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Abstract—We present an evolution method for designing the styling curves of garments. The procedure of evolution is driven

by aesthetics-inspired scores to evaluate the quality of styling designs, where the aesthetic considerations are represented in

the form of streamlines on human bodies. A dual representation is introduced in our platform to process the styling curves of

designs, based on which robust methods for realizing the operations of evolution are developed. Starting from a given set of

styling designs on human bodies, we demonstrate the effectiveness of set evolution inspired by aesthetic factors. The evolution

is adaptive to the change of aesthetic inspirations. By this adaptation, our platform can automatically generate new designs

fulfilling the demands of variations in different human bodies and poses.

Index Terms—styling evolution, aesthetics inspired, design automation, tight-fitting, garment
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1 INTRODUCTION

T IGHT-fitting garments are widely used in sports
and many medical applications. There are dif-

ferent types of such garments, for example wetsuits,
rash-guards, unitards and recovery tights. Most of
them are important to the protection of human bodies.
Though tight-fitting garments are made to be func-
tional, they are also a kind of fashion. Similar to
other fashions, clients would prefer customized sets
for themselves.

Customers are not satisfied with the variations pro-
duced by using only different colors, fabrics and tex-
tures. They wish to have variations in styling designs
– in the form of styling curves. At the same time,
to achieve a perfect fitting on the final products, the
patterns for such garments should be drawn on the
3D surface of human bodies. After that, the surface
is decomposed into smaller panels to be flattened
into 2D patterns. The final suit can be fabricated by
stitching/sewing 2D pieces edge-to-edge into the 3D
designed shape. In summary, the function of styling
curves for tight-fitting garments is two-fold:

• Functionally, the styling curves are placed where
the material needs to be cut such that the whole
surface of a human body can be decomposed into
a set of flattenable or nearly flattenable panels.
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• Visually, curves are the major styling for tight-
fitting garments – different curves give different
appearances (see Fig.1 for an example).

Prior research works (e.g., [1]–[4]) focus more on the
factor of functionality with emphasis on the ability
to be flattened with minimal distortion. The aesthetic
factor in the styling design mainly relies on the ex-
pertise of designers.

Some companies have provided software to allow
designers to draw styling curves interactively on 3D
human models and generate the corresponding 2D
patterns (e.g., [5]). However, designing a new set of
styling curves on human bodies is not only a profes-
sionally demanding job but also very time-consuming
– it usually takes 3-5 hours for a well-trained de-
signer. Moreover, based on the psychological study,
a designer tends to work out designs which are very
similar to existing styles after designing a few sets of
styling curves in a short period. The motivation of
this work is to develop a design evolution system,
which starts from limited inputs (e.g, 10 sets in our
paper) to generates new styling designs. By using
our system, designers only have to provide some
high-level intention (in the form of streamlines), and
the system can generate a number of outputs based
on this intention. With the help of these outputs,
designers can quickly generate new styling designs
by applying some modifications instead of starting
from scratch in every design. Moreover, tight-fitting
garments are relatively easy to manufacture. We focus
more on aesthetics than manufacturability here.

In this work, we adopt a dual representation of
styling curves – that is, each network of styling curves
is also formulated as a scalar field. With the help of
scalar fields, operators for the topology variation can
be realized effectively and efficiently. Robust tools are
developed for the conversion between the network
of styling curves and its corresponding scalar field.
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Fig. 1: Tight-fitting garments in different styles can be generated automatically by our approach. The evolution of styling
designs is inspired by aesthetic factors.

One of the most challenging issues in developing an
evolution procedure is how to evaluate the quality of
an exemplar. In [6], a combination of objective and
subjective scores has been employed. Here, we wish
the evolution process in our approach to be driven
automatically. This paper presents an evolution ap-
proach to automatically generate new styling curves
with variational topology for tight-fitting garments
(see Fig.1). By introducing a computation domain
around human bodies, this approach can be gener-
alized to other, normal clothes (see Fig.16).

Our technical contributions are as follows:

• To the best of our knowledge, this is the first
approach that tackles the problem of the de-
sign evolution of curve networks according to
user specified streamlines. Unlike the prior work
of part-based model evolution which mainly
re-organizes the assembly of components, we
present a general curve-based evolution frame-
work which focuses on re-partitioning a two-
manifold surface. The evolution approach itself
is general although the styling evolution of tight-
fitting garments is used to provide example cases
in the paper.

• A new method is investigated for generating the
fitness score for a network of curves according
to aesthetic factors, which are represented by
streamlines on manifold surfaces. The quantita-
tive score is statistically estimated by checking
the angles between a network of curves and the
streamlines. This introduces a new way to allow
users to specify their inspirations by aesthetic
input (e.g., sketches).

• Our evolution approach relies to a significant
extent on the robust implementation of operators
for the topological change of curve networks. A
dual-representation method is developed in the
paper to help realize the operators robustly and
compactly. They can be used in more general
curve-network evolutions as well.

Fig. 2: Examples of professional design from industry used
as the input of our approach. In each pair – (left) the 3D
design and (right) the real product.

In summary, we integrate these contributions into
a novel evolution framework for generating new
designs of styling curves automatically. Tight-fitting
garments are employed as examples in the paper
(see Fig.2 for one of the professional designs from
industry), and we also extend the approach to more
general clothes by introducing an additional compu-
tation domain around human bodies.

The rest of our paper is organized as follows. After
reviewing the related work in Section 2, we present
the styling evolution approach in Section 3, which
covers the algorithm overview (in Section 3.1), the
aesthetics-inspired score evaluation (in Section 3.2)
and the dual-representation of styling curves (in Sec-
tion 3.3). Detail operators employed in the evolution
are introduced in Section 4. Lastly, the functionality
of our styling evolution approach is demonstrated by
a variety of examples in Section 5.

2 RELATED WORKS

2.1 Example-based modeling

Given a database of 3D models, example-based ap-
proaches can generate new 3D shapes by compound-
ing parts of shapes inside the database. In the pioneer
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work of Funkhouser et al. [7], new objects are pro-
duced by part-based combination and substitution.
This is followed by a thread of example-based mod-
eling work [6], [8]–[12]. Chaudhuri and Koltun [8]
developed a synthesis based method to create a new
model from input simple models, where the input can
be considered as an inspiration of the synthesis. A
method was developed in [9] to generate the contin-
uous variability in a collection of 3D shapes without
correspondences. A hierarchy-based correspondence
is employed in [11] to interpolate between two models
with incompatible (different numbers of) components.
Kalogerakis et al. [10] presented a generative model of
part-based shape structure that learns a probabilistic
distribution about object styles, part cardinalities, part
shapes, and part placements. The probabilistic model
is used to supervise the shape synthesis in the domain
represented by a collection of example models. Kim
et al. [12] used an initial template to analyze the
collection of models by combining the steps of seg-
mentation, deformation and correspondence together.
As a result, their method can work on unstructured
and unlabelled data. Xu et al. [6] emphasized the idea
of fit and diverse in using part-based models to evolve
novel models.

Our research aims at extending this idea of example
based modeling to the field of fashion design. How-
ever, the existing part-based evolution techniques can-
not be directly applied here as tight-fitting garments
have very strict requirements on the compatibility
of components’ boundaries. Curves instead of parts
are more appropriate primitives to be employed in
the evolution. There are prior works in the literature
involving the evolution of curve networks in com-
puter graphics [13], [14], in which the curve networks
are edited directly by using evolutionary techniques.
Here the curves must be embedded in two-manifold
surfaces (e.g., human bodies). Using graph-based rep-
resentation and then projecting graphs onto a two-
manifold mesh surface can lead to many numerical
robustness issues (e.g., the predicates based on ap-
proximate arithmetic). New techniques based on the
novel dual-representation approach for curve based
evolution are presented in this paper.

2.2 Shape blending

The problem of blending the shape of two models
has been studied for a long time. Mesh-based ap-
proaches (e.g., [15], [16]) require the models to be
blended to have the same connectivity. This can be
obtained by either cross-parameterization of meshes
[17]–[19] when the models have the same topology,
or volumetric parameterization [20] when the genus
numbers of models are not compatible. In both cases,
the correspondences between the structures of models
are employed as anchors to govern the blending. The
co-segmentation approaches (e.g., [21]–[23]) always
serve for this purpose.

To handle the blending between models with differ-
ent topologies, compact approaches based on implicit
functions have been developed. Cohen-Or et al. [24]
used the signed distance function (SDF) to help gener-
ate the metamorphism between 3D models. Turk and
O’Brien [25], [26] proposed a shape blending approach
based on scattered data interpolation. Specifically, the
constraints of two 3D objects are embedded in two
planes in a 4D space, and a single implicit function
is constructed to interpolate the constraints by using
radial basis functions (RBF). The intermediate surfaces
of blending can be determined by the zero level-set
between them. Some followers employed a variant of
this approach to fuse components into a watertight
model [27]. However, there is no direct solution of
using the scattered data interpolation technique for
the variation of curve networks.

The work of StãNculescu et al. [28] provides a
way to represent nested structures (and therefore also
their boundary curves) by implicit surfaces, where
topology variations can be easily handled by implicit
representations. In this paper, we develop a dual-
representation (explicit/implicit) for styling curves to
realize the evolution operators robustly.

2.3 Garment and toy modeling

Garment modeling is traditionally undertaken by de-
signing 2D patterns, but clothing a 3D character with
a garment constructed from 2D patterns is not an
intuitive task. Recent work in [29] tries to speed
up this procedure of assembly. However, the design
process is still time-consuming. Prior work focuses
on providing more intuitive and efficient modeling
tools to ease the job of designers. Turquin et al. [30]
generated 3D garments by sketching 2D silhouettes on
the model’s front and back views. Wang et al. [31] de-
veloped a platform for interactively designing tight-
fitting garments on human bodies by drawing styling
curves on 3D human bodies. The curves will later
be used to cut the surface into panels which are
then unfolded into 2D patterns for use in production.
Umetani et al. [1] presented a design sensitivity analy-
sis to keep the 2D and 3D perspectives synchronized,
and thus artists can interactively edit 2D patterns and
see the 3D wrapping results immediately. Yuksel et
al. [32] proposed a method for interactively modeling
yarn-level clothes on 3D human bodies. Fabrication
constraints are considered in [33] and partitions are
optimized.

On the other hand, some approaches concentrate on
automatically adjusting the design of clothes accord-
ing to the variation of human shapes. DRAPE [34]
parameterizes the clothes, with human shapes and
poses, in a dataset, such that users do not need to
determine a proper size and position of cloth pieces
in modeling garments. The research undertaken in
[35], [36] automatically generates new garments for
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individuals while preserving the original design in-
tention. However, none of the aforementioned work
can generate new styles of garments, which is what
motivates our work.

Besides garments, some prior works focus on parti-
tioning a given 3D toy model into panels that can be
fabricated from 2D pieces of material, where the par-
tition is mainly undertaken in an interactive way [31],
[37] or according to geometric factors [2], [3], [38], [39].
Recently, Skouras et al. [33] presented an approach
to automatically generate an optimal partition of a
model for designing inflatable structures. In contrast,
we focus on the evolution of partitions driven by
aesthetical factors.

3 STYLING EVOLUTION

In this section, we first brief the overview algorithm
of our styling evolution approach. After that, two
important aspects, the aesthetics inspired fitness scor-
ing and the dual representation of styling curves, are
presented in detail. Note that, in the rest of this paper,
we focus on the evolution of styling curves on the
same human body. The transformation of design from
one human body to another (or the same body with
different pose) can be easily obtained with the help
of cross-parameterization techniques, which is not the
focus of this work.

3.1 Algorithm overview

Our algorithm is developed based on the principles of
inheritance, mutation, selection, and crossover from
evolution theory. However, the purpose of evolution
in our approach is not to search for the ‘best’ of
samples. Instead, it serves as a mechanism to drive
the generation of new and reasonable styling designs.
Based on this reason, we do not conduct a standard
evolution algorithm. To have enough new elements in
the evolution, a large group of ‘non-best’ samples are
retained in the population to increase the diversity.

Given a set of exemplar styling designs S0 = {si}
(i = 1, . . . , n) serving as the current population, our al-
gorithm goes through the following steps to produce
the next generation of designs.

Step 1): First, 5n pairs of samples are randomly se-
lected from Sg , where the crossover operator is applied
to each pair of samples, 〈si, sj〉, to generate a new
sample s′k. In total, 5n new samples are generated.
Note that, the crossover of two styling designs is also
driven by a random number generator (details can be
found in Section 4.1). According to the feedbacks in
our statistical study [40], users always try to avoid
a design with too many patches – they feel simple is
beautiful. They give very low rating to those designs
with more than 50 patches. To incorporate this factor
in our evolution framework, we discard any result of
crossover when it contains more than 50 patches.

Step 2): Among the set of newly generated samples,
the mutation operator (Section 4.2) is applied to Pm%
of all the samples. After that, Ps% of samples are
converted to a symmetric design by the symmetrization
operator (Section 4.3). All the samples are randomly
selected1.

Step 3): The fitness score is then evaluated on each
of these 5n samples. The score is inspired by the
aesthetical factors specified on the human bodies by
sketching input (detail of the evaluation method for
fitness score is presented in Section 3.2)

Step 4): n samples are selected to survive. Here we
have two options for using the evolution framework
for different purposes, where the optimal inspiration
scheme is employed to improve the quality of styling
curves and the general inspiration scheme is used to
increase the diversity of exemplars.

• Optimal Inspiration: When this scheme is applied,
80% of the retained n samples are selected from
the ‘best’ designs with their fitness scores higher
than others. To keep a certain diversity of samples
in the next generation, 20% samples are randomly
selected from the rest. The set of designs in the
next generation, Sg+1, is then formed by this
selection step.

• General Inspiration: The main purpose of this strat-
egy is to increase the variants of styling designs.
All the 5n samples are sorted according to their
fitness scores and every 5n/(n − 3) samples are
grouped into a bin. In total, (n − 3) bins are
formed. One sample is randomly selected from
each bin to enter the evolution in the next gen-
eration. The samples selected in this way are
uniformly distributed in different ranges of the
fitness scores. As a result, enough diversity has
been retained for the evolution. In order to keep
the features on the input designs, three samples
are randomly selected from S0 (i.e., the input set)
to add into Sg+1.

Iteratively running the above steps, the algorithm
evolutes the set of styling designs. Note that a ro-
bust implementation of the operators in evolution is
crucial to the success of this algorithm, which will be
detailed in Section 3.3. The values of parameters used
in different steps and operators of the algorithm are
listed in Table 1.

3.2 Fitness score

Fashion is a kind of unpredictable ‘magic’. It is hard to
quantitatively measure how ‘good’ a design is. There-
fore, our framework provides designers an interface
to specify their preferences in terms of streamlines on
human bodies, which is considered as an aesthetics
inspiration given by designers. The platform then

1. In our implementation, satisfactory results can be obtained
when using Pm = 10 and Ps = 30.
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TABLE 1: Values of Parameters

Variable Meaning Value

Evolution n population 10

Evolution Pm% % for mutation 10

Evolution Ps% % for symmetrization 30

Evolution - optimal inspiration 80 : 20

Fitness m histogram intervals 10

Dual Rep. δd field offset 1cm

Dual Rep. dmax scaled max. field 5

Dual Rep. dmin scaled min. field 2dmax

Crossover wv confidence coefficient 0.0− 1.0

Crossover - buffer region 5− 15cm

Mutation α random no. 0.5− 1.0

Mutation Ds width of shoulder by model

Fig. 3: (Left) The picture comes from Loomis’s drawing book
about the male’s muscle lines, with the reference to which
the streamlines are drawn on the 3D human bodies (right).
The fitness score in our framework is evaluated according to
how much the styling curves follows the aesthetics inspired
streamlines.

measures how much do the styling curves of a design
follow this preference.

Streamlines: The streamlines are defined on the sur-
face H of a human body as a vector field – i.e., for
any point p on H , a vector s(p) ∈ ℜ3 is defined.
In practice, we represent s(p) by a piecewise-linear
approximation on H , s̃(f). That is, the vector in
any triangle f ∈ H is a constant. After designing
some ‘anchor’ streamlines (with a sketching tool) on
the surface H , the vectors in other triangles can be
determined via a scattered data interpolation tech-
nique (ref. [41]). The streamline starting from a point
p ∈ H can be obtained by tracing along the vector
field s̃(f) as shown in the right of Fig.3. Note that,
when evaluating the fitness score, we do not need to
have explicit representation of the streamlines. The
evaluation only involves the vector field s̃(f). One
example of streamlines can be defined according to
the anatomy study of bones and muscles. As shown
in Fig.3, the streamlines are defined with reference to
Loomis’s drawing book [42]. Designers can adjust (or
even redefine) the streamlines by their own prefer-
ences to drive the evolution of styling designs.

Angular score: One of the dual representation of

Fig. 4: Fitness scores evaluated on different examples w.r.t.
the streamlines shown in Fig.3. The fitness score is com-
puted from a histogram indicating the distribution of angles
between the styling curves and the streamlines.

styling curves is a set of piecewise linear curves lying
on the surface H of a human body. Considering a
segment l of styling curve falling inside a triangular
face f ∈ H , the angle θ between this portion of
the styling curve and the streamlines is evaluated

by θ = arcsin( ‖l×s̃(f)‖
‖l‖‖s̃(f)‖ ). The feedback we obtained

from industry finds that the design of styling curves
looks more aesthetic when they are nearly parallel or
perpendicular to the streamlines. Therefore, we score
each linear segment l on a styling curve as

E(l) =
π

4
−
∣

∣

∣

π

4
− θ

∣

∣

∣
(1)

by its corresponding angle θ to the streamlines. E(l) ∈
[0, π

4 ].

Fitness function: Although it is not easy to quantify
how good a design is good, the fitness score evaluated
as follows can clearly distinguish the ‘bad’ ones.
Histogram for the distribution of angular scores on
styling curves is constructed for this purpose. First,
we evaluate the angular score on each line segment
of styling curves. To build the histogram, the interval
[0, π

4 ] is segmented into m sub-intervals with equal
size. m = 10 is adopted in our implementation. For a
line segment l if its score E(l) falls in the i-th interval,
the histogram of that interval, hi, is increased by ‖l‖/L
where ‖·‖ denotes the magnitude of a vector and L is
the total length of all the styling curves on a design. By
this way, we can obtain a histogram that indicates the
distribution of angles between the styling curves and
the streamlines. Some examples are shown in Fig.4.
Note that the histogram has a common property that
∑

i hi ≡ 1. When the styling curves of a design follow
the streamlines, the histogram is mainly located at the
left side and drops promptly. We therefore formulate
the fitness score as a Gaussian weighted integration
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Fig. 5: The piecewise-linear styling curves are converted
into a design-field (most right) with the help of a geodesic
distance-field (middle).

of the dropping speed (i.e., (hi−1 − hi)).

F = m
m−1
∑

i=1

2

σ
√
2π

e−
1
2 (

(i−1)−µ

σ
)2 |hi−1 − hi|+ , (2)

where we use σ = 1
6 (m−1) for the standard derivation

of the Gaussian function, the mean µ is set to zero
and |·|+ returns zero for negative values. The negative
difference are truncated to zero so that a ‘poor’ design
with an increased value of hi (while the increasing of
i) will gain zero on this score. The fitness score eval-
uated by Eq.(2) returns a quantitative measurement
of styling curves, the larger the better. Four examples
can be found in Fig.4. A survey has also been taken to
validate our formulation of the fitness score – details
can be found in Section 5.

3.3 Dual representation

A dual representation is employed for the styling
curves so that the operators of evolution can be
realized robustly. A set of styling curves can be ex-
plicitly stored as piecewise-linear curves, where each
line segment of a curve is coupled with a triangular
face on the surface of a human body. The vertices
of line segments are positioned by their barycentric
coordinates in the triangles. The styling curves can be
automatically transferred when the shape and pose
of human bodies are changed. Another representation
of the styling curves is a piecewise-linear scalar field
with its field values stored at the vertices of a human
body’s mesh surface. This field is named as the design-
field. The set of points with negative field-values
form an implicit representation of the banded region
around styling curves. We now discuss the conversion
between these dual representations.

Curves-to-field: The design-field is constructed with
the help of a geodesic distance-field. For the given
surface H of a human model, the geodesic distance
from every vertex on H to the line segments of the
styling curves is first computed by the method of [?],
[43]. In order to ease the job of curve reconstruction
from the design-field, the field values on all vertices
are reduced by δd to create a banded region with

Fig. 6: A design-field can be converted back into the
piecewise-linear styling curves with the help of chordal axis
extracted from the triangulation of a banded region. ‘J’, ‘S’
and ‘T’ stand for junction, sleeve and terminal triangles
respectively.

negative field-values. We set δd = 1cm for models in
the real size of a human body. The banded regions
segment the whole surface H into separated patches.
Unlike a distance-field, each patch surrounded by
styling curves in a design-field should present similar
importance during the evolution. For this reason, the
field values within a patch are scaled to a fixed range
[−dmin, dmax]. Assume gmax is the maximal value in
the geodesic distance field of a particular patch, the
design-field in the region of this patch is updated by
scaling the positive values with dmax/gmax and scaling
negative ones with dmin/δd. In this way, the whole
design-field is re-scaled patch by patch. An example
of the curves-to-field conversion is shown in Fig.5.

Remarks. The range of values in a design-field is an
important issue when merging two design-fields (as
what is processed in the crossover operation in Section
4.1). If dmax ≫ dmin, blending two design-fields by
the equal weights (i.e., computing the average) can
discard almost all styling curves. In this case, troughs
of the design-field can be easily elevated to above
the zero level-set. Therefore, we should reverse the
relationship by letting dmin > dmax. According to our
experimental tests, letting dmin = 2dmax performs well
to avoid the above problem.

Field-to-curves: Given a design-field, d(p) (∀p ∈
H), a robust algorithm is developed to extract the
piecewise-linear curves from the banded regions with
negative field values. First of all, the triangles over-
lapped with the banded regions are selected out from
H to construct a new mesh surface B. Then, a mesh
simplification procedure [44] is applied to B until
only the vertices on the boundary of B are retained.
Note that, the vertices that are originally located at
the boundary should be kept unchanged during the
simplification. After that, the resultant mesh surface
B′ is transformed to chordal axis that was used in [45].
Specifically, the triangles on B′ are divided into three
types: terminal triangle – a triangle with two edges on
the boundary, sleeve triangle – a triangle with only one
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Fig. 7: An example to test the accuracy of conversion
between styling curves and the design-field, where the
conversion has been repeatedly applied for 100 times. In the
most right figure, the curves (displayed in different colors)
are extracted after the 1st (in pink hidden by the original
curves in yellow), the 50th (in blue) and the 100th (in green)
conversions and are superimposed together to check the
change of curves.

edge on the boundary, and junction triangle – a trian-
gle with no edge on the boundary. The chordal axis
is obtained by connecting the midpoints of the edges
that are adjacent to two triangles and the centers of
the terminal and junction triangles. An illustration can
be found in the zoom view of Fig.6. To remove the
insignificant branches in the resultant chordal axis, the
pruning algorithm introduced in [46] is also applied.
For a terminal triangle, if it is connected to a junction
triangle with very few sleeve triangles (e.g., less than
three in our practice), this branch will be removed.
Lastly, line segments of the chordal axis are mapped
back to the surface H by projecting the endpoints onto
the closest face and connecting the projected points by
a geodesic curve.

Remarks. The conversion between styling curves and
a design-field can be robustly implemented by the
above method. In other words, it does not suffer
from the problems caused by the inexact numeri-
cal predicates. On the other aspect, although it is
robust, the conversions between styling curves and
the design-field is not lossless. Caused by the ap-
proximation error, the styling curves reconstructed
from a design-field may be distorted away from the
original styling curves that are used to construct the
design-field. To see how significant the conversion
error is, one can convert the styling curves of a design
into a design-field and then convert the design-field
back into piecewise-linear curves. After repeatedly
performing the conversion 100 times, we find that
the overall styling curves are only slightly moved (see
Fig.7). The most significant change is the movement
of sharp corners, which is still in an acceptable range.
Therefore, the conversion between the explicit and
the implicit representations of styling curves only
introduces small errors.

Fig. 8: The crossover operator is realized with the help of
confidence coefficients wv . Different maps of wv lead to
different results.

4 OPERATORS

4.1 Crossover

Given two design-fields, dA(p) and dB(p), defined
on the surface H of a human body (i.e., p ∈ H), a
crossover operator is demanded to generate a new
design-field dC(p) that inherits features from both de-
sign A and design B. Simply blending or superposing
dA(p) and dB(p) cannot achieve this goal. We borrow
the idea from parts-based shape evolution to ‘assem-
ble’ the styling curves in different regions selected
from A and B. Unlike the prior work, the styling
curves with different topology in two neighboring
regions must be merged smoothly. This is actually a
topology metamorphosis problem, and we tackle it by
introducing buffering regions between different parts.

A hierarchical structure with three levels is con-
structed on the surface of human body for the parts-
based crossover operator. The root is a complete hu-
man body. In the second level, this human model is
decomposed into arms, upper-body and legs. In the
finest level, each of the above three parts are further
decomposed into smaller regions together with an
option that there will be no further decomposition.
Buffering regions are then constructed between parts
to absorb the incompatible styling curves selected
from different designs. Specifically, the crossover of
dA(p) and dB(p) is realized with the help of this
hierarchical structure as follows.

• First, every vertex v on H is associated with a
confidence coefficient wv for specifying whether
the design obtained from crossover at this point
comes from A (when wv = 0.0) or from B (by
letting wv = 1.0). The values are initially assigned
to undefined.

• Now we start to take random selection of parts in
the second level of hierarchy. k parts are selected
for the design A and the rest are selected from B.
And in the finest level, the portions (or the whole
part) of arms, legs and upper-body are randomly
picked. For the vertices in the regions selected
from A, their confidence coefficients are assigned
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as wv = 0.0, and wv = 1.0 are assigned to
those regions selected from B. For each selected
part, a buffering region with a random width
varying between 5 − 15cm are introduced near
the boundary by retaining the undefined confi-
dence coefficients. Note that, it is possible to have
unselected regions – e.g., the upper-arm when
the forearm is selected from A (or B). For these
regions, wv = 0.5 are employed and a buffering
region is also added near the boundaries. The
styling curves from A and B are superimposed
in these regions.

• Lastly, a bounded biharmonic field by enforcing
wv ∈ [0, 1] is solved on those ‘undefined’ ver-
tices (ref. [47]). The biharmonic field solves the
problem of smooth merging. After that, the new
design-field is generated by the linear-blending
of dA and dB with the weights wv .

Our crossover operator can effectively generate differ-
ent styling designs by inheriting features from A and
B (see Fig.8 for an example). Note that, after generat-
ing a new design-field, the values of the design-field
must be regularized by going through the procedure
of field-to-curves and curves-to-field conversions.

4.2 Mutation

A mutation operator consists of two essential steps:
patch-erosion and curve-removal, where the first step
is realized on the design-field and the second one is
applied to the set of styling curves.

Patch-erosion: First of all, we randomly pick one or
two largest patches across the center plane (i.e., the
middle plane that separates a human body into left-
right parts) of the human body to apply the patch-
erosion. To erode one patch P , we first find dPmax =
max∀p∈P {d(p)} and then we reduce the field value at
every point by

d′(p) = d(p)− αdPmax

(

1− 4Dc(p)

Ds

)

, (3)

where α is a random number ∈ [0.5, 1.0], Ds is the
width of a human body’s shoulder, and Dc(·) returns
the geodesic distance from a point to the central
vertical trunk on the human body. We can shrink the
boundary of P by changing the field value in this way.
An example can be found in Fig.9(a).

Curve-removal: The purpose of this mutation step is
to remove those curves not following the aesthetical
inspirations. The fitness score of a curve C can be
computed by

E(C) =
1

LC

∑

l∈C

‖l‖E(l), (4)

where l is a line segment on C, LC =
∑ ‖l‖ is the

length of C, and E(l) evaluates the score of line
segment by Eq.(1). All curves are sorted by their

Fig. 9: An illustration of the mutation operator. (a) The
patch-erosion step, where the front piece is split into two
after applying this erosion. (b) The curve-removal step with
vs. without the compactness criterion – it can find that many
patches are not compact when the compactness criterion is
not used.

Fig. 10: The symmetrization operator applied to a design of
styling lines will retain the half with higher fitness score.
In this example, the fitness score is F = 0.497 for the
input design where Fleft = 0.590 and Fright = 0.415. The
resultant model of symmetrization gives F = 0.607. From
the most right image, it is easy to find that the result is poor
(with F = 0.317) when the half with lower score is retained
and duplicated.

fitness scores in descending order. We remove the
curves with ‘poor’ fitness scores (i.e., higher values)
one by one. During the curve-removal, another factor
of aesthetics is also considered – compactness. Many
animals and plants in nature are formed by com-
pact components, which is thought as beautiful [48].
Inspired by this study, we incorporate the criterion
of compactness into the curve-removal operator. The
compactness of a patch P can be evaluated by C(P) =
L2
P/AP with LP and AP respectively denoting the

boundary’s length and the area. After removing a
curve, its left and right patches, PL and PR are
merged into a new patch Pnew. If C(Pnew)/C(PL) or
C(Pnew)/C(PR) is greater than 1.5, we will abandon
the removal of this curve. Figure 9(b) shows an il-
lustration of the curve-removal with vs. without this
compactness criterion. After removing a curve C, the
curves originally adjacent to C will be stretched on the
surface to avoid sharp corners. The removal of curves
stops when the summed length of all the removed
curves has been more than 5% of the total length of
styling curves.
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Fig. 11: A survey to validate our formulation for the fitness
score of styling curves: The fitness scores evaluated by
Eq.(2) are compared with the statistical ratings generated by
172 individuals. It can be found that the fitness score and
the user rating are highly correlated with the correlation
coefficient as 0.9.

4.3 Symmetrization

Although the styling curves of a good design is not
necessary to be symmetric, the perception of human
beings always prefers symmetric structures. To fa-
cilitate the operation of symmetrization, we need to
construct the point-to-point mapping between left and
right bodies on a human model. A surface model H
is first mirror-copied to an inverse model, H ′, along
the horizontal axis. As every triangle on the left part
of H ′ is obtained from a triangle on the right of H ,
the left-to-right mapping (and vice versa) on H can
be obtained by the cross-parameterization between H
and H ′. With the help of this left-right mapping, we
can easily assign the field values of vertices on the
left of a human body by the design-field at the right,
and vice versa. Before applying the symmetrization
operator to a design, we first use the fitness score in
Eq.(2) to check the styling curves on the left versus the
right. The side with higher score is selected to copy to
the other side. As illustrated in Fig.10, this operation
can always improve the fitness score.

5 RESULTS AND DISCUSSION

This section presents test results of our styling evolu-
tion. Statistical studies are taken to verify the effective-
ness of the fitness scores developed in this work. The
styling evolution approach has been tried in a variety
of experimental tests. The framework presented in the
paper has been proved to work successfully in both
the general inspiration and the optimal inspiration.

5.1 Validation of fitness score

The fitness score formulated in Eq.(2) is used in our
framework of styling evolution to find out those
‘poor’ designs. To validate its soundness and effec-
tiveness, we have taken a statistical study based on
questionnaires [40]. This study includes 20 different
designs of styling curves with their fitness scores

Fig. 12: Evolution of a wetsuit set for male models, the
streamlines of which is defined as shown in Fig.3. More
details can be found in accompany demo video.

varying from 1.25 to 0.00313. Each design is provided
with a front-view, a back-view, and an isometric-view
in the questionnaires. Each design is evaluated with
a 5-scale rating, where 5 stands for the best and 1
denotes the poorest. 172 subjects (103 males and 69
females) mainly aged between 20 − 30 took part in
the survey. 34% of them have design experiences,
35% have little experiences and the rest are novices
in design. The rating results are shown in Fig.11 to
compare with the fitness scores obtained by Eq.(2).
The styling designs are sorted by their fitness scores
in descending order. Generally speaking, the trend of
ratings given by individuals follows the fitness scores
but with some perturbation. It can be found that, for
a design with very low rating, its fitness score is also
very low. Therefore, when using this formulation of
fitness scores in the evolution procedure, the ‘poor’
designs will be eliminated in the step of selecting
samples for the next generation.

5.2 General inspiration

The general inspiration scheme of our framework is
to generate diversified designs. Given a set of styling
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Fig. 14: Evolution of a wetsuit set for male models in a different pose with different streamlines. After changing the
streamlines by designers according to the new pose, the evolution of styling curves is affected by the changed styling
curves. (Left-bottom) The evolution by taking 10 design from ‘a’ to ‘j’ as input. (Right-top) The optimal inspiration by
using styling ‘c’ and its variants generated by mutations as input and (right-bottom) the optimal inspiration from ‘d’ and
its variants. It can be found that styling curves have been optimized to not pass through the region of arm-hole. These
results follow the intension of designers that no streamline is given at the arm-hole.

Fig. 13: Evolution for optimal inspiration: given a set of
styling designs that are originally for male models, the
framework can evolute the styling curves into a design ful-
fill the features (specified by streamlines) of female models.

designs for male’s wetsuit, the framework can gener-
ate a large amount of variations after running a few
generations. Examples are shown in Fig.12. A set of
styling curves generated by this approach can then
be applied as input for the design software (e.g., the
CAD system [5]) to generate 2D patterns. With the
help of numerically controlled cutting machines, the

life cycle of design and manufacturing for customized
tight-fitting garments can be tremendously reduced.

5.3 Optimal inspiration

When the scheme of optimal inspiration is adopted
in the evolution framework, this approach will help
improve the quality of styling curves (i.e., to drive the
curves to follow the trend dictated by streamlines). In
the example shown in Fig.13, the input sets are orig-
inally designed for the male models. Our evolution
framework can optimize the styling curves to let them
follow the features of female bodies.

Different styling designs for females can be ob-
tained by taking different exemplar sets as input to
the evolution framework (see the right of Fig.13). The
convergence of the evolution can be studied through
the change of fitness scores in different generations of
exemplars (i.e., ∀si ∈ Sg , F (si)). In general, the fitness
score of the ‘best’ sample,

F g
best = max

si∈Sg
{F (si)}, (5)

increases during the evolution (although not mono-
tonically).

In nature, the shape of muscles on a human body
changes when it is in different poses (especially in
the region with high curvature). As a result, the
streamlines obtained from Langer’s lines [49] have
different distributions for the same person in different
poses. The distribution of streamlines in a different
pose cannot be automatically obtained from an iso-
metric (or conformal) deformation of human bodies.
Our system requires designers to interactively modify
the streamlines after changing a human body’s pose.
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Fig. 16: Evolution of styling designs for general clothes: the evolution of styling curves are taken on a mesh enclosing the
human model. Given the input styling designs as shown in the first row, more styling designs can be inspired from input
by the evolution framework. Again, the dual representation is employed for the styling curves.

Fig. 15: Examples of designs generated by different stream-
lines used for different poses, which are obtained from the
SCAPE database [16].

Then, the evolution of styling curves is controlled
by the aesthetical input – the streamlines defined
on the surface of human models. Each specific sport
will have a common pose of human models in that
sport (e.g., surfing and diving should have different
common poses). Given the streamlines from designers
for a particular pose, the styling designs generated
by our system will follow the streamlines for that
pose to make user feel comfortable (e.g., no seam line
at the arm-hole, etc.). Figure 14 gives the evolution
results when the streamlines of human models are
changed according to the change of poses. Here, the
poses of human bodies are obtained from the SCAPE
database [16]. Results from different poses and their
corresponding streamlines are shown in Fig.15.

Our framework actually provides a tool for design-
ers to add their influence on the procedure of the
styling evolution by using a sketching interface (e.g.,
[41]) to produce the vector fields of streamlines on
human models. Change the distribution of streamlines
can drive the evolution of designs moving to different
styles.

5.4 Application on general fitting clothes

We have extended the styling evolution technique in
the paper to process more general styles of garments
(e.g., pants, dresses and skirts shown in Fig.16). With-
out loss of generality, we can construct a computa-
tional domain (in the form of a mesh surface) around
and enclosing human bodies. The styling evolution
for general clothes is then performed on this com-
putational domain instead of the human bodies. The
same evolution framework developed in this paper
can be applied. In our current implementation shown
in Fig.16, only crossover operators have been applied
for the general fitting clothes. The mutation operators
for general clothes will be developed in the near
future. The current implementation of evolution for
general clothes produces styling designs in the form
of 2D curves.

This generalization can actually be applied to any
products fabricated by partitioning a given manifold
surface into patches that can be fabricated from planar
materials. As long as the mapping between com-
putation domains can be constructed, the operators
developed in the paper for manipulating the network
of curves can be applied to realize the evolution of
curve-networks on the computation domains.

5.5 Discussions

There are some limitations of our approach.

Streamlines: First of all, although the fitness function
is based on streamlines, the streamlines do not change
automatically according to the deformation of human
bodies. Our current strategy follows the demand from
industry to specify a set of streamlines for a particular
pose. It is time-consuming to specify streamlines on
all different poses. One future work is to develop
a method to generate the streamlines automatically
based on the Langer’s lines [49]. Although streamlines
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Fig. 17: Using a design that is significantly different from
common wetsuits can increase the diversity of evolution.

used in our approach need to integrate the intension
of designers, Langer’s lines can be used as a good
starting point.

Manufacturing: In our current framework, the con-
straints of manufacturability (e.g., developability of
patches) are not added based on two reasons. First,
during the styling design conducted by professional
designers in industry, they rarely consider about the
developability. Such constraints are mainly considered
by another group of people – the pattern design-
ers. Second, for the tight-fitting clothes like wetsuit,
the patterns usually are small so they can easily be
flattened into 2D meanwhile keeping the boundary
length [31]. When the boundary lengths have been
kept, there is no difficulty in stitching or sewing the
patterns together. Another constraint on the fabrica-
tion of tight-fitting garments is the total length of
seam lines. The longer, the higher cost is in both the
time and the material usage. Moreover, having too
many seam lines will make users feel uncomfortable.
We have considered the length factor of seam lines in
the evolution framework.

Other constraints: The major factor considered in our
evolution framework is to let the layout of styling
curves following the designer-specified streamlines.
Other constraints such as the wearability and the
comfortability of users have not been considered in
the objective function of design evolution. The major
difficulty of integrating them into the current evolu-
tion framework comes from the lack of an effective
method to evaluate these factors in a quantitative way.
Complex physical simulations should be involved.

Diversity: To increase the diversity of designs gen-
erated by our evolution framework, we need to in-
troduce example input that are significantly different
from the common design of wetsuit. As shown in
a preliminary test (see Fig.17), more diverse styling
curves can be generated when an cartoon Ultraman
design and a wetsuit are used as input. In our future
work, more methods for increasing the diversity of
evolution will be studied.

6 CONCLUSION

In this paper, we propose an evolution framework for
designing the styling curves of garments. The tight-

fitting garments are taken as an example to explore
how to create new styling curves on the surface of
human bodies. The evolution is driven by a well-
defined fitness score, where the aesthetical factors are
specified as streamlines. With the help of this tool,
a computer system can automatically generate new
designs satisfying the demands of variants in different
human bodies and poses. A dual representation is
proposed in the paper to realize the robust imple-
mentation of operations on styling curves including
crossover, mutation, and symmetrization. Experimen-
tal results shown in the paper have demonstrated the
functionality of this approach.
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biharmonic weights for real-time deformation,” ACM Trans.
Graph., vol. 30, no. 4, pp. 78:1–78:8, Jul. 2011.

[48] S. Vogel, Life’s Devices: The Physical World of Animals and Plants.
Princeton University Press, 1988.

[49] http://en.wikipedia.org/wiki/Langer

Tsz-Ho Kwok is currently a Postdoctoral Re-
search Associate in the Epstein Department
of Industrial and Systems Engineering from
The University of Southern California. He re-
ceived his B.Eng. degree in the Department
of Automation and Computer-Aided Engi-
neering, and Ph.D. degree in the Department
of Mechanical and Automation Engineering,
from the Chinese University of Hong Kong.
His research interests include CAD/CAM, ge-
ometric and solid modeling, human-centric

product design, image processing, and 3D printing.

Yan-Qiu Zhang is a postgraduate student at
Tsinghua University, Computer Science and
Technology Department, Beijing, China. She
graduated in Computer Science and Tech-
nology Department from Beijing University of
Technology in 2008. Her research focuses on
computer graphics and video summarization.

Charlie C.L. Wang is currently an Asso-
ciate Professor at the Department of Me-
chanical and Automation Engineering, The
Chinese University of Hong Kong. He gained
his B.Eng. in Mechatronics Engineering from
Huazhong University of Science and Tech-
nology, M.Phil. and Ph.D. in Mechanical En-
gineering from The Hong Kong University of
Science and Technology. He is a Fellow of
ASME. His research interests are geomet-
ric modeling, design and manufacturing, and

computational physics.



14 IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, ACCEPTED.

Yong-Jin Liu received his B.Eng. degree
from Tianjin University, China, in 1998, and
his Ph.D degree from the Hong Kong Uni-
versity of Science and Technology, Hong
Kong, China, in 2004. He is now an Asso-
ciate Professor with the TNList, Department
of Computer Science and Technology, Ts-
inghua University, China. His research inter-
ests include computational geometry, com-
puter graphics and computer-aided design.
He is a member of IEEE, a member of IEEE

Computer Society.

Kai Tang is currently a faculty member in the
Department of Mechanical and Aerospace
Engineering at Hong Kong University of Sci-
ence and Technology. Before joining HKUST
in 2001, he had worked for more than 13
years in the CAD/CAM and IT industries. His
research interests concentrate on designing
efficient and practical algorithms for solving
real-world computational, geometric, and nu-
merical problems. Dr. Tang received Ph.D. in
Computer Engineering from the University of

Michigan in 1990, M.Sc. in Information and Control Engineering in
1986, also from the University of Michigan, and B.Eng. in Mechanical
Engineering from Nanjing Institute of Technology in China in 1982.


