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Abstract

In this paper we present a novel example-based stylization method for 3D space curves. Inspired by image-
based arbitrary style transfer (e.g., Gatys et al. [1]), we introduce a workflow that allows artists to transfer
the stylistic characteristics of a short exemplar curve to a longer target curve in 3D—a problem, to the best
of our knowledge, previously unexplored. Our approach involves extracting the underlying, unstyled form of
the exemplar curve using a novel smoothing flow. This unstyled representation is then aligned with the target
curve using a modified Fréchet distance. To achieve precise matching with reduced computational cost, we
employ a semi-discrete optimization scheme, which outperforms existing methods for similar curve alignment
problems. Furthermore, our formulation provides intuitive controls for adjusting stylization strength and
transfer temperature, enabling greater creative flexibility. Its versatility also allows for the simultaneous
stylization of additional attributes along the curve, which is particularly valuable in 3D applications where
curves may represent medial axes of complex structures. We demonstrate the effectiveness of our method
through a variety of expressive stylizations across different application contexts.
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1. Introduction

Email addresses: jiri(?minarcik.com (Jifi Minarcik), Example-based style transfer to images has be-
fiser@adobe.com (Jakub FiSer), sykorad@fel.cvut.cz . .
(Daniel Sykora) come a prominent research area, largely driven by
URL: https://minarcik.com/ (Jiff Minar¢ik), advancements in deep neural networks [1]. These

https://research.adobe.com/person/jakub-fiser/ (Jakub techniques transfer the sty]e of one image onto the
Fi’éer)7 https://dcgi.fel.cvut.cz/home/sykorad (Daniel content of another, effectively recreating the content
Sykora) image with the stylistic attributes of the style image
while preserving its underlying structure. While sig-
nificant progress has been made with raster images,
example-based style transfer for 3D vector curves re-
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mains largely unexplored. A foundational work in
this area is Curve Analogies by Hertzmann et al. [2],
which extends the concept of Image Analogies [3] to
2D curves. Given a stylized curve and its unstyled
counterpart, this method can transfer the style to a
target curve. Despite its impressive 2D results, Curve
Analogies has not, to our knowledge, been extended
to 3D. While Hertzmann et al. suggest the poten-
tial for extending their approach to 3D surfaces (as
later demonstrated by Zelinka and Garland [4]), the
concept of 3D curve analogies has not been specif-
ically addressed. A key challenge in extending this
approach to 3D is the requirement of an unstyled
counterpart for each stylized curve. Even when such
a counterpart exists, establishing a robust correspon-
dence between the stylized and unstyled versions to
avoid transfer artifacts is a complex problem.

In this paper, we formulate an alternative ap-
proach to example-based stylization of 3D curves that
requires only the stylized and target curve as an
input—Iike in the domain of arbitrary style trans-
fer to raster images [1]. To avoid the need for an
unstyled version of the stylization exemplar, we in-
troduce a new smoothing flow specifically designed
for 3D curves. This flow uses smooth tangent redis-
tribution to enhance numerical stability, effectively
generating a suitable unstyled counterpart. To estab-
lish precise correspondence between the unstyled and
stylized curves, we develop a variant of the Fréchet
distance that better captures overall matching qual-
ity. We minimize this distance using a semi-discrete
optimization scheme that retains the style curve in
the continuous domain. This enables us to achieve
analytically precise matching and significantly reduce
the computational overhead compared to the discrete
method of Hertzmann et al. [2]. Our novel formu-
lation also introduces two new intuitive user con-
trols: (1) style strength, which scales the displace-
ment map to modulate the stylization effect, and
(2) transfer temperature, which influences the opti-
mization scheme, allowing the users to better express
their creative vision. Furthermore, our method can
be extended to incorporate additional metric-based
information, such as thickness, frame orientation, or
drawing speed. This capability is particularly rele-
vant in 3D applications, where curves can represent

medial axes of tubes or ribbons. The efficacy of the
proposed method is demonstrated through a range
of expressive stylizations applied within diverse con-
texts.

2. Related Work

While research specifically addressing the style
transfer to 3D curves remains limited, we leverage
the extensive literature on stylization of raster im-
ages, 2D curves, and meshes. We focus on the meth-
ods that are most relevant to our work, specifically
those that deal with example-based style transfer.

Image analogies, introduced by Hertzmann et al. in
their seminal work [3], offered a novel and intuitive
approach to image stylization. By using a single
pair of images called source and exemplar the user
can define a style transformation that can be sub-
sequently applied to a given target image. While
initially demonstrated on raster images, the concept
was later extended to 2D curves [2]. In this method
curves are modelled as polylines, representing style
through curve statistics sampled at regular intervals
along their length. However, extension to 3D was not
addressed. One of the reasons for this omission can be
the fact that specifying source and exemplar curves
in 3D can be challenging for users. Moreover, auto-
matic estimation of correspondences between source
and exemplar curves is a delicate process that is fur-
ther complicated by higher dimensionality. Inaccura-
cies in this step can introduce noticeable artifacts.

The follow-up approach of Zelinka and Garland [4]
extends the original idea of curve analogies into 3D
to modify the geometry of meshes, however, still the
curve examples are mostly planar. Wu et al. [5] use
curve analogies for motion editing and transfer, op-
erating in a limited setting of space-time curves rep-
resenting motion trajectories. Lang and Alexa [6]
utilize a double chain Markov model [7] to stylize
curves in an online fashion, where the output curve
is generated by sampling from a distribution learned
on a pair of user-supplied input and output curves.
Their approach is still 2D, however, they allow for
line overshoots, gaps, overdrawing, and support fold-
ing avoidance.



Numerous approaches such as the one by Bhat et
al. [8] divert from curves and use filtered and unfil-
tered versions of meshes as source-exemplar pairs to
transfer geometric texture detail. Similarly, Liu and
Jacobson [9] use mesh surface normals to capture and
transfer geometric detail from one mesh to another,
and Berkiten et al. [10] use metric learning to find a
combination of geometric features predicting detail-
map similarities on the source mesh, and use their
combination to drive the detail transfer.

Ma et al. [11] uniformly sample the model surfaces
and find correspondences between the source and ex-
ample, then compute a set of dominant similarity
transformations between the source and the target,
and, finally, use multi-label optimization to compute
the best source-to-target analogies. This works well
for man-made or engineered shapes but is not well-
suited for more organic shapes.

Stylized curves can also be generated by segment-
ing the input curve and then rearranging the resulting
pieces. Each segment undergoes some preprocessing
before this rearrangement to create the desired styl-
ized effect. Merrell et al. [12] use a graph data struc-
ture to represent how the parts of the curve connect
and allows for branching, while Roveri et al. [13] rely
on point samples with attributes extracted from the
input structures, including curves. A particularly rel-
evant scenario in this context is iterative application
of a small texture sample along a curved path. Zhou
et al. [14] use dynamic programming to find a glob-
ally optimal solution that can preserve the geometric
continuity of structured patterns even in areas of high
curvature, albeit at the cost of occasional local diver-
gence from the prescribed curve geometry. Although
the above mentioned approaches can work with 3D
structures and do not require the specification of base
curves, they keep the exemplar parts unchanged and
just apply shape-preserving deformation on them.

Our approach draws inspiration from and shares
similarities with the 2D raster stroke synthesis tech-
nique of Luka¢ et al. [15] that employs randomized
patch graph traversal and multi-level blending to gen-
erate seamless, non-repetitive textures. We demon-
strate how to adapt this concept to the domain of
example-based stylization of 3D vector curves, which
can eliminate the requirement to specify source-

exemplar pairs.

3. Preliminaries

In this work we consider open space curves
parametrized by a function : 1 ¥ R3 on a closed in-
terval I  R. We assume that the parameterization is
regular (i.e., k@, K is strictly positive) and the curve
has appropriate regularity (at least C2). When is
parametrized by its arclength, we denote the param-
eter s instead of u and use @s. We also define the
family of curve T {gio[0:t,,] €volving on time inter-
val [0; tm] with ty, > 0, which is defined by the joint
parametric function : 1 [0;tn] ¥ R3. We use @
to denote the partial derivative w.r.t. the time pa-
rameter t.

Moving Frames. The Frenet frame is denoted
by ft;n;bg with t, n and b standing for the tan-
gent, normal and binormal vectors, resp. Unlike
in the planar case, the Frenet normal vector n is
not always well-defined and it can discontinuously
change direction at inflection points where the cur-
vature vanishes [16]. In some parts of our method,
we thus adopt an alternative Rotation Minimising
Frame (RMF) ft; n’; b’y from [17].

Augmented Curves. We use the term augmented
curve to denote the tuple ( ; ), where is a space
curve and |1 X is a map defined on the same
domain | as the base curve . The map returns val-
ues from an associated metric space with metric
denoted by . For convenience, the notation of the
arclength parameter s and arc length derivative @s is
extended to , i.e., @s =k@, k 1@, .

Style Analogies. We define a finite collection of
curves as a scene S = F 'gl,. The core of our
method involves solving the problem of scene analo-
gies defined, in the spirit of image analogies [3], as:

Guide scene Target scene
{ 1
Sg : Ss St ! Sgr
T T

Style scene  Result scene



Figure 1: Results from our curve stylization pipeline (Alg. 1) applied to a large-scale scene using the Lorenz attractor as the
target curve 7. The guide curve @, automatically generated from the style curve g (Sec. 4.1), enables the stylized centerline
R (center). The stylized ribbon & (right) demonstrates an extension of our method as described in Sec. 5.

DoMAIN NAME SEC.
0;1) length-preserving coeff. 4.1

©; 1) separation weight 4.2

p N patch size 4.4
R* transfer magnitude 4.5.3

R* temperature 4.4.1

Table 1: An overview of adjustable parameters from Sec. 4.

The style and target scenes must be provided by the
user, the guide scene is optional and otherwise com-
puted automatically.

4. Method

This section describes our solution to the prob-
lem of scene analogies with curves that can be aug-
mented by a general map The core of our ap-
proach, sketched in the pseudocode below, is inspired
by Lukaé et al. [15], where patches of texture from
a stylized image are generated along a target curve
by finding the shortest path between the style image
patches using [18]. Instead of texture patches, our
method is synthesizing a new displacement geometry
along the target shape. To eliminate the need for a
guide scene, we propose several preprocessing steps
that rely solely on the style exemplar. These steps
can be carried out only once and reused for multiple
different targets, making the application of the style
suitable for interactive environments. To simplify the
notation we explain most parts of the algorithm for a

single curve and invoke the notion of scenes S only
when necessary.

Algorithm 1 Scene Analogies

In: Style and target scene Ss and St. (Guide
scene Sg optional.)
Out: Result scene Sg. (Optionally guide scene Sg
as a byproduct.)

vV Preprocessing (target-independent)

1: if Sg not provided then

2: Sc  CreateGuide(Ss) .Sec. 4.1
3: end if

4: Sg MatchGuide(Sg; Ss) .Sec. 4.2
5: S ComputeDisplacement(Sg;Ss) .Sec. 4.3
6: G PreparePatchGraph(Ss;S ) .Sec. 4.4

A End of preprocessing
7. Sk ApplyStyle(St;G;S ) .Sec. 4.5

8: return Sg; (Sg)

4.1. Automatic Guide Creation

A key added value of our method in contrast to the
approach of Hertzmann et al. [2] is that we can auto-
matically generate the guide curve g from the style
curve g and thus move beyond the analogy-based
framework to one more akin to style transfer [1]. This
capability is particularly beneficial in the context of
3D curve modeling where supplying the guide curve
manually can be notably more complicated than in
2D. When generating ¢ we assume that shape style
information is encapsulated in higher-frequency com-
ponents. We thus smooth out the original curve to



obtain its sort of medial axis and then find an ap-
propriate matching between the two curves. This
step has to be executed carefully since inaccuracies in
the guide shape can compromise the following steps.
We specifically need to avoid discretization degrada-
tion, unnecessary shrinking, and other artifacts. Ba-
sic smoothing algorithms such as FF'T-based low-pass
filter tend to create spurious oscillations and artifacts
at the curve endpoints. An alternative could be to
use a Gaussian smoothing filter or a curve shortening
flow (CSF) given by @ = n = @2 . Nonetheless,
for a strong enough smoothing both methods tend
to introduce undesired artifacts caused by excessive
shrinking. To alleviate this drawback, we formulate a
novel variant of length-preserving curvature flow [19]
for curves in RS.

Length-Preserving  Flow. The original length-
preserving curvature flow defined by Ma and
Zhu [19] reads @ = ( F)n where the forcing
term F preventing unwanted shrinking is given by

Z 1z
F= ds

t t

2ds:

(1)

A key complication here is that for curves in R®, F is
not defined at the inflection points where = 0and n
does not exist. Note, that the original CSF @ = n
is well-defined because when = 0, the direction N is
not needed and the velocity term N can be contin-
uously extended. We use this observation and pro-
pose @ = (1 FYn with force

Z 1Z
3ds

t t

F'= 2ds:

We further modify the flow by adding a coeffi-
cient 2 (0;1) that controls the extent to which is
the curve allowed to shrink. To show that this motion
law indeed preserves length L( ¢) when =1, we
use the general evolution of local quantities from [20].
Specifically, using the formula for the local commu-

tator [@s; @] = @:@s @s0c = 2(1 F% we can

differentiate the length in time:
z z z
ds = 2ds+ F°
t t z t
=( 1) 2ds:

_ 3
gt ds

(2)

t

Tangential Redistribution. To prevent accumulation
of points at high-curvature regions and avoid as-
sociated numerical instabilities, we also add a tan-
gential component #¢t to the velocity, i.e., we con-
sider @ = (1 FONn + #¢t =: #,n + #,t. This
term does not affect the shape but leads to the redis-
tribution of points along the curve. We use the same
principle as in, e.g., [21, 22] but adapt it to our flow
by setting the tangential velocity #¢ to

z z

S

#e(s) = #.(0)+  #.d+s(@ ) 2’ (3)
0 t
R
where #¢(0) is set by . #:ds =0, as
z Z.
#:(0) = #,ds" +s(1  )F ds;
t 0

and . indicates the curve integral normalized by
the length L( ¢).

Proposition 1. The modified flow with tangential
velocity #¢ from FEq. 8 preserves the relative local

length L( ¢) k@y k.

Proof. With #¢, the parametrization rate evolves as

0ck0u k=( 21 F) + Os#)k@, k:

Using a similar calculation as in Eq. 2, we derive
z

d k@y k _ K@y k
AT @) #n +0s#e (1 )t

Substitution of @s#¢ from Eq. 3 indeed shows that the
right-hand side is zero and the relative local length is
constant. [

2ds :

As a consequence of Prop. 1, when the initial
curve ¢ = g is equidistantly discretized, the points
will tend to be equidistantly spaced along ¢ at each



time step t. Altogether we arrive at the following
initial value problem for the parametrization

0 = (1 [0; tm];

jt=0= s in St:

FO)n+#t onS?! (4)

In summary, we propose three key modifications to
the original CSF: (1) a well-defined forcing term that
preserves length, (2) an  parameter that controls
the rate at which the length decreases, and (3) an
optimal tangential velocity #¢ adapted for our flow.

Numerical Integration. To numerically integrate the
flow, we use the Euler method with finite difference
approximation of the right-hand side. The integrals
from F and #¢ are approximated using the discrete
curvature based on Steiner formula with line segment
corner expansion from [23]|. For examples showcased
in our results, we use = 0:5.

4.2. Guide Curve Matching

Robust and precise guide matching is another cru-
cial step behind the success of our method. We for-
mulate the energy inspired by Fréchet distance but
more tailored to our problem. To minimize this en-
ergy we developed a semi-discrete approach where the
style curve is continuous. This leads to both more
precise matching and notably lower computational
overhead.

Continuous Formulation. Given ¢ and g we
ailm to construct an optimal increasing bijec-
tion :[0;Lg] ¥ [0;Ls] with fixed endpoints (0) =
0and (Lg) = L( s). The optimal matching is ob-
tained by minimizing the following energy functional:

)Edl I;

where 2 (0;1) is a prescribed coefficient. The sep-
aration energy Eg[ ] and the distortion energy Eg4[ ]
are defined as

E[]1= E[]+Q

E[]= k (s)k?ds;
Z° )
Edl 1= () [=s ds;

where — s G-

Discrete Matching. One way to solve the optimiza-
tion problem = argmin E[ ]is to use the connection
with the problem of computing the discrete Fréchet
distance between two curves given by

F( g; s)=Iinf mgxk (s)k:

This can be done by modifying the dynamic pro-
gramming approach of Alt and Godau [24], adjust-
ing their energy function to remember the best path
and ensure strictly increasing sequences to obtain a
bijection. To achieve a precise match, one could first
redistribute points along s to a fine mesh and then
apply the algorithm with a fixed discretization of .

Semi-Discrete  Matching. For rs(5)
curves with g and g with N
and M points, respectively,
both the computational and YG.i

space complexity of the dy-
namic programming approach I,
is O(NM) due to the compu- )
tation of the energy matrix. As -
our use case requires large N to obtain a precise
match, we propose an alternative optimization-based
approach that lets the matching points on s move
freely along its smooth interpolation. This way, we
both increase the precision (measured by the final
achieved energy E) as well as make the algorithm
much faster and more memory efficient.

We consider discretization of the guide curve % =
f Liol;  R® and its length Ly and define the
semi-discrete displacement map as ": N n A [0; L]
with fixed endpoints } = 0 and } = L% where !
denotes (i) for convenience. The assumption here
is that %3 is discretized equidistantly and g is a
smooth interpolation of the discretized %. Then a
semi-discrete version of the energy E[ ] can be defined
as B 1= EJ 9+ (@  )EJ ° where

0p 0 0
Es[ ] = K G;i
i=2

s( g)kz;

Or 01 — 0 Ls
Bal 1= i o
i=2



We can compute the gradients w.r.t. °(i) as
s(Dits( )

[rEg]iZZ 9 E%i;

[rEg]i = 2 0G;i

where tg is the tangent vector of s. The gradient of
the full energy is then obtained from chain rule rE® =

rEl+(1 )rE} and the Hessian for the full energy
reads HE® = HE! = HE{} = 2I.

Optimization. To ensure valid one-to-one mapping
between the guide curves & and s during optimiza-
tion, we implement constrained gradient descent. For
each update of ® we compute the upper and lower
bounds of each point to ensure that the neighbor-
ing points cannot reverse their order. Any excessive
changes are then clipped to keep non-decreasing.

4.8. Transform Displacement Vectors

To reproduce the local geometric features of g, we
consider the displacement map = g G- The
use of displacement vectors is crucial as it enables
variable length of the curves as well as non-trivial
topology changes like loops. We make the transfer
of geometric details rotation invariant by using the
following displacement map

(@) i
h (u); te(u)i

R” (u)=@h (u);nk(u)iA
h (u); b (Wi

where R := ftg; n%; b%;g is the local basis for .

4.4. Patch Distance Matriz & Graph

To enable the use of the algorithm of Lukac et
al. [15] we compute the matrix M with distances be-
tween patches of the Frenet displacements as well as
the associated graph G (see Figures 2 and 3). The
former is given by Mi;j = p(i;j 1) where 2p+1is
the patch size and

251 0
p(l;_l) = k itk
k= p

0 2
kK

(5)

fori;j 2 [p; N p]. Otherwise ,(i;j) =+ fori€ j
and p(i;J) =0 for i = j. One can also multiply the

Figure 2: Patch graph visualized using Gephi’s force-directed
layout [25]. Nodes represent points along the curve, with edge
size and opacity determined by patch similarity. The visual-
ization places strongly connected (consecutive) nodes close to-
gether, forming prominent edges, while weaker edges between
structurally similar but non-adjacent patches create the intri-
cate, crinkled structure. This structure highlights the algo-
rithm’s preference for consecutive patches but also its flexibil-
ity to occasionally jump to similar, distant patches.

Figure 3: Patch matrix from a scene consisting of four curves
with patch size of 5 (left), 10 (center) and 20 (right). Gray
regions correspond to value +71.

summands by a bump function centered around k = 0
to emphasize the center of the patch. However, the
changes to the results are usually insignificant. The
patch graph G = (V;E) is a weighted graph with
nodes V=N y and edgess E  V V R™ con-
structed from the patch matrix as

E=1(G;;M;ij): ;] 2V; Myj <+1g:

Even if the scene S contains multiple curves, only one
patch matrix and graph are constructed (see Fig. 3).

4.4.1. Temperature

Because the elements Mi:;j+1 = p(i;1) are zero,
the reconstruction tends to exactly copy parts of the
exemplar displacement. This is typically desired as it
leads to the method’s robust performance. However,



