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Abstract: Classifying the LIDAR (Light Detection and Ranging) point cloud in the urban environment
is a challenging task. Due to the complicated structures of urban objects, it is difficult to find
suitable features and classifiers to efficiently category the points. A two-layered graph-cuts-based
classification framework is addressed in this study. The hierarchical framework includes a bottom
layer that defines the features and classifies point clouds at the point level as well as a top layer
that defines the features and classifies the point cloud at the object level. A novel adaptive local
modification method is employed to model the interactions between these two layers. The iterative
graph cuts algorithm runs around the bottom and top layers to optimize the classification. In this way,
the addressed framework benefits from the integration of point features and object features to improve
the classification. The experiments demonstrate that the proposed method is capable of producing
classification results with high accuracy and efficiency.

Keywords: LiDAR point cloud; classification; graph cuts; hierarchical graph

1. Introduction

Three dimensional (3D) geo-spatial information is important in a variety of urban applications
such as urban planning, disaster simulation, environment studies, and ecology assessments. LIiDAR
(Light Detection and Ranging) is particularly useful for the 3D representation of urban areas due to the
availability of dense point clouds [1]. LIDAR data processing tasks, such as point clouds classification
and 3D urban objects acquisition, however, are very challenging [2]. There are different types of
objects, such as buildings, trees, low vegetation, and cars, which can be found in a small neighborhood
environment. Thus, these objects have a great chance of exhibiting overlapping or even mixing in 3D
space. At the same time, urban objects, especially manufactured objects, show a wide variation in
appearance, which confuses the definition of them. The complexity of the urban environment makes it
difficult to acquire accurate 3D information from LiDAR point clouds.

When addressing the task of 3D point cloud classification, there are typically two kinds of approaches
mentioned in current literature: point-based approaches and object-based approaches. The point-based
approaches use supervised statistical or machine learning classification methods running on discrete
features generated from individual points with neighbors [3-7], while the object-based approaches
first segment points into objects, and then the classification process is performed on the object-based
features [8-13]. Both the point-based approaches and the object-based approaches have advantages
related to certain aspects of point cloud classification [14]. However, these two kinds of approaches
also have obvious drawbacks for point cloud classification in the urban environment. For point-based
approaches, a constant neighborhood parameter (i.e., either a fixed radius or a constant nearest k) across
all 3D points is selected to design features with respect to heuristic or empiric knowledge. The designed
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features with definite neighborhoods cannot represent the complex structures in urban scenes. Regarding
the object-based approaches, it is not easy to evaluate the parameters for segmentation [15]. The complex
structures of the urban scene tend to result in mistakes in segmentation, such as the formation of spurious
objects (segments that do not exist in reality), over-segmented objects (one actual object is segmented into
multiple segments), and under-segmented objects (multiple objects are segmented into one segment).
Poor segmentation will affect the classification accuracy [15,16].

In order to avoid strong assumptions on designed features for the point-based approaches, recent
works have introduced deep learning methods to acquire features [17-19]. This kind of method is
capable of automatically learning deep features from the training data, which helps to overcome
defects such as hand-crafted features and definite neighborhood parameters. The features from deep
learning methods show the ability to represent high-level semantic structures [20]. However, deep
learning technology is deficient for handling unordered data from point clouds. At the same time,
it needs mass training samples and introduces high computational effort that tends to be impracticable
for large-scale urban scenes. Besides deep learning methods, another simple method is to calculate
an optimal neighborhood size for each individual 3D point [21,22]. This method also requires high
computational effort. Integrating the contexture information into the point-based approaches is also
a recent trend that can achieve improvements. For example, some point-based methods incorporate
contexture information by adopting Markov Random Field (MRF) [23,24] or Conditional Random
Fields (CRF) [7,25]. However, the contexture information only involves a small neighborhood and
considers only point-level interactions [26].

According to the limitations of point-based and object-based classifiers, some works try to combine
them to establish hybrid approaches. Kim and Sohn proposed a method using multiple classifiers
(Random Forest) to integrate point-based and object-based classification results [27]. In this study,
the line and plane segments were obtained from the random sample consensus (RANSAC) and the
minimum description length (MDL) and then evaluated with spatial constraints. Point-based features
and object-based features were extracted and input for two Random Forest classifiers separately.
Xu et al. proposed a multiple-entity-based classification system using features from three different
entities: points, plane segments, and line segments [28]. The features extracted from these entities
were input into a four-step classification strategy. Wang et al. proposed a method that integrates
point features and object features in a deep learning classification [20]. They use predefined multilevel
point clusters to capture the features of objects from coarse to fine. Besides the point-based feature
descriptors of all points, cluster-based (object-based) features obtained from max-pooling are input for
point cloud classification. In these hybrid methods, the point-based features and object-based features
are separately extracted and parallel input into the hybrid classifiers. The defects mentioned above,
such as the determination of the neighborhood of individual points or the segmentation of the objects,
remain unsettled.

A major challenge of a hybrid approach is the efficient combination of point-based and object-based
classification to achieve accurate classification of the urban objects. Actually, point-based classification
and object-based classification can provide feedback for one another, which can be used as a constraint to
improve the point-based neighborhood terms and the object-based segmentations. Iterative optimization
based on energy minimization is a practical way to build the interaction between the two parts of
a hybrid approach. In remote sensing image classification, the graph cuts technique is usually used to
resolve an energy minimization problem, like Markov Random Fields (MRF). The graph cuts technique
constructs a graph for the energy function such that the minimum cut on the graph corresponds to the
minimum energy [29,30]. For multi-class applications, the extended algorithms, such as the o-expansion
algorithm [31], have been adopted to minimize the energy function.

To overcome these problems, this study introduces a novel two-layered graph-cuts-based
framework for point cloud classification in complex urban areas. The main idea of the proposed
framework is to design a two-layered hierarchical graph model, where the top layer and the bottom
layer represent the spatial structures of segmented objects and original points, respectively. It intends to
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iteratively optimize the point-based neighborhood and the segmentation of the objects, thus improving
the classification accuracy. The main contributions of this paper are as follows:

A two-layered graph model is developed to integrate the point-based classification and the
object-based classification. The bottom layer uses a graph to structure the original points with
the support of neighborhood information, and a graph cuts algorithm is performed on this layer
to optimize the point-based classification. The top layer builds a graph based on the segmented
objects, and the graph cuts algorithm is also adopted to classify the segmented objects. Iterative
graph cuts processes around the top layer and bottom layer graph are then performed to improve
the model’s accuracy.

A novel adaptive local modification method is introduced for optimizing the two-layered graph
structure during the iteration processes. This method provides bidirectional propagation for the
graphs of the top layer and bottom layer; thus, the graphs are efficiently reconstructed to achieve
a high classification performance.

Based on the different types of the objects in the real world, the spatial constraints (object features)
are extracted and formulated as the energy terms for the graph cuts algorithm to classify point
clouds at the object level. The object features, including height, planarity, and topology, are
developed and formulated in the top layer graph.

The efficiency of the proposed method is shown in comparison with the related methods and
other state of art methods. Comparing to the related point classifier and contextual integrated
classifier, the overall accuracy increases by 7% and 2.5%, respectively. The proposed method also
outperforms most of the state-of-the-art methods on ISPRS benchmark dataset with an overall
accuracy of 83.2%.

2. Methods

2.1. Querview

The overview of the proposed framework is depicted in Figure 1. The whole procedure is composed

of three parts: initial classification, bottom layer optimization, and top layer optimization.

Initial
Classification
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Optimization | | Optimization
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Figure 1. The flow chart of the proposed two-layered graph cuts classification framework.
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(1). Aninitial classification is performed on individual points by the Joint-Boost algorithm. The point
features used for classification are derived from geometry, multi-return, and intensity information.

(2). At the bottom layer, the graph cuts algorithm is used to optimize the classification of points
to consider the contextual information. The point energy terms are derived from the initial
classification results and the feedback from the top layer.

(3). At the top layer, segmented objects are acquired by clustering the points from the bottom layer
according to certain criteria. Then, graph cuts optimization is run on objects to improve the
classification. The energy terms of objects are derived from the spatial constraints of nature object
classes and the propagation from the bottom layer.

Iterative processes are run around the bottom layer graph and top layer graph to optimize the
classification through a novel local adaptive modification. A detailed explanation of the whole procedure
as well as the respective methods is presented in the following subsections.

2.2. Initial Classification of Point Clouds

The proposed framework employs the graph cuts algorithm for the classification tasks at both the
point level and object level. The main idea of the graph cuts algorithm is to effectively cut the edges
between the nodes, thus achieving optimal separation of the nodes. A common theme underlying
the algorithm is the formation of a weighted graph. For classification purposes, the costs of the
nodes and edges in a weighted graph can be derived from the probabilities of the potential labels.
Therefore, computing the probabilities of the potential labels for the individual points is the preliminary
step for the proposed method. Point-based classifiers with the ability to provide probabilities of the
potential labels are ideal tools for initializing the cost of the bottom layer weighted graph. In this
study, Joint-Boost was used for the initial labelling task. The Joint-Boost classifier has a remarkable
ability to automatically select useful features from a large number of input features [4,32]. In addition,
it is able to output probabilities of the potential labels.

2.2.1. Features

Efficient point features are the premise for the LIiDAR point cloud classification; therefore, feature
selection and calculation are widely discussed in the literature [4,33-35]. In this study, features considered
to be well-suited to this particular task were adopted for the initial classification of the points, as shown
in Table 1. The echo, height, plane, and eigenvalue features were presented by Chehata et al. [33], and
the intensity and density features were presented by Weinmann et al. [35]. There are two types of
neighborhood, cylinder and sphere, and multi-scale neighborhood sizes are used to extract the features.

The intensity records the reflectance value of the return signals of laser beams. It is related to the
incidence angle and distance. If the data are obtained from multiple strips, the intensity needs to be
corrected before further process [36]. The number of echoes feature represents the total number of
echoes within the waveform of the current LiDAR point, while the ratio of the echoes normalizes the
echo number by dividing the total number of the echoes. The height above ground feature is the height
value relative to the ground plane extracted by the LAStools lasheight tool [37]. The height variance and
curvature can be calculated based on this relative height using a cylinder neighborhood. The curvature
feature represents the maximum value of the gradient difference in height, which is computed in four
main directions. The variance-covariance matrix is computed within a sphere neighborhood, and
the eigenvalues A; > Ay > A3 are used as features in these studies. Some eigenvalue-derived features,
including the omnivariance, planarity, anisotropy, and sphericity, are also included [38]. A local plane
derived from a sphere neighborhood is used to compute the normal vector variance and residuals to
the local plane feature. The point density feature is the number of points within a given neighborhood
divided by its volume. To differentiate vegetation and roofs, sphere and cylinder neighborhoods are
both used to compute the point density.
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Table 1. Synthesis of LiDAR features for initial classification.

Feature Type Name Neighbourhood Definition

Intensity

Intensity features . - )
Y Intensity variance Sphere

Number of echoes -

Fcho features Ratio of echoes -
Height above ground -
Height features Height variance Cylinder
Curvature Cylinder
Eigenvalues Sphere
Omnivariance, Sphere
Eigenvalue features Planarity Sphere
Anisotropy Sphere
Sphericity Sphere
Plane feat Normal vector variance Sphere
ane leatures Residuals to the local plane Sphere
. Point density Cylinder/sphere
D feat
ensity features Point density variance Cylinder/sphere

2.2.2. The Joint-Boost Classifier

The Joint-Boost classifier gives a probability P(c = I/Z) for each possible class | € C based on
a feature vector Z, where C is the set of possible labels. The classifier composes a series of simple
decision or regression stumps that score each possible class label. A decision or regression stump can

be formulated as
a,zf >60andl e C,

Wz,)={ b, zf <=6andleCs (1)
c, 1¢Cs

where z/ denotes the f-th feature of the feature vector Z, 0 is a threshold, and C; is a subset of possible
classes C.
The stumps for a given class label are then added to a strong decision:

H(Z,1) = ) h(Z,1). @)

1eCs

Finally, the probability for a possible class I € C is given by performing a soft transformation on
the strong decision:
eH(Z1)

Y eHZD)"
leC

P(c=1/Z) = (©)

2.3. Bottom Layer Graph Formulation

The bottom layer graph is built upon the original point cloud. The nodes in the graph represent
the individual data points, while the edges indicate the neighborhood environment. The energy
minimization method that intends to smooth the segmentation and enhance the separation (points in
a neighborhood are more likely to be assigned to the same class) is employed for multi-class labelling
in this study [31,39]. The energy minimization is formulated as

data cost smooth cost

{ {
E(L) = Z pepDyp(Iy) + 2 pgeNpWpgO(lp # lg) )



Sensors 2019, 19, 4685 6 of 23

where P represents the set of the points, Np indicates the neighborhood system for points, and 6 is an
indicator function. The bottom layer graph cuts optimization aims to assign each point p € P a label
I, € C to minimize the energy E(Ly).

Two energy terms are considered in this paper. The probabilities of the possible labels acquired
from the initial Joint-Boost classification are used to get data cost term in the energy formulation:

D,(l,) =1-P(c =1/Z). ®)

In the bottom layer graph, the smooth cost term uses a sphere system with a definite radius to
evaluate the labelling consistency. Since adjacent points are more likely to belong to the same object,
the smooth cost has weights that decrease with distance, i.e.,

llp=ql )2

—
Wpg =€ * 4

(6)
where d is the average distance between data points [39].

2.4. Top Layer Graph Formulation

The optimized results of the bottom layer are used to build the top layer graph. Individual points
from the bottom layer are clustered into separated segments that indicate real urban objects. Thus,
the segments are formed according to the labelling, norms, and distances of the points. In the top layer
graph, the nodes represent the objects, and the edges denote the adjacent relations of these objects.
Similarly, the energy minimization method is employed to optimize the top layer graph, which leads to
a more accurate classification. However, the formulation of the graph is different in the top layer,
as object features are described as energy terms. Since the data points have a probability for each
possible class that is acquired by the initial Joint-Boost classification, the average probability can be
described by a data energy term E;(Is) for each object s € S as

Eyls) =1-) Plc=1/Z)/n @)

pes

where 1 stands for the number of points in object s.

Some inherent constraints of the real urban objects, such as the height, shape, and spatial relations,
can be used to improve the classification performance. In this study, the height of the object k(s)
is used to discriminate objects at different height levels. The k(s) of an object is defined as the average
height of the individual points within the object. To avoid complex situations and achieve efficient
classification of the main urban object types, three height levels, including the top level, middle level,
and ground level are defined in this study. Trees and roofs are at the top level, low vegetation and cars
are at the middle level, and grass and roads are at the ground level. Based on the elevation feature,
a data energy term Ej,(I5) is defined as

min(abs(l - %), 1), if Is belongs to middle level classes

0,
Ey(ls) = max(l - %?,0), if Is belongs to top level classes (8)
h(s)

Ohg

min( 1), if Is belongs to ground level classes
where oy, oy, and Opg are the normalization factors. The normalization factors are empirically
determined according to real urban scenes for classification.

Besides the height, the planarity index introduced by Gross and Thoennessen is also employed to
improve the classification [38]. Building roofs, roads, and grass have planar surfaces that are different from
classes such as trees and low vegetation. The planarity index is important to improve the discrimination
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of classes with planar surfaces and rough surfaces. It is a supplement to the classes at same height level,
such as trees and building roofs. The energy term E¢(Is) is defined as

1-g(s)

Og

min( , 1), if Is belongsto classes with planar sur face

Eg(ls) = )

0, otherwise

where 04 are the empirically determined normalization factors for planar objects, and g(s) represents
the planarity index of object s.

To further classify the planar objects, the direction index k(s) is introduced and defined as the
Z-component of the normal vector. The direction index k(s) will help to separate the planar objects
with vertical or horizontal direction characteristics. A high k(s) value indicates a planar distribution in
horizontal space, such as a flat roof, road, or grass, while a low k(s) value suggests a plane distributed
in vertical space like a building facade, and a medium k(s) value suggests classes like gable roofs.
The data energy term is defined accordingly:

k(s)

min(a—k, 1), if Is belongs to vertical plane classes

Ok

Ex(ls) = min(w, 1), if Is belongs to horizontal plane classes (10)

0, otherwise

where oy is the empirically determined normalization factor.

According to the nature of the urban environment and LiDAR data characteristics, objects from
classes such as road, grass, and building roofs are usually the lowest visible surfaces in a vertical
sequence, while objects from the tree class always have ground or roof objects underneath them.
A lowest visible object index v(s) is derived from the topology relations among these classes. The v(s)
is an indicator function, which gets value 1 only the object s belongs to the ground classes. Another
data energy E,(Is) term can be described by

a, if ls = tree, v(s) =1
E/(Is) =3 B, if Is = ground or building classes, v(s) =0 (11)

0, otherwise

All the energy terms described above range from 0 to 1. With the smooth energy term E, (Is, ;) the
top layer energy minimization is formulated as

E(L2) = Y (Ea(ls) + En(ls) + Eg(Ls) + Ex(l) + Er(ls)) + Y waBolls # 1) (12)

seS S,tGNS

where N is the neighborhood for objects, and E,(Is, I;) is defined as an indicator function. ws is
inverse distance weight similar to Equation (6), and the distance is measured as the minimum distance
between segments.

2.5. Classification

Since the classification of the point cloud is based on the two-layered graph structure and achieved
by minimizing the energy framework described above, the graph cuts algorithm is employed to label
both the top layer graph and the bottom layer graph in this paper. To solve the multiple-labelling
problem, the x-expansion algorithm that extends from the popular binary-labelling is adopted [29].

The framework first runs graph cuts on the bottom layer to optimize the initial classification and
cluster the points into objects. Based on the spatial constraints that reflect the real urban environment,
the graph cuts algorithm is then performed on the top layer to optimize the labelling of the objects.
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The optimized labelling of the objects is then fed back to individual points; thus, the bottom layer
graph is modified accordingly. Iterative graph cuts around the top layer graph and bottom layer graph
are performed until the classification of the points meets the minimum energy requirements.
Reconstruction of the bottom layer graph during the iteration process is a key step in the proposed
method. Since the optimization process of the top layer will change the labelling of some objects,
the bottom layer requires the graph structure to be modified to indicate these changes. To efficiently
use the feedback from the top layer and simplify the data process, only the data cost term of the points
is considered and modified in the bottom layer graph. If the labelling of an object s changes from /s
to a different class I, the data cost term of a point p € s in the bottom layer will change accordingly.
We let Dy (I,)" denote the modified point data cost, and the reformation of bottom layer graph structure
is defined as
Dy(lp) + 6, I, = lsandls” # I
Dy(l,) =3 Dy(lp) =6, I, = I andls" # I (13)
Dy(1,), otherwise

where 0 is an adjustment parameter. This formula helps to increase the data cost of original class s,
thus decreasing the opportunity of points in the object being re-labelled to class [; again. At the same
time, the formula helps to decrease the data cost of the new class ;" to make the points in s more likely
to be labelled as I,’.

Besides the modification of the energy terms, determining the subset of points that need to be
optimized is another issue for bottom layer reconstruction. Rebuilding the whole bottom layer graph
is time costly and unnecessary. An adaptive local modification approach is adopted in the workflow.
The proposed method only considers objects with changed labels during the reconstruction of the
bottom layer graph. A sub-graph, which is part of the main graph at the bottom layer, is built for
points in label-changed objects and related neighborhood objects. Then, the graph cuts algorithm is
performed on the sub-graph to optimize the labelling of these specific points. The optimized sub-graph
is then merged to the main graph; thus, the whole bottom layer is updated. The iterative process of the
bottom and top layer graph cuts is illustrated in Algorithm 1.

Algorithm 1. Iterative process of two-layered graph cuts optimization

Input: Point data set P with initial labelling L°.

Input: Point neighborhood system Np, and object neighborhood system Ng.

Input: Normalization factors for object-based features: oy, op, Ohgs Og, and oy.

Output: Optimal labelling L for P. Build the bottom layer graph from the initial labelling

1. LY and neighborhood system Np, run graph cuts by energy minimizing (Equation (4)), tag all points as
ungrouping, and set t = 0.

2. Cluster points with ungrouping tag to objects according to point labelling L, normal, and a cluster
tolerance; add new objects to the top layer graph.

3. Calculate features and set the energy terms (Equation (7)~(11)) for the new added objects.

Build the top layer graph from the object energy terms and object neighborhood system Ng and run
graph cuts to optimize the labelling of objects by energy minimization (Equation (12)).

5. For each object s, check the label before (Is) and after (I5) running the top layer graph cuts. If the object
label has changed (1) update the data cost of the point in s (Equation (13)), (2) tag points in s and its
neighborhood as an ungrouping, and (3) remove s and its neighborhood from the upper layer graph.

6. Set t =t + 1 and build a sub-graph using ungrouping points at the bottom layer, run graph cuts for
sub-graph to optimize the labelling, and update the labelling of points data L.

7. IfL" = L', go back to Step 2.

8. SetL=L".
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3. Data and Experiments

3.1. Data Sets

The proposed two-layered graph cuts framework (TLGC) was evaluated on benchmark test data
sets provided by the ISPRS Test Project on Urban Classification and 3D Building Reconstruction [40].
Three sites over Vaihingen, Germany with different scenes were selected to evaluate the detail
performance of the proposed method (Figure 2). Area 1 was characterized by dense buildings with
complex shapes. Area 2 showed a few high-rising residential buildings surrounded by trees. Area 3
was a residential area consisting of small, detached houses. Area 1, Area 2, and Area 3 consisted of
246,390, 362,106, and 461,699 points, respectively. Locations (A-E) represent instances that are further
inspected in Section 4.3.

e 3

(a) Area 1 (b) Area 2 (c) Area 3

Figure 2. The three test sites in Vaihingen: inner city (a), high rise (b), and residential (c).

Besides the three Vaihingen sites, the entire Toronto data set was used to validate the performance
of the proposed method for large-scale urban point cloud. The entire Toronto data set consisted of
over 8 million points and covered an area about 1.45 km?. Two sites located within the Toronto data
set were also selected to further inspect the performance of our method for different types of urban
regions. Area 4 contained a mixture of low and high story buildings, showing various degrees of shape
complexity. Area 5 was a typical example of a cluster of high-rise buildings in a modern mega city.
Area 4 and Area 5 consisted of 1,408,628 and 1,342,622 points, respectively.

In all five test sites, benchmark reference data were only generated for 2D objects. To evaluate
the 3D LiDAR data classification results, the point cloud was labelled manually in ArcGIS software.
Considering the possible categories of the objects existing in the three test sites, eight object classes
were discerned: gable roof, flat roof, building facade, trees, low vegetation, grassland, roads, and cars.
The low vegetation also included fences around yards.

3.2. Experiments

In the experiments, the Joint-Boost classifier needed to be trained for the purpose of the initial
classification of the point cloud. Since the Joint-Boost classifier is a point-based approach, 10% of
the points from each class were randomly selected to train the classifier, and the rest of the points
were employed for accuracy assessment. Due to the variations of the point density and the urban
scenario, it was inappropriate to adopt a unified neighborhood system on the different data sets.
An essential parameter, namely the neighborhood size, needed to be evaluated in the experiments.
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Thus a proper neighborhood would be selected to efficiently capture the local features and context
information of the experimental data. Considering the nature of the experimental data, neighborhood
sizes between 0.6 and 3.1 m with a step of 0.5 m were chosen in the experiment; thus, six neighborhood
sizes were compared.

At the top layer, most of the energy terms except E;(Is) were defined according to the inherent
constraints of the urban environment. These energy terms employ normalization factors for the
calculation of energy values. For the height term Ej, (Is), oy, 04, and oy, ¢ were employed to discriminate
the objects from different height level. The top level objects such as trees or roofs always have height
(h(s)) over 3 m, the middle level objects such as cars or low vegetation have height ranging [0.5 m,
2.0 m], and the ground level objects such as roads or grass have height approaching 0. Fuzzy theory
was employed to calculate the height term Ej,(I;), thus our algorithm was insensitive to these three
height factors. Empirically, oy, oy, and oy, set as 3, 1.5, and 0.2 m, respectively. The objects with
planer surfaces, such as roofs, roads or grass, have planarity (g(s)) approaching 0. In the meantime,
some planar objects showing horizontal distribution, such as a flat roofs, roads, or grass have direction
(k(s)) approaching 1, while some planar objects showing vertical distribution, such as building fagade,
have k(s) approaching 0. Similarly, fuzzy theory was introduced to calculate the energy terms E¢(Is)
and Eg(Is). The optimal values for o4 of E¢(ls) and oy of Ex(Is) were both set as 0.1. The lowest visible
index (v(s)) indicates whether an object is lowest visible in vertical sequence. Thus, «a, B of E,(I5) were
both determined to be 1.

The proposed framework was actually composed of three parts, including the initial classification
using the Joint-Boost algorithm, contextual optimization at the bottom layer, and object level optimization
at the top layer. To address the advantages of the proposed combined architectures, an “ablation study”
introduced by Li et al. [41] was used to compare the classification results from different phases. These
three phases included the initial classification by the Joint-Boost algorithm (Phase I), the first round of the
bottom layer optimization described as Step 1 in Algorithm 1 (Phase II), and the last round of top layer
optimization (Phase III). Actually, Phase I implemented a pure point-based classifier, Phase II optimized
the point-based classification with contextual information, and Phase III fully implemented the proposed
TLGC method. Besides the combined architecture, the iterative optimization process around the top
layer and bottom layer was also evaluated. The classification accuracies were calculated for each round
of iteration to address the efficiency of optimization. The experiments were performed on a computer
with an Intel core i5, 2.8 GHz CPU, and 16 GB RAM.

4. Results and Discussion

4.1. Performance of the Combined Architecture

In this section, the classification results from three phases of the proposed framework are compared
to evaluate the contributions of the combined architecture. The three study areas in Vaihingen were
classified independently with a neighborhood size of 1.2 m in Phase II and Phase III, and the overall
accuracies (OA) as well as the Kappa accuracies [42] can be seen in Table 2. The results show that
the combination optimization obviously improved the classification accuracies at all three test sites.
The overall accuracy and Kappa statistic both agree with these improvements. The accuracies achieved
significant increases from Phase I to Phase II, as well as from Phase II to Phase III. Phase III achieved
an overall accuracy of 82.1%, 80.8%, and 82.4% for Areas 1, 2, and 3, respectively. The OA differences
between Phase III and Phase II at the three test sites were 2.0%, 2.8%, and 2.6% respectively, while
the differences between Phase II and Phase I are 3.4%, 2.0% and 2.9%, respectively. The Phase III
Kappa statistics were 76.7%, 76.2%, and 78.2% for Areas 1, 2, and 3, respectively. The differences in
Kappa statistics between Phase Il and Phase II were 2.7%, 3.2%, and 3.1%, respectively, for the three
test sites, while the differences between Phase II and Phase Iwere 4.3%, 2.4%, and 3.4%, respectively.
The variations in the Kappa statistics were similar to the overall accuracies. However, the increase in
Kappa statistics was slightly higher than the increase in overall accuracies.



Sensors 2019, 19, 4685 11 of 23

Table 2. Comparison of the overall accuracies and Kappa statistics for the three phases in three
Vaihingen sites.

Ph Areal Area 2 Area 3
35¢  OA (%) Kappa(%) OA(%) Kappa(%) OA (%) Kappa (%)
I 76.7 69.7 76.0 70.6 76.9 71.7
1 80.1 74.0 78.0 73.0 79.8 75.1
111 82.1 76.7 80.8 76.2 82.4 78.2

The completeness and correctness accuracies [42] calculated for the combined Area 1, Area 2
and Area3 are shown in Table 3. The best values are highlighted in bold. The experiments show that
Phase Il improved the accuracies for all classes compared with Phase I. Phase I is a typical point-based
classifier, whereas Phase II combines the contextual information for optimization. This shows that
the contextual information conveyed by the neighborhood points can efficiently handle the sparse
and noisy point clouds, giving spatial continuity. Phase IIl improved the accuracies in most classes,
except for the completeness of the facade (—0.5%), cars (=3.3%), and road (—0.1%), and the correctness
of grassland (—0.2%) and road (—0.1%) were slightly lower. In particular, building roofs (including flat
and gable roofs), trees, and low vegetation benefitted from the object level optimization in Phase IIL

The top layer optimization introduced object features, including heights, planarity, and vertical
sequences, to improve the classification of specific classes. The heights helped to improve the discrimination
between trees and low vegetation despite their similar intensity and texture characteristics. Combined
with planarity, the discrimination between trees and roofs was enhanced. Although the completeness of
the facade slightly decreased, the correctness increased obviously. This indicates that the planarity indices
also benefitted the facade class. Since no object features were extracted to help separate the ground-based
classes, including grassland and road, the iterative optimization process smoothed the boundaries of
these classes and small patches disappeared. Thus, the accuracies of the grassland and road showed no
improvements and even decreased slightly in Phase III.

Table 3. Comparison of the classes’ accuracies for the three phases in combined Vaihingen sites. Bold
numbers show the highest values among the three phases.

Phase I Phase II Phase III

OA (%) 76.6 79.2 81.6

Kappa (%) 715 74.7 77.5
Flat roof (%) 82.9/78.0 84.6/81.7 85.3/89.5
Facade (%) 71.5/41.5 72.8/45.4 72.3/53.6
Grassland (%) 64.3/84.1 69.6/86.5 75.88/86.3
Tree (%) 77.2/73.0 79.2/74.2 82.6/76.5
Low vegetation (%) 40.0/34.9 41.9/37.9 48.8/43.6
Cars (%) 67.5/13.6 68.5/16.0 65.2/17.9
Road (%) 80.5/94.0 83.2/95.8 83.1/95.7
Gable roof (%) 93.3/86.2 94.6/88.0 94.9/90.2

4.2. Performance of Iterative Optimization by Local Modification

The proposed TLGC method employs iterative optimization to improve the classification accuracy.
Each round of iteration includes top layer graph cuts and bottom layer graph cuts. The performance
of the iterative process with a neighborhood size 2.0 m tested on Vaihingen data sets is shown in
Figure 3. The overall accuracy (OA) for the three study areas slightly decreased in the first round
and then quickly reached the maximum value. The maximum accuracy was achieved in rounds 9, 10,
and 8, respectively, for the three study areas. After the first round, the percentages of points involved
in reclassification (PPR) at the bottom layer were all under 11%-9.8%, 8.2% and 10.6%, respectively,
for the three study areas. Then, the number of points requiring reclassification decreased rapidly.
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After three rounds, the PPR values for the three study areas were 5.2%, 5.57%, and 6.0%, respectively.
The PPR values for the three areas were all under 1% after eight rounds of optimization.

The slight decrease in the overall accuracy at the first round was caused by the initialization
of the objects. The objects were initialized by clustering points according to the labelling, normal,
and distance tolerance, as described in Algorithm 1. In some cases, clustering introduced errors.
For example, the normal features confuse the clustering of points on the edge of a roof object. Points
from different roof objects may be clustered into one mixed object as they meet the labelling, normal,
and distance requirements. Besides the roof, other classes were also affected by the initial clustering
process to some degree. The iterative process helped to reduce the effect of clustering in several rounds.

Area 1 Area 2
PPR ====- OA PPR ====- OA
12 87.0 10 82.0
" [-d-J__ 865 9 T-[=F-T<F== 815
\ / 8 r’

9 \ s 86.0 ; v 81.0
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Figure 3. Performance of iterative optimization around the top layer and bottom layer in three
Vaihingen sites: (a) Area 1, (b) Area2 and (c) Area 3. PPR(the percentages of points involved in
reclassification) and OA( the overall accuracy)

The overall accuracy increased by over 2.5% through the iterative optimization process; however,
this process did not introduce a huge amount of extra computation. The time performance of the
proposed method is shown in Table 4. The time cost of Phase I was less than 0.1 min for all three study
areas. While the time cost of Phase II was 6.5, 9.0, and 10.9, min, respectively, compared with Phase II,
Phase III only required half the amount of time for the three areas—3.7, 4.2, and 6.0 min, respectively.
At the top layer, the graph nodes represent objects, and there were two orders of magnitude difference
between the number of nodes and the original data points. At the bottom layer, benefitting from the
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adaptive local modification in the workflow, a very small percentage of points, less than 11% in the
first round, 6% after three rounds, and 1% after eight rounds, was involved in building a sub-graph for
optimization. It is worth introducing this computation cost to give a significant improvement in the
classification accuracy.

Table 4. Computation time of the proposed method in three Vaihingen sites.

Phasel PhaselIl  Phase IIl Total Cost

(min) (min) (min) (min)
Areal 0.1 6.5 3.7 10.3
Area 2 0.1 9.0 4.2 13.3
Area 3 0.1 10.9 6.0 17

4.3. Impact of the Neighborhood Size

In order to reveal the impacts of neighborhood size on the proposed approach, different neighborhood
sizes were tested on the three study areas in Vaihingen. The results are shown in Table 5. All three
study areas showed similar accuracy variation. The accuracy first increased and then decreased as the
neighborhood size increased. The best overall accuracies (86.4%, 81.5%, and 84.0% for Areas 1, 2, and
3, respectively) and Kappa accuracies (82.1%, 77.1%, and 80.1% for Areas 1, 2, and 3, respectively) all
occurred at a neighborhood size of 2.1 m, which is about four times the average spacing of the points.

Different neighborhood sizes led to notable variations in classification accuracies. The maximum
difference in overall accuracy for the three study areas was 7.7%, 3.6%, and 5.2%, respectively, and
the maximum difference in Kappa accuracy was 9.8%, 4.5%, and 6.6%, respectively. The variation in
Kappa accuracy was slightly higher than the overall accuracy. There were classes with small object
sizes, such as cars, facades, and low vegetation, which were more sensitive to the neighborhood size,
resulting in a higher variation in accuracy at the class level. However, these classes only accounted for
a small portion of the study area. This explains the difference in variation between the overall accuracy
and Kappa accuracy.

Table 5. Overall accuracies and Kappa statistics with different neighbourhood size in three
Vaihingen sites.

Neighborhood Areal Area 2 Area 3
(m) OA (%) Kappa(%) OA (%) Kappa(%) OA(%) Kappa (%)
0.6 78.7 72.3 78.3 73.2 80.3 75.6
1.1 81.6 75.8 80.0 75.3 82.3 78.1
1.6 83.6 78.5 81.0 76.5 83.6 79.6
2.1 86.4 82.1 81.5 77.1 84.0 80.1
2.6 86.1 81.6 79.3 74.4 83.4 794
3.1 83.9 78.7 77.9 72.6 78.8 73.5

The completeness and correctness for all classes with different neighborhood sizes are shown in
Figure 4. Except for the completeness of facades and trees and the correctness of roofs (including the
gable and flat roof), the class level accuracies showed similar variation to the overall accuracy, which
first increased and then decreased as the neighborhood size increased. The facade, low vegetation, and
car showed higher variation than the other classes. This indicates that these classes are more sensitive
to the neighborhood size. As the neighborhood size increased, the accuracy of the roof and tree classes
was more stable. The correctness of the roof and completeness of trees even showed continuous
increases. In contrast to the roofs and trees, the accuracy of grassland and roads decreased when the
neighborhood size was larger than 2.1 m.
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Figure 4. Completeness (a) and correctness (b) for all classes with different neighborhood sizes in
combined Vaihingen sites.

There are two reasons for the neighborhood-size-related variation in the accuracy. The first is the
smoothing function that was put into effect by the graph cuts algorithm. Both the bottom layer and top
layer of the proposed method introduced the graph cuts algorithm for energy minimization. As the
neighborhood size increased, the smoothing of the classification was enhanced. Over-smoothing sieves
small or narrow objects and blurs the boundaries between large objects. The other reason was that
the energy terms derived from object features intend to preserve the objects according to the natures
of different classes. Trees, roofs, roads, and grasslands are classes with large object sizes; however,
their responses to the neighborhood size were found to be different. The top layer graph employed
planarity indices to separate roofs and trees, while no features were provided to discriminate the roads
and grasslands. The second factor explains the accuracy difference in these classes.
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4.4. Classification Results of the Vaihingen Sites

The classification results of the three study areas in Vaihingen are depicted in Figure 5. With the
best neighborhood size, 2.1 m, the proposed TLGC approach achieved an overall accuracy of 86.4%,
81.5%, and 84.0% for areas 1, 2, and 3, respectively. The Kappa indices were 82.1%, 77.1%, and 80.1%,
respectively. Misclassification was first observed between the roofs (including gable roofs and flat roofs)
and trees. At the ground level, confusion between roads and grasslands was detected. The incorrect
assignment of low vegetation to cars was also significant.

(a) Area 1 (b) Area 2

Class

@ Flat roof

@ Facade
Grassland

@ Tree
Low Vegetation

@ Cars

' Road

@ Gabel roof

(¢)Area 3

Figure 5. Three-dimensional view of the classification results for the three Vaihingen sites.

Some classification instances were compared among the three phases, as described in Section 4.1.
The results are shown in Figure 6. The selected instances included connected buildings with different
heights (A), building roofs covered with tree-tops (B, C), grasslands with narrow roads (D), and low
vegetation (E). According to the results from Phase I to Phase III, TLGC led to improvements in most
instances. However, it also introduced errors in some instances.

Connected buildings are usually composed of gable and flat roofs. The heights of these roofs
showed obvious variation. Complex conditions affected the efficient classification of connected
buildings. There was a small building with a flat roof between two gable roof buildings in (A). Some of
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the points of the flat roof were classified as roads in Phase I, and the contextual optimization enhanced
the misclassification by labelling the whole roof as a road in Phase II. Top layer optimization corrected
this misclassification with the help of the object energy terms (e.g., E,(;)) in Phase III. According to
common sense, roads should be a ground class, while roofs should be a non-ground class.

Phase | Phase Il Phaselll

Figure 6. Comparisons of some classification results for the three phases. (A-E) correspond to the
locations marked in Figure 2.

The misclassification between tree and building elements (roofs, facades) was common in the
three study areas. In Phase I, point features were used to classify the point cloud. Most of these
features were defined with sphere or cylinder neighborhoods. Deviation from a local plane is a key
feature to discriminate the roof class from the tree class. However, surfaces with deviations smaller
than a roof can also be derived from canopies of big trees. This challenges the classification of roof
classes and trees. In (B, C), a great number of points from tree canopies were classified as roof points in
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Phase I. Contextual optimization at the bottom layer rectified the labelling of some of small segments
from roofs to trees in Phase II; however, large segments remained incorrectly labelled. In contrast,
the object-based optimization at the top layer rectified most of the misclassification between roofs
and trees in Phase III, including small segments and large segments. In Phase III, the lowest visible
indicator was introduced as a feature in the top layer to solve this problem. Since there are always
segments under the tree canopies, the misclassified tree canopies can be easily rectified by energy
terms (e.g., E;(Is)). However, the lowest visible indicator feature also has limits. In (C), some facades
protruded from the buildings and were incorrectly classified as trees in Phases I and II. Since there
were lower segments under these bulges, they remained incorrectly classified In Phase IIL

The confusion between low vegetation and cars was also significant after optimization. The accuracy
of these two classes, as shown in Table 3, was the lowest in the study areas. In particular, the correctness
accuracy for the cars was under 20%-13.6%, 16.0% and 18.0% in the three phases, respectively. There were
low vegetation objects (including fences and bushes) around a house in (E). Most of the low vegetation
objects were classified as cars in Phases I and II, and only some of these objects were rectified in Phase III.
Low vegetation objects with rough surfaces like shrubs were well discriminated by the object features in
the top layer graph. However, the fences were difficult to discriminate from the cars, because they also
have smooth surfaces. Therefore, the bushes were rectified and the fences remained incorrectly classified
in Phase III. Fences are common in residential areas; thus, significant confusion was observed in the
three study areas.

There was a narrow road crossing the grassland in (D). It was correctly classified in Phases I
and II. However, this road disappeared in the final results after iterative optimization. The LiDAR data
intensity was the most important point feature for discriminating between road and grassland. Since
the intensity is sensitive to the incidence angle, it confused these two classes. Moreover, the iterative
graph cuts process in Phase III introduces a smoothing effect into the results. It blurred the boundary
between the road and grassland, and the narrow road disappeared in the final results.

According to the results from Phase I to Phase III, TLGC improved the classification in most
instances. The complex urban environment and limitation of the point-based features resulted in some
obvious misclassifications in Phases I and II. In Phase III, the spatial constraints derived from the real
urban environment, such as the height, planarity, and topology relation, showed the ability to reduce
these misclassifications at the object level. The normalization factors, which were used to calculate the
energy terms from the spatial constraints, can be empirically defined and tweaked according to different
urban scenes. Compared to the feature learning methods, the empirically defined normalization factors
directly use the characteristics of urban object types, thus avoiding mass training samples and a high
computational effort.

The performance of the proposed method depended largely on the efficiency of the spatial
constraints (object features). Due to the complexity of the urban environment, it was difficult to extract
appropriate object features to describe the 3D structure. In this study, four object features, including
height, planarity, direction and lowest visible indicator, were employed to optimize the classification in
the top layer. However, these object features were incapable of covering the discrimination among all
classes, e.g., road and grass. In addition, the iterative process tended to over smooth among these
classes. The avoidance of over smoothing for specific classes could be part of our future work.

4.5. Validation Results of the Toronto Sites

The classification results of the entire Toronto data set (Entire Data) and zoomed Area 4 and 5 are
depicted in Figure 7. Area 4 and 5 were used to inspect the performance of the proposed method for
the different types of urban regions. Misclassification was first observed between the roofs and facades
at the rooftop level. Some flat roofs and facades were wrongly classified as gable roofs. The Incorrect
assignment of road and grassland was detected in Area 4. Narrow roads crossing the grassland
disappeared in the park region, which was similar to Vaihingen sites. At the ground level, the confusion
between cars and other small size objects was also significant.
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Figure 7. Three-dimensional view of the classification results for the Toronto data set.

The classification accuracies calculated for the Entire Data, Area 4 and 5 are shown in Table 6.
The overall accuracies (88.3%, 89.4%, 91.8% for Entire Data, Area 4 and 5, respectively), as well as
Kappa accuracies (83.6%, 86.0%, and 87.9% for Entire Data, Area 4 and 5, respectively), are higher than
that of the Vaihingen sites. There are two reasons for the increase of the accuracies. First, the Toronto
data set was captured in the central area of City of Toronto. High rising buildings and roads dominate
the test data set. The complex vertical overlapping or mixing between the trees and buildings are
seldom. Comparing to Vaihingen data set, the misclassification between the tree and building types
(facade, flat roof and gable roof), significantly decreased. Second, the low vegetation and grass only
cover a small area of the data set. Due to the small proportion of the low vegetation (0.6%, 0.8% and
0.3% of total points in Entire Data, Areas 4 and 5, respectively) and the grass (2.2%, 7% and 0.4% of
total points in Entire Data, Areas 4 and 5, respectively), incorrect assignment of low vegetation to cars
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and trees, as well as incorrect assignment of grassland to road, were obviously less than that of the
Vaihingen data set. The gable roof was the only class that obtained much lower accuracies. It was
caused by the wide variety of rooftop structures in this region.

Table 6. Validation results of Toronto data set: completeness, correctness, overall accuracy and Kappa.

Entire Data Area 4 Area 5

OA (%) 88.3 894 91.8

Kappa (%) 83.6 86.0 87.9
Flat roof (%) 90.1/92.4 90.5/94.6 91.0/95.7
Facade (%) 83.3/77.8 84.2/77.7 86.3/79.2
Grassland (%) 81.1/80.7 81.4/82.5 79.8/83.0
Tree (%) 91.0/85.1 90.2/88.8 88.0/87.6
Low vegetation (%) 48.5/56.1 51.6/52.0 48.9/40.7
Cars (%) 58.6/40.5 63.8/52.7 69.3/50.3
Road (%) 93.4/95.2 95.0/94.6 97.2/98.3
Gable roof (%) 80.1/69.2 77.8/73.9 65.7/40.1

The computation time on the Entire Data for Phases I, II and III were 2.0, 108.3 and 35.7 min,
respectively. Large-scale point cloud introduced huge computation for the proposed method. In Phases 1II,
it took over 100 min to perform the graph formulation and the graph cuts optimization on the Entire
Data that consisted of over 8 million points. In future work, techniques such as block processing and
parallel computing will be employed to improve the computation efficiency and make the proposed
method more appropriate for the large-scale point cloud.

4.6. Comparison of Accuracy with Other Methods

The comparison of the proposed method and other state-of-the-art methods was performed on
the ISPRS benchmark dataset. Since the classification schema of our work was different from the
one used in the labelling benchmark dataset, they were unified to make the comparison possible.
The gable roofs and flat roofs in our work were merged into the category roofs. The fence-hedges and
shrubs in the benchmark data were merged into the category low vegetation. The low vegetation and
impervious surfaces in the benchmark data referred to grassland and roads, respectively. The proposed
method were compared with five state-of-the-art methods, including UM, LUH, NAN]J2, WhuY3, and
BIJ_W. The UM method employs supervised machine learning for point cloud classification, and the
features are extracted from point-attributes, textural analysis, and geometric attributes [43]. The LUH
method [26] uses a hierarchical framework based on conditional random fields and integrates object
features by voxel cloud connectivity segmentation [44] for classification. WhuY3 [45], NAN]J2 [19], and
BIJ_W [20] are deep learning technology based methods. WhuY3 and NAN]J2 both generate 2D images
from point cloud features; thus, convolutional neural networks run on feature images for classification.
The main difference between these two deep learning methods is that NAN]J2 employs a multi-scale
convolutional neural network to learn features at various scales. BIJ_W uses a deep learning process
similar to that of PointNet [46] that avoids rasterizing the irregular points. A novel spatial pooling is
employed to capture multi-scale features for classification.

The results from the proposed method and other state-of-the-art methods are shown in Table 7.
The highest values and second highest values are highlighted in bold, except NAN]J2. The NAN]J2
method obviously outperformed the other methods; however, it combines extra RGB features obtained
from the corresponding orthoimages for classification purposes. Since spectral features will improve
the discernibility of some classes, it is not suitable to simply consider the accuracy of NAN]J2. Besides
NAN]J2, the proposed TLGC method achieved an overall accuracy of 83.2%, which was better than
that of the rest of the methods. For the Fl-scores, the TLGC method obtained the highest and second
highest values, except for low vegetation, cars, and road. The LUH method also performed well in
most of the classes with an overall accuracy of 82.7%. WhuY3 and BIJ_W, which are recognized as
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deep learning methods, achieved high overall accuracy, 82.9% and 82.4%, respectively. However, these
two methods did not demonstrate advantages for F1-scores compared with TLGC and LUH.

Table 7. Comparison of TLGC method and other state of art methods on ISPRS benchmark dataset in
terms of F1-scores and OA. Bold numbers show the highest values and second highest values among
different methods except NANJ2.

TLGC UM LUH WhuY3 BIJ W NAN]J2

OA (%) 83.2 81.8 82.7 82.9 82.4 86.4

Roof (%) 94.5 92.0 94.2 93.4 92.2 93.6
Fagade (%) 65.3 52.7 56.3 475 53.2 42.6
Grassland (%) 80.9 79.0 77.5 81.4 78.5 88.8
Tree (%) 81.9 77.9 83.1 78.0 78.4 82.6

Low vegetation (%) 47.2 49.8 55.0 46.5 53.4 65.9
Cars (%) 37.6 47.7 73.1 63.4 56.4 66.7
Road (%) 90.4 89.1 91.1 90.1 90.5 91.2

Actually, LUH and TLGC are both point-based and object-based hybrid methods based on
hierarchical structures. The difference is that LUH is a purely data-driven approach using Conditional
Random Fields, while TLGC uses the nature of urban classes to empirically define spatial constraints
(e.g., shape, height, and topology) to conduct the classification of point clouds at the object level. TLGC
integrates the merits of the data-driven and knowledge-driven approaches to make the classification
results more reasonable. Therefore, classes can be well discerned by the spatial constraints, achieving
remarkable improvements in the classification accuracy (e.g., roofs, facades). The deep learning
technology based methods usually convert the raw points into 2D images or regular volumetric
representation (e.g., WhuY3, NAN]2) to conduct the convolution operations. The conversion process
results in the loss of crucial and discriminative geometric details. Recently, some deep neural networks
are designed to directly manipulate raw point cloud data (e.g., BIJ_W). However, such kind of
methods largely treat points independently or inefficiently capture local features. Comparing with
the point-based and object-based hybrid methods (TLGC, LUH), the deep learning technology based
methods do not show their superiorities. This also indicates that object-based evaluation is essential
for point cloud classification.

5. Conclusions

In this paper, a two-layered hierarchical framework (TLGC) was proposed to classify point clouds
in the urban environment. In this framework, at the bottom layer, a graph is built on the original
data points, while at the top layer, an object-based graph is built on the clusters of points derived
from the bottom layer. The graph cuts algorithm iteratively runs around the top layer and bottom
layer to optimize the classification. The proposed TLGC framework has two main merits. First,
it has the ability to flexibly combine local contextual information and object-based features to build
a hybrid classifier. Second, the adaptive local modification has been proven to be an efficient way to
propagate information around a hierarchical framework, and it also help to avoid the need for huge
computational effort. These merits make it possible to perform the TLGC method on clouds with mass
points. The experiments demonstrate that the proposed method is capable of producing classification
results with high accuracy and efficiency. It provides the potential for point cloud classification in
complex urban environments.

Currently, several spatial constraints at the object level, including the heights, planarity, and lowest
visible indicator are employed as features to optimize the classification at the top layer. However,
due to complicated urban environment and nature of the point cloud, these features cannot efficiently
discriminate among all classes. For example, grasslands and roads are not well separated by the above
features, and the confusion between low vegetation and cars is still significant. Future work will
consider incorporating deep learning features at the object level to achieve better classification.



Sensors 2019, 19, 4685 21 of 23

Author Contributions: Conceptualization, Y.Y. and Y.W.; methodology, Y.Y.; software, Y.Y. and K.W.; validation,
X.W.; writing—original draft preparation, Y.Y.; writing—review and editing, Y.Y. and T.C.

Funding: This research was funded by the National Natural Science Foundation of China (grant numbers 41201430,
61601418) and Hubei Technology Innovation Major Project (grant number 2018AAA029).

Acknowledgments: The authors thank the anonymous reviewers for their helpful comments about this
article. The Vaihingen dataset was provided by the German Society for Photogrammetry, Remote Sensing
and Geoinformation (DGPF) [38]: http://www.ifp.uni-stuttgart.de/dgpf/DKEP-Allg.html. The authors would like
to acknowledge the provision of the Toronto data set by Optech Inc. (http://www.optech.ca), First Base Solutions
Inc. (http://www.firstbasesolutions.com) and York University (http://geoict.yorku.ca).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yan, W.Y,; Shaker, A.; El-Ashmawy, N. Urban land cover classification using airborne LiDAR data: A review.
Remote Sens. Environ. 2015, 158, 295-310. [CrossRef]

2. Niemeyer, ]J.; Rottensteiner, F.; Soergel, U. Contextual classification of LIDAR data and building object
detection in urban areas. ISPRS ]. Photogramm. Remote Sens. 2014, 87, 152-165. [CrossRef]

3. Weinmann, M.; Jutzi, B.; Hinz, S.; Mallet, C. Semantic point cloud interpretation based on optimal
neighborhoods, relevant features and efficient classifiers. ISPRS ]. Photogramm. Remote Sens. 2015, 105,
286-304. [CrossRef]

4. Guo, B,; Huang, X.; Zhang, F.; Sohn, G. Classification of airborne laser scanning data using JointBoost. ISPRS
J. Photogramm. Remote Sens. 2015, 100, 71-83. [CrossRef]

5. Matkan, A.A.; Hajeb, M.; Sadeghian, S. Road extraction from LiDAR data using support vector machine
classification. Photogramm. Eng. Remote Sens. 2014, 80, 409-422. [CrossRef]

6.  Lafarge, F,; Mallet, C. Creating large-scale city models from 3D-point clouds: A robust approach with hybrid
representation. Int. . Comput. Vis. 2012, 99, 69-85. [CrossRef]

7. Niemeyer, J.; Rottensteiner, F; Soergel, U. Conditional random fields for LIDAR point cloud classification in
complex urban areas. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2012, 1, 263-268. [CrossRef]

8. Im,]J,;Jensen, ].R.; Hodgson, M.E. Object-based land cover classification using high-posting-density LiDAR
data. GIsci. Remote Sens. 2008, 45, 209-228. [CrossRef]

9.  Antonarakis, A.S; Richards, K.S.; Brasington, J. Object-based land cover classification using airborne LiDAR.
Remote Sens. Environ. 2008, 112, 2988-2998. [CrossRef]

10. Zhang, J; Lin, X.; Ning, X. SVM-based classification of segmented airborne LiDAR point clouds in urban
areas. Remote Sens. 2013, 5, 3749-3775. [CrossRef]

11.  Chen, Z.; Gao, B. An object-based method for urban land cover classification using airborne LiDAR data.
IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 7, 4243-4254. [CrossRef]

12.  Ramiya, A.M.; Nidamanuri, R.R.; Krishnan, R. Object-oriented semantic labelling of spectral-spatial LIDAR
point cloud for urban land cover classification and buildings detection. Geocarto Int. 2016, 31, 121-139.
[CrossRef]

13.  Ni, H;; Lin, X.; Zhang, ]. Classification of ALS point cloud with improved point cloud segmentation and
random forests. Remote Sens. 2017, 9, 288. [CrossRef]

14. Wu, Q.; Zhong, R.; Zhao, W.; Fu, H.; Song, K. A comparison of pixel-based decision tree and object-based
Support Vector Machine methods for land-cover classification based on aerial images and airborne lidar
data. Int. J. Remote Sens. 2017, 38, 7176-7195. [CrossRef]

15. Vo, A.V,; Linh, T.H.; Debra, F.L.; Michela, B. Octree-based region growing for point cloud segmentation.
ISPRS ]. Photogramm. Remote Sens. 2015, 104, 88-100. [CrossRef]

16.  Zhou, Q.Y. 3D Urban Modeling from City-Scale Aerial LIDAR Data. Ph.D. Thesis, University of Southern
California, California, CA, USA, April 2012.

17.  Li, M.; Sun, C. Refinement of LiIDAR point clouds using a super voxel based approach. ISPRS ]. Photogramm.
Remote Sens. 2018, 143, 213-221. [CrossRef]

18. Xu, Z.; Guan, K,; Casler, N.; Peng, B.; Wang, S. A 3D convolutional neural network method for land cover
classification using LiDAR and multi-temporal Landsat imagery. ISPRS |. Photogramm. Remote Sens. 2018,
144, 423-434. [CrossRef]


http://www.ifp.uni-stuttgart.de/dgpf/DKEP-Allg.html
http://www.optech.ca
http://www.firstbasesolutions.com
http://geoict.yorku.ca
http://dx.doi.org/10.1016/j.rse.2014.11.001
http://dx.doi.org/10.1016/j.isprsjprs.2013.11.001
http://dx.doi.org/10.1016/j.isprsjprs.2015.01.016
http://dx.doi.org/10.1016/j.isprsjprs.2014.04.015
http://dx.doi.org/10.14358/PERS.80.5.409
http://dx.doi.org/10.1007/s11263-012-0517-8
http://dx.doi.org/10.5194/isprsannals-I-3-263-2012
http://dx.doi.org/10.2747/1548-1603.45.2.209
http://dx.doi.org/10.1016/j.rse.2008.02.004
http://dx.doi.org/10.3390/rs5083749
http://dx.doi.org/10.1109/JSTARS.2014.2332337
http://dx.doi.org/10.1080/10106049.2015.1034195
http://dx.doi.org/10.3390/rs9030288
http://dx.doi.org/10.1080/01431161.2017.1371864
http://dx.doi.org/10.1016/j.isprsjprs.2015.01.011
http://dx.doi.org/10.1016/j.isprsjprs.2018.03.010
http://dx.doi.org/10.1016/j.isprsjprs.2018.08.005

Sensors 2019, 19, 4685 22 of 23

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Zhao, R.; Pang, M.; Wang, J. Classifying airborne lidar point clouds via deep features learned by a multi-scale
convolutional neural network. Int. J. Geogr. Inf. Sci. 2018, 32, 1-20. [CrossRef]

Wang, Z.; Zhang, L.; Zhang, L.; Li, R.; Zheng, Y.; Zhu, Z. A deep neural network with spatial pooling
(DNNSP) for 3-D point cloud classification. IEEE Trans. Geosci. Remote Sens. 2018, 56, 4594—4604. [CrossRef]
Blomley, R.; Jutzi, B.; Weinmann, M. Classification of airborne laser scanning data using geometric multi-scale
features and different neighbourhood types. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2016, 3,
169-176. [CrossRef]

Blomley, R.; Weinmann, M.; Leitloff, J.; Jutzi, B. Shape distribution features for point cloud analysis-a
geometric histogram approach on multiple scales. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2014,
2,9-16. [CrossRef]

Kang, Z.; Yang, J. A probabilistic graphical model for the classification of mobile LiDAR point clouds. ISPRS
Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2018, 143, 108-123. [CrossRef]

Zhu, Q.; Li, Y;; Hu, H.; Wu, B. Robust point cloud classification based on multi-level semantic relationships
for urban scenes. ISPRS ]. Photogramm. Remote Sens. 2017, 129, 86-102. [CrossRef]

Vosselman, G.; Coenen, M.; Rottensteiner, F. Contextual segment-based classification of airborne laser scanner
data. ISPRS J. Photogramm. Remote Sens. 2017, 128, 354-371. [CrossRef]

Niemeyer, J.; Rottensteiner, F.; Soergel, U.; Heipke, C. Hierarchical higher drder CRF for the classification of
airborne LiDAR point clouds in urban areas. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2016,
XLI-B3, 655-662. [CrossRef]

Kim, H.B.; Sohn, G. Random forests based multiple classifier system for power-line scene classification.
ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2011, 3812, 253-258. [CrossRef]

Xu, S.; Vosselman, G.; Elberink, S.0. Multiple-entity based classification of airborne laser scanning data in
urban areas. ISPRS ]. Photogramm. Remote Sens. 2014, 88, 1-15. [CrossRef]

Boykov, Y.; Veksler, O.; Zabih, R. Fast approximate energy minimization via graph cuts. IEEE Trans. Pattern
Anal. Mach. Intell. 2001, 23, 1222-1239. [CrossRef]

Kolmogorov, V.; Zabih, R. What energy functions can be minimized via graph cuts? IEEE Trans. Pattern Anal.
Mach. Intell. 2004, 26, 147-159. [CrossRef]

Delong, A.; Osokin, A.; Isack, H.N.; Boykov, Y. Fast approximate energy minimization with label costs. Int. |.
Comput. Vis. 2012, 96, 1-27. [CrossRef]

Torralba, A.; Murphy, K.P.; Freeman, W.T. Sharing visual features for multiclass and multi-view object
detection. IEEE Trans. Pattern Anal. Mach. Intell. 2007, 19, 854-869. [CrossRef] [PubMed]

Chehata, N.; Guo, L.; Mallet, C. Airborne LiDAR feature selection for urban classification using random
forests. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2009, 38, 207-212.

Dong, W.; Lan, J.; Liang, S.; Yao, W.; Zhan, Z. Selection of LiDAR geometric features with adaptive
neighbourhood size for urban land cover classification. Int. J. Appl. Earth Obs. Geoinf. 2017, 60, 99-110.
[CrossRef]

Weinmann, M.; Jutzi, B.; Mallet, C. Geometric features and their relevance for 3d point cloud classification.
ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2017, 4, 157-164. [CrossRef]

Hofle, B.; Pfeifer, N. Correction of laser scanning intensity data: Data and model-driven approaches. ISPRS .
Photogramm. Remote Sens. 2007, 62, 415-433. [CrossRef]

LAStools. Available online: http://rapidlasso.com/LAStools (accessed on 28 August 2019).

Gross, H.; Thoennessen, U. Extraction of lines from laser point clouds. ISPRS Int. Arch. Photogramm. Remote
Sens. Spat. Inf. Sci. 2006, 36, 86-91.

Isack, H.; Boykov, Y. Energy-based geometric multi-model fitting. Int. J. Comput. Vis. 2012, 97, 123-147.
[CrossRef]

Rottensteiner, E; Sohn, G.; Gerke, M.; Wegner, J.D.; Breitkopf, U.; Jung, J. Results of the ISPRS benchmark on
urban object detection and 3D building reconstruction. ISPRS |. Photogramm. Remote Sens. 2014, 93, 256-271.
[CrossRef]

Li, Y.;; Chen, D.; Du, X;; Xia, S.; Wang, Y.; Xu, S.; Yang, Q. Higher-Order Conditional Random Fields-Based 3D
Semantic Labeling of Airborne Laser-Scanning Point Clouds. Remote Sens. 2019, 11, 1248. [CrossRef]
Congalton, R.; Green, K. Assessing the Accuracy of Remotely Sensed Data: Principles and Practices; CRC/Lewis
Press: Boca Raton, FL, USA, 1998.


http://dx.doi.org/10.1080/13658816.2018.1520236
http://dx.doi.org/10.1109/TGRS.2018.2829625
http://dx.doi.org/10.5194/isprsannals-III-3-169-2016
http://dx.doi.org/10.5194/isprsannals-II-3-9-2014
http://dx.doi.org/10.1016/j.isprsjprs.2018.04.018
http://dx.doi.org/10.1016/j.isprsjprs.2017.04.022
http://dx.doi.org/10.1016/j.isprsjprs.2017.03.010
http://dx.doi.org/10.5194/isprsarchives-XLI-B3-655-2016
http://dx.doi.org/10.5194/isprsarchives-XXXVIII-5-W12-253-2011
http://dx.doi.org/10.1016/j.isprsjprs.2013.11.008
http://dx.doi.org/10.1109/34.969114
http://dx.doi.org/10.1109/TPAMI.2004.1262177
http://dx.doi.org/10.1007/s11263-011-0437-z
http://dx.doi.org/10.1109/TPAMI.2007.1055
http://www.ncbi.nlm.nih.gov/pubmed/17356204
http://dx.doi.org/10.1016/j.jag.2017.04.003
http://dx.doi.org/10.5194/isprs-annals-IV-1-W1-157-2017
http://dx.doi.org/10.1016/j.isprsjprs.2007.05.008
http://rapidlasso.com/LAStools
http://dx.doi.org/10.1007/s11263-011-0474-7
http://dx.doi.org/10.1016/j.isprsjprs.2013.10.004
http://dx.doi.org/10.3390/rs11101248

Sensors 2019, 19, 4685 23 of 23

43. Horvat, D.; Zalik, B.; Mongus, D. Context-dependent detection of non-linearly distributed points for
vegetation classification in airborne LiDAR. ISPRS ]. Photogramm. Remote Sens. 2016, 116, 1-14. [CrossRef]

44. Papon, ].; Abramov, A.; Schoeler, M.; Worgotter, F. Voxel cloud connectivity segmentation—Supervoxels for
point clouds. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
Portland, OR, USA, 23-28 June 2013. [CrossRef]

45. Yang, Z; Jiang, W.; Xu, B.; Zhu, Q,; Jiang, S.; Huang, W. A convolutional neural network-based 3D semantic
labeling method for ALS point clouds. Remote Sens. 2017, 9, 936. [CrossRef]

46. Qi, C.R; Su, H.; Mo, K.; Guibas, L.J. PointNet: Deep learning on point sets for 3D classification and
segmentation. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
Honolulu, HI, USA, 22-25 July 2017. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.isprsjprs.2016.02.011
http://dx.doi.org/10.1109/CVPR.2013.264
http://dx.doi.org/10.3390/rs9090936
http://dx.doi.org/10.1109/CVPR.2017.16
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Overview 
	Initial Classification of Point Clouds 
	Features 
	The Joint-Boost Classifier 

	Bottom Layer Graph Formulation 
	Top Layer Graph Formulation 
	Classification 

	Data and Experiments 
	Data Sets 
	Experiments 

	Results and Discussion 
	Performance of the Combined Architecture 
	Performance of Iterative Optimization by Local Modification 
	Impact of the Neighborhood Size 
	Classification Results of the Vaihingen Sites 
	Validation Results of the Toronto Sites 
	Comparison of Accuracy with Other Methods 

	Conclusions 
	References

