are introduced.

7. Conclusions and Future Work

We proposed a collision-free simplification algorithm for 2D multi-
layer shapes that can be applied to cloth modeling. Our algorithm
can be combined with any simplification algorithms but is able to
take advantage of their locality to increase its efficiency. Our al-
gorithm improved the Implicit Untangling algorithm by using a
weighted shape matching to prevent self-untangling and preserve
clothes’ details. The apparent stiffness of clothes can be fined-tuned
with both the parameters from implicit tangling ®; and the shape
matching (o, B;). Our approach can seamlessly handle an arbitrary
number of stacked layers without suffering from stability issues.

Our implementation is currently limited to 2D cases, but we
plan to extend it to full 3D surfaces in future work. While the un-
tangling and the shape-matching processes are independent of the
embedding dimension, the localization speed-up may need to be
adapted for 3D meshes in order to retrieve efficiently connected
components. Our longer-term objectives include integrating shape-
matching modification directly in the field estimation, thus improv-
ing efficiency. Finally, our preliminary study of the relation be-
tween the shape deformation and its untangling weights requires re-
finement. Being able to express a closed-form relation would open
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the possibility of finding optimal stiffness automatically in order to
better preserve the shape appearance. We also consider the alterna-
tive use of a data-oriented approach. Incorporating a learning-based
mechanism to establish the mapping without explicit formulation
could alleviate the need for manual adjustments and potentially im-
prove the overall performance even further.
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Figure 7: a) Sleeves of both layers are rolled up once. The untangling algorithm successfully modified the model to fulfil the gap requirement.
b) Only sleeved of the inner layer is rolled up once. The untangling algorithm failed because it can not handle the case when one layer is
above and below another layer at different segments. c) Sleeved of both layer are rolled up twice. The untangling algorithm failed because
vertices of the inner layer lie at certain regions, which can be considered simultaneously as the inside and the outside of the outer layer with

respect to different segments.
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