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As a critical prerequisite for semantic facade reconstruction, accurately separating wall and protrusion
points from facade point clouds is required. The performance of traditional separation methods is severely
limited by facade conditions, including wall shapes (e.g., nonplanar walls), wall compositions (e.g., walls
composed of multiple noncoplanar point clusters), and protrusion structures (e.g., protrusions without
regularity, repetitive, or self-symmetric features). This study proposes a more widely applicable wall and
protrusion separation method. The major principle underlying the proposed method is to transform the
wall and protrusion separation problem as a ground filtering problem and to separate walls and protrusions
using ground filtering methods, since the 2 problems can be solved using the same prior knowledge,
that is, protrusions (nonground objects) protrude from walls (ground). After transformation problem,
cloth simulation filter was used as an example to separate walls and protrusions in 8 facade point clouds
with various characteristics. The proposed method was robust to the facade conditions, with a mean
intersection over union of 90.7%, and had substantially higher accuracy compared with the traditional
separation methods, including region growing-, random sample consensus-, multipass random sample
consensus-based, and hybrid methods, with mean intersection over union values of 69.53%, 49.52%,
63.93%, and 47.07%, respectively. Besides, the proposed method was general, since existing ground
filtering methods (including the maximum slope, progressive morphology, and progressive triangular
irregular network densification filters) can also perform well.
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Introduction

Advanced 3-dimensional (3D) semantic facade models play an
important role in damage assessment, urban planning, virtual
reality, and energy management, among other applications [1-10].
Ground-based light detection and ranging (LiDAR) is the most
accurate and detailed technology to represent the 3D structural
information of facades, and semantic facade modeling is mainly
based on ground-based LiDAR point clouds [11-22]. In the facade
modeling, facade elements are hierarchically modeled, that is,
walls and protrusions are separated, and their elements (e.g., win-
dows and doors of walls and balconies and pipelines of protru-
sions) are modeled respectively. However, accurately separating
walls and protrusions has been a huge challenge for complex
facade conditions, including wall shapes (e.g., nonplanar walls),
wall compositions (e.g., walls composed of multiple noncoplanar
point clusters), and protrusion structures (e.g., protrusions with-
out regularity, repetitive, or self-symmetric features). Therefore,
it is crucial to develop a wall and protrusion separation method
that can cope with various facade conditions.
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Walls and protrusions usually are separated by wall detection
methods because the prior knowledge of walls is easier to be gen-
eralized because of the simpler geometry compared to protrusions.
We categorized wall detection methods as segmentation- and
geometric fitting-based methods. The segmentation-based meth-
ods firstly segment facade point clouds and then identify the walls
and protrusions based on the prior knowledge of walls. The seg-
mentation groups points belonging to the same surface according
to geometric constraints, such as smoothness, flatness, or com-
pleteness [23]. Multiple segmentation algorithms can be used,
such as region growing- and clustering-based methods (e.g.,
k-means and fuzzy C-means) [24]. The region growing-based
methods are easy to implement and preserve the boundary of
objects [23]. The advantage of the clustering-based methods is
that seeds are not required for initiating the grouping [24].
Nevertheless, the clustering-based methods are rarely used in wall
and protrusion separation, probably due to expensive computa-
tion [24]. Both types of methods are highly affected by data qual-
ity, such as data missing [23-25]. Segments are classified using
the rules, such as object size, orientation, topology, and location
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[25]. For example, facade point clouds are segmented using the
region growing method, and then wall segments are identified
according to the prior knowledge that walls are large-sized,
smooth, and perpendicular to ground [26]. However, the method
is prone to misidentify large-sized protrusions as walls. Besides,
the wall segments may also be misidentified as protrusions, when
walls are segmented into multiple small-sized segments due to
variable point densities [27,28].

The geometric fitting-based methods identify the wall points
based on the prior knowledge that a wall is a plane. Many plane
fitting methods [e.g., the random sample consensus (RANSAC)
and Hough transform methods] are applied for wall detection,
and RANSAC is the most widely used method. In the method,
a series of plane model proposals are generated by randomly
sampling data points in a facade point cloud, and the model
with the most numerous inliers is adopted [16,19,29]. The
model fitting-based methods can completely identify the walls
composed of coplanar plane points. However, it has difficulty
in the detection of free-form walls, such as noncoplanar planar
and nonplanar walls [30].

Tablel. Characteristics and statistics of all facades.

Liet al. [18] proposed a hybrid method by combining the
segmentation- and geometric fitting-based methods. The
hybrid method first segments facade point clouds and then fits
plane based on the largest segments. Finally, the segments
within the plane buffer are identified as walls. The method can
completely identify walls while preventing the generation of
false planes. However, the noncoplanar planar and nonplanar
wall detection are still challenging for the hybrid-based method.

In addition to wall detection methods, walls and protrusions
can also be separated using protrusion detection methods,
which are developed on the basis of the prior knowledge
that protrusions are regularity, repetitive, or self-symmetric
[17,31,32]. For example, Friedman and Stamos [32] formulated
a function using a geometric feature of each point and clarified
the periodical features to identify repetitive protrusions using
the Fourier transform method. However, the method is only
available in the facades with the above structured protrusions.

In summary, the performance of the published methods is
limited by facade conditions, including wall shapes, wall
compositions, and protrusion structures. To overcome the

Proportion of protru- Reference (points)

Samples Wall shapes Wall compositions  Protrusion conditions . o -
sions (%) Walls Protrusions
Facade 1 Planar Multiple coplanar Windows with small 4267 23,762 17,685
planar parts protruding depths
Facade 2 Planar Multiple noncoplanar  Advertising boards, 3191 35,269 16,532
planar parts air conditioner outer
units and pipelines
with different pro-
truding depths
Facade 3 Planar Multiple noncoplanar ~ Balconies, windows 5709 14,288 19,009
planar parts and beam with
different protruding
depths
Facade 4 Curved Multiple nonplanar ~ Sun shield with large 0.81 84,684 690
parts protruding depths
Facade 5 U Multiple coplanar Sun shield and beam 2796 50,437 19,578
planar and multiple  with large protruding
noncoplanar planar depths
parts
Facade 6 Spoon Multiple coplanar Windows and beam 29.85 14,909 6,343
planar, multiple non- with different pro-
coplanar planar and truding depths
multiple nonplanar
parts
Facade 7 Saddle Multiple coplanar Balconies, windows 43.6 85,862 66,379
planar and multiple  with small protruding
nonplanar parts depths
Facade 8 Spoon Multiple coplanar Windows and beam 36.88 81,377 47551

planar, multiple non-

coplanar planar and

multiple nonplanar
parts

with small protruding
depths
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Fig.1.Examples of different wall compositions: (A) multiple noncoplanar planar parts, (B) multiple coplanar planar parts, and (C) multiple nonplanar parts.

limitation, this study proposes a novel wall and protrusion sep- and protrusion structures; (b) walls and protrusions can be
aration method. The main principle of the proposed method  accurately separated by existing ground filtering methods,
is to transform the wall and protrusion separation problem  which have effective rules corresponding to the knowledge.
as a ground filtering problem and to separate walls and pro- Following Introduction, Materials and Methods section
trusions using existing ground filtering methods. The pro-  provides a detailed description of the tested data and the
posed method has the following advantages: (a) The complexity ~ proposed method. The proposed method is validated and
of facade seldom influences wall and protrusion separation  discussed in Results and Discussion sections. Finally, the
because the used prior knowledge (i.e., protrusions protrude  conclusions and future work are drawn in the Conclusion
from walls) is independent of wall shapes, wall compositions,  section.

B Wall
B Protrusion
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Fig. 2. All facade point clouds: (A to H) facades 1 to 8.
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Fig.3.Conceptual diagrams of the proposed wall and protrusion separation method. (A) The standing facade is converted to (B) a natural-like scene. The wall and the protrusions
(i.e., balconies) in the natural-like scene are equivalent to the ground and the nonground objects (i.e., buildings) in (C) the natural scene. Thus, the wall and the protrusions in

the natural-like scene can be separated by ground filtering methods.

Materials and Methods

Data

Eight facades (named as facades 1 to 8) with different wall
and protrusion conditions were used to evaluate the perfor-
mance of the proposed method. The characteristics and sta-
tistics of wall and protrusion conditions for each facade are
given in Table 1. The walls include planar, curved, U, spoon,
and saddle shapes. The facades with planar and nonplanar
wall shapes are grouped as simple and complex facades. The
walls of facade 1 and facades 2 and 3 consist of coplanar
planar and noncoplanar planar parts, respectively. Coplanar
planar, noncoplanar planar, and nonplanar parts are included
in the walls of facades 5 to 8. Figure 1 shows different wall

Input: facade point clouds

V

Transformation from facade to natural-like scene

\

Wall and protrusion separation

v

Restoration from natural-like scene to facade

\

Output: wall and protrusion points

Fig. 4. Workflow of the proposed method.
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compositions, including coplanar planar, noncoplanar planar,
and nonplanar parts, using the partial wall of facade 8 as an
example. The 8 facades contain a wide variety of protrusions,
such as windows, advertising boards, and balconies. These
protrusions have varied and complex structures, and their
proportions in facades are obviously different, with pro-
portion values of 0.81% to 57.09%. The ground-based
LiDAR point clouds have different levels of data missing due
to occlusion effects, with an average point spacing of 0.1 m.
We generated the reference data by human-machine inter-
action. Figure 2 shows the reference data of all facades, in
which wall and protrusion points are colored blue and red,
respectively.

Overview of the proposed method

Although the prior knowledge that protrusions protrude from
walls is widely known and reliable for wall and protrusion sep-
aration, it seldom applied since the rules corresponding to the
knowledge have not yet been reported. To overcome the limi-
tation, we converted the wall and protrusion separation prob-
lem as a ground filtering problem and used ground filtering
methods to separate walls and protrusions. As shown in Fig. 3,
the facade is transformed to a natural-like scene, in which the
wall and the protrusions (i.e., balconies) correspond to the
ground and the nonground objects (i.e., buildings), respec-
tively. As a result, existing ground filtering methods can be used
to separate the wall and the protrusions in the natural-like
scene. The transformation is necessary for utilizing ground
filtering methods. The protruding direction of protrusions is
free in 3D space, but the rules of ground filtering methods are
designed on the basis of the z-axis direction, i.e., the protruding
direction of nonground objects. The rules are invalid if pro-
truding direction of protrusions is not consistent with the z-axis
direction.

The workflow of the proposed method consists of 3 steps,
i.e., transformation from facade to natural-like scene, wall
and protrusion separation, and restoration from natural-
like scene to facade (Fig. 4), which are described in the
Transformation from facade to natural-like scene, Wall and
protrusion separation, and Restoration from natural-like scene
to facade sections.
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<— Scanner

Fig. 5. Simple demonstration of determining normal vector orientation of a facade
point. The normal vector orientation at the point p is determined by judging whether
the normal vector i, of p points toward the laser scanner origin o. If the dot product
between po and 7, is positive, the orientation of 7, remains unchanged; otherwise,
opposite orientation is adopted.

Transformation from facade to natural-like scene

The facade is transformed into a natural-like scene, where pro-
trusions protrude from walls in the z-axis direction. The trans-
formation is implemented by rotating the normal vector of a
facade to align with the z axis. The normal vector is defined as
the average normal vector of all facade points. The normal vec-
tor of a facade point p is estimated using the principal compo-
nents analysis method. The covariance matrix C of the neighbor
points of p is calculated as Eq. 1 [33,34].

1 N _ _
C=N2i=1 (pi_p)(pi_p)T (1)

where {p;},_,.y is the neighbor points corresponding to p and
p= % Zfil p; is the centroid of neighbor points. The normal
vector at p is estimated by the eigenvector of the smallest
eigenvalue of C. The neighbor points are obtained through the
k-nearest neighbor method.

The normal vector orientation of each facade point calcu-
lated by principal components analysis is inconsistent. It is
unified using the line of sight information from a laser scanner.
As shown in Fig. 5, the vector po from the facade point p to the

B Cloth

B Wall

B Protrusion

Rotation{\

Natural-like scene

Fig.6. An example of the facades before and after rotation. The facade is transformed
to the natural-like scene, in which the wall and the protrusions are equivalent to the
ground and the nonground objects, respectively.

laser origin o is determined. If the dot product between po
and the normal vector 7, of p is positive, the orientation of 1,
remains unchanged; otherwise, it is reversed, i.e., n_p’ = - n_p’
After determining the normal vector orientation of all facade
points, their average is regarded as facade normal vector 7,,.

On the basis of 7 ;, and the vertical normal vector 7, the
rotation matrix R for the transformation from facade to natural-
like scene is calculated as Eq. 2.

cosfy 0 sinfy ||1 O 0
R= 0 1 0 0 cosfx —sinfx (2)

—sinfy 0 cosfy |[ 0 sinfx cosfx

where 6x and 6y denote the rotation angles around the x and
y axes, respectively. They are calculated as follows.

1 ()’b’zb) : (yz’Zz)

(Vri+a)x(y2+22)

Ox=cos™

3)

i c i ‘ D

Fig.7.Simple demonstration of CSF. (A) The natural-like scene is turned upside down. (B) A cloth (gray surface) is placed above the inverted (upside down) natural-like scene,
and a wall surface is estimated by simulating the physical process of the collision between cloth and natural-like scene. (C) The wall surface is confirmed by the cloth. (D) The
points inside and outside of the wall surface buffer are labeled as wall and protrusion points, respectively.
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where (x,,7;,2,) and (x,,y,,z,) are the coordinates of 7, and
n,, respectively. According to R, the coordinates (x,y',z) of
facade points after rotation are calculated as Eq. 5.

Oy=cos™

X X
y =Ry (5)
z z

where (x,y,2) and (x', ¥, z') are the coordinates of facade points
before and after rotation. Figure 6 shows an example of the
facades before and after rotation. The facade after rotation is
equivalent to the natural-like scene, where the protrusions are
translated from the front to top of the wall.

Wall and protrusion separation

The separation problem is solved with existing ground filter-
ing methods, after the facade is converted to the natural-like
scene. Here, cloth simulation filter (CSF) is used as an example
ground filtering method. CSF separates wall and protrusion
points by simulating the physical process of cloth-touching
objects. First, the natural-like scene is inverted (Fig. 7A), and
a piece of cloth is placed above the inverted natural-like scene
(Fig. 7B). Then, the shape of cloth is simulated by an external
force operation followed by an internal force operation. The
simulation process is performed iteratively until the shape of
cloth no longer changes, and the cloth is considered as wall sur-
face (Fig. 7C). Finally, wall and protrusion points are identified
by comparing the height differences between facade points and
wall surface. The detailed description of CSF is available in the
literature [35,36].

<— Labeled facade

Reverse rotation

B Wall

B Protrusion

Labeled natural-like scene

Fig.8.An example of the restoration from natural-like scene to facade. The natural-like
scene after a reverse rotation is restored to its original standing state.

Restoration from natural-like scene to facade

The labeled natural-like scene is restored to a facade using the
inverse matrix R™' of R . The coordinates of facade points after
restoration are calculated as Eq. 6.

X X
= R_l >
z z

where (x',)',2') and(x, y, z) are the coordinates of facade points
before and after restoration. Figure 8 shows an example of the
restoration from natural-like scene to facade. The natural-like
scene after a reverse rotation has the same state as the original
facade.

Parameter settings

There are 5 user-defined parameters in the proposed method,
i.e., number of neighbor points k, grid resolution gr, step s,
rigidness r, and height different Ah. k controls the accuracy of
normal vectors and is set empirically. gr represents the hori-
zontal distance between neighbor cloth particles, which con-
trols how detailed the cloth describes walls. It is recommended

100
80
S 60
=)
L
S 40
20
0
Facade 1 Facade 2 Facade 3 Facade 4 Facade 5 Facade 6 Facade 7 Facade 8 Average
m Region growing-based method 86.16 60.72 60.75 79.95 88.42 58.73 56.08 65.44 69.53
» RANSAC-based method 96.48 68.43 66.17 11.36 38.74 33.29 55.05 26.65 49.52
= Multi-pass RANSAC-based method 96.48 80.72 74.63 38.32 78.84 50.76 55.05 36.67 63.93
Hybrid method 97.06 69.81 64.38 11.29 38.84 32.12 27.42 35.61 47.07
m The proposed method 97.52 88.06 84.27 94.94 89.86 85.70 94.49 90.72 90.70

Fig. 9. Quantitative comparison between different wall and protrusion separation methods in each sample.
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that gr be set to the average point spacing of facade points.
r represents the rigidness of cloth. If walls are planar, large
rigidness cloth is selected (r = 3). If walls are smoothly curved
or consists of multiple nonparallel planar parts, medium rig-
idness cloth is needed (r = 2). If walls consist of curved and
planar parts, small rigidness cloth is set (r = 1) [35]. s is the
descending height of cloth each time. Ah determines the final
classification of facade points according to the height differ-
ences between facade points and wall surface. s and Ak should
be less than the smallest protruding distance of protrusions.
According to the above rules, the parameters in each facade are
set, as listed in Table 2.

Experimental setup

Accur. acy measures

Mean intersection over union (mloU) was used to quantita-
tively assess the performance of the proposed method. The
per-class IoU indicates the proportion of the intersection and
union between the actual and reference points for wall and
protrusion detection. IoU is calculated using Eq. 7 [37].

Uz — P 7)
TP + FN + FP

where TP, FN, and FP represent the numbers of the wall (pro-
trusion) points correctly identified, the missing wall (protrusion)
points, and the protrusion (wall) points mistakenly identified as
wall (protrusion) points, respectively, when evaluating the per-
formance of each method pertaining to the wall (protrusion)
detection. The mIoU is the average of IoU values in wall and
protrusion detection.

Comparative methods

The region growing-, RANSAC-, multipass RANSAC-based,
and hybrid methods were implemented for the comparison
with the proposed method [16,18,26,38]. To avoid improper
parameter settings biasing the performance of the compara-
tive methods, the parameters of the comparative methods
were set by the fine-tuning method, and the parameter settings
corresponding to the optimal results (i.e., the maximum
mloU values) were adopted. The fine-tuned parameters of
the region growing-based method are the curvature c, the

B wall

B Protrusion

Fig.10.Qualitative comparison between different methods in representative samples: (A) facade 1, (B) facade 6, (C) facade 7,and (D) facade 8. From the first to the last column:
results of the reference, region growing-, RANSAC-, multipass RANSAC-based, hybrid, and proposed methods.
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Table 2. Parameter settings of the proposed method.

Samples k(point) gr(m) s(m) r Ah(m)
Facade 1 20 0.1 0.01 3 0.01
Facade 2 20 0.1 002 3 0.02
Facade 3 20 0.1 0015 3 0.015
Facade 4 20 0.1 0.1 2 0.1
Facade 5 20 0.1 0.03 2 0.03
Facade 6 20 0.1 0.01 1 0.01
Facade 7 20 01 0.02 1 0.02
Facade 8 20 0.1 0.01 1 0.01

angle between the normal vectors of neighbor points 6p, the
angle between the normal vectors of point clusters and the z
axis Ocluster, and the number of points contained in each clus-
ter Ncluster. ¢, Op, Ocluster, and Ncluster were changed from
0.05 to 0.5, from 1° to 10°, from 3° to 30°, and from 100 to
1,000 points at intervals of 0.05, 1°, 3°, and 100 points, respec-
tively. The fine-tuned parameter of the RANSAC-based
method is the distances between facade points and detected
plane d, . We took the smallest protruding distance of pro-
trusions in each facade as a center and selected the 10 nearest
neighbor values as candidate protruding distances at intervals
0f 0.005 m. For example, the smallest protruding distance of
protrusions in facade 1 is 0.01 m, and d, was changed from
0.005 to 0.05 m. The fine-tuned parameters of the multipass
RANSAC-based method are d, and the maximum number of
detected planes N;“;:e. d, was tuned in the same manner as
the RANSAC-based method. N i7" was changed from 1 to

lane

10 at intervals of 1. The fine-tuned parameters of the hybrid
method include ¢, Op, Ocluster, and d,, which were tuned in
the same manner as the region growing- and RANSAC-based
methods. Table 3 provides the parameter settings of all the
comparative methods.

Table 3. Parameter settings of the comparative methods.

Different ground filtering methods

To further verify the generalizability of the proposed methods,
we also performed wall and protrusion separation in natural-
like scenes using 3 classic ground filtering methods, including
maximum slope filter (MSF) [39], progressive morphology
filter (PMF) [40], and progressive triangular irregular network
densification filter (PTDF) [41]. MSF and PMF were imple-
mented using the C++ programming language, and PTDF was
implemented using Terrisolid software.

Results

Accuracy of the proposed method

Table 4 illustrates the quantitative results of the proposed
method in all 8 facade point clouds. The proposed method was
accurate and robust to all facades, with a mean mIoU of 90.7%
and a standard deviation (SD) of 4.37%. Meanwhile, the IoU
and SD values of wall and protrusion detection were also
satisfactory.

Comparison with other methods

The proposed method had the highest mIoU in each facade com-
pared to the region growing-, RANSAC-, multipass RANSAC-
based, and hybrid methods, as shown in Fig. 9. The mean mIoU
values of the comparative methods and the proposed method
were 69.53%, 49.52%, 63.93%, 47.07%, and 90.7%, respectively.
The mIoU of the proposed method was obviously higher than
the region growing-based method in the facades containing
many small-sized point clusters (facades 1 to 4 and 6).
Compared with the RANSAC-based method, the mIoU of the
proposed method was obviously better in all facades other than
facade 1. The wall of facade 1 consists of coplanar planar parts,
while the walls of other facades are composed of noncoplanar
planar and nonplanar parts. Although the mIoU of the multi-
pass RANSAC-based method was improved compared to the
RANSAC-based method in facades 2 to 6 and 8, it was still
obviously lower than that of the proposed method in facades
4 to 6 and 8. The mIoU of the hybrid method was comparable
to that of the RANSAC-based method in all facades. Note that

RANSAC-

. . Multipass RANSAC- .
Region growing-based method n:;sts;gd base d method Hybrid method
Facades c(®) 6p(°) Hcluster (°) Ncluster d, (m) d, (m) N;‘;f} c(®) op() ecluster(®) d,(m)
(points)
1 0.1 9 15 200 0.045 0.035 1 0.25 8 3 0.05
2 0.2 3 3 900 0.05 0.035 2 0.15 4 3 0.05
3 0.15 9 3 500 0.05 0.045 3 0.2 9 3 0.04
4 0.15 10 3 500 0.125 0.125 5 0.15 10 3 0.125
5 0.25 8 15 700 0.055 0.045 4 0.2 10 3 0.055
6 0.2 8 12 200 0.05 0.05 5 0.15 7 3 0.05
7 0.15 5 6 400 0.05 0.05 1 0.05 3 3 0.05
8 0.2 5 3 400 0.05 0.05 5 0.15 7 3 0.045
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when 2 methods have greater than 10% differences in mIoU,
their difference in accuracy is stated as “obviously”.

Figure 10 shows the visual results of wall and protrusion
separation of 4 representative facades (i.e., facades 1 and 6 to 8).
In facade 1, the region growing-based method misidentified
many wall points as protrusion points. The RANSAC-, multi-
pass RANSAC-based, hybrid, and proposed methods obtained
similar visual results and outperformed the region growing-
based method (Fig. 10A). In facade 6, the results of the region
growing- and multipass RANSAC-based methods were supe-
rior to those of the RANSAC-based and hybrid methods espe-
cially in the nonplanar parts of the wall. In comparison, the
result of the proposed method was the closest to the reference
(Fig. 10B). In facade 7, the region growing-based method
successfully separated most wall and protrusion points. The
RANSAC- and multipass RANSAC-based methods obtained
similar results, where only the planar parts of the wall were
correctly identified. The hybrid method provided poor separa-
tion result, where almost all points were labeled as protrusion
points. The result of the proposed method had a closer appear-
ance to the reference than that of the region growing-based
method especially in large-sized protrusions, as shown in the
enlarged view of Fig. 10C. In facade 8, the region growing-based
method provided better results than the RANSAC-, multipass
RANSAC-based, and hybrid methods. The proposed method
outperformed the region growing-based method especially in
the identification of large-sized protrusions (Fig. 10D).

Generalizability of the proposed method
The mIoU values of different ground filtering methods (includ-

ing MSFE, PMF, and PTDF) are provided in Fig. 11. All methods
achieved high accuracy (mean mloU values > 80%), and the

100

80

Table 4. Quantitative results of the proposed method.

loU of
loU of protru-
Facades wall sion mloU
detec- detec- (%)
tion (%) tion
(%)
1 97.88 9717 97.52
2 92.09 84.04 88.06
3 82.05 86.5 84.27
4 99.92 89.97 94.94
5 93.92 85.8 89.86
6 90.86 80.53 85.7
7 95.22 93.76 94.49
8 92.9 88.54 90.72
Average 93.11 88.29 90.7
SD 5.03 4.99 4.37

quantitative results of these methods were substantially higher
than the above traditional separation methods (Figs. 9 and 10).
The visualization results of the methods in 4 representative
samples (i.e., facades 1 and 6 to 8) illustrated the effectiveness
of different ground filtering methods for wall and protru-
sion separation (Fig. 12). Therefore, the proposed method had
strong generality because existing filtering methods could be

all directly applied.

~ 60
=X
3
~
= 40
20
0
Facade | | Facade 2 | Facade 3 | Facade4 | Facade 5 | Facade 6 | Facade 7 | Facade 8 | Average
uMSF 80.71 97.44 84.22 82.33 69.45 90.88 87.74 74.58 83.42
5 PMF 77.73 93.64 83.96 75.07 80.61 91.7 93.08 72.03 83.48
= PTDF| 83.75 71.57 94.99 71.52 87.01 99.06 91.54 77.09 85.32

Fig.11. Quantitative results of wall and protrusion separation using different ground filtering methods.
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Fig.12. Qualitative results of wall and protrusion separation using different ground filtering methods: (A) reference, (B) MSF, (C) PMF, and (D) PTDF.
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Fig.13. Simple demonstration of the superiority of the proposed method over the region growing-based method: the results of (A) reference, (B) the region growing-based
method, and (C) the proposed method. Note that facade point clouds are represented in the top view, and the misidentified wall and protrusion points are marked with blue
and red ellipses. Ah represents the z-value differences between points and wall surface.
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Fig.14. Simple demonstration of the superiority of the proposed method over the RANSAC-based method: the results of (A) reference, (B) the RANSAC-based method, and
(C) the proposed method. Note that facade point clouds are represented in the top view, and misidentified wall points are marked with blue ellipses.
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Fig.15. Simple demonstration of the superiority of the proposed method over the multipass RANSAC-based method: the results of (A) reference, (B) the multipass RANSAC-
based method, and (C) the proposed method. Note that facade point clouds are represented in the top view, and the misidentified wall points are marked with blue ellipses.
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Fig.16. The natural-like scenes generated with different k values. Here, the experiment was performed in (A) a simple facade and (B) a complex facade.
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Fig.17.The normal vectors of facade points calculated using different k values: (A) k = 10, (B) k = 20, (C) k = 50, (D) k = 80, and (E) k = 100.

Discussion

Overall performance of the proposed method

To overcome the limitation that the walls and protrusions in
only specific types of facades can be accurately separated by the
traditional methods, we presented a more generic separation
method. Overall, the proposed method not only achieved high
accuracy in various facade conditions but was also worth pop-
ularizing since existing ground filtering methods can be directly
applied. How to transform the wall and protrusion separation
problem to a ground filtering problem is the fundamental
premise for the proposed method. The transformation is essen-
tially to ensure that the protruding directions of protrusions
relative to walls are vertical upward because ground filtering
methods usually formulate the prior knowledge as rules using
the z-axis direction as a benchmark, i.e., the z values of
nonground objects are greater than those of ground in local
regions. We achieved the transformation by rotating facade
normal vectors to be parallel to the z axis. The accurate sepa-
ration results and the fact that the existing filtering methods
can be all applied demonstrated the effectiveness of the trans-
formation (Figs. 9 to 12).

Performance comparison

The comparison results showed that the accuracy of the pro-
posed method was substantially higher than the comparative
methods. Specifically, the proposed method substantially reduced
the identification errors of small-sized walls and large-sized pro-
trusions compared to the region growing-based method (Figs.
9 and 10) due to the use of more reliable prior knowledge. A top
view representation of facade point cloud was used to explain
the reason for the difference in performance of the 2 methods,
as shown in Fig. 13. The point clusters of small-sized wall and
large-sized protrusion were misidentified by the region growing-
based method (see blue and red ellipses in Fig. 13B). The pro-
posed method was insensitive to the sizes of point cluster, which
separates walls and protrusions based on the z-value differences
(Ah) between facade points and wall surfaces. Thus, the small-
sized walls and large-sized protrusions can be accurately iden-
tified by the proposed method, as shown in Fig. 13C.

The proposed method had a substantial advantage com-
pared with the RANSAC-based method in the facades, where
walls consist of noncoplanar planar and nonplanar parts (Figs.
9 and 10). As shown by the example in Fig. 14, the noncoplanar
planar and nonplanar parts of the wall were misidentified as pro-
trusions by the RANSAC-based method (see blue ellipses in
Fig. 14B) because the wall can only be represented by a plane.
On the contrary, the proposed method can accurately estimate

Cai et al. 2023 | https://doi.org/10.34133/remotesensing.0069

the wall surface, identifying the noncoplanar planar and non-
planar parts of the wall, as shown in Fig. 14C.

The multipass RANSAC-based method performed better
than the RANSAC-based method in facades, where the walls
include noncoplanar point clusters (Figs. 9 and 10). However,
its accuracy was always lower than the proposed method. As
shown by the example in Fig. 15, the small-sized wall point
clusters were still incorrectly identified as protrusions (see blue
ellipses in Fig. 15B), since the wall surface in these areas can-
not be accurately represented by the RANSAC plane fitting.
However, the proposed method overcomes the problem, result-
ing in a more accurate separation result.

Parameter sensitivity

Parameter k is the number of neighbor points for calculating
the normal vectors of facade points, which may determine
whether facades can be effectively transformed into natural-like
scenes. To assess the sensitivity of the proposed method to k,
we took a simple facade and a complex facade as examples (i.e.,
facades 1 and 4) to calculate the normal vectors of facade points
using different k values, changing from 10 to 100 points at inter-
vals of 10 points. Figure 16 shows the natural-like scenes cor-
responding to facades 1 and 4 when k values are equal to 10,
20, 50, 80, and 100 points. The natural-like scenes had similar
appearances, indicating that the transformation from facade to
natural-like scene step was insensitive to k.

To explore the possible reason why the transformation is
insensitive to k, we visualized the normal vector at each point of
thelocal area in facade 1, as shown in Fig. 17. The normal vectors
at wall and protrusion points were approximately perpendicular
to the facade, respectively, while the normal vectors at the edge
points between wall and protrusion were strongly variable under
different k values. The negative effect of edge points is limited
because of its small proportion in facade points. Thus, the trans-
formation from facade to natural-like scene step is seldom affected
by the setting of k.

Conclusion

This study presents a novel wall and protrusion separation
method. Its main principle is to convert the wall and protru-
sion separation problem to a ground filtering problem and to
separate walls and protrusions using ground filtering meth-
ods. Comprehensive experiments demonstrated that the pro-
posed method performed well in various facade conditions
and substantially outperformed traditional separation meth-
ods. Moreover, existing ground filtering methods can be all
directly used to separate walls and protrusions. It indicated that
the proposed method was general and effective in terms of
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facade conditions and applications, providing a useful tool for
semantic facade reconstruction.

Although the proposed method exhibits higher performance
than the traditional separation methods, it has a limitation as
well. The proposed method might not work well in the facades
that include particularly few wall points. An interesting topic
for future research will be to consider whether a combination
of multisource data can be utilized to overcome the limitation.
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