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Abstract. The development of range scanning technology has offered new possi-
bilities to capture large datasets in computer graphics. Due to physical restrictions,
captured 3D objects can contain holes that need to be filled automatically. In a dif-
ferent area of interest, the field of texture synthesis, research has been done on a
solution for a similar 2D problem. To utilize available methods, the challenge is to
find similarities and show the differences between these problems. Hereby a 3D
prototype is developed on the basis of an analysis of chosen texture synthesis algo-
rithms, projecting the problem onto an intermediate 2D algorithm. The presented
solution works fast and at good quality on artificial and real-world examples.

1 Introduction

Although the technology of new range scanning devices develops quickly, physical
limitations will always constrain the quality of the collected data. Holes in objects can
also be introduced in the post-processing steps, for example by manual editing or combi-
nation of different point sets. Many of the proposed 3D hole-filling algorithms use a
surface estimation in the filling process. As this step is computationally expensive, it is
reasonable to attempt an experimental approach without it.

Another interesting research field is texture synthesis, which offers many statistical
similarity-based approaches working on reconstruction of a larger sample of a smaller
input texture with the goal of perceptual similarity [13]. In the last years many different
algorithms have been proposed to solve that problem.

Here, we develop a prototype for a simple yet efficient 3D hole-filling algorithm.
Therefore existing texture synthesis algorithms are analyzed to identify solutions which
are applicable for the 3D problem. The results are presented on real-world examples.
Finally, an outlook and a conclusion are given.

2 Related work

In the well-known approach of context-based surface completion [15] a hierarchical
algorithm is used by refining a surface estimation. The algorithm in [14] uses a digital
signature based on curvature and texture information for the reconstruction process.
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Another algorithm developed in [2] uses a voxel-based approach, trying to copy the most
similar point for each region.

A different field of interest is image inpainting. A famous approach [3] combines in-
painting techniques with a texture synthesis approach. A different work [4] uses an itera-
tive adaptive approach to approximate unknown regions.

The field of main interest here is texture synthesis. The algorithms can be classified
into three categories: pixel-based, patch-based, and advanced approaches. The basis for
many of the later algorithms is the pixel-based approach of Efros and Leung [6]. The
theoretical foundation is the Markov random field (MRF) model, which mathematically
describes the probability distribution for one pixel p assuming locality, therefore only
considering its neighborhood. In the reconstruction process, for each missing pixel p the
input is searched for the possible best neighborhoods, which are then sampled to synthe-
size p. An enhancement is given in [19], where a multi-resolution approach is used to
improve speed and quality especially for using large pixel neighborhoods. In [1] an algo-
rithm for synthesizing natural textures is proposed. The idea is to add information about
structure in a second input picture. In [7], image analogies are used to describe the rela-
tionship of two input images to a different set of output images. All pixel-based algo-
rithms have in common that one pixel is synthesized in one algorithm step.

In the patch-based approach image quilting [5], overlapping texture patches are cop-
ied before the best cut through the boundary of the overlapping region is found by dy-
namic programming. A similar method is used in [9], whereby here graphcuts are ap-
plied. The hybrid texture synthesis algorithm [13] uses a patch-based approach starting
with large patches and subdividing these when no good match can be found. The over-
lapping parts are repaired pixel-based. The adoption in [12] accelerates this method by
using only large patches and a pre-computed search structure in the pixel repair step.

Surveyed advanced algorithms contain texture optimization [8], vector field visualiza-
tion [16], feature matching and deformation [20], order-independent texture synthesis
[18], parallel controllable texture synthesis [11], and appearance-space texture synthesis
[10].

The chosen algorithm, which serves as a basis here, has to be general, simple, adapt-
able, and perform acceptably. Therefore, neither the pixel-based approaches are used,
which are inherently slow because of the neighborhood search step, nor the advanced
algorithms are considered, which use complicated interacting methods to improve the
search result. The patch-based algorithm hybrid texture synthesis [13] offers good results
with a relatively simple approach and looks promising for 3D adoption.

3 Hole-filling algorithm

To ensure applicability, a 2D experimental prototype is developed as the basis for the 3D
hole-filling algorithm using the main ideas of hybrid texture synthesis [13]. The splitting
of the patches with the overlap strategy has shown a performance problem in some hole-
filling applications, when for example a 16 x 16 pixel patch is subdivided in 1 x 1 pixels
using an overlap of 2, a total of 1280 pixel reconstructions have to be done to reconstruct
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256 pixels. The large patches introduce two problems: First, the quality of the best
match decreases during the filling process. Secondly, one bad guess distorts the complete
picture. To solve the first problem, the patches are chosen based on their generation, as
older patches contain more original and less reconstructed information. Among these the
patch with the highest variance is used, propagating smooth regions slower. The over-
lapping patch part is corrected pixel-based. To solve the second problem, a multi-
resolution pyramid is created to initialize the hole pixels well. Two results of the algo-
rithm for example images are presented in fig. 1: Linear structure is visble on the right
example that is propagated well, and the natural setting in the left picture is filled nicely.

Fig. 1. Results of tﬁe 2D .prototype for example images from [3] (left) and [4]

To adapt the algorithm to work on 3D objects, the new main step is patch creation.
Using 3D points as input data, the problem has to be projected down to 2D. In a preproc-
essing step, the considered region of a possibly large data set can be manually selected.
A certain portion is selected randomly as basis for patches. The patch is then considered
to be in a sphere around the center in radius r. A principal component analysis (PCA) is
employed to find the three main axes describing the chosen points. Therefore, a patch is
considered as a plane, and the third dimension is the height over the patch plane. In fig-
ure 2 an example of two patches with their respective coordinate axis is shown.

Fig. 2. Example sphere with two marked patches

The gray value of the 2D representations has been estimated by the distribution of
height values over the plane: white is highest, black lowest. Squares of the patch where
no points fit are considered as broken, marked as red points in the 3D picture, shown
yellow in the 2D height field.

Further on, the algorithm processes patches in the same manner as the 2D experimen-
tal prototype (see figure 3): First, for the to-be-repaired broken patch, the best-matching
complete patch is chosen. The missing points in the 3D data set are created using the
height information from the complete patch.
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Fig. 3. Completion of a broken patch, new points marked pink

In an optional pixel-based correction step, the pasted points can be smoothed to better
fit into the given shape. After the patch has been fixed, all patches which can be affected
by the newly pasted points need to be updated. Further on, the set is extended by using
some of the pasted points as new starting points for patches in order to fill holes, which
might be hit randomly only by few patches, completely.

Fig. 4. Results of the 3D hole-filling algorithm (input data from [21])

4 Results

After some artificial examples including a cube and a bumpy sphere, a complete range
scan of a Neptun statue [21] is chosen for reconstruction. One can see in figure 4 that
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most of the marked area is reconstructed well. The small white holes in the face recon-
struction have not been captured by the identification of broken patches. In the foot re-
construction the distribution of the reconstructed points is similarly dense as the given
input data. One can see that most holes have been filled nicely.

The short reconstruction times underneath one minute for all examples show the good
performance of the algorithm. The reason therefore is the restriction of the sample set to
a well-defined region, the random sampling procedure which uses only a portion of the
available points as patch, and the 2D height field, which does not store 3D information.
The implemented prototype has been embedded in an existing library [17] and therefore
is integrated with various existing functionality.

Areas of improvement are a sharp-edge problem, as these patches are sometimes con-
sidered as broken. This could be improved by using an additional density metric for bad
patch identification. Further on, an overlap strategy for smoother integration could be
used as in the 2D prototype. Finally, the pixel correction step could be performance
enhanced.

5 Conclusion

In this paper a 3D hole-filling prototype has been developed on the basis of a survey of
existing texture synthesis techniques. The results presented show that the simple algo-
rithm is applicable for a variety of settings and offers good performance considering the
size of the input data.
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