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' 1. Background

Existing Single-image piecewise planar reconstruction (including
geometry and learning— based) methods frequently fail to obtain
reliable results on complex building structures (e.g., with
different neighboring planes having small depths and similar
appearances), or lack robustness owing to unreliable
assumptions (e.g., a fixed number of planes) or coarse-grained
geometric priors (e.g., two planes being either parallel or

orthogonal).
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' 1. Background

An interactive strategy in which visual tasks are handled with user
inputs has demonstrated its effectiveness in alleviating the processing
difficulty of many visual tasks, such as image segmentation and object
detection. However, there are no such studies in the literature that use
such an interactive strategy for a single-image piecewise planar
reconstruction task, and the main challenges include (1) how to
interactively annotate the planar regions corresponding to the
component planes of a building with high accuracy and (2) how to

reliably reconstruct the corresponding planes for the annotated regions.
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' 1. Background

To address the aforementioned problems, we propose an active single-
Image piecewise planar reconstruction (ASPPR) method by jointly
utilizing the advantages of both automatic (including geometry and
learning-based methods) and interactive methods.

(1) Geometry-based methods. Different geometric priors (e.g., plane
orientation) are adopted to automatically infer the planes corresponding
to planar regions in an image.

(2) Learning-based methods. Specified geometric priors such as the
Intersection angle between planes are learned using a CNN to improve
the reliability and efficiency of a piecewise planar reconstruction.

(3) Interactive operations. Minimal user inputs are provided to guide the
automatic methods in producing reliable results.
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' 2. Methodology

In an image, each polygonal region typically corresponds to
a building plane, and its component edge is frequently
associated with the following local structures:

(1) Double plane: Specific angles (i.e., 90° ) or occlusions
occur between two planes.

(2) Single plane: A plane is adjacent to a non-plane (e.g., sky

and tree) or self-occlusions occur in a building.
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' 2. Methodology

The following three patch-based CNNs are constructed using an
Improved ResNet-34 with the ResNet2 module to detect the geometric
priors corresponding to single or double structures where the associated
planes are denoted as H,; and/or H,.

(1) A-GP: Angles (i.e., 0° , 45° , 90° , and 135° ) and occlusions
(including occluding structures with double and single planes) are
detected between planes H; and H,.

(2) C-GP: Corners (i.e., convex and concave) constructed by planes H,
and H, are detected.

(3) O-GP: Orientations (i.e., frontal, right-facing, and left-facing) of planes

H, and/or H, with respect to the camera are detected.
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' 2. Methodology

Based on geometric priors, as shown in Figure 1, the proposed ASPPR
method comprises four main components: interactive region partitioning,

automatic plane inference, interactive plane maodification, and automatic

plane optimization.

Interactive Region Automatic Flane Interactive Plane Automatic Plane
Partitioning Inference IIodification Optimization
Aninput | , |Interactively partiti Globally optimize pl Flecewise
ractive 1o : : : obally optimize planes
1 npy [D L }F_p _ ) Automatically infer o Interactively correct ) _ ol : _p o planar
toaielie building regions mto , : : by incorporating image
_ planes m a planes using click _ structures
polygonal sub-regions : : cues and geometric
_ _ Progressiv e ranner cotrelations. _
using clicks priors.

Figure 1. Flowchart of the proposed ASPPR method.
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' 2. Methodology

(1) Interactive region partitioning.

To reconstruct each component plane of a building, the corresponding
polygonal region is first annotated by continuously clicking on its
potential vertices. For an initial edge x of the annotated polygonal
region, its slope is first updated using three constraints:

(A) Constraints constructed using an automatically detected line
segment, the slope of edge x is replaced with that of an automatically
detected line segment y when the following condition is met:

P(x,y) = (d(x,y) < ki) AG(x,y) < ky) A(L(y) > k3)

where d(x,y) and 5(x,y) denote the average distance and the
difference in slope angle between edge x and line segment vy,
respectively; [(y) denotes the length of line segment y.
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' 2. Methodology

(B) For constraints constructed by two parallel edges, when edges x and
y belong to the same polygonal region, the slope of edge x is replaced
with that of edge y when 5(x,y) <k, and P(4,y) > P(4,x), where
P(A, x) (the same holds for P(4, y)) is defined as follows::

P(4,x) = P(A|x) - P(x)

Here, P(A|x) is the output probability of the A-GP CNN, and P(x) is

defined as ~ Yiez6(d(i, %) < ky)
P(x) = =
[(x)

where Z denotes the points detected using the HED edge detection
method, and 6(+) is equal to 1 when the input condition is true, and is O

otherwise.
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' 2. Methodology

(C) For constraints constructed with geometric consistency, when edges
x and y belong to different polygonal regions, the slope of edge x is
replaced with that of edge y when d(x,y) < k; is met and edge y has
been corrected.

After updating the slopes of all initial edges of the annotated polygonal
region, the lines that the initial edges lie on are computed based on their
mid-points and new slopes. Furthermore, the resulting lines intersect
each other to construct a new polygonal region and replace the

annotated polygonal region.
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' 2. Methodology

(2) Automatic plane inference.

For a polygonal region produced through interactive region partitioning, each of
its edges is associated with single or double plane structures, and the planes can
be automatically inferred using the constraints constructed using the related
geometric priors. To this end, the following criterion is defined to measure the
overall reliability of the geometric priors of a vertical edge:

M) =1 —-x) RN + k- AN, 0))
The orientation consistency R(N;) is defined as follows:
R(Nl) = exp (_max(<NlL; NlL>; (NZR; NlR>))

where (x, y) denotes the intersection angle between orientations x and y, and
N} and N} (the orientations of planes H;) are obtained by computing the
direction perpendicular to two vanishing directions produced using the edges of
the current polygonal region and the O-GP CNN, respectively.
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' 2. Methodology

The angle consistency A(N;, 6;) is defined as follows:

AN, 6)) = {exp(—|(NlL, NRy—6,) [NLNE] = A,
0 otherwise

where 8, and 4, denote the learned angle and corner between planes Hf and
HE, respectively, and [N}, N}?| denotes the corner computed according to the
orientations N} and Nf.

According to the defined M (1), the geometric priors of a vertical edge [ are
considered reliable when the corresponding M(l) value is larger than a pre-
defined threshold 6. Then, starting from the reliable vertical edge [, the planes
corresponding to its left and right neighboring vertical edges (denoted as
vertical edges [_ and [, ) are inferred using their associated geometric priors.
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) 2. Methodology

As indicated in Algorithm 1, we take vertical edge [_ as an example to describe
the process of the plane inference (the same holds for vertical edges [.).

Algorithm 1. Geometric prior-based plane inference

Input: Planes associated with seed vertical edge L.

Output: Planes associated with vertical edge I_ on the left side of vertical edge L.
Initialization: Plane set M = null.

1: For vertical edge 1_:

2: HR® = H! and HY = null

3: IF @, isreliable:

4: IF N} is reliable: Compute Hf and update A, using 8; and N} , and Goto 8.

5. IF A,_is reliable: Compute Hf and update N} using 8, and A, , and Goto 8.

6: ELSE:

7: IF [N} ,N}]=A,_: Update 8, using (N} ,N} ), and Goto 3.

8. IF H} =+ null and the occlusion is invalid for double plane structures:

9: Save H} and Hf to m.

10: IF M(1) > 0: Set vertical edge L_ to the current seed vertical edge [, and Goto 1.
11: ELSE:

12: Save Hf to M.

13: Select a new seed vertical edge as the current seed vertical edge I, and Goto 1.
14: Output plane set M.
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' 2. Methodology

(3) Interactive plane modification.

false planes produced through automatic plane inference are interactively
corrected using a plane modification method with minimal user cost. To this end,
three types of interactive manners based on click correlations (called IPM-1, IPM-
2, and IPM-3) are defined as follows.

(A) IPM-1 indicates increasing (or decreasing) the depth of a plane by conducting
different types of clicks at the center of the current polygonal region.

(B) IPM-2 indicates the setting of two planes to the same plane by conducting
different types of clicks at the centers of the polygonal regions corresponding to
the current and changed planes, respectively.

(C) IPM-3 indicates a clockwise (or anticlockwise) change in the orientation of a
plane with a pre-specified interval by conducting different types of clicks at the
centers of the polygonal regions corresponding to the current and reference
planes, respectively.
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' 2. Methodology

(4) Automatic plane optimization.

A global plane optimization method that incorporates image cues and
geometric priors is utilized to improve the reconstruction accuracy of
piecewise planar structures. Letting R denote the set of polygonal
regions, to assign the optimal plane to each polygonal region, the plane
IS optimized by minimizing the following cost function.

E(}[)=zE(}[r)+a- 2 E(#,s)+B- z E(H, )

reR SEN(T) SEN(T)
where H, and H,s denote the current plane assigned to polygonal
region r and two planes corresponding to two neighboring polygonal

regions r and s, N(r) is the set of polygonal regions neighboring to
polygonal region r.
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' 2. Methodology

The unary potential encodes the depth and orientation prior of the current

plane H;, assigned to polygonal region r, and is defined as.

E(}[r) = (1 - P) ) V(nr' ﬁr) +p- D(}[r)

where n,. and n,. denote the orientation of plane #, and the orientation
perpendicular to two vanishing directions produced using the edges of
polygonal region r, respectively, and p is the weight used to balance
the orientation prior V(n,, n,.) and depth prior D(#,), in which V(x,y)
denotes the difference between orientations x and y, and D(H,) is

computed according to the following three cases:
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' 2. Methodology

Case [: Polygonal region r is adjacent to the ground, and D(H,) is

defined as. N
d ST
(7)) =tanh< (oo d"’*’th))
HPR
where [} ,::om 1S the bottom edge of polygonal region r; lfgpth IS the

line segment generated according to the depth of plane H, (i.e., an
unreasonable depth will generate a line segment deviating from the
edge 1} ,¢t0m); Hpr is the maximum height of the polygonal regions in
R; and the output values are normalized through a tanh function (the

same as below).



Science China Information Sciences

' 2. Methodology

Case II: Polygonal region r is adjacent to a polygonal region s that is
corrected to a reliable plane H, through interactive plane modification, and
D(H,) is defined as.

D(H,) = tanh (d(Lg LS))

S

where L, and L denote the 3D line segments produced by back-projecting
the shared edge to planes #, and X, respectively, and D, denotes the
average depth value of the points on the 3D line segment L.

Case lll: Polygonal region r is not adjacent to the ground or the polygonal
region described in Case Il, and D(#,) is computed using the method in
Case Il when one neighbor of polygonal region r is assigned a reliable

plane measured through M(1).
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' 2. Methodology

The first pairwise potential encodes the angle regularization between two
neighboring planes and is defined as

~ tanh({H,, H) —A4,,|) (H, H,) ¢ A
E(H — rJts m rJls
(755 { 0 otherwise

where A and A,, € A denote pre-defined angles (Section 3.2) and the angle
having the largest difference with angle (H.,.|H,), respectively.

The second pairwise potential encodes the appearance regularization between
two neighboring polygonal regions, and is defined as

R S GP(H, H.) H,+H
E 7_[ — — T S T S
(365) { 0 otherwise

where S_GP(H,, H,) denotes the output probability of the S-GP CNN where the
two patches on both sides of the shared edge between polygonal regions r and
s are extracted and taken as inputs.
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' 2. Methodology

To reliably solve E(H), the candidate planes used are produced by
augmenting the plane obtained through automatic plane inference and
Interactive plane modification in an automatic manner based on the
principle of IPM-1 and IPM-3 (i.e., rotating a plane at the pre-defined
angles to produce new planes). Finally, starting from the polygonal
regions described in Cases | and Il, the cooperative optimization method
Is applied to solve E(H). In our experiments, a suboptimal solution can

be obtained after 3-5 iterations.
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' 3. Experiments

During the experiments, three datasets of buildings in which planar
structures dominate were employed for the evaluation, the details of
which are as follows:

(1) LUND dataset!ll: Alcatraz courtyard (AC, 1936X1296 image
resolution) and UWO (1936 X 1296 image resolution).

(2) CASIA datasetl?: Tsinghua school (TS, 4368X2912 image
resolution) and life science building (LSB, 102 4368X2912 image
resolution).

(3) Our dataset: City building (CITY, 1224 X 1848 image resolution).

[1] LUND datasets. Accessed: Sep. 2021.[Online]. Available:
https://www1.maths.Ith.se/matematikith/personal/calle/dataset/dataset.html.
[2] CASIA datasets. Accessed: Sep. 2021. [Online]. Available: http://vision.ia.ac.cn/data.
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' 3. Experiments

Five criteria are used to evaluate the accuracy of the reconstructed planes.

(1) Number of reliable planar regions (NR): For a reconstructed plane, the
corresponding image region (i.e., planar region) is considered reliable when the
IOU (Intersection over Union) value with respect to the ground-truth planar
region is larger than the pre-specified 0.5.

(2) Number of reliably reconstructed planes (NP): A reconstructed plane is
considered reliable when the corresponding mean of the differences in plane
parameters is smaller than the pre-specified 0.6.

(3) Average accuracy of planar regions (AR): The average value of all NR/GTR
(where GTR denotes the number of ground truth planar regions) values
corresponding to all images.

(4) Average accuracy of reconstructed planes (AP): The average of all NP/GTP
(where GTP denotes the number of ground truth planes) values corresponding
to all images.

(5) Number of interactive plane modifications (NI): The number of interactions
(i.e., IPM-1, IPM-2, and IPM-3) used in interactive plane modification.
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' 3. Experiments

Figure 2. Example of ASPPR. From left to right: input image; interactively

partitioned polygonal regions using clicks (green squares); automatically
inferred planes; interactively corrected planes using click correlations (IPM-2);
one view of the corrected planes; another view of the corrected planes; globally

optimized planes (different colors denote different planes).



Science China Information Sciences

' 3. Experiments

Table 1 (ASPPR-I, a variation of ASPPR achieved by omitting automatic plane
optimization; GT, the number of the ground truth planes; IRP, interactive region
partitioning; API, automatic plane inference; IPM, interactive plane modification;
APO, automatic plane optimization.) shows the quantitative reconstruction
results of different methods. It was observed that the proposed ASPPR method
can produce satisfactory results.

Table 1 Quantitative results of the proposed method

ASPPR ASPPR-I
Dataset INR RP ﬁ”PDI IPM APO IPM
TS

4 4 0 4 9 4 4

LSB 8 4 2 7 17 8 8
AC 5 4 1 5 11 5 5
Uuwo 6 3 2 5 20 6 6
CITY #1 4 3 1 4 14 4 4
CITY #2 8 5 2 8 17 8 8
CITY #3 10 5 3 10 12 10 10
CITY #4 11 6 2 9 17 11 11
CITY #5 9 4 3 9 19 9 9
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' 3. Experiments

Table 2 shows the average reconstruction accuracies for different methods in
terms of the AP and AR. Note that, the planar regions corresponding to the
planes are produced interactively, and thus it is not changeable for automatic

plane inference and automatic plane optimization.

Table 2 Average accuracies of the proposed method

Dataset

AP 0.6713 0.7967

1S AR 0.9881
AP 0.6386 0.7607
AR 0.9593
AP 0.7034 0.8295
AR 0.9789
AP 0.6683 0.7749
AR 0.9568
AP 0.5932 0.7486
AR 0.9545
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' 4. Conclusion

This article presents an active single-image piecewise planar
reconstruction method based on geometric priors. With this method, the
geometric priors learned using CNNs are applied to partition the building
regions into polygonal regions in a click-based interactive manner, and
automatically infer the planes corresponding to the resulting polygonal
regions through a progressive approach. Furthermore, under the
guidance of an interactive plane refinement based on the click
correlations, the inferred planes are globally optimized under a unified
framework incorporating image cues and geometric priors. Extensive
experiments demonstrate that compared with previous state-of-the-art
methods, the proposed method can produce more satisfactory results
with higher accuracy.
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