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Abstract In this paper, we present a novel method for
detail-generating geometry completion over point-sampled
geometry. The main idea consists of converting the context-
based geometry completion into the detail-based texture
completion on the surface. According to the influence region
of boundary points surrounding a hole, a smooth patch cover-
ing the hole is first constructed using radial base functions. By
applying region-growing clustering to the patch, the patching
units for further completion with geometry details is then pro-
duced, and using the trilateral filtering operator formulated
by us, the geometry-detail texture of each sample point on the
input geometry is determined. The geometry details on the
smooth completed patch are finally generated by optimizing
a constrained global texture energy function on the point-
sampled surfaces. Experimental results demonstrate that the
method can achieve efficient completed patches that not only
conform with their boundaries, but also contain the plausible
3D surface details.

Keywords Geometry completion · Texture synthesis ·
Trilateral filtering operator · Geometry detail

1 Introduction

With the rapid popularity of web 2.0 content, enormous mul-
timedia files are emerging every day [1]. So users can easily
become overwhelmed when faced with vast quantity of infor-
mation returned by web search engines. In order to provide
users with a pleasing overview, therefore, extensive atten-
tions have been drawn to how to process multimedia data
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quickly, extract their characteristics accurately and visual-
ize them intuitively [2–4]. The contextual information is
an important one employed usually in the fields of image
processing, computer vision and computer graphics so on.
In this paper, we use the contextual texture to complete the
missing point-sampled geometry with details.

Point-sampled geometry (PSG) without topological con-
nectivity is normally generated by sampling the boundary
surface of physical 3D objects with 3D-scanning devices
[5]. Due to occlusions, low reflectance, and measurement
error in the scanning, the acquired PSG is normally imper-
fect, i.e., it contains holes. In addition, surface editing oper-
ations can result in large holes in the surface. These holes
have to be filled in a manner that not only conforms to the
global shape of entire surface but also generates plausible
geometric details, that is, the patched geometry should not
only be smoothly connected at the boundaries, but also con-
tain geometry details similar to those on the existing surfaces.
Such completion remains a challenge due to the irregularity
of sampling and hole boundaries.

In recent years, a variety of geometry completion methods
for PSG have been introduced, and they can be roughly cate-
gorized into the following three groups. (1) Implicit surface-
based completion: using radial basis functions (RBFs) [6–
11] or moving least squares (MLS) [12,13], the implicit
surfaces at the hole region are reconstructed and sampled
so as to achieve geometry completion. However, patches
generated by these methods are normally smooth and do
not convey geometric details. (2) Similarity-based comple-
tion: according to geometry similarities in 3D [14–18], the
missing regions are completed by matching and copying 3D
structures in the existing geometry or solving a PDE equa-
tion [15]. Although details are achieved by these methods,
their complexities are relatively higher and they have to deal
with the complex boundary conditions. (3) Example-based
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completion: the completion is fulfilled with reference to a
database of priori complete 3D objects from which similar
surfaces are selected and blended to perform completion on
the missing regions [19–21]. While achieving highly plau-
sible reconstructions, example-based completion very much
depends on the existence of suitable surface parts fitting into
the missing area. This is clearly limited to the availability of
such suitable a priori knowledge.

Considering image completion [22–25], its aim is to fill
holes in an image by extending information available in the
remaining image. Accordingly, geometry completion is sim-
ilar in spirit to the image counterpart. Inspired by Kwatra et
al. [26] who formulated the problem of image texture syn-
thesis as minimization of an energy function, we introduce
a novel method for detail-generating geometry completion
over PSG, based on global optimization of texture quality.
The basic idea in our method is to consider geometry comple-
tion as detail-texture completion on PSG, which is performed
via minimizing a constrained global energy using the exist-
ing detail textures on the surfaces as the input texture sample.
In detail, our major contributes are as follows:

• Based on variance and average curvature, we present a
method for determining the influence region of bound-
ary points, which can calculate this region automatically
according to the complexity of hole boundary. In terms of
influence region, we can utilize RBFs to create a smooth
patch matching with the existing geometry seamlessly.

• We design a trilateral filtering operator and use it to com-
pute the geometry-detail texture of each point on the exist-
ing geometry, which is regarded as the input texture sam-
ple. Moreover, we construct the regular texture grid of
sample point by eigen analysis of the covariance matrix
of its local neighborhood, which can act as a counterpart
to the square neighborhood of pixel.

• We compute the geometry details on the smooth com-
pleted patch by optimizing a constrained global texture
energy function. To this end, we employ region-growing
clustering to segment the smooth completed surface over
hole into patching units. Using texture synthesis tech-
nique based on optimizing an energy function, the local
geometry-detail textures on patching unit are synthe-
sized. Consequently, we achieve detail-generating geom-
etry completion by converting textures back to geometry
details.

The rest of the paper is organized as follows. In Sect. 2, we
briefly review some related work. We give an overview of our
method in Sect. 3, and describe smooth surface completion
and geometry-detail completion in detail in Sects. 4 and 5,
respectively. Experimental results are presented in Sect. 6.
We conclude the paper in Sect. 7.

2 Related work

Many traditional methods focus mainly on surface-based
completion with a smooth created patch filling the missing
region and satisfying the boundary conditions. Carr et al.
[6] used globally supported RBF to fit data points by solv-
ing a large dense linear system. Ohtake et al. [7] and Xiao
[27] proposed a hierarchical approach for 3D scattered data
interpolation with compactly supported RBF or algebraic
sphere. Based on MLS, Wang and Oliveira [13] and Ahn et
al. [12] presented an algorithm for filling holes on surfaces
reconstructed from point clouds. Although these methods can
effectively fill missing regions with smooth surface patches,
unnatural shapes may be generated when the missing parts
are large and surrounding shape is complex since they cannot
generate a complex surface.

In order to reconstruct geometry detail, the completion
methods based on context have recently been developed.
Savchenko and Kojekine [28] warped a given shape model
towards the missing region using control points followed by
performing a fairing step along the boundary of the hole.
Sharf et al. [14] extended the texture synthesis technique
from 2D image to PSG so as to complete the missing geome-
try. As in the 2D case of texture synthesis, the characteristics
of the given surface are analyzed, and the hole is iteratively
filled by copying patches from the data regions. In this paper,
the proposed method reconstructs the geometric details on
the smooth patch by completing texture in the geometry-
detail texture space. Consequently, our method can avoid
some complex operations such as the similarity measure-
ment between point sets and rigid transformation of the 3D
points set as compared to Sharf et al.’s [14].

In order to generate complex shapes in missing regions,
on the other hand, the methods based on examples have been
proposed. Pauly [19] presented a method using a database of
3D shapes to provide geometric priors for regions of miss-
ing data. The method retrieves suitable context models from
the database, warps the retrieved models to conform with
the input data, and consistently blends the warped models to
obtain the final consolidated 3D shape. Clearly, the method
is limited to the availability of such suitable a priori knowl-
edge. Similarly, the methods have also been developed based
on employing example shapes in other parts of the model
[20,29]. They calculate the similarities of shape between
missing and data regions, and generate complex shape by
copying the similar patch to the missing region. The algo-
rithm proposed in the literature [20] requires that there exists
a similar patch in the model whose size is almost the same
as a missing region. The algorithm proposed in the literature
[29] copies similar local patches successively to the miss-
ing region from the outer to the inner parts. While they can
achieve complex surfaces, a discontinuous surface is eas-
ily produced on the seam in the completed model since the
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Detail-generating geometry completion for PSG 1749

Fig. 1 Overview of our geometry completion pipeline. a The defective
PSG; b the geometry-detail textures of a; c the influence region (in blue)
of boundary points; d the smooth completed patch (the result of [3]); e
the patching units; f the combination of b and the generated geometry

details on e; g the completed PSG; h the actual PSG for comparison; i
the palette for visualization of geometry detail and error (color figure
online)

surface is fixed once it is copied. using RBFs on the influ-
ence region of hole boundary, in this paper, our algorithm
guarantees that the reconstructed patches smoothly blend
into the data region. By optimizing a constrained global tex-
ture energy function, moreover, the algorithm generates the
geometry details on the smooth completed patch and can thus
complete the missing regions successfully without a discon-
tinuous surface.

3 Overview

Figure 1 gives an overview of geometry completion pipeline
and our surface completion method consists mainly of the
following four steps:

1. Smooth surface completion. After detecting the boundary
points at hole, we first define their influence region (e.g.,
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Fig. 1c) based on variance and average curvature. Using
RBFs on the influence region, the hole is then filled with
a smooth surface patch (e.g., Fig. 1d).

2. Generation of the patching units. By exploiting the
region-growing clustering method, the smooth com-
pleted surface over hole is segmented into uniform
patches, which are referred to as patching units in this
paper, and each unit overlaps with its neighboring ones
(e.g., Fig. 1e).

3. Construction of geometry-detail texture grid. We adopt
the trilateral filtering operator to determine the geometry-
detail texture of each sample point on the input geome-
try (e.g., Fig. 1b). Based on covariance analysis, further,
the regular texture grid of sample point on a geometry
is constructed, which is as a counterpart to the square
neighborhood of a pixel in 2D image space.

4. Synthesis of geometry-detail texture. According to patch-
ing units and texture grids, the local geometry-detail tex-
tures of hole region are synthesized (e.g., Fig. 1f) using
texture synthesis technique based on optimizing a con-
strained global texture energy function. After convert-
ing textures back to geometry details, we finally achieve
detail-generating geometry completion over PSG (e.g.,
Fig. 1g).

4 Smooth surface completion

Before we can start reconstructing the missing surface in hole
region, we first have to detect the hole boundary. As PSG
is unstructured surface representation with no adjacency or
connectivity information, the boundary detection is a non-
trivial task. In this paper, we use the approach presented in
[30], that robustly identifies loops of boundary points. The
basic workflow of this hole detection scheme is as follows:
for each point, a boundary probability is computed, which
reflects the probability that the point is located on or near
hole in the surface sampling. By utilizing the boundary coher-
ence, the boundary points are then identified and the closed
loops circumscribing hole are constructed in a shortest cost
path manner. For more detailed introduction for detecting
boundary points and extracting boundary loops, please refer
to [30].

Once the boundary loop of hole has been extracted, the
hole is filled with a smooth surface patch. We need to first
define the influence region of boundary loop, i.e., the vicinity
points of hole, which are employed to approximate the hole
using RBFs. Clearly, one could simply choose neighborhood
of fixed size of the boundary points as the influence region. In
order to ensure that the reconstructed patches blend with the
data regions PD = {p1, . . . , pn} in a PSG in a smooth way,
we introduce a method based on variance and average curva-
ture, which can calculate the influence region automatically

according to the complexity of hole boundary. The method
consists of the following three steps.

Step 1. By covariance analysis, a reference plane is con-
structed, which is the best-fit plane to the boundary point set
B of hole. The covariance matrix [31] for B is defined as

C =

⎡
⎢⎢⎢⎣

pB1
− p̄B

pB2
− p̄B
...

pBm
− p̄B

⎤
⎥⎥⎥⎦

T

.

⎡
⎢⎢⎢⎣

pB1
− p̄B

pB2
− p̄B
...

pBm
− p̄B

⎤
⎥⎥⎥⎦ ,

where pBi
∈ B (i = 1, . . . , m) is a boundary point and

p̄B = ∑
pBi

/m is the centroid of B. Since C is symmetric
and positive semi-definite, all eigenvalues λi (i = 0, 1, 2)

are of real value and the unit eigenvectors vi (i = 0, 1, 2)

form an orthogonal basis. Assuming that λ0 ≤ λ1 ≤ λ2, the
two eigenvectors v1 and v2 span the reference plane and v0

represents the plane normal, i.e., the reference plane (x −
p̄B)v0 = 0 through p̄B minimizes the sum of the squared
distance to these boundary points.

Step 2. The distance variance E from each boundary point
to the reference plane is given by E = 1

m

∑m
i=1 (di − u)2,

where di is the distance of boundary point pBi
from the

reference plane and u is the mean of distance (i.e., u =
1
m

∑m
i=1 di ). The average curvature of boundary curve at

knot points is calculated as k = 1
l

∑l
i=1 ki , where l is the

knot number of boundary curve and ki is the curvature of
curve at a knot point.

Step 3. The boundary curve is first projected onto the refer-
ence plane, as illustrated by the green dashed curve in Fig. 2.
We can then determine the convex hull of the projected curve
on this plane, as illustrated by the yellow curve in Fig. 2, and
enlarge the convex hull to generate its offset curve with an

Boundary curve

C
onvex hull

Enlarged convex hull
Projection of 

influence region

Missing region

Fig. 2 Determining the projection of influence region (colored in
blue). The green dashed curve denotes the boundary curve and the
yellow curve is its convex hull. The red curve is the offset curve of this
convex hull (color figure online)
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Fig. 3 Comparison of smooth completion. a Interpolation of the influence region determined by k-nearest neighbors of boundary points; b hole;
c interpolation of the influence region determined by our method

offset distance, as illustrated by the red curve in Fig. 2. The
region between the boundary curve and the enlarged convex
hull is determined as the projection of influence region, as
demonstrated by the blue region in Fig. 2. Accordingly, we
can define the influence region as the part corresponding to
this projection.

Because of the complexity of boundary curve, there
may be self-intersection in its projected curve. Consider-
ing this situation, we use the convex hull of the projected
curve to represent it in Step 3. When enlarging this con-
vex hull, the offset distance R is derived automatically as
R = αE + βk (α + β = 1) according to the distance vari-
ance and average curvature.

The influence region identified by the above method is uti-
lized to interpolate the missing portion of surface using RBFs
presented in [7]. In [7], a coarse-to-fine hierarchy of scattered
data is constructed using spatial down sampling. The coars-
est level is first interpolated and a point set of the hierarchy
is interpolated as an offsetting of the interpolating function
computed at the previous level. According to [7], the number
of subdivision levels is taken as �− log2(σ0/(2σ1))�, where
σ0 is the support size for the single-level interpolation and σ1

is set to 0.75L (L is the length of a diagonal of the bounding
parallelogram). For more detailed introduction, please refer
to [7]. So the hole could be filled with the smooth surface
patch and new points for filling the hole can be obtained by
re-sampling the patch using the marching cubes algorithm
[32]. Therefore, smooth surface completion is accomplished
by adding these re-sampled points, each of which is referred
to as a smooth completed point, to the original PSG. Fig-
ure 1c shows the influence region (in blue) of hole in bunny
model, used as input for RBF interpolation. Figure 1d shows
the smooth completed patch filling the hole.

In Fig. 3, we illustrate comparison of smooth completion
via interpolating the influence region determined respectively
by k-nearest neighbors of boundary points and our method.
It can be noticed that the result generated by our method is
preferable over the former. Our method by enlarging the con-

vex hull of boundary curve leads to a comparatively regular
region such that the reconstructed patch can blend into the
data region more smoothly. Notice that, in this paper each
model is rendered using a point-based rendering technique
presented by us in [33].

5 Geometry-detail completion

We discuss this stage of our algorithm in four subparts. First,
we briefly review an approach for texture synthesis based
on global optimization proposed in [26], and specifically
describe the generation of patching units, construction of
geometry-detail texture grid and synthesis of geometry-detail
texture, respectively.

5.1 Globally optimized texture synthesis

Kwatra et al. [26] presented an approach for 2D texture syn-
thesis based on global optimization of texture quality with
respect to a similarity metric, which is based on Markov
random field (MRF) similarity criterion. They optimized
the entire texture with an Expectation Maximization (EM)-
like algorithm by defining a global texture energy to be
Et (x; {zp}) = ∑

p∈X† ||xp − zp||2, where x is the vectorized
version of the target texture X that we want to synthesize, i.e.,
it is formed by concatenating the intensity values of all pixels
in X . For a pre-specified neighborhood width w, Np repre-
sents the neighborhood in X centered around pixel p and xp

denotes the sub-vector of x that corresponds to the pixels in
Np. Moreover, Z denotes the input sample to be used as refer-
ence and zp is the vectorized pixel neighborhood in Z whose
appearance is most similar to xp under the Euclidean norm.
For computing the energy, only the neighborhoods centered
around pixels in a set X† ⊂ X are considered. Consequently,
a subset of neighborhoods is picked that sufficiently overlap
with each other and the energy is defined only over this subset
[26].
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Table 1 Symbol and notation

Rc Radius of bounding sphere of a cluster

RC Magnified radius

|E | Average edge length of PSG

ci Geometry-detail texture

Nk() k-Nearest neighbors

NRC () Neighborhood (radius is equal to RC )

CT i Patching unit

GT i Texture grid of patching unit

GSi Input texture grid

ci j
t Texture value of grid point in GT i

ci j
s Texture value of grid point in GSi .

ci j
t x First partial derivative in the x direction in GT i

ci j
sx First partial derivative in the x direction in GSi

ci j
t y First partial derivative in the y direction in GT i

ci j
sy First partial derivative in the y direction in GSi

d Texture similarity

Further, the controllable texture synthesis is performed by
augmenting the texture energy function with an additional
term representing the control criteria. The energy represent-
ing this criterion is expressed as the sum of squared dis-
tances between the synthesized and specified pixel values,
i.e., Ec(x; xc) = ∑

k∈� (x(k) − xc(k))2, where � is the set
of constrained pixels and xc is a vector containing the spec-
ified color values. So the total optimized energy is defined
as

E(x) = Et (x; {zp}) + λEc(x; xc) (1)

where λ is a relative weighting coefficient.
In this paper, we extend this controllable texture synthesis

to PSG for geometry detail completion. For the reason that
image pixels are usually aligned on a regular and equispaced
grid, which is in general not true for a PSG, the main issue
of extending it consists of how to build the correspondence
between irregularly 3D sampling points and regular 2D tex-
ture samples. Before we explain our method in detail, let us
introduce some symbols and notations in Table 1 that will be
used in the following subsection.

5.2 Generation of the patching units

In order to attain the patching units, we utilize the region-
growing clustering method [31] to divide the point set includ-
ing all the input points and smooth completed points. Their
clustering process is summarized as follows: starting from a
random seed point p1, a cluster C1 is built by successively
adding nearest neighbors. This incremental region-growing
is terminated when the size of the cluster reaches a maximum

bound. The next cluster C2 is then constructed by starting
the incremental growth with a new seed p2 chosen from the
neighbors of C1 and excluding all points of C1 [31]. This
procedure is repeated until each point in the point set is dis-
tributed into a some cluster.

We adapt this method by taking the terminated condition
of incremental region-growing as Rc > s|E |, where Rc is
the radius of bounding sphere of a cluster Ci , whose center
is at the centroid of Ci ; |E | = ∑n

i=1 ri min/n is the average
edge length of PD , ri min is the distance between pi and its
nearest point; s is a relative coefficient adjusting the radius
size, that is set to s ∈ [1.7, 4.0] in our implementation. In
order to maintain the coherence of the completed model, as
such, we magnify the radius Rc to ensure that the neighbor-
ing clusters overlap sufficiently with each other. We take the
magnified radius RC as RC = Rc +δ|E | = (s+δ)|E |, where
δ is a relative coefficient controlling the overlapping region
between the clusters. Here, the augmented cluster including
at least a smooth completed point is referred to as a patching
unit (as shown in Fig. 1e), represented by the notation CT i .

In Fig. 4, we show the surface clustering of Igea model
using our region-growing clustering method. The clusters
without overlapping region are illustrated in Fig. 4a, the clus-
ters with smaller overlapping area in Fig. 4b, and clusters with
larger overlapping area in Fig. 4c. In Figs. 1e, 4b–c, 6d and
8d, the white color indicates the overlapping area of neigh-
boring clusters.

5.3 Construction of geometry-detail texture grid

As our idea of detail-generating geometry completion is to
adapt the controllable texture synthesis to the 3D surfaces, we
need to produce the textures of sample point in PD , which can
represent the geometry details of input PSG. Laplacian coor-
dinates can describe the local details of the surface, which
has been widely used in digital geometry processing of tri-
angle meshes such as editing [34] and smoothing [35] so on.
Notice that the Laplacian coordinates of vertex are defined
as the difference between the Cartesian coordinates of vertex
and the center of mass of its 1-ring neighbors in the mesh. The
choice of its weights decides the properties of Laplacian coor-
dinates, and three popular choices are the uniform weights,
the cotangent weights and the mean-value weights [34]. Since
PSG contains no topological connectivity, k-nearest neigh-
bors are substituted for 1-ring neighbors in the mesh and
weight can only be taken as the uniform one or its variation,
which do not consider the normal and curvature variations
between sample point and its neighbor. However, the normal
and curvature variations reflect the intrinsic surface feature.

So we design the following trilateral filtering operator,
which is similar to our previous scheme [36], to determine
the geometry-detail texture ci of each point pi in PD
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Fig. 4 Clustering of Igea model. a Clusters without overlapping region; b clusters with smaller overlapping area; c clusters with larger overlapping
area

⎧⎨
⎩

ci =
∑

qi j ∈Nk (pi )
wi j 〈ni ,qi j −pi 〉∑

qi j ∈Nk (pi )
wi j

wi j = wc(||qi j − pi ||)ws(||〈ni ,i j −pi 〉||)wh(||kHi j − kHi ||)
,(2)

where ni is the surface normal at the point pi , Nk(pi )

is the neighborhood of pi , kHi is the mean curvature
and w(x) is a Gaussian kernel: wc(x) = exp(−x2/2σ 2

c ),
ws(x) = exp(−x2/2σ 2

s ) and wh(x) = exp(−exp(−||kHi j −
kHi ||2/2)). The term wh(x) denotes that the influence on the
weight wi j increases with an increase in the curvature differ-
ence (kHi j −kHi ) so that the neighbor with a bigger curvature
difference has a bigger weight. Accordingly, the geometry-
detail texture calculated by this trilateral filtering operator
reflects the local geometry feature efficiently. In practice, we
take the parameter σc as σc = r/2, where r is the radius
of the enclosing sphere of Nk(pi ), and σs as the standard
deviation of the projections of the vector (qi j − pi ) onto ni .
Because the operator considers not only the point positions
and normals but also the curvatures; the geometry-detail tex-
ture computed by it can reflect the local geometry detail at
each point more effectively. Figure 1b, f demonstrates the
detail-texture value visualization for the defective and com-
pleted model, respectively. Figure 1i illustrates the palette for
visualization of detail texture.

After determining the geometry-detail texture of each
point, we can construct the regular texture grid Gi of sam-
ple point pi on PSG as follows, which is as a counterpart to
the square neighborhood of pixel in 2D image space. Based
on covariance analysis again (described in detail in Sect. 4),
the eigenvalues and unit eigenvectors of covariance matrix
of NRC (pi ) are first determined. The local coordinate frame
[X, Y, Z] with origin pi is then established: let Z be v0 if
v0 · ni > 0, be −v0 otherwise; let Y be v1 and X = Y × Z.

Fig. 5 Construction of texture grid

Further, we can calculate each projection q j of the vector
(qi j − pi ) onto the plane Xpi Y , where qi j with the texture
value c j is one of pi ’s neighbors (i.e., qi j ∈ NRC (pi )). Con-
sequently, a regular texture grid Gi of M × M centered at
pi can be built through the following process: (1) compute
the radius RG of bounding circle of the 2D point set {q j } in
the plane Xpi Y , whose center is at pi , and the Gi ’s interval
is defined as h = 2RG/(M − 1). (2) Determine the texture
value of each grid point ti j as the Gaussian-weighted average
of texture values of its k-nearest neighbors Nk(ti j )

ci j =
∑

q j ∈Nk (ti j )

(wt (q j ) · c j )
/ ∑

q j ∈Nk (ti j )

wt (q j ) (3)

where w (x) is a Gaussian kernel, we take wt (q j ) =
exp(−||q j − ti j ||2/(2σ 2

t )) and σt = RG/2. In practice, k
is set to 9 and M is set to 5 or 7. Figure 5 illustrates the
constructed grid with the projected points highlighted in red.
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5.4 Synthesis of geometry-detail texture

We apply the constrained texture synthesis algorithm (des-
cribed in Sect. 5.1) to PSG for geometry detail completion.
As the controllable texture synthesis is developed in the 2D
image setting, we have built the correspondence between
point-sampled surfaces and 2D texture samples so as to opti-
mize Eq. (1) in PSG setting. The geometry-detail set {ci } in
Sect. 5.3 is regarded as the input texture, i.e., Z in Eq. (1); the
patching unit set {CT i } in Sect. 5.2 becomes the target texture
that we want to synthesis, i.e., X in Eq. (1); in Sect. 5.3, the
texture grid Gi that contains none of all the projection points
of smooth completed point corresponds to the neighborhood
of the pixel in the input sample Z , i.e., zp; the set of points in
the influence region computed in Sect. 4 corresponds to the
set of constrained pixels and the corresponding vector xc is
formed by concatenating the texture values of these points.
Similar to that presented in Sect. 5.3, the initial texture grid
GT i of a patching unit can also be established, which corre-
sponds to xp in Eq. (1). The only difference between them
lies at the origin, that is we locate the origin of GT i at the
point closest to the centroid of CT i .

In order to facilitate neighborhood matching, the similar-
ity metric between two texture neighborhoods is expressed
as the following two formulations

d =
M∑

i, j=1

(ci j
t − ci j

s )2 (4)

d =
M∑

i, j=1
(|ci j

t − ci j
s | + |ci j

t x − ci j
sx | + |ci j

t y − ci j
sy |) (5)

where ci j
t represents the texture value of grid point in a target

texture grid GT i , and ci j
s is the corresponding one in an input

texture grid GSi . ci j
t x and ci j

sx mean the first partial derivatives
in the x direction in the target and input grid respectively; ci j

t y

and ci j
sy is the one in the y direction. The similarity metric

in (4) is simply expressed as the sum of squared distances
between the synthesized and given texture values, and how-
ever, the one in (5) takes into account not only texture value
of grid but also texture anisotropism. By means of the metric
in (4), we first find the k-nearest neighbors Nk(GT i ) of GT i

in the set {GSi } of input texture grids based on the locality-
sensitive hashing technique [37], which can efficiently per-
form approximate nearest neighbor search in high dimen-
sions. We then choose the metric in (5) to determine the best
matching neighborhood in Nk(GT i ) with GT i . According to
the above two steps, in fact, we select the matching neigh-
borhood in a coarse-to-fine manner so that the final one best
matches GT i in terms of both texture value and anisotropism.

After establishing the correspondence between 3D sam-
pling points and regular 2D texture samples, we employ the

EM-like algorithm like [26] to optimize the constrained tex-
ture energy (i.e., Eq. 1) over X . Starting with the hole bound-
ary, in initialization step, we successively find the best match-
ing neighborhood GSi in {GSi } with the texture grid GT i of
patching unit containing the constrained points, as per the
above matching procedure. For the patching unit composed
only of smooth completed points, we will assign a random
neighborhood from {GSi } to its grid. In the M-step, we need to
minimize Eq. (1) with respect to the set {GSi } of input neigh-
borhoods; keeping {GT i } fixed at the value estimated in the
E-step and for each GT i , its nearest neighbor from {GSi } is
found out under the constrained conditions by applying our
matching procedure. In the E-step, we need to minimize Eq.
(1) with respect to {GT i }, which is solved by the following
procedure. By setting the derivative of Eq. (1) with respect to
x to zero, a linear system of equations is yielded, that can be
solved for x subject to the constrained vector xc. If the two
patching units CT i and CT j overlap with each other, then
GT i and GT j will also contain common pixels. Each of the
common pixels may take different texture values from GSi

and GSj . The minimization procedure assigns each common
pixel an texture value that is equal to the average of the cor-
responding values in GSi and GSj .

By repeating the two steps iteratively until convergence,
we can achieve the final synthesized texture, i.e., we have
found the best-match input neighborhood GSi for each patch-
ing grid GT i and the texture value ci at point pi enclosed in
GT i can then be obtained using bilinear interpolation. After
converting the texture values back to the geometry details and
adding them to the corresponding points (i.e., p′

i = pi +ci ni ),
consequently, we finally achieve the detail-generating geom-
etry completion over PSG.

6 Experimental results

The proposed algorithm was implemented on a Microsoft
Windows XP PC with Core i3 2.93GHz CPU and 4GB of
memory. In all cases, the input to the algorithm consisted of
a PSG. We demonstrate our method for successfully complet-
ing holes with geometry details in Figs. 1, 6 and 8. The defec-
tive Bunny model with 138,456 sample points, Igea model
with 132,893 sample points and Rockarm model with 280627
sample points are illustrated respectively in Figs. 1a, 6a and
8a; Figs. 1d, 6c and 8c demonstrate the smooth completion
respectively and Figs. 1g, 6f and 8f demonstrate the detail-
generating completion respectively. Notice that by refining
these initial models with our method, the missing regions are
completed with geometry-detail surfaces smoothly blending
into the initial surfaces.

In Fig. 7, we compare our geometry completion with the
completion using the trilateral filtering operator and Lapla-
cian operator, respectively. It can be noticed that our result
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Fig. 6 Geometry completion of Igea model. a The defective model; b the geometry-detail textures of a; c the smooth completed patch (the result
of [3]); d the patching units; e the generated geometry details on d; f the completed model

(Fig. 7d) visually appears slightly more convincing than the
latter’s (Fig. 7c). In order to evaluate the quality of the com-
pleted surfaces efficiently, we measure its error compared to
the actual surfaces and errors are visualized using the palette
in Fig. 1i. It is worth mentioning that all the input PSGs are
scaled into a unit bounding box in advance and both the com-
pleted surfaces are re-sampled in the same manner. Table 2
shows the related data statistics for completing the defective
PSGs. From the Max. and Avg. errors, we can notice that our
method can generate a higher-quality completion result than
the latter’s. Clearly, error visualization (Fig. 7e–f) visually
conveys this information more efficiently.

One sees the influence region of hole as shown in Fig. 1c
used as input for the RBF interpolation so as to fulfill the
smooth surface completion, as shown respectively in Figs.
1d, 6c and 8c. Since we adopt RBFs in [7], on the other
hand, the smooth surface completion can be regarded as the
filling result obtained with the method of [7]. For compari-

son, we demonstrate the completed model by our method in
Fig. 1g and the actual model in Fig. 1h, and notice that such
a completion is quite plausible. Meanwhile, we also show
the close-up of the smooth completed patch (i.e., the result
of [7]) respectively in Figs. 7b and 8g, the one of the detail-
generating completed patch respectively in Figs. 7d and 8g,
and the one of the actual model respectively in Figs. 7a and 8i.
It can again be noticed that the hole geometry with detail sur-
faces generated by our method appears more convincing than
the smooth filling [7]. This is mainly because our method can
generate the plausible details on the smooth completed patch
by optimizing a constrained global texture energy function.
The geometry-detail texture determined by our trilateral fil-
tering operator, on the other hand, can efficiently express the
local geometry detail at each point.

Since there are relatively less sample points in the influ-
ence region, the cost of the smooth surface completion by
the RBF interpolation is much less and the computational
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Fig. 7 Comparison of geometry completion. a The actual model; b the smooth completion (the result of [3]); c the result using Laplacian operator;
d the result using trilateral filtering operator; e error visualization of c; f error visualization of d

Table 2 Statistics for completing the defective PSGs

PSG TS (s) TD (s) Iters. Max. error
(×10−4)

Avg. error
(×10−5)

TR LP TR LP

Bunny 30 22 29 43 67 28.37 37.69

Igea 27 18 24 58 81 32.40 43.16

Rockarm 43 37 15 35 49 19.21 25.34

Here TS stands for the execution time of smooth surface completion.
TD is the execution time of an iteration
Iters. the number of iterations. TR the trilateral filtering operator and
LP Laplacian operator

complexity of our approach is dominated by the geometry-
detail completion, which is performed by the globally opti-
mized texture synthesis based on the nearest neighbor search.
To accelerate this search, we utilize the locality-sensitive
hashing technique to perform nearest neighbor search in high
dimensions. In Fig. 1, the execution time of smooth surface
completion is 30 s and in the stage of geometry-detail com-
pletion, the execution time for an iteration takes about 22 s
and 29 iterations are needed. The former time is 27 s, in Fig. 6;
the latter time is about 18 s and 24 iterations are needed. In
Fig. 8, the former time is 43 s; the latter time is about 37 s and
15 iterations are needed.

7 Conclusion

In this paper, we have presented a novel approach for detail-
generating geometry completion over PSG using the textual
texture. The approach is mainly composed of two stages:
smooth surface completion and geometry detail completion.
Based on the influence region of hole boundary, in the first
stage, we employ RBFs to create a smooth completed patch
blending smoothly into the data region. Based on the glob-
ally optimized texture synthesis, in the second stage, the
geometry-detail textures on the smooth patch are completed
and the geometry detail completion is achieved by converting
textures back to geometry details. Since the method for glob-
ally optimized texture synthesis relies heavily on the image
structure regularity, the main difficulty of extending it to PSG
is how to construct the regular texture grid as a counterpart
to the square neighborhood of pixel. We first compute the
geometry-detail texture of each point using the trilateral fil-
tering operator. By exploiting the region-growing clustering
method, the patching units overlapping with its neighboring
ones are then obtained. Based on covariance analysis, the reg-
ular texture grid of sample point is finally constructed. Our
experimental results demonstrate that this proposed algo-
rithm can generate the surface shape in the missing region
that not only blends smoothly into the data region, but also
contains the plausible 3D surface details.
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Fig. 8 Geometry completion of Rockarm model. a The defective
model; b the geometry-detail textures of a; c the smooth completed
patch (the result of [3]); d the patching units; e the generated geometry

details on d; f the completed model; g a close-up of c; h a close-up of
f; i a close-up of the actual model
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