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Abstract. In this paper we present a novel two-stage framework for ex-
tracting what we define as a quasi-regular structure in facade images. A
quasi-regular structure is an irregular rectangular grid representing the
placements of repetitive structural architecture objects, e.g., windows, in
a facade. Such a structure generalizes a perfect lattice structure gener-
ated by the 2D symmetry groups, studied by the previous work. First, we
propose to formulate the quasi-regular structure detection in an object-
oriented Marked Point Process framework by treating the architectural
elements as objects. This leads to an initial quasi-regular structure map
which serves as an indicator map of potential object locations. Then, we
propose a regularization scheme to recover the complete quasi-regular
structures from the initial incomplete structure. This stage takes advan-
tage of the intrinsic low rank constraint of the quasi-regular structure
representing a regularized facade. By applying such a regularization, the
complete quasi-regular facade structure is obtained. We have extensively
tested our method on a large variety of facade images, and demonstrated
both the effectiveness and the robustness of our two-stage framework.

1 Introduction

Facade image analysis has become a very active field in the Computer Vision
community over the last few years. A crucial step of this analysis is to extract
repetitive structures in facade images, as they exhibit the potential layout of
the building facade. Such receptive structures can assist structural elements de-
tection with precise geometries and texture information for detailed 3D facade
modeling in large scan urban reconstruction [7].

Although numerous methods have been proposed [1, 2, 4, 6, 8, 13, 16, 22, 28],
it is still challenging to detect facade structures due to several limitations: (1)
Facade structures exist in a large range, from a simple lattice defined by sym-
metry groups to various specific layouts belonging to particular building styles.
Less work has been done to tackle the structure extraction in unified way; (2)
Some methods utilize directly the facade segmentation to analyze the facade
structure. However, since these segmentations are often highly corrupted by se-
vere occlusions, significant noise and large illumination variations, the results are
not robust; (3) In some methods, in order to analyse the facades, windows are
modeled with too specific assumptions, which limit their uses. For example, edge
models are efficient in modern buildings yet may not be suitable for facades with
large occlusions from overhanging structures such as balconies. Such limitations
prevent the use of facade structure analysis in real urban modeling applications.
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To address the above-mentioned limitations, we present a two-stage facade
structure extraction framework. Our contributions are:

– A quasi-regular structure that generalizes the perfect lattice structures, and
yet pertains the intrinsic low rank constraints, nicely subject to efficient
optimization for the structure recovery.

– A window detection method using a novel object-oriented marked point pro-
cess model. By treating the windows as geometric objects in the structure
detection stage, our method is more stable against pixel-wise noise.

– An efficient regularization that enforces the intrinsic low rank constraints of
the quasi-regular structures to recover the complete facade structures.

Related Work There are two classes of methods that address the repetitive
structure extraction problem: low-level detection based on various features and
high-level parsing based on grammars and matrix. The low-level approaches
mainly focus on discovering repetitive patterns along vertical and horizontal di-
rections based on various features, thus obtain a regular layout of the facade
image. On the contrary, high-level approaches impose strong prior constraints
on the structural regularity in facade images and then validate the proposed
layout through the low-level image cues. Note that the high-level methods actu-
ally indirectly address the structure extraction problem by simply connect the
neighboring parsed objects. These two types of methods usually differ in terms
of their expressive power and scalability.

Low-level approaches measure similarity of different elements in the facade
images by local features, e.g edge features [1] and line feature [2] (refer to [27]
for a systematic survey). Park et al. [6] extracted three types of features and
then made use of their complementarity to group them and obtained a com-
plete lattice. To further improve the robustness of detection, Zhao and Quan [8]
used transform space voting technique to extract lattice structures from facade
images. These methods all rely heavily on local features, thus they are sensi-
tive to occlusion and noise. In contrast, our method is robust enough to handle
relatively large occlusions by using the high-level matrix rank constraint.

There are two classes of high-level approach: grammar-based parsing and
matrix-based parsing. On the one hand, grammar-based methods represent fa-
cades by using a set of basic shapes and user-defined rules. Alegre et al. [4]
proposed the first solution to facade structure interpretation based on proba-
bilistic context-free grammar. Similar to [4] Ripperda et al [20] used reversible
jump Markov Chain Monte Carlo (rjMCMC) to optimize the defined probabilis-
tic context-free grammar. Recently, Teboul et al. [3] developed a facade parsing
system based on the 2D split grammar and obtained excellent results on Hauss-
mannian buildings. The major limitation of these grammar-based methods is
that they need users to design the domain specific rules. Moreover these meth-
ods are often computationally heavy. Comparably, our method only uses the
grid pattern assumption to extract the repetitive structures in different build-
ing styles without user-defined grammars and is straightforward. On the other
hand, the emerging matrix-based method [22] provided a novel perspective to
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(a) (b) (c) (d)

Fig. 1. Examples of regular structure and quasi-regular structure in facade images;
(a) and (b), regular facade and its structure; (c) and (d), quasi-regular facade and its
structure.

view the facade parsing problem and formulated the parsing problem into a ma-
trix approximation problem. Our method presented in structure regularization
stage follows closely with [22] but is superior to it in two ways: (1) We impose
the rank one constraint in initial structure map (see Figure 2(c)) instead of the
wall/non-wall segmentation map (see Figure 2 (b)). The reason is that directly
use of rank constraint in high noisy and inconsistent segmentation map may lead
to inpredicable results. (2) [22] cannot handle non-rectangular windows since the
segmentation map, when treated as a matrix, is not rank one anymore. As we use
rectangles to approximate windows in structure detection stage, we can extract
structures from windows with arbitrary shapes.

2 Quasi-Regular Structure Extraction

In this section, we first define the quasi-regular structure extraction problem and
then give an overview of our extraction method. Quasi-Regular Structure is a
pattern of straight lines that cross each other and form different sized rectan-
gules, see Figure 1 (c) and (d). It is more general than a lattice (formed by same
sized rectangles), see Figure 1 (a) and (b). Therefore, such general grid structure
can represent large varieties of window patterns in building facades. Our goal is
to find a set of rectangular window nodes to construct underlying quasi-regular
structure.

Often, the facade data, images or 3D scans, suffer from significant noise,
severe occlusion and distortion. In order to extract the structure from highly
corrupted data, we propose a framework that consists of two stages: structure
detection stage and structure regularization stage. In the structure detection
stage, we try to find the potential window rectangles based on facade data.
Then in the subsequent structure regularization stage, we enforce a global reg-
ularity constraint on the detected window rectangles to get the final structure.
A complete example illustrating our framework is shown in Figure 2.
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(a) (b) (c) (d) (e)

Fig. 2. Our Method consists of two steps: structure detection and structure regular-
ization. (a) the original facade image; (b) wall/non-wall segmentation map input; (c)
initial structure map obtained by detecting potential window rectangles with marked
point process model; (d) complete structure map after structure regularization by using
low rank constraint; (e) final extracted quasi-regular structure on the original image.

3 Structure Detection

Recognizing windows from facade data is a hard inverse problem in computer
vision because the input data is often highly corrupted. We thus take a proba-
bilistic approach to solve such problem.

Inspired by the work of [29, 5], we use the marked point process model to
extract window rectangles from the segmentation map by fitting rectangles. The
marked point process model gives an object-oriented approach by allowing to
model both geometric object (shape) and object interactions (object layout) at
the same time. In our context, we need to model rectangular windows in 2D fa-
cades respecting the object evidence in facade data and the spatial topology. The
window spatial arrangement relationship can be considered object interactions.
Such interactions can include horizontal and vertical alignment, as well as non-
overlapping and not being too close to facade borders requirements. The window
positions are sampled from the facade space and a window rectangle proposal
can be set up by placing a rectangle centered at these positions. Then such a
proposal is evaluated by considering both the window likelihood computed from
the segmentation map and the spatial relationship. Thus the structure detection
problem is transformed into the problem of finding the optimal window rectangle
configuration X over 2D facade as a set of rectangles {x0, . . ., xn−1} (see Figure
3 (a)).

By using marked point process model, we now define structural window rect-
angle detection problem and give the solution in an energy minimization frame-
work. Let {x0, . . ., xn−1} denote n rectangles configuration X in a 2D image,
we can define the energy function U(X) for penalizing improper configurations
which violate data observation and rectangles layout (grid in our context) with
large values. Thus this energy function includes the data term Udata(X) repre-
senting data likelihood and the interaction term Uinter(X) enforcing the object
grid layout and non-overlapping constraints (see Equation 1). The data term is
the sum of individual data term UD among all rectangles. The interaction term
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(a) (b) (c)

Fig. 3. Modeling the window rectangle configurations, please zoom in for details; (a)
marked point process for structure extraction; the optimal configuration is in green.
(b) window rectangle interactions; (c) definition of window rectangle horizontal and
vertical neighbours;

consists of four components including the attraction term UA, repulsion term
UR, overlapping penalization UO and image border clearance term UB .

U(X) = Udata(X) + Uinter(X)
=
∑
xi∈X UD(xi) + UO(X) +

∑
xi∈X (UA(xi) + UR(xi) + UB(xi))

(1)

Next we describe more details on each of the items.

Data Term Udata We use the facade wall/non-wall segmentation map to compute
the data term. It is the sum of individual window likelihood energy UD among
all window rectangles. Given a window rectangle xi parametrized by position
(x, y) and size (w, h), we sum up all the pixel values inside the rectangle over
the segmentation map. Then we divide the sum by the rectangle size to obtain
a window likelihood ratio ri. With this ratio and a threshold T , we define the
individual window likelihood energy UD as follows:

UD(xi) =

{
1− θ×(ri/T )2 if ri < T
−(ri/T )2 if ri ≥ T

(2)

Interaction Term Uinter The interaction term consists of four components based
on different considerations (see Figure 3 (b)). The attraction term UA favors
neighbouring rectangles according to horizontal and vertical alignment. For each
rectangle xi parametrized by size (width for width, height for height), the at-
traction term is defined with its closest horizontal neighbour xh and its closest
vertical neighbour xv.
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UA(xi) = Uah(xi, xh) + Uav(xi, xv)
= −αe(−‖δyh/height‖) − βe(‖δxv/width‖) (3)

δyh is the vertical distance between horizontal neighbours, δxv is the horizontal
distance between vertical neighbours (see Figure 3 (c) for details), α and β are
the weighting coefficients.

The repulsion term UR prevents rectangles from being too close. We set
two variable thresholds for horizontal distance (tx) and vertical distance (ty)
between rectangles. These two thresholds are designed for handling different
window spacings in various facade styles. And the repulsion item is defined on
the closest neighbour of xi.

UR(xi) =

{
0 if δx > tx and δy > ty .
E0 otherwise

(4)

δx and δy are horizontal and vertical distances between neighbours correspond-
ingly. E0 is a positive number.

The overlapping term UO (see Equation 5) is computed on the overlapping
count number N . E1 is a positive number for penalty. The border clearance term
UB prohibits rectangles being too close to the facade border.

UO(X) = E1N. (5)

UB(xi) =

{
0 if (x,y)∈[w,W − w]×[h,H − h].
E2 otherwise

(6)

w and h are minimal horizontal and vertical border distances to windows re-
spectively. W and H are facade size in width and height respectively. E2 is a
positive number for penalty.

By minimizing the energy function, we obtain the optimal set of rectangles,
X∗ = argmax

X
U(X), which constitute the desired initial structure.

Optimization We use the Monte Carlo sampler for the structure optimization.
At each iteration, we perturb the current configuration by adding rectangles
or removing rectangles. The new configuration is accepted or denied using the
Hasting-Metropolis algorithm. Because the speed of the algorithm is critical in
facade structure analysis (it should converge in a reasonable time.), we do several
customizations. In the birth move, we modify the rectangle in a small neighbour-
hood and change its size to become a locally optimized rectangle. Near the end
of the optimization process, we apply add-birth-in-the-grid-neighbourhood move
to add missing rectangles. In addition, we set the sampler at very low temper-
ature to further speed up. The extracted rectangle configuration may be sub
optimal (see Figure 2(c)). We will apply a structure regularization process to
fully recover the irregular structure from the initial structure map formed by
the extracted rectangles (see Figure 2(c)) in section 4.
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(a) (b) (c) (d)

Fig. 4. Structure completion by direct grid completion (a-b) and by rank one reg-
ularization (c-d). black rectangles represent window rectangles; (a) grid completion
by direct rectangle connection on the structure map; (b) grid completion result on
original facade; (c) rank one regularization from initial structure map; (d) structure
regularization result on original facade.

4 Structure Regularization

In this section, our goal is to correct and complete the initial structure. A
straightforward structure completion solution can be connecting neighboring
rectangles and counting numbers of window rectangle in each row and column
respectively. Then the full structure is recovered by aligning rectangle positions
and averaging the rectangle sizes. However, this method is prone to failure if the
number of windows is largely inconsistent between different floors (See Figure 4
(a) and (b) for example). Thus a more powerful regularization method is needed.
We advocate using the rank one constraint (see Figure 4 (c) and (d)).

Rank-One Constraint for Structure Completion It is observed that the
quasi-regular structure (see Figure 1 (b)) has an intrinsic low-rank structure [9,
22]. Moreover, if we use a bounding box to represent arbitrary shaped windows,
the resulting pattern (see Figure 1 (c)), when treated as a matrix, is in fact
rank one. Based on this observation, we can add a rank one constraint to the
recovered structure map, i.e if we treat the initial structure map as a 0-1 matrix
D ∈ Rm×n, where the entry is equal to 1 if it belongs to the window region
in the initial structure map and 0 otherwise, we can find the rank one matrix
A ∈ Rm×n, such that the discrepancy between A and D, denoted by E ∈ Rm×n,
is as sparse as possible, leading to the following constrained optimization:

min
E
‖ E ‖1, subject to D = A+ E, rank(A) = 1, (7)

where ‖ · ‖1 denotes the l1-norm of a matrix (i.e., the sum of the absolute values
of matrix entries). The partial augmented Lagrangian function of (7) can then
be defined as:

L(A,E, Y, µ) = ‖ E ‖∗ + < Y,D −A− E >

+
µ

2
‖ D −A− E ‖2F

where µ is a positive scalar, and Y is the Langrange Multiplier. In order to solve
this problem efficiently, we apply the Inexact ALM approach [10] to alternately
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update E and A. In each iteration, we use the corresponding soft thresholding
operator [21] to update E, and enforce the rank one constraint every time we
update A. To implement the rank one constraint, we use the algorithm presented
in [22]. To be more specific, we first obtain the Singular Value Decomposition of
A, i.e A = USV

′
, then select the largest singular value σ1, and its corresponding

column vectors u1, v1 of U and V , update A as A = u1σ1v
′

1 in each iteration;
see [10, 11, 22] for more algorithmic details.

Final Structure Extraction The output from the structure regularization is
a clean complete structure map with a consistent grid pattern window rectangle
configuration and can be treated as a rough facade parsing result (see Figure 2
(d)). By extracting and connecting the centers of window rectangles, we obtain
the final quasi-regular structure (see Figure 2 (e)).

5 Experiment

We evaluated our method in terms of detection efficiency and robustness on
various facade images with different window grid structures. These images are
acquired by ourselves in Paris or downloaded from the Internet and rectified by
using the method in [9]. Some representative results are shown in Figure 5. In
addition, we show comparison results on images from [3] and [8] in Figure 6.

(a) (b) (c)

(d) (e) (f)

Fig. 5. Various quasi-regular structures extracted by our method. (a) Elliptical Win-
dow Facade; (b), (c) and (d) Facades under occlusion and with illumination variations;
(e) and (f) Haussmannian facades with significant balcony occlusions over windows.
The dormer windows on the roof are rather arbitrary, see (f) for example, we therefore
treat them separately in our current system.
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Detection efficiency The main computation bottleneck is the structure de-
tection stage since the rank one regularization can be done very fast (i.e < 3
seconds). The running time of the MCMC optimization in the structure detec-
tion stage depends on three factors: the window size, the number of windows and
the image size. The window size is specified as the width and height range pa-
rameters in our system. The larger the range, the longer the computation time.
The second factor, the window count number, is related to the facade type and
determined in run time. The third factor greatly affects the detection efficiency
because it defines the window rectangle searching space. Assume that the rectan-
gle width is in the range of (Lmin, Lmax) and the rectangle height is in the range
of (Hmin, Hmax), and 2D facade image is M by N , the searching space for the
rectangles is denoted by S = [0,M − 1]×[0, N − 1]×[Lmin, Lmax]×[Hmin, Hmax]
if the window rectangles are uniformly sampled on the facade. To make the
proposed method more scalable and computationally efficient, we utilize small
number of feature points located around windows to guide the rectangle position
sampling in the structure detection stage. In our implementation, we use clus-
tered FAST feature points [14] by Normalized Cross Correlation (NCC) because
the are scalable to the image size. For a typical 500×500 image with window
width in [40, 60] range and window height in [60, 100] range, the overall running
time is less than 1 minute for 1000 iterations, allowing interactive facade mod-
eling in a reasonable time.

Robustness In our framework, we use object-oriented detection based on both
low-level features and high-level matrix constraint. Thus our method can handle
significant occlusions and illumination changes. Notice that the image in Figure
5 (c), the bottom row of windows are severely occluded by a billboard; windows
in Figure 5 (b) and (d) are occluded by vegetation, and windows in Figure 5 (c)
and (d) have different light condition from windows in the bottom two rows etc.
The results show that our method is robust and able to handle such challenges
and recovers the right structure.

Comparative results We also performed extensive comparison between the
proposed method and the other state-of-art algorithms. Only some of them are
shown in Figure 6.

When compared with symmetry detection based methods, our method can
detect more general and complete structures (see Figure 6 (a)), while the method
proposed by Zhao et al.[8] only extracts a partial structure due to the severe
occlusion and tends to separate the irregular structures into small pieces of
lattice (Figure 6 (b)).

In comparison with grammar based facade parsing methods (see Figure 6
(c) and (d)), our method can extract the same structure without user-defined
specific grammars (Please note that the roofs on Parisian buildings are treated
separately outside the structure extraction in our system with a roof detector by
using color and edge characteristics). We consider that the grid pattern used in
our framework is equivalent to split grammar based facade typology used in [3].
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(a) (b) (c) (d)

Fig. 6. Comparison. (a),(c) Our results; (b) results of Zhao et al.[8]; (d) results of
grammar-based facade parsing method [3]. Note that the roofs on the Parisian buildings
are treated separately from structure extraction in our system;

Facades with different number of windows in different floors are not treated as
quasi-regular structures, but incomplete structures. Processing such structures
using our method may give missing or false positive windows. Grammar-based
methods [24] can be helpful in addressing such a problem but involve more
specific rules and much higher computation time.

Since the complete structure map obtained after the regularization stage can
be treated as the facade parsing result (See Figure 2 (d)), our method can be
compared with facade parsing works. Figure 7 shows the comparison between
the method of Yang et al. [22] and ours. Both methods use rank-one contraint.
However, because we apply the rank-one constraint on the structure map instead
of the segmentation map directly, we achieve better result (see Figure 7 (c) and
(d)). In terms of true positive window pixel rate, our method achieves 91.2%,
while their method achieves only 65.1%. For facade images with significant cor-
ruption, the result from [22] are unacceptable (see Figure 8(a)). Further, we can
exploit the extracted structure information to segment the repetitive objects by
using techniques like [23] and [25], then further refine our initial parsing result.
In this way, we can even handle the non-rectangular repetitive objects parsing
problem as shown in Figure 8.

Applications in facade modeling Our structure extraction framework is
very promising for complete facade modeling. By knowing the window structure
and window shape prior, we can use the color information to estimate the rough
sizes of windows. We can then explore the edge information to refine the window
geometries so that windows can be detected perfectly in facade image by using
similar techniques as in [23]. Figure 9 (b) and (c) show an example of a simplified
3D facade model with window structure extracted by using our method.

Limitations Our method relies on the wall/non-wall segmentation. If the seg-
mentation is corrupted completely in a floor or column in the facade image, it
is not possible to recover the windows unless the higher level building typology
information is reinforced.
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(a) (b) (c) (d)

Fig. 7. Facade parsing comparison with [22]. Blue rectangles represent windows. (a)
and (b) show the parsing result of [22] and the result projected on the original image
respectively. (c) and (d) present our results. Note that [22] applied rank one constraint
on wall/non-wall segmentation map (Figure 2 (b)), while our method use rank one
constraint on initial structure map (Figure 2 (c));

(a) (b) (c) (d)

Fig. 8. Facade parsing with non-rectangular windows. The parsing result (d) is ob-
tained in 2 steps: (1) Given the extracted structure (a), we crop image patches around
each node of this structure and apply contour-based elliptical detector [32] to obtain
the result in (b). (2) Average all detected ellipses with the median displacements and
minimal sizes, and propagate the averaged ellipse over the structure, and the result is
shown in (c). Note that ellipse detections at some positions on the structure are not
valid so the number of ellipses does not correspond to number of windows shown on
(b)

.

(a) (b) (c)

Fig. 9. Applications in Facade Modeling: (a) Extracted structure using our method;
(b) 3D mesh model (dormer windows and doors are added separately); (c) Textured
facade model;
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6 Conclusion and Future work

We have presented a novel two-stage framework to extract quasi-regular struc-
tures from building facade images. In the structure detection stage, we treat the
window detection problem at the object level and formulate it under the marked
point process model, thus we can effectively locate potential windows. By further
integrating the high-level rank one constraint in the regularization stage, more
general structures, rather than lattices, are extracted even under severe occlu-
sion. Extensive experiments and comparisons show that the proposed method
can efficiently and accurately extract the quasi-regular structures.

In our current framework, we only use low-level hue feature. It is interesting
to exploit other low-level cues, such as depth information, edge information,
into our model for further boosting performance. Moreover, we shall further
investigate multiple-grid window pattern detection in building facades. We leave
these as our future work.
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