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Abstract

Semantic information in 3D building models is of vital im-
portance for various applications in terms of smart cities. To
infer the semantic information and localize the components
on building facades, this article proposes a novel approach
to model facades with semantics by constructing hierarchi-
cal topological graphs. This method utilizes the topological
characteristics of building facades. In the first-layer layout
graph, the algorithm takes the nearest cluster as the vertex
and the distance between components as the edge. Thus, a
topology graph is generated for the facade. The proposed
algorithm is divided into three steps. First, the topology
graph is obtained by calculating the spacing between the
components. It is reasonable to calculate the topological
graph by encoding the topological edges. If this calculation
is not effective, the topology is justified by adjusting the
spacing between components. Finally, the vertices in the
graph are used to repair the occluded parts of the facade.
In the second-layer graph, a grid is constructed according to
the first-layer graph. Then, the attributes of the nodes are
used to reconstruct the facade. The experimental results
show that this method has a high accuracy of 90% and that

the average time consumption is 6 s.
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1 | INTRODUCTION

The building facade is an important component of a 3D building in a digital city. Semantic information, such as
the windows, balconies, and doors, can be used to analyze the building's structure and augment reality (Miiller,
Wonka, Haegler, Ulmer, & Van Gool, 2006). However, in previous methods, such as texture mapping, only the
appearance of the facade is visualized; the semantic information of the facade is not actually established (Haala,
Rothermel, & Cavegn, 2015; Zhou et al., 2016). Moreover, the texture image used for the facade takes the form of
raster data. Therefore, large-scale 3D reconstruction is very time-consuming due to the limitations of a comput-
er's graphics processing ability. In fact, computers can more efficiently process vector data than load raster-type
texture images (Pu & Vosselman, 2009). In 2008, the Open Geospatial Consortium (OGC) passed the international
standard CityGML (Groger & Pliimer, 2012), which uses a standardized model to represent the geometrical, topo-
logical, and semantic aspects of 3D building models (Uden & Zipf, 2013). Although this method provides a reliable
solution for reconstructing a digital city, it also requires very tedious work to manually organize the building’s
attribute model. To automate this process, researchers propose recognizing and segmenting the semantics of fa-
cades from images or point clouds (Berg, Grabler, & Malik, 2007; Cohen, Schwing, & Pollefeys, 2014; Dai, Prasad,
Schmitt, & Van Gool, 2012; Martinovié, Mathias, Weissenberg, & Gool, 2012).

There are currently two main types of facade parsing methods: the data-driven method and the model-driven
method. The former method extracts the image features and uses a machine learning framework to derive a clas-
sification model (Datta, Joshi, Jia, & Wang, 2008). The segmentation accuracy of this method is often affected by
the image quality and the complexity of the facade. In addition, the process of training is less transferable. The
latter methods use the synthesis of templates or grammatical rules to parse the facade (Miiller, Gang, Wonka, &
Gool, 2007). However, the setting of the template and the formulation of the facade grammar are subjectively
determined by the designer. As a result, errors often occur when one uses a single grammar to handle different
styles and different sizes for the facade.

To achieve the automatic reconstruction of various types of facades, Bao, Schwarz, and Wonka (2013) and
Shen, Fan, Mao, and Wang (2016) explored the structural characteristics of facades. Because symmetry and align-
ment are the most common facade structures, they are also used to reconstruct facades. Indeed, these methods
have good adaptability when reconstructing a symmetrical facade. However, this type of method cannot correctly
reconstruct asymmetric facades. In addition, the present methods lack reliable theoretical support.

To explore a more robust method of facade reconstruction, this article proposes a hierarchical topological
graph to reconstruct a semantic facade model. First, we explore the overall layout of the facade and propose
the first-layer layout of the topological graph to deduce the facade’s layout. Based on the field of architecture,
a constraint function is developed to judge the rationality of the layout. The second-layer graph is then used to
reconstruct the facade. According to the deduced facade layout, we initially construct a grid in which each node
acts as a vertex in the graph. By judging the attributes of the vertices, we traverse the entire grid to achieve facade
reconstruction.

The main contributions of our method are as follows:

1. Using a topological graph to describe a facade is a clear, intuitive, and lightweight approach that is
helpful for the rapid reconstruction of large-scale 3D urban models.

2. The proposed hierarchical topological graph is a flexible approach. This approach can not only verify the reason-
able layout of a facade, but also search for a proper layout for occlusion and deletion facades.

3. Topological correlations on the facades are explained using the principle of architectural form. On this basis, the

geometric constraints of the facade layout are proposed, and the semantic entities are reconstructed.

The remainder of the article is structured as follows: we analyze the previous methods regarding facade pars-

ing and facade reconstruction in Section 2. According to the analysis, we have identified two main shortcomings
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of the previous methods. To address these shortcomings, we propose a hierarchical graph to parse and recon-
struct the facade. First, we introduce the layout control function and its theoretical support (i.e., the principle of
the architectural form) in Section 3. Next, we introduce the proposed hierarchical topological graph in Section 4.
Then, we set the unique meaning for the vertices and edges. An illogical graph that can be rectified according to
the algorithm for searching graphs is introduced in Section 4 as well. Some experiments for different facades are
reported in Section 5. Finally, conclusions and suggestions for future work are given in Section 6.

2 | RELATED WORK
2.1 | Data-driven methods

This type of method mainly studies the visual features of facade images. The underlying features—such as the
color, gradient, texture, and shape—can be obtained easily by computer vision theory. By learning the features
of interesting semantic entities, we can derive a unique equation to describe them. Using the feature equation to
build a classification model is a simple way to achieve semantic segmentation of facade images.

In the past 20 years, researchers have analyzed images by summarizing the shapes, edges, gradients, and color
features of objects (Datta et al., 2008). Among these features, the edge is often used to extract an object on the fa-
cade because manually constructed buildings always have legible edges. Lee and Nevatia (2004) judged the arrange-
ment of windows by counting the cumulative values of the image edges in the horizontal and vertical directions. This
method assumes that windows are rectangular. However, the objects on a facade are various. To extract the edges
of facade components more accurately, some researchers have semi-automatically combined the line features and
inferred the structures of the windows according to the context (Wenzel & Forstner, 2012; Xiao et al., 2008). As a re-
sult, the robustness of window extraction has been improved. In some facade images, the changes in light and scene
cause the edge information of the facade components to not be completely obtained. Lasers can detect the edge
information on the facade sensitively, and the process is not affected by ambient light. Therefore, some researchers
have proposed extracting the facade edge with the help of a laser point cloud. For example, Wang, Ma, Zhu, Zhao,
and Liao (2018) took advantage of the fact that windows can form holes in point clouds to detect windows. This
method enhances the edge constraint of windows. However, laser point clouds are usually not easy to obtain.

Previous studies have shown that it is not easy to extract windows from images only using edge features. To
obtain a better adaptive facade segmentation model, many researchers have gathered an enormous number of im-
ages and established image datasets to train advanced features (Riemenschneider et al., 2012; Teboul, Kokkinos,
Simon, Koutsourakis, & Paragios, 2011; Tyle¢ek, 2012). Through the annotated ground-truth images, researchers
can train the right samples and wrong samples by means of machine learning. Gadde, Jampani, Marlet, and Gehler
(2018) used a conditional random field (CRF) to train facade images. Apart from considering the image features
(e.g., location of pixels, RGB color space, or histograms of the oriented gradients), this method also adds the
contextual features of pixels. The advantage of this method is that it can be applied to different facade images,
but the accuracy of window extraction is not high. Teboul, Simon, Koutsourakis, and Paragios (2013) segmented
facades using random forests. In this method, it is impossible to accurately judge the types of facade components.
Therefore, only typical Haussmannian-style Paris architecture can be correctly segmented, because typical Paris
architecture has a unified type. Cohen et al. (2014) employed dynamic programming to constrain the size and
position of each object in a probability graph. This method improves the accuracy of the facade segmentation,
but it cannot be applied to many types of facade. Jampani, Gadde, and Gehler (2015) used context information to
enhance decision trees and optimize the results of facade segmentation. Fathalla and Vogiatzis (2016) adopted a
restricted Boltzmann machine to globally optimize the probability graph. This method implements segmentation
at the pixel level and adds steps for the global optimization of each pixel. In addition to these referenced machine

learning methods, in previous research support vector machines (SVMs) and simulated annealing (SA) have also
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been used to segment facade images (Datta et al., 2008). In recent years, the theory and method of deep learn-
ing has been developed rapidly, and the underlying features have been abandoned due to the low robustness.
According to the principle of deep learning, very rich image features are obtained by the process of convolu-
tion. Moreover, a deep network structure also enhances the robustness of semantic segmentation (Lotte, Haala,
Karpina, Aragao, & Shimabukuro, 2018; Schmitz & Mayer, 2016; Zhang & Liang, 2017).

Although feature-based image segmentation has achieved great success, these methods cannot solve the
problems of occlusions, shadows, and deletions. To meet these challenges, people have begun to pay attention to
the content of images. Cheng, Zhang, Mitra, Huang, and Hu (2011) proposed the method of region contrast (RC).
RC depends on an interesting object being identifiable by high contrast with the surrounding pixels. This high con-
trast can be extracted according to the spatial relationship, which can also be described as the geometric context.
Hu, Zhang, Wang, Martin, and Wang (2013) established a hierarchical graph to express the structures of images,
where the edge in a graph denotes the geometric context. Mathias, Martinovié¢, and Van Gool (2016) applied con-
text information of pixels to optimize probability graphs. Moreover, the authors also optimized the segmentation
results by applying their prior knowledge of buildings. Both the prior knowledge and the geometric context need
to be adjusted according to the scene of a facade. However, these methods hardly detect noise and automatically
reconstruct facades. There are some rich facade types that require very substantial prior knowledge in order to

optimize the segmentation results.

2.2 | Model-driven methods

In contrast to data-driven approaches, model-driven approaches use combinatorial models to represent objects.
By setting the model parameters, a facade can be segmented and reconstructed in the form of a parameter set. A
set of suitable models can also be used to repair the occlusions and deletions on a facade according to a prediction
model. Facade grammar is the most common model for reconstructing facades.

Alegre and Dellaert (2004) first proposed the splitting grammar to parse facades. The splitting grammar is a
type of context-free grammar that can be denoted as G = <N, T, S, P>, where N is a finite set. Each elementneN
is called a non-terminal character. This character indicates that the process of segmentation cannot be stopped.
It contains separable parts, such as floors, roofs, etc. These non-terminal characters can be replaced by other
non-terminal characters or terminal characters. T is the finite set of terminals, and it contains the types of seman-
tic entities—such as windows, balconies, and doors. When a terminal character appears, the splitting process is
over. In addition, S is the starting symbol and P is the set of production rules. P has two common rules (i.e., vertical
splitting and horizontal splitting). The limitation of this method is that the splitting grammar cannot automatically
adjust different types of facade. Koutsourakis, Simon, Teboul, Tziritas, and Paragios (2009) tried to explore a
more general grammar. They created a set of generic rules for a Haussmannian building.! Then, by means of re-
versible-jump Markov chain Monte Carlo (RIMCMC), these authors assigned a probability to each generic rule.
Therefore, for different facades, the synthesis of the rules can achieve an optimal solution. Tyle¢ek and Sara
(2010) also used RJIMCMC to establish a grammar for a simple facade. Gadde, Marlet, and Paragios (2016) summa-
rized several types of grammars and simplified them. As a result, a more general generic grammar was designed.
Using reinforcement learning, these authors applied the grammar to handle different styles of facades. Although
these proposed grammars can be combined in many forms, they cannot handle irregular facades.

In addition to the above two methods, hybrid-driven methods are also being explored. Becker (2009) com-
bined image segmentation with grammar to reconstruct facades for the first time. Mathias et al. (2016 ) used a
framework of three layers to parse facades. The first layer employed a recursive neural network (RNN) to obtain
a probabilistic interpretation of each pixel. The second layer merged the specialized facade components using a
Markov random field. In the third layer, the weak architecture principle was used to infer the procedural shape

grammar. The three-layer structure improves the accuracy of facade parsing.
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In all of the above image segmentation and reconstruction methods, an enormous dataset is needed to train
the segmentation model or grammar. Moreover, due to the types, sizes, locations, distribution rules, and types
of facade components varying, the proposed methods cannot have viable mobility. Therefore, these methods
are unable to process large quantities of facade image data. The disadvantages of the previous methods can be

summarized in two points as follows:

1. Prior methods weakly cope with images that have occlusions, shadows, and deletions.
2. The established grammars are always focused on the arrangement of elements on the facade, and a long se-

quence is usually required to represent the facade. Moreover, the search space for a reconstruction is enormous.

3 | TOPOLOGICAL CONSTRAINTS OF THE FACADE LAYOUT
3.1 | Principle of the architectural form

Incorrect semantic segmentation often results in the confusion of facade components. For example, the results of
facade segmentation usually produce very large or very small windows. Moreover, the locations of the semantic
entities are often not corrected. Although rules-based constraint approaches have been applied to optimize the
results of segmentation, all of these methods lack theoretical support. Therefore, we first introduce the principle
of architectural form.

The composition of architectural elements, the exact permutations of a building mass, and the proportion of
one part to the other parts are crucial factors in the design of an architectural form (Doersch, Singh, Gupta, Sivic,
& Efros, 2012; Flemming, 1990; Jennath & Nidhish, 2016). According to the principle of architectural form, there
are five types of constraints.

3.1.1 | Varying and uniform

In most facade compositions, differences exist in their layout. These differences reflect the degree of impor-
tance of local layout and the elements' composition (Ching, 2014). For an important part of a facade, the em-
phasis must be achieved with a form of exceptional size, unique shape, or strategic location. The primary and
secondary portions of a facade can be separated into two categories: (a) one primary and two auxiliaries; (b)
one primary and one auxiliary. For the first category this mainly refers to a symmetrical layout whose central
parts are always the primary one and where wings can be regarded as secondary. Its common form is shown in
Figure 1a. Another category usually shows its primary portion on one side of a facade rather than in the center,
as in Figure 1c.

3.1.2 | Contrast and harmony

Various semantic entities, such as doors and windows, can cause confusion when they have close size and arrange-
ment. Because when the difference is lost, nothing is emphasized (Ching, 2014). Contrast means increasing the
difference between elements. For example, on the ground floor, if a door is regarded as the primary part, it must
be larger than the windows. Taking public buildings and hotels as an example, their doors are usually significantly
larger than other facade objects, and have pillars and other decorations to highlight their importance. Contrast
should also be concerned with multiple local layouts of a facade. The center of a symmetrical facade needs more

elements than wings to highlight its characteristics (Krier & Vorreiter, 1988). It is noteworthy that a strong contrast
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FIGURE 1 Examples of satisfying the topological constraints: (a) classical symmetrical facade with one
primary and two auxiliaries; (b) although there are two sizes of windows on this facade, they all have the proper
proportions to create a proper scale between the windows and the facade; (c) facade designed as an asymmetric
form of a primary part and an auxiliary part; and (d) the windows at the bottom make the entire facade look
more in equilibrium

usually does not appear on facades, because buildings typically have stable structures. Furthermore, the elements
also need to have orderly arrangement and consistent style, for instance windows on the same floor are normally

aligned center to give people a sense of order.

3.1.3 | Proportion and scale

A proper proportion does not only ensure the stability of the facade structure, but also reflects the sense of
order in a visual structure. The proper proportion has been determined by people according to long-term prac-
tice (Stamps, 1999). For example, for a single French door, its height is usually greater than its width, based on
the proportion of the human body. The proportion of the total area of windows to the size of the facade also
has a reference standard (European Parliament, 2018), which can help to calculate the daylighting area. In the
dimension design of facade elements, in addition to a proper proportion, we should also pay attention to the
scale. Scale refers to the size of an element compared to a reference standard or the size of others. For instance,
the relationship between the floor height and the door height can be used to determine the appropriate size of

the facade elements in an image.

3.1.4 | Symmetry and equilibrium

With the force of gravity, a state of equilibrium can be expressed by situating the centroid of the facade on
a central axis, with the position of the centroid below the midpoint. This is subject to human cognition. A
symmetrical condition is always expedient in constructing a state of equilibrium (Salvan & Thapa, 2000). The
symmetry can be utilized to organize a facade layout in two ways: (a) global symmetry; and (b) local symmetry.
The former must maintain strict similarity on opposite sides of a median axis, as shown in Figure 1a. At some
point, however, the functional requirements or environmental constraints of a facade layout restrict the global
symmetrical condition. Therefore, the latter case of local symmetry can serve for complex situations. In this
case, the size and position of each local layout should be designed to achieve a state of equilibrium, such as in
Figure 1c.
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3.1.5 | Cadence and rhythm

Almost all facades incorporate elements that are, by their nature, repetitive. In order to satisfy functional and aes-
thetic demands, architects use the ‘rhythm’ to organize the facade elements (Salvan & Thapa, 2000). Rhythmic pat-
terns can be emphasized by geometric features and the placement of facade elements. In practice, elements with
a common trait can be organized at regular intervals, and different types of elements appear on the facade alter-
nately. This principle can provide continuity and lead us to deduce a complete facade layout from a defective image.

Moreover, any break in rhythmic pattern should verify the importance of the interrupting element or interval.

3.2 | Control function

It must first be stated that there are some special types of buildings, such as all-glass curtain facades and twisted
facades. It is difficult to find a fixed constraint to describe the layout of these facades. Therefore, we only con-
sider the most common facades in this work. We believe that the most common facades are in accordance with
the principle of architectural form. The following control functions are designed by inspecting a large number of
facade structures.

R,(n) represents the ratio of the sum of the component widths to the facade widths. The equation is used to
control the components to be not too crowded or sparse on one floor. When there are only windows on a floor,
we calculate the ratio of the width of the windows to the width of the facade. When there are not only windows
but also doors on a floor, we calculate the ratio of the total width of the windows and the doors to the width of the
facade. The equation n/(2n - 1) in R (n) is the best value of the error-tolerant rate that we can sum up by observing
different styles of facades. R,(n) is designed by utilizing the daylight efficiency in energy-saving designs of building
facades. The equation can be used to constrain the area and number of windows on the facade (Li & Lam, 2001).
When we determine the size of the window, the number of windows n can reflect the transmittance of the facade.
R4(n) is a combined constraint of R,(n) and R,(n). Not only do we need to determine the best window distribution
on one floor, but we also need to calculate the optimal layout of the entire facade. We combine R,(n) and R,(n) to
calculate the optimal facade layout under two control functions. The equation can be used to evaluate the inferred

facade layout as follows:

n
Z Wcomponents (’ )

Ry(n)=| = - (1)
Wfacade 2n-1

n
Z Wwindows(i) : hwindows(i)

Ry(n)=| =2 -03 (2)
2 Wfacade . Hfacade

R3(n)=R4(n)+Ry(n) 3

and h

types of components in this work: components = {window, balcony, door}. Wiacade

where w

components are the width and height of the facade components, respectively. We use three

and H

facade, and n is the number of components. The value of 0.3 in R,(n) represents the regular ratio of the window to

components

facade AT€ the size of the

the entire facade. This value was obtained from the statistics of many building codes (Li & Lam, 2001).
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When we reconstruct the facade, the width and the number of elements can be adjusted appropriately to
satisfy the control function. In our experiment, we must find a proper layout which can guarantee that the value

of R,4(n) is minimal—that is, n=arg min (R;(n)).

4 | HIERARCHICAL TOPOLOGICAL GRAPHS

In many tasks, topographical graphs have been used to describe complex geometric objects by employing the re-
lationship between vertices (Felzenszwalb & Huttenlocher, 2004; Hsu, 2004; Ladicky, Russell, Kohli, & Torr, 2009;
Yang & Férstner, 2011). In this work, we propose hierarchical topological graphs for reconstructing a facade. The
first layer of the graph is inspired by the principle of architectural form. On the facade, the topological proper-
ties can easily be verified, as shown in Figure 2. For example, the arrangement of the windows is vertical- and
horizontal-aligning, and the balcony is always under the window. The proposed method presents the facade as an
overall layout by verifying the rationality of the facade, as described in Section 4.1.

The second layer of the graph is designed to reconstruct the facades. We construct a grid with the deduced
facade layout (Figure 3), where the nodes in the grid act as vertices in the graph. We set two types of vertices, such
as the existing components and the undetermined vertices. For the undetermined vertices, there are two catego-
ries of attributions, namely “components” and “empty.” We cope with the undetermined vertices by obtaining the
attribution of the adjacent vertices. Two constraints have been drawn up to accelerate the process of traversing,

as described in Section 4.2.

4.1 | First-layer layout graph

=<V, E>

as an undirected graph, where veV represents vertices that are composed of the nearest cluster. The cluster

In the first-layer graph, we assign specific geometric meanings to the vertices and edges. We set Gracade
is a clique that has at least one element, which can be determined by the principle of “Gestalt Laws: Laws of
Proximity.” A 4-tuple (type, number, height, width) denotes the attribution of the vertices and contains the seman-
tic information on the components, the number of components in the cluster, and the size of a single component.
Two adjacent vertices are connected by edges—that is, e(v;,v;,1) €E. An attribution e(v;,v; 1) = (djo.dhign) Ne€ds to

horizontal alignment

"

balcony against
the window

vertical alignment

The door at the bottom of facade

window  door balcony

FIGURE 2 Topological properties of a facade
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FIGURE 3 Flowchart of the hierarchical topological graph

be attached to an edge, where d,, means the intra-cluster distance and dhLgh means the inter-cluster distance; the
relationship between these features is shown in Figure 4. When there is only one element in a cluster, d, , can
represent the inter-cluster distance of the previous edge.

In particular, when there are two different edges between two vertices, we add a “null” vertex between the
two edges so the form of the graph remains intact, as described by e2 in Figure 4. When there is only one vertex
in a graph, such as the uniformly distributed layout, the edge can be represented as e(v, “null”) and the attribution
of the edge is e(v, “null”’) = (d, . 0).

In theory, the method of constructing a first-layer graph is the same as the principle of “Gestalt Laws: Laws of
Proximity.” This straightforward law states that items close to each other tend to be grouped together, whereas

items further apart are less likely to be grouped together (Schwartz & Krantz, 2017).

4.1.1 | The types and attributes of edges

In a first-layer graph, we set four types of primary edges, as shown in Figures 5a-c, and f. All of these types can be
determined according to the spacing between the components. We will explain this in its simplest form. Suppose
there are three windows on the same floor, and the spacing distances between two adjacent windows are differ-
ent. The two adjacent windows with smaller spacing distance would form a cluster. The smaller spacing distance is
then the intra-cluster spacing. The remaining window then forms a cluster of a single element, and the larger spac-
ing distance is the inter-cluster spacing. As a result, the edges between the two clusters are formed. For example,
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FIGURE 4 Topological graph and its structure
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FIGURE 5 Inthistype of polyline, the little rings represent the vertices and the broken lines represent the
edges in the graph

in Figure 5a we present the inter-cluster spacing as red lines and the intra-cluster spacing as green lines. The edge
in Figure 5aindicates that the distance between the two vertices decreases from left to right. The other edges can
also be explained according to their shape.

In addition to setting the types of edges, we also assign different numbers to different types of primary edges,
since we need to explore a more flexible layout-deducing algorithm. In previous structure-based methods, sim-

ply relying on symmetric conditions to test the rationality of the layout would result in a monotonous facade.
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Moreover, different sizes and distribution types of the components also need to be considered in a complex
facade. In the proposed method, we believe that a facade layout can be described as a combination of different
types of edges. It is also possible to verify the rationality of a layout by numbering the edges as in Section 4.1.3.
For example, we set the direction of Figure 5a to be positive and identify it as “1.” Conversely, the direction of
Figure 5b is negative and identified as “~1.” When a facade is symmetrical, it is easy to judge that the sum of the
numbers on the facade is O. This is because, for a symmetrical facade, the directions of the edges must be oppo-
site to one another. The edge of the straight line in Figure 5c happens when the intra-cluster spacing is equal to
the inter-cluster spacing, and this situation is identified as “0.” The combination of edges in Figures 5d and e is a
contrasting example that demonstrates the existence of “0.” In fact, the most representative situation is shown
in Figure 5g. When the graph is concave, there is always a cluster in the valley, such as in Figure 5f. The reason is
that the intra-cluster spacing must be less than the inter-cluster spacing on one edge, according to the principle of
“Gestalt Laws: Laws of Proximity.”

4.1.2 | The meaning of the vertices

In the defined graph, a vertex is a nearest-neighbor cluster composed of one or more elements. Because the at-
tributes of the edges also include intra-cluster spacing and inter-cluster spacing, we have no way of determining
the appropriate composition of the vertices in the process of adjusting the graph, as shown later in Figure 9. When
the layout graph is determined, the composition of the vertices can be determined. According to the principle
that the inter-cluster spacing is less than the intra-cluster spacing, we can easily determine the composition of the
vertices. A valid example is shown in Figure 6b.

We can also use topography graphs to identify some representative facade structures as in Figure 7. The topo-
logical graphs we used are combinations of simple edges. We also describe these graphs in the form of numerical
sequences. One example of the regular type can be expressed as {0}, two examples of the concave type can be
expressed as {1, 0, -1} and {1, -1, O, 1, -1}, and three examples of the convex type can be expressed as {-1, -1, 1,
1},{0, -1, 1,0}, and {-1, O, 1}.

4.1.3 | The algorithm to search for a proper layout graph

We use the control function and numerical sequence to design an algorithm in order to search for the proper
layout. The algorithm can verify whether the facade layout is reasonable. For occluded and defective facades, we
can also use this algorithm to deduce a rational layout.

The derivation process of the layout is shown in Figure 8 and is divided into three steps: (a) calculating the
initial layout; (b) verifying the layout; and (c) adjusting the layout.

a

()
0]

X 0—

(1)

FIGURE 6 Determination of the clusters
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(1) Calculating the initial layout. By using the position and number of the facade components, we can calculate
the spacing distance between the adjacent components and derive an array D= {do,dl, vy ey ,dn}. Then,
we can construct the initial layout graph G1 = <V, E> and the corresponding numerical sequence S= {53,515}
by using.

-1 dj,—d >t
5= 0 d,~+1—d,-<t (4)
1 di—dy >t

where i€ (0,n), ne N*. Because some errors always occur in image segmentation (Lotte et al., 2018), we have de-

signed a threshold value t = min(w to tolerate the error, where w

wmpcnems) means the width of components.

components
In addition, multiple zeros can be considered as one vertex in a sequence. Therefore, they need to be merged.
There is one exception, as shown in Figures 5d and e.

(2) Verifying the layout. By analyzing the numerical sequence of the layout, we believe that the following con-

ditions should be satisfied for a rational layout:

e |f we start from the middle and step to both ends in a numerical sequence, the sum of the symmetrical position
must be equal to zero.

e For asymmetric facades, there is only one non-zero value.

These conditions are strong constraints because they fit most common facades. According to the above con-
clusions, the rationality can be determined by analyzing the numerical sequence S. If the initial layout does not
conform to the above conditions, the layout is adjusted according to step 3 below. If the condition is satisfied,
the value of the control function is calculated. To obtain the optimal facade layout, we need to adjust the layout
several times and calculate the control function. When the value of the control function no longer changes, we
continue the algorithm flow. At this time, we select the layout with the smallest value in Equation (3) as the optimal
layout.

(3) Adjusting the layout. First, the values in the symmetrical positions of array D are compared. If the difference
between two elements is greater than the sum of the average window width and the smaller values, the larger

values are split, as in the following:

Diff=|d;—d,_;| (i=1,2,...,n) (n=length of D) (5)

If Diff > Womponents +Min (d,dy,_;):

j=argmax(d;d,_;) (6)

(dd. )= (Apisy = i~ Weomponents) ~ Whenj=i
Y+ =

(d,_i—di—w,

components?di) whenj=n—i

Thus, we obtain a new array D_new= {do,dl, ,dj,dj+1 RN T ,d,,}, whenj =i. We then advance the new array
into step 2 to restart the verification.
Figure 9 is an example of using a layout search algorithm to deduce the layout. According to the definition of

the layout sequence, we obtain an initial facade layout, as shown in the left-hand graph of Figure 9. Because this
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FIGURE 9 Process of the layout search algorithm

layout does not conform to our conditions of a rational facade layout, the search procedure needs to be repeated.
After searching, the proper layout is shown on the right-hand side of Figure 9.

4.1.4 | Layoutreconstruction

From Section 4.1.3 we can infer the facade layout represented by the graph. We designed a pseudo-code to rep-

resent how to use the graph G = <V, E> to reconstruct the layout of the facade:

facade

Algorithm 1. Reconstruction Layout
Input: Gracaqe=<V, E>

Output: Layout
For i « 1 to length(E)
el « E[1i-1]; e2 « E[1]
IF el[l]l<=e2[0]:
For j « V[i-1].num
Layout.append (V[i-1][j].type, V[i-1][j].width,
V[i-1][7] .height)
Layout.append (el[0])
End For
Layout.append (el[1])
Else:
IF V[i]l=='null’
skip V[i]
Else:
For j « V[i-1].num
Layout.append (V[i-111[7F].type,
V[i-1][j].width, V[i-1][7].height)
Layout.append (e2[0])
End For
Layout.append (e2[1])
End IF
End IF
End For
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(d)

0 o o
components vertexes unknown vertexes start processing vertexes

FIGURE 10 Process for reconstructing the facade. Here, (a) is an initial facade, (b) is an integrated grid
obtained according to the proper layout, and (c) and (d) are processes of assigning attributions to unknown
vertices

4.2 | Second-layer graph

The second-layer graph is designed to reconstruct the facade. First, we construct the grid (m, n) by using the layout
deduced from the first-layer layout graph.

Here, m is the number of rows in the grid, which can be obtained by calculating the locations of the known
components with the equal difference series equation. In addition, n is the number of columns in the grid, which

can be obtained according to the following equation:

W,
n= <d,- + %“5) (i=12, ... length(D)— 1) )

In the second-layer graph, the nodes in each grid are regarded as vertices of the graph (Figure 10). The con-
nection between the vertices and the surrounding nodes serves as the edge of a graph. The vertices are then
classified into two categories, namely “known” and “unknown,” where “unknown” vertices need to be determined
by the attributes of the adjacent edges. The attributes of the edges include the number and attributes of the ad-
jacent vertices. Therefore, the second-layer graph can be denoted as G, = (V, E), where V = (position, attribution)
and E = (num, attributions).

4.2.1 | Reconstructing a facade using the second-layer graph

We traverse every unknown vertex and assign attributes to them by judging the attributes of the edge. Each
unknown vertex has two possible attributes, namely “component” and “empty.” If the number of vertices is n, the
computational complexity is 2". Because this procedure is very time-consuming for complex facades, we use the

topological constraints of the facade components to define two constraint conditions:

e Constraint condition 1. If there are four “empty” vertices around an unknown vertex, the vertex can be consid-

ered as a “component.”
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e Constraint condition 2. If there are “component” vertices around an unknown vertex, the vertex is assumed to
be a “component.” Next, it is determined whether the component intersects with the surrounding components.

If there is an intersection, the unknown vertex is “empty,” otherwise it is identified as a “component.”
The reconstruction process is divided into two steps:

1. Identifying the locations of the unknown vertices and the attributes of their edges. We first sort the values
in the attributions of all unknown vertices. We start with the unknown vertices that have the most
known adjacent vertices. For the processed unknown vertices, we assign an attribute and mark them as
a known vertex until the number of unknown vertices equals O.

2. Assigning attributions to unknown vertices. For the retrieved unknown vertex, we first determine whether it satis-
fies constraint condition 1. If it satisfies this condition, it can be directly marked as empty. Otherwise, the attrib-

utes of the unknown vertices are determined according to constraint condition 2.

5 | EXPERIMENT AND DISCUSSIONS

The experimental data used in this article are building images obtained from the crowdsourced data-sharing web-
site Flickr. These building images were taken and uploaded by volunteers through smartphones and smart cameras
without professional guidance, and they are taken according to the preferences of the volunteers. Therefore,
these images are stylistically diverse. Moreover, because volunteers have different shooting equipment and meth-
ods, the quality and resolution of the images also vary greatly. In this experiment, we randomly select build-
ing images without considering the area and equipment. In this progress, we also select images in the ECP2011
Haussmannian dataset, which has been used in other advanced methods. A method based on reinforcement learn-
ing of the shape grammar (Teboul et al., 2011) is used for comparison with the proposed graph-based method.
To determine whether the proposed method is acceptable compared to the advanced method, the ground-truth of

the selected images has been constructed by searching the corresponding architectural images in Google Street View.

5.1 | Result

First, geometric adjustment is needed, which includes the calculation of the minimum bounding rectangle (MBR)
and the position adjustment of the semantic entities (Liu, Zhang, Zhu, & Hoi, 2017). In this process, we do not limit
the window to the same size because the types of windows are different and windows on the same floor may be
different in size. The position adjustment contains two steps: (a) the balcony needs to be centered on a vertical
line with adjacent windows; and (b) when the same type of elevation member is on the same floor, its geometric
center must be on the horizontal line.

It is worth mentioning that in the facade reconstruction process we used different topologies to represent the

layouts of different types of semantic entities.

5.1.1 | Facades with regular structures

Symmetrical facades are the easiest to detect because their structures can easily be verified by the first-layer
layout graph mentioned in Section 4. Therefore, all the facades in Figure 11 have accurate reconstruction results.
Observe that windows are not constrained to a uniform size in the reconstructed image. As mentioned above, we
have considered the differences in the window types and sizes. In fact, this issue also makes the proposed method
susceptible to facade semantic segmentation.
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5.1.2 | Reconstruction of irregular facades

We select several irregular facades to test the effect of reconstruction (Figure 12). For example, Bld-5 and Bld-6
are asymmetrical facades that can be derived from the proposed first-layer layout graph. As seen from the recon-

structed image, the results are accurate. Bld-7 is a facade with alternating windows. This type of facade is difficult
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(a) (b) (c) (d)

FIGURE 11 Facades with regular structures: (a) Bld-1; (b) Bld-2; (c) Bld-3; and (d) Bld-4
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FIGURE 12 Some examples of irregular facades: (a) Bld-5; (b) Bld-6; and (c) Bld-7
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to reconstruct using past methods, such as the methods of Bao et al. (2013) and Shen et al. (2016). However, using

the proposed second-layer topological graph, each window is accurately reconstructed.

5.1.3 | Facades with occlusion

We also use the proposed method to test general facades with different occlusion conditions. Building occlusion
on a ground image is different from an aerial image (Zhou, Wang, Tao, Ye, & Wei, 2017). We cannot detect occlu-
sion by constructing the projective geometry. The method proposed in this article can correctly infer the occlusion
part on the ground building image. The layouts of the facades are different in Figure 13. In the search algorithm
of the first-layer layout graph, we deduce the layouts of the balconies and windows. Therefore, both of these fea-
tures can be well reconstructed. Second-layer graphs are also applicable to the reconstruction, which enables the

facade components to have neat arrangements and constrained topological relationships.

5.1.4 | Complex facades

Complex facades often appear because of their aesthetic structure. These facades usually have many windows
and complex structures. More importantly, it is difficult to obtain the complete structure with a hand-held camera.
As a result, occlusion and deletion always occur. We attempt to use the first-layer layout graph to search for the
proper layout of complex facades. The results show that the method still has good performance.

Moreover, we also infer the facade structure by using a grammar-based method. Although the grammar-based
method repairs the occluded windows, the time consumption is large. For Figure 14a, due to serious occlusion, the
grammar-based method cannot obtain the rules. Hence, the facade cannot be reconstructed.
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FIGURE 13 Facades with occlusion: (a) Bld-8; (b) Bld-9; (c) Bld-10; and (d) Bld-11
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5.2 | Discussion

5.2.1 | Performance of the proposed method

The advantages of the proposed method are described in Section 1. From the experimental results, this method
can realize parsing and automatic reconstruction of common facades (e.g., Figure 11), irregular facades (e.g.,
Figure 12), and heavily occluded facades (e.g., Figure 13). Moreover, this method is superior to the previous meth-
ods (Teboul et al., 2011) in terms of its accuracy (Table 1) and time performance (Table 2). These superior results
are mainly because the parsing of facade images is conducted according to the overall layout of the facades. The
essence of the first-layer layout graph is a global optimization process. In this process, we did not actually pay at-
tention to the specific locations of the components, which eliminates the influence of occlusions, shadows, and
deletions on the layout inference. The second layer is then mainly used to deal with irregular facades, such as that
in Figure 12c. In the constraints we set, we mainly consider frequently occurring phenomena. Therefore, the ir-

regular facades mentioned in this article are still in accordance with the principle of architectural form.

I TTE T ey

(a) (b) (c)

FIGURE 14 Complex facades from Flickr: (a) Bld-12; (b) Bld-13; and (c) Bld-14

TABLE 1 Comparison of the accuracy

Type
Regular Irregular Occlusion Complex
Method Bld-1 Bld-2 BIld-3 Blid-4 BId-5 BIld-6 BIld-7 BId-9 BId-13 Bld-14 Minimum

Proposed method 1.00 100 085 087 094 084 100 0.83 0.85 0.88 0.83

Grammar-based 100 100 085 090 0.86 0.80 0.7 0.77 0.80 0.7
method

TABLE 2 Mean time consumption

Mean computing time (s) Step time (s)
Proposed method 6 MBR calculation: 5.4
Applying constraints: 0.2
Type matching and EM: 0.2
Shape grammar-based method 15 Applying constraints: 0.5
Searching grammar: 0.5

Grammar parsing: 14
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FIGURE 15 Anexample from the ECP2011 Haussmannian dataset

We verify that the proposed method can realize layouts and reconstruct complex facades. In addition, we
compare the differences of the structure description between the proposed method and the grammar-based
method. We select two typical facades from the ECP2011 Haussmannian database. The facades within the data-
set have similar types of elements. For example, they all have rectangular windows, narrow balconies, and neat ar-
rangements. Note that this dataset is publicly available (Teboul et al., 2011). The grammar-based approach, which
was developed in works such as Tylecek and Sara (2010) and Hu et al. (2013), has been tested on this dataset.
Figure 15 shows two selected facades. The red rectangle represents the window, the green rectangle represents
the balcony, and the brown rectangle represents the door. These three types of semantic entities are the initial
components of ground-truth. The magenta rectangle in Figure 15a is the supplemented window that we deduced
via the proposed method.

Results of the grammar-based method
By using split grammar, the elements of Figure 15a have been divided into 166 elements as shown in the following
list:

roof |window|roof |window|roof |window|roof |window|roof |window|roof |wind
ow|roof |window|roof |window|roof|roof|wall..|window|wall |window|wall |wa
11 |balcony|balcony..|balcony|wall|balcony|wall|balcony|wall|balcony|wa
11 |wall]

We use six generic rules in the split grammar (Teboul et al., 2011). The rules we use are also counted, which yields
a total of 126 rules:

'facadewall->floor0Q|res facadeO', 'h', (0, 0, 403, 85)],
['res facadeO->floorl|res facadel', 'h', (0, 0, 403, 85)],

['res facadel6->floorl7|res facadel7', 'h', (519, 0, 403, 14)],

['floor2->roof|res floorO0', 'v', (85, 0, 403, 55)],

['res floorO->window|roof|res floor2', 'v', (85, 30, 24, 55)],
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Results of the proposed method

First, the facade layout in Figure 15a needs to be deduced using the first-layer layout graph. In the process of deduction
there is no proper layout in the first search. Therefore, the proposed algorithm in Section 4.1.3 is run to search for a
proper layout. The sequence is changed from {-1, 1, O} to {0}. The output graph can be described as G, = <V, E>, where:

v; (window, 7,23, 36)
V= 9)
v, (balcony, 7,23, 15)

E={e; (vy,null) =(d},.,0)} (10)

From the description above, the established graph is a briefer form for describing the facade than the result of

the grammar-based method. The accuracy of the reconstructed facade is shown in Table 1.

Evaluation

In Table 1, the accuracy of the proposed method is compared to the method of shape grammar based on rein-
forcement learning. We check the number and location of the reconstructed windows and compare them with
the actual facade (the ground-truth constructed through Google Street View). Google Street View can provide
multi-angle facade images of the buildings. First, we choose a facade image without occlusion by adjusting the
attributes of the angle and shooting time. Then, we make a geometric correction of the facade image, which is
consistent with the geometric correction of the VGI image. This ensures correct matching of the positions of the
semantic entities in the two images. Finally, the LabelMe annotation tool is used to manually annotate the semantic
information and generate the ground-truth in order to derive the accuracy.

For different types of facades, we compare the minimum precision values of the two methods (bold numbers in
Table 1). This comparison can more objectively reflect the robustness and accuracy of the two methods than the av-
erage accuracy. From Table 1, it is observed that the grammar-based method has a strong dependence on the style of
facade. For example, it cannot handle the facade of Bld-7 in Figure 12c. Moreover, the grammar-based method relies
more on the quality of the facades than our method. This is shown in Figure 15a, which is a facade without occlusion.
We can achieve the semantic reconstruction of the facade with the grammar-based method. Using the proposed
method, we can also deduce a complete facade model. However, there are some small errors in our results, for ex-
ample, the magenta windows do not exist in the original facade. This is because the original facade layout is sparse,
which does not meet the constraints we set. Therefore, we cannot achieve an accurate facade reconstruction. While
we believe adding a row of windows will make the facade more aesthetic, that is not the reality of the situation.

From the time consumption of the two methods (Figure 16, Table 2), the proposed method is more effective
than the grammar-based method in terms of global calculations. In terms of a step-by-step time representation,
both methods apply their respective constraints. However, the computational time of our constraints is less than
the corresponding times of grammar-based methods. In addition, grammar-based methods have more stringent
constraints, for example, the arrangement of the windows needs to be fixed. When searching for a proper layout,
we are concerned about three abnormal situations (facades with features that are alternating, severely occluded,
or inconsistent in size). Therefore, when dealing with abnormal facades, our method can find the optimal solution

very quickly. Most importantly, the solution space has been constrained by the topological correlation.

5.2.2 | Potential limitations of this method

The proposed method reconstructs a facade structure by verifying the rationality of the facade layout. In the
first layer, the facade layout is determined by the control function and the layout sequence. The second layer is
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FIGURE 16 Relationship between image size and time consumption

then used to reconstruct each semantic entity. Although the proposed method can deal with regular, irregular,
and complex facades, there are some potential constraints in the process. In the constraints we set, we mainly
consider phenomena that occur frequently. Therefore, the irregular facades mentioned in this article are still in
accordance with the principle of architectural form. In addition, our method can currently only handle a single
facade. In other words, we cannot reconstruct a building image with multiple facades. It should also be noted
that the ground-truth we use for evaluation is hand-marked. There may be some small errors, which is inevitable
because we cannot obtain the real value.

6 | CONCLUSIONS

A facade is a type of man-made object that has a regular arrangement. In this article, we explored the geometric
and topological consistencies in the arrangement of facade components. We proposed a novel method to parse
facade images and reconstruct facades. According to the principle of architectural form, the overall layout of a
facade is constrained by the control function. Thus, we can deduce and reconstruct a complete facade according
to the hierarchical layout graph. The proposed method improved some of the problems with traditional methods
of facade parsing:

1. Traditional methods have poor robustness due to the influence of the architectural style and image size
when using an inferred grammar. Because the proposed method analyses the facade from the overall
layout, it is not sensitive to noise, occlusions, or shadows.

2. The size of the image cannot influence the calculation time when deducing a layout graph, as we set a reason-
able threshold to restrict the spacing distance between components.

3. This method has a strong adaptability when inferring the different styles and complex facades.

In addition, the use of a topological graph makes storing the layout features of the facade easier. This benefit
will help us build a large-scale database of the building facade models. In future work, we will use OpenStreetMap
to store the building facade information in the covered area. Furthermore, the facade layout graph can be trans-

lated into CityGML form (Groger & Pliimer, 2012), which can help to achieve a large-scale 3D city model.
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NOTE

1A Haussmannian building is a kind of typical Paris architecture. Teboul et al. (2011) have constructed a dataset of
ECP2011 which consists of 104 annotated images of Haussmannian buildings in Paris.
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