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Abstract

We present a novel method to synthesize stroke patterns from a user-specified vector reference pattern. The main
idea is inspired by research in visual perception. We first extract the features which have an important impact on
visual perception from the reference pattern, and then adopt a three-stage approach to synthesize new patterns.
The synthesis starts with a randomly generated pattern whose element density is the same as that of the reference
pattern, and then we substitutes the elements iteratively to optimize the proportion and neighborhood features.
Finally, we iteratively adjust the elements’ position to ensure that the distance feature of the target pattern is close
to that of the reference one. The method can synthesize most of the stroke patterns with the element distribution
from uniform to non-uniform, and from overlapping to non-overlapping.

Categories and Subject Descriptors (according to ACM CCS): 1.3.4 [Computer Graphics]: Graphics Utilities—Paint

systems

1. Introduction

The rendering and synthesis of stroke patterns is an impor-
tant research area of non-photorealistic renderings. Gener-
ally, a stroke patterns is made up of some basic elements,
and the elements appear repeatedly in the pattern. An intu-
itive and effective synthesis method can remarkably reduce
the burden of artists.

Texture synthesis technologies [WLKTO09] can gener-
ate pixel-based textures, but have difficulty in keeping
the integrality of the elements in stroke patterns. In ad-
dition, the existing methods for stroke patterns synthesis
can be grouped into two categories: neighborhood based
[BBT*06, BBMT06, IRMMOS, PWS10] and statistical pa-
rameters based methods [HLT*09, JHH10, Weil0]. The for-
mer mainly considers the local features like neighborhood
relationship, and the latter focuses on the global features like
the proportion of different types of elements.

Stroke pattern synthesis by example can be interpreted as
the process that firstly extracts a set of style features from the
reference pattern, and then create new patterns in accordance
with these features. Obviously, the selections of the features
are extremely significant for the synthesis. Research findings
from the cognitive science, especially human visual percep-
tion, can provide good inspiration. According to the feature
integration theory of attention [TG80], the global features
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like the proportion between element types and the density of
elements, and the local features like neighborhood relation-
ship and distance between elements are both important to the
pattern.

Based on the above discussion, we present a novel method
to synthesize stroke patterns, which considers both global
and local features of patterns. The method takes a small-size
vector pattern as reference, and it includes two parts: the
analysis part clusters the elements of the reference pattern
into types and extracts the global and local features; then the
synthesis part rearranges elements with these features. Fig-
ure 1 gives an overview of our method.

1.1. Related works

Texture synthesis methods can generate large-scale texture
base on user-specified examples. Some of these methods
splice pixels or patches iteratively to extend the textures
by neighborhood comparison [EL99, WL01], and some oth-
ers synthesize new textures by statistical parameters [PSO0].
Wei et al. [WLKTO09] presented a good overview of these
methods. The results of these methods are usually satisfac-
tory for most cases, but they are not applicable for the syn-
thesis of the stroke patterns. Since the basic unit of synthesis
is one or several pixels, these methods can hardly keep the
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Figure 1: Method overview: The analysis part takes (a) a reference pattern as input, then (b) clusters the elements of the
reference pattern and extracts global features, finally (c) probes the neighborhood relationships between elements and extracts
local features. The synthesis part first (d) initializes with a random pattern, then (e) optimizes the proportion and neighborhood
features, finally (f) optimizes the distance feature and achieves the final result.

integrality of the elements and the whole distribution fea-
tures of the pattern.

In recent years, some researchers began to focus on
vector-based pattern synthesis techniques. Barla et al.
[BBT*06, BBMTO6] first introduced a method that uses
the neighborhood relationship between elements to synthe-
size stroke patterns. Ijiri et al. [[IRMMOS8] and Passos et
al. [PWS10] also described similar methods. These methods
share the same process that first places some points on the
target pattern, called seeds, and then replaces the seeds by
elements, however this process is not propitious to the con-
trol of the distance between elements and the global features
of patterns.

Differing from the neighborhood comparison based meth-
ods, Hurtut et al. [HLT*09] firstly cluster the elements in
the reference pattern by appearance, then they describe the
global features of the reference pattern as a set of statistical
parameters, and finally generate new element arrangements
via these parameters. Jenny et al. [JHH10] and Wei [Weil0]
directly take distribution parameters and elements as input.
They do not use reference pattern. The above methods well
keep the global feature of the reference pattern, but ignore
the neighborhood feature.

1.2. Contributions

The main contributions of our method include the following:
1) Adopt a method that can improve the utilization rate of
the elements in the reference pattern. 2) Propose a multi-
stage optimization algorithm to optimize the local and global
features of the target pattern. 3) Build a dynamic adjustment
algorithm when optimizing the distance feature.

The advantage of our method is that it takes into account
both the local and global features of the pattern, which meets
the rules of visual perception. In addition, it can synthesize
most of the stroke patterns from uniform to non-uniform,
and from overlapping to non-overlapping.

2. Analysis

The first part of our method is to extract the important fea-
tures of the reference pattern. These features will be used in
the next part to synthesize new patterns.

2.1. Global features extracting

Similar elements can often be found in stroke patterns. Fox’s
research [Fox78] shows that in human visual information
processing elements are clustered by their appearance at-
tributes. Inspired by this finding, we employ a density-based
clustering algorithm to group the elements of the reference
pattern into types. We select the same characteristic param-
eters as Hurtut’s [HLT*09], including area, principal orien-
tation, elongation, extremities and crossings. These charac-
teristic parameters form a feature space, and each element in
the reference pattern can be corresponded to a point. Then
we connect any two points in the space which have a Eu-
clidean distance less than an empirical threshold. At last, the
elements in each connected component form a type.

After this, we count the number of elements in each type,
and the proportion feature vector pref records the percentage
of each type. The density feature is computed as the total
number divided by the area of the reference pattern.

2.2. Local features extracting

In order to probe the neighborhood relationships between
elements, we use the center of gravity of each element to
represent its location, and construct an adjacent graph by
the Delaunay triangulation (as shown in Figure 1(c)). It
should be noted that the neighborhood of the elements on
the edge of the reference pattern is not complete because
of the lost of the context beyond the edge. The usual prac-
tice [BBT*06,IRMMO08,PWS10] to solve this problem is to
discard elements on the edges of reference patterns. In or-
der to make full use of the limited elements, our method as-
sumes that the reference pattern is quadrilateral continuous,
which means that the reference pattern is not along but en-
circled with the same patterns, so that the top of the pattern
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can serve as the missed context of the bottom edge, and so
on.

For each triangle j of the adjacent graph, we register the
types of the elements on its vertexes, and create a neighbor-

hood relationship vector eref (remove duplicate ones).

In the adjacent graph, the element E;,, which connects di-
rectly with the element E. is called a neighbor of E.. Since
the reference pattern is assumed quadrilateral continuous,
their distance is computed as the Euclidean distance from E¢
to the nearest mirror of E;. For each element E., we measure
the type and distance of all the neighbors.

3. Synthesis

So far we have got those features which describe the visual
characteristics of the reference pattern.In order to take the
global features into account and control the distance feature
freely, we create a multi-stage optimization algorithm. The
algorithm initializes a random pattern which keeps the den-
sity feature of the reference pattern, then optimizes the pro-
portion and neighborhood features, and finally optimizes the
distance feature and achieves the final result.

3.1. Pattern initialization

Given the size of the target pattern, the elements amount can
be determined by the density feature of the reference pattern.
We equiprobably select elements from the reference pattern
to form a new pattern. It is easy to adjust the distribution of
elements from uniform to non-uniform, thus we start with
a uniform distribution to fit both cases of the uniform and
non-uniform patterns. To this end, we place elements via a
uniform triangular mesh as shown in Figure 1(d). The neigh-
borhood relationships of the pattern have been determined
with this process. So far the locations of the elements are
temporary, and the elements will be moved during the pro-
cess of distance optimization.

3.2. Proportion and neighborhood optimization

To make the proportion and neighborhood features similar to
that of the reference, we iteratively substitute the elements in
the target pattern. First we calculate the difference of propor-
tion and neighborhood between the reference and the target
pattern, called error €. Then the elements in the target pat-
tern are iteratively substituted for other ones until € can not
be reduced further. The same as reference pattern, we apply
quadrilateral continuity again to repair the context.

The error € of the target pattern combines the proportion
error €, and the neighborhood error £q.

e=¢gp+W-eq (D
€)= ’pref _ ptar’ )
eq = Y min ’Q?’f - Q,‘ar‘ 3)
=
1
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Here P2 and Qltar are the proportion feature vector and the
neighborhood relationship vector of the target pattern, and

can be computed in the same way of Pef and Q?ef. The
weight parameter W is assigned to 0.1 by experience.

A substitution replaces an element with another one.
Some substitutions may reduce the whole error € of the target
pattern, and our goal here is to reduce € as much as possible.
Greedy algorithm can solve the problem. We iteratively im-
plement the substitution that can brings the greatest decrease
of €, until no substitution can reduce € anymore. Since € is al-
ways no less than 0 and monotone decreasing, the algorithm
is convergence. Though greedy algorithm cannot always find
the optimal solution, it is still an efficient method for those
problems which have many solutions. The results in Section
4 show that it performs well.

3.3. Distance optimization

An important visual feature of stroke patterns is the distance
between elements. In the third stage of synthesis, each ele-
ment in the pattern is regarded as an individual entity and ad-
justs its location adaptively in response to the environmental
impact. The iteration times can be set by user. Usually more
times are needed to synthesize the non-uniform distributed
patterns than the uniform ones.

Firstly, we calculate the impact on elements. For each el-
ement E; in the target pattern, we find out its corresponding
element E; in the reference one, and match the neighbors
of E; with those of E; by type and distance. Then we con-
sider the distance between E; and one of its neighbors Ej.
If it is larger than the distance between E, and the corre-
sponding neighbor E,, as shown in Figure 2(a), we think
that E and Ej, are too far from each other, thus E; receives
an attractive force from Ej,, and in the reverse case, E; re-
ceives a repulsive force. The strength of the force depends
on the difference of the two distances. We calculate the re-
sultant force on E, and it will determine the action of E;
in the next adjustment. Then, we can adjust the location of

®\®@®/\@

(c)
Figure 2: Impact calculation: (a) E; receives an attractive
force because it is too far from the neighbor Eyn; (b) all the
neighbors make impacts on E;; (c) the horizontal and verti-
cal component of the resultant force are calculated.

elements .During the location adjustment process, each ele-
ment iteratively moves a small distance along the direction
of resultant force pushed on it. The environment of each el-
ement in the pattern would change after each adjustment, so
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Figure 3: Results: the pattern in the green box of each sub-figure is the reference pattern, and the large pattern on the right is

the synthesized result.

the resultant force on elements should be calculated every
time. As we move elements slightly, this operation will not
damage the neighborhood feature optimized in last stage.

4. Results and Discussion

Figure 3 shows the synthesized results in the case the refer-
ence patterns with different kinds of element distribution. In
Figure 3(b), there are no two big elements adjacent to each
other in the reference pattern, and this visual characteristic is
kept well in the synthesized pattern, which indicates that the
greedy algorithm works well in the optimization of neigh-
borhood feature. This synthesis method starts with a uniform

distributed pattern and adjusts the location of elements later,
s0 it can synthesize both the non-uniform patterns like Fig-
ure 3(f) and the uniform ones like Figure 3(e).

The element distribution looks sparse in Figure 3(a) and
(b), but dense in (c¢) and (d). The result patterns inherit these
characteristics well. And some elements are overlapped in
the reference pattern of Figure 3 (d) and (f), but not in the
other sub-figures of Figure 3. This method can control the
distance feature precisely in the synthesis process, so it can
deal with overlapping. Figure 4 gives a comparison of our
method and the methods in [HLT*09] and [PWS10]. The
former is a typically statistical parameters based synthe-
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Figure 4: The comparisons with related works: (a) reference pattern; (b) result by Hurtut et al. [HLT* 09]; (c) result by Passos

etal. [PWSI10]; (d) our result.

sis method, and the latter is the latest neighborhood based
method.

Certainly, our method also has some limitations and short-
ages. The same as others, our method also simplify elements
as points when analyze and control the neighborhood re-
lationship between elements, which is inappropriate in the
case that the element shape is narrow. Figure 5 shows a fail-
ure result in this case. In addition, this method is not suit-
able for the patterns with special structure, because the pat-
tern structure is beyond the descriptive power of our method.
Besides, the iterative frequency of the distance optimization
needs to preset by experience. These problems are expected

i, b/
(b)

Figure 5: A failure case of our method: (a) the reference
pattern; (b) the synthesis result.
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5. Conclusion

Inspired by the visual perception research, we present a
novel method to synthesize stroke patterns from a user-
specified reference. The synthesis makes use of the local and
global features analyzed from the reference pattern to gen-
erate patterns similar to the reference one. To the best of our
knowledge, our method is one of the first trials to synthe-
size stroke patterns integrating local and global features. Our
method can well synthesize stroke patterns from uniform to
non-uniform, and from overlapping to non-overlapping.
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