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Abstract

This paper presents a method to generate stained-glass animation from video inputs. The
method initially segments an input video volume into several regions considered as fragments
of glass by mean-shift segmentation. However, the segmentation predominantly results in
over-segmentation, causing several tiny segments in a highly textured area. In practice,
assembling significantly tiny or large glass fragments is avoided to ensure architectural
stability in stained glass manufacturing. Therefore, we use low-frequency components in the
segmentation to prevent over-segmentation and subdivide segmented regions that
are oversized. The subdividing must be coherent between adjacent frames to prevent temporal
artefacts, such as flickering and the shower door effect. To temporally subdivide regions
coherently, we obtain a panoramic image from the segmented regions in input frames,
subdivide it using a weighted Voronoi diagram, and thereafter project the subdivided regions
onto the input frames. To render stained glass fragment for each coherent region, we determine
the optimal match glass fragment for the region from a dataset consisting of real stained-glass
fragment images and transfer its color and texture to the region. Finally, applying lead came
at the boundary of the regions in each frame yields temporally coherent stained-glass
animation.

Keywords: Non-Photorealistic Rendering and Animation, Stylization, Temporal Coherence,
Video Segmentation, Panoramic Image.
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1. Introduction

Stained glass is a decorative art created from colored glass and is predominantly applied in

windows of churches. Although this type of art has been used for religious purposes throughout
its thousand-year history, currently, it is widely used for interior decoration.

Stained glass consists of small fragments of glass that have been colored using metallic salts.
The fragments are arranged to form some images or patterns, as shown in Fig. 1. Lead came
is typically used to assemble the fragments. Because stained glass was traditionally used for
large windows, its architectural stability for resisting wind and supporting weight is a major
consideration in manufacturing. Consequently, neither significantly large nor tiny fragments
of glass are used in stained glass artworks.

In computer graphics, several studies have focused on imitating or simulating several styles in
arts including stained glass [1]. Several works have proposed methods for generating stained
glass-like images from given input images [2, 3, 4, 5]. However, rendering stained glass
animation methods for video input have not been proposed yet. In this study, we aim to
generate an animation with stained glass style from video input.
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Fig. 1. An example o’f

To obtain video frames with stained glass style, we can employ previous studies
for generating stained glass-like images. However, using these studies directly to obtain
individual animation frames is not appropriate, because they focus on generating single images
without considering the temporal coherence, which is the most significant problem in the
stylized animation field. Therefore, in this study, we propose a method for converting given
video frames to stained glass while maintaining the temporal coherence between rendered
frames.

To address the problems of generating stained glass animation that maintain the temporal
coherence between stained glass fragments in adjacent frames, we propose a method described
as follows: a) We initially segment input video coherently by employing mean-shift video
segmentation. To prevent over-segmentation, we apply video segmentation to low frequency
components obtained by decomposing the input video. b) We subdivide segmented regions
whose sizes are greater than the user-defined size to prevent the generation of significantly
large glass fragments. The subdivided regions must be coherent. To achieve this, we generate
a panoramic image from the segmented regions of the input video frames. Thereafter, we
apply the weighted Voronoi diagram to the panoramic image to obtain the
subdivisions. Projecting the regions to original frames yields coherently subdivided regions
in each frame. ¢) Finally, we render stained glass fragment for each subdivided region. To
transfer the visual characteristics of real stained glass examples to the regions, we employ
example-based color and texture transfer methods used in previous studies.
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The remainder of this paper is organized as follows. In Section 2, we present an overview
of relevant studies. Thereafter, we present the details of our method for generating temporally
coherent stained glass animation in Section 3. The implementation and results are discussed
in Section 4. Finally, we conclude with a summary of our ideas and discuss future work in
Section 5.

2. Related Work

In computer graphics, the first research that aimed at generating stained glass was presented
by Mould [2]. He proposed a method for creating an image that consists of stained glass
fragments by employing several image processing techniques. Mould initially subdivided an
input image into several regions using image segmentation. Thereafter, the regions were
smoothened using morphological operations, such as erosion and dilation, to obtain smooth
region boundaries. Although small regions are eliminated in this process, further progressive
erosion is repeatedly performed to subdivide large regions. Furthermore, to mimic the color of
medieval stained glass, the average color of regions was modified by employing a limited
palette that consisted of the color of tinctures traditionally used in stained glass. Finally, the
lead came and irregular glass surfaces were generated using a displacement mapping. The idea
of performing image segmentation to obtain regions considered as glass fragments has since
been employed in several studies, including our present research.

Brooks proposed a method of stylizing input images using the visual appearance of stained
glass work examples [3]. Herein, the input image is initially segmented. Thereafter, the
segmented regions are transformed into stained glass fragments using color and texture
transfer techniques. In the transformation process, for each region, the optimal match glass
fragment is queried from a database of real stained glass images to be used to transfer its
appearance, including color and texture, to the region. In a similar manner, Setlur and
Wilkinson proposed a method of automatic stained glass stylization that synthesizes glass
fragment texture using example images of real stained glass artworks [4]. An image retrieval
based on color and texture was used to determine the optimal match glass fragment image for
each segmented region. The optimal match image was enlarged using texture synthesis and
used to replace its corresponding region in the input image. Similar to Brooks’ research,
normal mapping was used to represent the texture variation and lead came. The idea in these
studies, utilizing real stained glass images, is also employed in our work to mimic real artwork.

To obtain more regular region sizes, Doyle and Mould proposed a region-based stained glass
rendering method using simple linear iterative clustering [5]. They classified the edges in input
images into two classes, important edges and unimportant edges. Thereafter, they re-
segmented regions wherein the boundaries matched the unimportant edges to create regular
regions. The idea of subdividing regions to obtain regular sized regions is used in our research.
However, to achieve semi-regular size subdivision, we employ VVoronoi diagrams, particularly
focusing on temporally coherent subdivision.

The stained glass filter in Photoshop creates stained glass-like images consisting of regular
glass fragments [6]. To obtain regularly subdivided regions, a Voronoi diagram is employed.
Although this method is a simple method to create stained glass-like images, its region shape,
which is predominantly hexagonal, is much more regular compared to the shape of glass
fragments in real works. To prevent this, we propose a method for subdividing regions semi-
regularly resulting in arbitrary region shape by employing weighted VVoronoi diagrams.

Since the convolutional neural networks was employed in stylization, especially for the
style transfer [7], many neural approaches have been proposed in recent years [8]. In the neural
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style transfer, neural network models are trained to transfer the style of one image (style image)
into another one (content image). By utilizing this approach, a stained glass style can be
transferred into the original image to generate a stained glass-like image. However, to generate
an animation, the temporal coherence must be maintained. To achieve this, we focus on
maintaining temporally coherent stained glass style in this paper.

We note that a preliminary version of this study was presented in [9]. Compared to [9], this
study provides more technical details and several results with discussions.

Generating coherent regions

Input video Video Panoramic Region

segmentation image synthesis subdivision
Rendering stained glass fragments
Figgigr?ut:’le Color & texture Drawing St:;?;:t%iss
examples transfer lead came w

Fig. 2. An overview of proposed system for generating coherent stained glass animation.

3. Proposed Methods

As shown in Fig. 2, the process for generating stained glass animation based on input video
frames proposed in this paper mainly consists of two parts: generating regions considered as
glass fragments (Section 3.1) and rendering them using real stained glass example images
(Section 3.2)

3.1 Generating temporally coherent regions

The key element consisting of stained glass is glass fragment cut to represent the shape of the
subject. As this study aims to produce stained glass animation that maintains temporal
coherence from the video input, the form of glass fragments inthe animation must be
temporally coherent as well. To achieve this, we propose a method for generating coherent
regions considered as glass fragments from video input in this section.

3.1.1 Segmenting video without over-segmentation

Similar to previous studies for rendering stained glass based on image [2, 3, 4, 5], we employ
an image segmentation approach to obtain regions for glass fragments. However, the image
segmentation predominantly results in over-segmentation, causing several tiny segments in a
highly textured area. In practice, neither significantly tiny nor large glass fragments are used
in stained glass manufacturing to ensure architectural stability. Therefore, we use low-
frequency components in the segmentation to prevent over-segmentation.

Before performing segmentation, we separate the high-frequency components from the
input video by using the image decomposition method [10]. The image decomposition finds
local extrema from signals in the input image. Thereafter, it creates the envelopes using the
extrema and captures the mean signal and oscillation of the envelopes, separating the texture
from the individual edges. We decompose the frame I; € I of the input video I into multiple
scales as follows:

Ii(p) = XjLo Dy j(0) + Mim(p), Vp €] D
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here, D; is the j-th finest local oscillations, M; is the mean, and p denotes each pixel of frame
I;. We obtain M = {M; ,,|i € n} by performing frame-wise image decomposition for the every
input frames. As shown in Fig. 3, the texture potentially causing over-segmentation is
eliminated in a low-frequency component image M. We then apply mean-shift segmentation
[11] on M and obtain relatively large regions corresponding to glass fragments.

(@) Input video frame (b) Low-frequency components

Fig. 3. Decomposing input video frames to obtain low-frequency components

Mean-shift is a technique to seek local maxima of density in the feature space and widely
used in image segmentation. If mean-shift image segmentation is frame-wisely applied to input
video frames, incoherent regions are generated due to the lack of connectivity between
adjacent frames. To prevent this, mean-shift video segmentation [12] performs the
segmentation in the video volume domain yielding temporally coherent segments. In this paper,
we obtain coherently segmented regions from M using mean-shift video segmentation, as
shown in Fig. 4. We note that the segmented regions are temporally smooth, even though we
frame-wisely decompose video frames without considering the temporal coherence.

(a) Input video frames (b) Segmented regions

Fig. 4. Temporally coherent video segmentation using low-frequency components of video frames.
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3.1.2 Coherently subdividing large regions

Although our segmentation approach prevents the over-segmentation, it could generate
relatively large regions. In practice, large glass fragments are not used in stained glass
manufacturing due to its heavy weight. Therefore, the large regions generated in the Section
3.1.1 need to be further subdivided. Similar to a recent region-based stained glass rendering
study [5] in which large regions are iteratively subdivided to be regular-sized, we subdivide
the large regions using VVoronoi diagram. However, VVoronoi diagram [13] generates a regular
hexagonal pattern which is not observed in real stained glass works. To solve this, we employ
the weighted VVoronoi diagram [14] which yields arbitrary boundaries depending on the weight.
In a Voronoi diagram, the cell for i-th site is defined as

Ci={pelldlps) <d(ps;)Vj+i} )

where I, d(), and s; denote an image plane, the Euclidean distance function, and i-th site,
respectively. Generating VVoronoi diagrams especially on rasterized plane can be accelerated
using graphics hardware [15]. In the method, rendering three dimensional cones at VVoronoi
sites on an image plane rapidly produces an approximation of VVoronoi diagram. Here, by using
different slope for each cone, we can generate the weighted VVoronoi diagram, in which the
cell is defined as

Ci ={p € llwd(p,s;) < w;d(p,s;),Vj # i} (3)

where w; is the weight value of i-th site. In the weighted Voronoi diagram, its cells form
relatively irregular shapes with curved boundaries that are closer to the shape of glass
fragments observed in real stained glass works than the standard version of Voronoi diagram,
as shown in Fig. 6a. In this paper, we assign random values to each site to obtain the weighted
Voronoi diagram.

In our work, the subdivision must be performed while considering the temporal coherence
between video frames to create coherent glass fragments in animation. If the regions are
subdivided frame-wisely, the temporal coherence will be insufficient between the boundaries
of subdivided regions between adjacent frames. Moreover, due to moving objects in input
video, the regions corresponding to the objects that are being occluded or being appeared from
other occluded object yield the difference between subdivided regions in adjacent frames.
Therefore, to solve this problem, we take an approach that synthesizes a panoramic image by
stitching each segmented region between frames and then subdivides it into several small
regions if its size is bigger than threshold size.

To synthesize panoramic images, we extract the feature points between the regions in two
adjacent frames by using the ASIFT(Affine Scale-Invariant Feature Transform) algorithm [16]
which is a fully affine invariant feature detector. F; ;, a set of feature point pairs on the k-th
region R, located between frame I; and [;, ¢:

Fire = {(flo flpl L SIS N =-1,1<k <R}. (4)

Here, N is the number of input frames, R is the number of regions in input video volume, and
[ is the number of feature points on R, between frame /; and ;. A feature point f; ;. is in the
frame I;, and its corresponding point f; .44 is in I;;,. After extracting feature point pairs
between every adjacent two frames, we deform frame I;,; by employing moving least squares
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(c) A region in frame #3 (d) Synthesized panoramic image

Fig. 5. Synthesizing a panoramic image from regions in input video frames.

[17] to obtain the deformed frame I/, ,, which matches I;:
Iiz1 = D(Fip, I;) (5)

Here, D() is an image deformation function using feature pairs F. Fig. 5 shows regions in
several frames and the panoramic image synthesized. We thereafter subdivide the panoramic
image’s region of which size is bigger than threshold value (Fig. 6a). Finally, we project these
regions on each frame to obtain coherent subdivision in frames. Fig. 6b - Fig. 6d show the
re&ons subdivided coherently.

(a) Weighted Voronoi diagram on the (b) Weighted Voronoi diagram projected on the
synthesized panoramic image region in frame #1

o

(c) Weighted Voronoi diagram projected on the  (d) Weighted VVoronoi diagram projected on the
region in frame #2 region in frame #3

Fig. 6. Obtaining temporally coherent subdivided regions using weighted VVoronoi diagram.
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a) Color transfer result

(b) The glass filter effect

(c) Lead came effect

Fig. 7. Stained glass rendering results.

3.2 Stained Glass Rendering

To render regions obtained in Section 3.1 as stained glass, we find the optimal match glass
fragment for each region from the dataset consisting of real stained glass fragment images (Fig.
1). In [3], the color and texture of the input image are used to find the optimal match of real
glass fragment image which corresponds to each region. We employ this method for the same
purpose, but we use only low-frequency components for the color characteristics. In addition,
unlike [3] which treats a single input image, our study finds the optimal match with considering
entire video frames.

Once the optimal match glass fragment image is found for each region, we then convert the
color of each region into the color of the glass fragment which is found as the optimal match
to mimic the appearance of real stained glass works. To achieve this, we employ Reinhard's
color transfer method [18] which is broadly used in transferring colors between images. Figure
Fig. 7a shows the color transfer result.

Even though we apply the color transfer, the result still requires the lighting effect which is
one of key features that yield stained glass-like impressions. To give this effect to the result
frames, we employ the glass filter introduced in [3] with adding Perlin noise [19]. Fig. 7b
shows that the lighting effect generates many small facets of color in each region.
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In real stained glass, lead came holds glass fragments together. To mimic this, we simply
draw black borders with predefined width along the boundary of each region (Fig. 7c).

4. Results and Discussion

We experimented on various input videos to examine different results. Input videos were
segmented with different parameters and the optimal result that is visually pleasing was chosen
for our experiments. In our experiments, a system containing an i7-9700 (Central Processing
Unit) with 16GB memory was used. In this experimental environment, obtaining subdivided
regions described in Section 3.1 and generating stained glass effects explained in Section 3.2
took approximately 2-3 and 3-4 minutes respectively for a given video of which length was
about 120 frames and resolution was 400x168 pixels.

Fig. 8a shows the result of segmentation which maintains the temporal coherence between
regions in adjacent frames. The video segmentation did not yield desired regions considered
as glass fragments of real stained glass work. To obtain desired regions, we performed the
subdivision process using a weighted Voronoi diagram. Fig. 8b shows the result of the
subdivision. In fact, subdivided regions performed on a panoramic image were projected on
each frame. As shown in the figure, regarding the shape and location of regions, the temporal
coherence between frames were significantly maintained. Moreover, the regions were
effectively subdivided in terms of the architectural stability mentioned in Section 1.

(a) Video segmentation results (b) Region subdivision results

Fig. 8. Generating coherent regions considered as stained glass fragments.
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b) The low-frequency components

¢) Segmented regi d) Subdivided regions

e) Color-transferred result f) Glass-filtered result

(9) Final result with lead came

Fig. 9. Stained glass rendering and animation process proposed in this study.

Fig. 9 shows the stained glass rendering process. We first obtained regions from the input
video by mean-shift video segmentation. Then large regions were divided into smaller regions
to yield the regions corresponding glass fragments in real art works. For each region, we then
found the optimal stained glass fragment image from the dataset and transferred color and
texture from the optimal image tothe region. Finally, we generated lead came on the
boundaries of each region.

Fig. 10 shows a stained glass animation result generated by the proposed method. As shown
in the figure, glass fragments moved coherently along the motion while preserving overall
structure. Fig. 11 shows the results on various input videos.
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Frame #1 Frame #31

Frame #6 Frame #36

Frame #11 Frame #41

Frame #16 Frame #46

Frame #21 Frame #51

Frame #26 Frame #56

Fig. 10. Stained glass animation results.
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5. Conclusion

This paper presents a method for generating stained glass animation from a given video. To
achieve this, we segment video frames into coherent regions by using mean-shift video
segmentation. We then subdivide large regions into smaller regions. At this time, to obtain
temporally coherent regions, we synthesize a panoramic image from regions in frames and
subdivide it by using a weighted Voronoi diagram. To render these subdivided regions into
stained glass fragments, we find the optimal match from the glass fragment image dataset and
transfer its color and texture to the region. Finally, we obtain a stained glass-like frame by
drawing lead came on the boundary of regions. The resulting frames are temporally coherent
in terms of its style.

In this study, we utilize the low-frequency components of input video to omit the detail
which disrupts video segmentation and color and texture transfer. However, this also causes
the lack of important detail in results. In practice, the detail has been traditionally painted on
the glass, as addressed in [5]. In future work, we will enhance the detail by painting the detail
part through painterly rendering techniques.
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