& emote sensing

Article

Multi-Scene Building Height Estimation Method Based on
Shadow in High Resolution Imagery

Yakun Xie !, Dejun Feng "*, Sifan Xiong 2, Jun Zhu ! and Yangge Liu !

check for

updates
Citation: Xie, Y.; Feng, D.; Xiong, S.;
Zhu, J.; Liu, Y. Multi-Scene Building
Height Estimation Method Based on
Shadow in High Resolution Imagery.
Remote Sens. 2021, 13,2862. https://
doi.org/10.3390/rs13152862

Academic Editors: Lingli Zhu,
Sylvie Daniel and Jonathan Li

Received: 2 June 2021
Accepted: 20 July 2021
Published: 21 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Geosciences and Environmental Engineering, South West Jiaotong University,
Chengdu 611756, China; yakunxie@my.swjtu.edu.cn (Y.X.); zhujun@swijtu.edu.cn (J.Z.);
lyg99520@my.swjtu.edu.cn (Y.L.)

College of Earth Science, Chengdu University of Technology, Chengdu 610059, China;
xiongsifan@stu.cdut.edu.cn

*  Correspondence: djfeng@swijtu.edu.cn

Abstract: Accurately building height estimation from remote sensing imagery is an important and
challenging task. However, the existing shadow-based building height estimation methods have
large errors due to the complex environment in remote sensing imagery. In this paper, we propose a
multi-scene building height estimation method based on shadow in high resolution imagery. First,
the shadow of building is classified and described by analyzing the features of building shadow in
remote sensing imagery. Second, a variety of shadow-based building height estimation models is
established in different scenes. In addition, a method of shadow regularization extraction is proposed,
which can solve the problem of mutual adhesion shadows in dense building areas effectively. Finally,
we propose a method for shadow length calculation combines with the fish net and the pauta criterion,
which means that the large error caused by the complex shape of building shadow can be avoided.
Multi-scene areas are selected for experimental analysis to prove the validity of our method. The
experiment results show that the accuracy rate is as high as 96% within 2 m of absolute error of
our method. In addition, we compared our proposed approach with the existing methods, and the
results show that the absolute error of our method are reduced by 1.24 m-3.76 m, which can achieve
high-precision estimation of building height.

Keywords: remote sensing imagery; building height estimation; multi-scene; shadow; pauta criterion

1. Introduction

Building height information is an important part of urban basic geographic informa-
tion, which plays an important role in many urban applications, such as urban planning,
building floor area ratio calculation, smart city construction [1-5]. Automatic building
height estimation from high-resolution images has always been one of the fundamental
tasks in the field of remote sensing research.

The existing building height estimation methods based on remote sensing images are
mainly divided into two categories. The first is based on light detection and ranging (li-
dar) [6-8], interferometric synthetic aperture radar (InSAR) [9-11], and stereo pair [12-14].
The second is based on the shadows of buildings from remote sensing imagery [15-19]. In
the first method, multi-source data is used for building height estimation. For example,
Soregel et al. proposed an interferometric synthetic aperture radar building height estima-
tion method based on a segmentation algorithm [20]. Dubois et al. carried out the detection
and extraction of building overlap based on the INSAR phase diagram to achieve the pur-
pose of estimating geometric parameters such as building height [9]. Sportouche et al. used
the DTM and system parameters of SAR sensors to provide a building height estimation
method based on likelihood criterion optimization [21]. Wegner et al. used a pair of INSAR
images and an aerial orthophoto to estimate the height of buildings [22]. Brunner et al.
proposed a method for the height estimation of generic man-made structures from single
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detected SAR data, and the efficiency of their method was proven on a set of 40 flat roof
and gable roof buildings in the absence of crosstalk effects [23]. Vu et al. proposed a multi-
scale solution based on morphology, which obtains elevation information from airborne
lidar data, and describes the elevation data in the morphological scale space to realize the
expression of building height [24]. Ding et al. proposed a method to obtain building height
from a single ground image based on the inherent parameters of the camera [25]. Chen
et al. used stereo pairs to extract building height by using the Digital Elevation Model
(DEM) to identify building height in the city’s three-dimensional model [26]. The above
methods have improved the efficiency of obtaining height information, and the accuracy
of the estimation results is also improved. However, the data used are not easy to obtain,
since they are affected by geographical location, weather, and other factors, which shows
obvious limitations in application.

Compared with the limitation that the above data is difficult to obtain, the optical
remote sensing image has obvious advantages. It can be used to extract building height by
constructing a model of the geometric relationship between the building and shadow in the
image [27-31]. Since 1989, in aerial photogrammetry, researchers have long used shadow
information to estimate building height [32]. Wang et al. used ZY3 images to establish a
geometric relationship model between shadow length and building height, and combined
the shadow length to calculate the building height. On this basis, a three-dimensional mod-
eling of urban buildings was carried out [15]. Liasis used the spectrum and spatial analysis
information of satellite image to implement a new active contour model, thereby optimiz-
ing the shadow segmentation process of buildings, improving the accuracy of shadow
extraction, and estimating building height through shadow length [19]. Izadi et al. pro-
posed a building height calculation method by detecting building boundaries and shadow
boundaries, and achieved building height in QuickBird images [33]. Wang et al. used the
geometric relationship between shadows and buildings to calculate the height of buildings
in Kunming, China in QuickBird images [34]. Qi et al. built a method to calculate the height
of buildings, which can calculate building height by Google Earth [35]. Shettigara et al.
used the shadow information on the SPOT panchromatic image to construct a model to
obtain building height [36]. Turker et al. used building shadow to calculate the height
of collapsed buildings in an earthquake [37]. Wang et al. proposed a multi-constrained
method to extract shadow information from images, and calculate the height information
of buildings based on the relationship between shadow and building [38]. Shao et al.
proposed a method combining the spatial index of image objects to improve the accuracy
of shadow extraction, and took IKONOS images as an example to estimate the building
height using shadow length [39].

Although these works are all notable, the application of the scene is limited to building
height estimation in remote sensing images. Firstly, the building height estimation model
in different scenarios is not perfect, because of the influence of the sun azimuth and
altitude angle, the satellite azimuth and altitude, and the terrain. Secondly, the shadow of
densely-built areas in some images adheres to each other, which cannot accurately reflect
the height of buildings. Finally, the traditional method of using the shadow length to
calculate building height cannot effectively deal with the problem of complex shape of
the building shadow. To overcome these limitations, this paper proposes a multi-scene
building height estimation method based on shadow in high-resolution satellite imagery.
The main contributions of our work are summarized below.

(1) The multi-scene building height estimation model is established by analyzing
building shadow in remote sensing images, which can explain the geometric relationship
between buildings and shadows in different scenarios.

(2) A method-regularized extraction of building shadows is proposed, which can solve
the problem of mutual adhesion between shadows in dense areas of buildings.

(3) We propose a method of shadow length calculation based on the combination of
fish net and pauta criterion for the problem of complex shadow shapes of buildings, which
can provide more reliable basic data for building height estimation.
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The remainder of this paper is organized as follows. The methods are presented in
Section 2, including classification and description of building shadows and multi-scene
building height estimation. The experiment results and analysis of this article are presented
in Section 3, including building height estimation results of ordinary scene, dense scene,
and complex terrain scene. Finally, the conclusion and future work are presented in
Section 4.

2. Methods

In this paper, we propose a multi-scene building height estimation method based on
shadow in high resolution imagery, as shown in Figure 1. Firstly, the scene description
is performed by analyzing the characteristics of the shadow shape, distribution density,
and regional terrain differences of the buildings in the remote sensing image. Secondly,
the building scenes are divided into three types: ordinary scene, dense scene, and complex
terrain scene. On this basis, the building height calculation method is designed based on
the scene classification results. Finally, building height estimation is achieved through
regularized building shadow, shadow length calculation, shadow length correction, and
the geometric relationship between shadow and building, as shown in highlighted part in
Figure 1.

Classification and Description

Multi-scene Building Height

of Building Shadow Estimation
N Simple :"“"““'"“"""““"“"'“"“""""“"“‘:
Building Structure i | Ordinary Shadow Shadow Length | |
Structure . Scene Boundary Calculation M
Complex R H
B Structure ’ I,-----------------------------------------------------:
1
! Shadow H
~  Low Density ' Boundary Regularized Shadow H Building
Building ' Building Length — Height
Density 1 Building Shadow Calculation ! Estimation
1
L»\ High Density ! Boundary i
g g S g g g S g g g 1
L ELL L ELE L EEEEEEE P LR
With Terrain :
- Difference Complex Shadow Shadow !
T‘err-am Oof Terrain Length Length —
Building Area Without Terrain Scene Calculation Correction | ;
Difference Line |
___________________________________________________ 1

Figure 1. The framework of the proposed method for building height estimation.

2.1. Classification and Description of Building Shadow

The existing methods for building height calculation based on shadow are generally
carried out under three assumptions [40-42]. First, the density of the building is small, and
there is no overlap between the shadows of building, as shown in Figure 2a. Second, the
structure of building is regular, as shown in Figure 2b. Third, the buildings is located in
the plain area and not affected by the terrain, as shown in Figure 2c,d. However, these
three assumptions produce an ideal situation, which greatly limits the application of the
shadow-based building height estimation. Therefore, we have classified and described
the shadow of the building in the remote sensing imagery, which can overturn these three
hypotheses. The building shadow is divided into three categories.
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(h)

Figure 2. Classification of building shadow scene. (a) Sparse of building shadow; (b) Regular structure of building shadow;
(c,d) Building shadows without terrain differences; (e) Density of building shadow; (f) Complex structure of building
shadow; (g,h) Terrain difference of building shadow.

(1) Density of building shadow. There will be overlap between the shadow as the
density of the building increases, and it is impossible to segment the shadows of buildings
with different heights, which cannot be used to invert the height of buildings directly, as
shown in Figure 2e.

(2) Complex structure of building shadow. There are many complex designs of urban
buildings, such as arcs, circles, complex combinations, etc. Shadow extraction will be
affected and result in lower accuracy of height calculation results if the shape of the
building is complex, as shown in Figure 2f.

(3) Terrain difference of building shadow. Although plain areas are the main popula-
tion gathering places, there are still some cities in areas with large terrain undulations. The
difference of terrain will lead to a great error when calculating the building height based
on shadow. as shown in Figure 2g. Figure 2h, which is a photograph of the terrain with a
difference in the real scene, and the height difference is 3.22 m on the road at a distance of
120 m.

2.2. Multi-Scene Building Height Estimation

In this section, we introduce the building height estimation method in multi-scene in
detail. First, the model for building height estimation using shadow in different azimuths
of the sun and sensors is constructed. Second, the method of shadow regularization
extraction for buildings in dense areas is introduced. Third, shadow length calculation
method combined with fish net and pauta criterion is introduced. Finally, a shadow length
correction method under complex terrain is proposed.

2.2.1. Building Height Estimation Model Based on Shadow

We divide the model that uses shadows to invert the height of building into three types
based on the relationship of the azimuth angle between the sun and the sensor. Including
the same azimuth angle between the sun and the sensor, the azimuth angle difference
between the sun and the sensor is greater than 180°, and the azimuth angle difference
between the sun and the sensor is between 0° and 180°.

(1) The same azimuth angle between the sun and the sensor. There is no need to
consider the influence of the azimuth angle on the shadow detection when the azimuth
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angle of the sensor is the same as sun azimuth. The sensor and the sun are on the same
side of the building; the geometric relationship is shown in Figure 3.

Sensor

Sun

Building

Shadow projection
surface a P

D C B

Figure 3. The sun azimuth is the same as the sensor azimuth.

Where « is the sun elevation, 8 is the sensor elevation, AB is the height of building, BC
is the shaded part of the building, BD is the total length of the building shadow, CD is the
length of the shadow that can be observed on the remote sensing imagery.

The length of the shadow measured in the image can be calculated in Equation (1).

cp=pp-pc= 20 _ AP 1)
tana  tanp
The height of the building is shown in Equation (2).
AB — CD x tana X tanf @)

tanp — tanw

It can be seen that the height of the building is only related to the length of the shadow
on the remote sensing image and the fixed parameters of the sensor and the sun during
shooting. Therefore, the height of the building is proportional to the length of the shadow
in the same image. The proportionality coefficient is k, as shown in Equation (3).

AB=CD x k 3)

_ tana x tanp
 tanB — tana

4)

(2) The azimuth angle between the sun and the sensor is greater than 180°. The sensor
can capture all shadow areas of the building in this situation, and the value of BC is 0, as
shown in Figure 4. The building height is calculated in Equation (5).

AB = BD X tanu (5)

In the same way as Equation (2), the height of the building is proportional to the
length of the shadow in the same image, and the proportionality coefficient is kq, as shown
in Equation (6).

AB = BD x k 6)

ki = tana )

(3) The azimuth angle between the sun and the sensor is within 0°~180°. The influence
of the azimuth angle of the sensor on the shadow detection should be considered in this
situation, which is also the most common situation in the image. The geometric relationship
between the sensor, the sun, and the building are shown in Figure 5.
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Figure 4. The azimuth angle between the sun and the sensor is greater than 180°.
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Figure 5. The azimuth angle between the sun and the sensor is within 0°-180°.

Where v is sun azimuth, § is sensor azimuth, ¢ is the angle formed by the direction of
the building and its shadow projection in the clockwise direction, and it can be assumed
that ¢ is the same in the same image. BD is the actual length of the building shadow, DE is
the observed building shadow length on the remote sensing imagery.

The length of the shadow is DE = BD — BE, the building height is AB, and the
building height could be computed in Equation (8).

DE x sine

AB =
cotasine — cotPsin(e +y — J)

®)

In the same way as Equation (2), the height of the building is proportional to the
length of the shadow in the same image, and the proportionality coefficient is k;, as shown
in Equation (9).

AB = DE x ky )

sine
cotasine — cotPsin(e +y — J)

ko = (10)

When using the above models to calculate the height of the building, a lot of additional
auxiliary information is needed, such as sun azimuth and sensor azimuth. It is difficult to
obtain these parameters. We have conducted an in-depth study of this difficulty. These
parameters are invariable in the same scene image, which provides more convenience to
our calculations. As long as we know the height of any building in the image and the
length of the shadow, we can calculate the ratio between the building and shadow. After
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that, we can inversely calculate the height of other buildings based on the ratio and shadow
length, as shown in Equations (3), (6) and (9).

2.2.2. Regularized Extraction of Building Shadow in Dense Areas

The building shadows in dense areas will overlap with each other, due to the com-
prehensive influence of multiple factors such as the building, sun elevation, sun azimuth,
sensor elevation, and sensor azimuth, as shown in red box in Figure 6a. The buildings
cannot correspond to their corresponding shadows one-to-one, the length of the shadow
of the building cannot be extracted. To overcome this situation, we propose a method of
regularized extraction of building shadows in dense areas based on building boundary
constraints; the flow chart of our method is shown in Figure 7. It should be noted that the
shadow boundary and building boundary extraction methods used of this article are based
on our previous research [43,44].

(a) (b)
e e | QWA NN W S
e | S
) = o (s
—— ———
8=\ < \
3 e AR 5 S W i )2 W W
AT e \ ST
MR N AT AR )
.«' ~—— \ \
T Vo v b B4 [ W A Vi U VA EEEa
e s e
\
\
(c) (d)
® Comer Cutting line Shadow
Building Regularized shadows

Figure 6. The process of shadow regularization extraction. (a) Building and shadow in dense areas;
(b) Corner coordinates of envelope rectangle; (c) Cutting lines; (d) Regularized shadow.
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Figure 7. Flow chart of building shadow regularized extraction in dense areas.
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First, an envelope rectangle is made for the building vector boundary, and scaled
according to the proportion. The initial value of the scaling ratio n is 0.7, and the value
range of n is 0 to 1. Second, the corner coordinates are obtained from the enveloping
rectangle; the result is shown in Figure 6b. The cutting line is generated according to the
sun azimuth and corner coordinates; the result is shown in Figure 6c. Then, the regularized
shadow is cropped by the cutting line and overlapped shadow. Finally, the building and
the regularized shadow are matched according to the azimuth direction of the sun [45]. At
the same time, the scaling ratio of the building envelope rectangle is reduced by 0.1 until
all the buildings are matched with the shadow, which can be used to calculate the building
height; the result is shown in Figure 6d.

2.2.3. Shadow Length Calculation Combine Fish Net and Pauta Criterion

The shadow length calculation is a prerequisite for building height estimation. The
existing methods for shadow length calculation include pixel method, area and perimeter,
corner closest distance, and fish net [19]. However, it will be difficult to select appropriate
feature points or feature lines of the pixel method, the area and perimeter, and the corner
closest distance. The fish net has a wide range of applications for the shadow length
calculation, which can generate a series of parallel lines in the shadow area to calculate
shadow length [19]. However, the traditional fish net method has a large error for the spots
and holes in the shadow. In addition, the mean value or median value of fish net length
will produce greater errors for the shadow produced by complex-shaped buildings. In
order to avoid the above problems, we propose that a method of shadow length calculation
combines fish net and pauta criterion, as shown in Figure 8. The method includes two
parts: fish net line generation and gross error elimination.

Shadow boundary

Sun
azimuth

Number of
shadows

Line length array

A4

A 4

Establish fish line

Shadow identifier

A

riterion

l

Superposition Delete line
analysis 15
l No Compliance

with criteria?

Gross error
elimination Yes
Number of
shadows (N)
y ¥
Shadow length | Elimination results
(a) (b)

Figure 8. Flow chart of shadow length calculation method. (a) Flow chart of Fish net line generation; (b) Flow chart of gross

error elimination.

(1) Fish net line generation, as shown in Figure 8a. First, the shadow produced by the
buildings is numbered, as shown in Figure 9a. Second, the fish net lines are constructed
according to the sun azimuth, which is a cluster of parallel lines with certain intervals, as
shown in Figure 9b. Finally, the fish net line and the shadow are superimposed to obtain
the shadow line, as shown in Figure 9c.
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Figure 9. The process of shadow length calculation. (a) Shadow boundary; (b) Fish net lines; (c) Shadow lines; (d) Final

result of shadow lines.

(2) Gross error elimination, as shown in Figure 8b. The shadow length will produce a
large error, if we calculate the average of shadow line directly. Therefore, we propose a
method of eliminating gross errors based on the pauta criterion [46]. The pauta criterion
assumes that a set of fishing net line length contains random errors only, calculates the
standard deviation, and determines an interval with a certain probability. After that, it
considers that any error that exceeds this interval is gross error, and deletes it. This method
is often used to eliminate errors in measurement data. The pauta criterion can improve the
calculation accuracy of the shadow length than average value or median value. The overall
algorithm is explained as follows.

(1) Calculate the standard deviation ¢ and the arithmetic mean X for all the line
lengths in each shadow plane.

(2) The triple standard deviation is used as the detection interval, and the given
confidence probability is 99.73%.

(3) Find the residual error of the length of each cutting line in the shadow plane, as
shown in Equation (11).

Vi=1X; — Xl (11)

(4) Determine gross error, if V; < 30, then the detection value is normal and should
be retained; If V; > 30, the detected value is determined as an abnormal value and should
be discarded; o is the standard deviation. Repeat the above steps until all gross errors are
eliminated, the final result is shown in Figure 9d.

To prove the advantages of the pauta criterion, we selected 18 buildings to calculate
the building height using the shadow length based on average value, median value and
pauta criterion for comparative experiments, and all errors are taken as absolute values.
The result is shown in Table 1. Among them, the building number 7 is used as the reference
data for height calculation, and its error is regarded as 0. The average value method has
an absolute error between 0.76 m and 19.04 m, and average error is 6.57 m. The median
value method has an absolute error between 0.21 m and 13.34 m, and average error is
3.07 m. After the error is eliminated by the pauta criterion, the absolute error range for
calculating the height of the building is between 0.12 m and 1.81 m, and average error is
3.07 m. Compared with the average value and median value method, the average error is
reduced by 2.38-5.88 m. It can be seen that the accuracy of building height calculated is
higher after the gross error is eliminated by the pauta criterion. In particular, the shadow of
the building number 10 is occluded and only a part of the shadow is detected. The average
and median errors reached 12.13 m and 13.34 m, respectively. This error is extremely large,
and the error is only 1.68 m by our method.
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Table 1. Comparison of building height estimation accuracy between the average value median value and pauta criterion.

Buildin . Pauta Buildin Average . Pauta

Numbe% Average (m) Median (m) Criterion (m) Numbe% (m)g Median (m) Criterion (m)
1 1.26 2.84 0.57 10 12.13 13.34 1.68
2 0.87 1.12 0.43 11 3.63 2.00 0.15
3 9.19 1.33 0.59 12 15.81 432 1.19
4 6.90 2.42 0.12 13 17.92 5.81 0.47
5 4.07 1.09 0.35 14 19.40 5.11 1.45
6 3.86 3.22 1.81 15 7.35 424 0.53
7 0.00 0.00 0.00 16 4.89 0.74 0.79
8 4.05 0.84 0.24 17 0.76 0.21 0.16
9 3.85 3.21 0.99 18 2.35 3.38 0.98

2.2.4. Shadow Length Correction under Complex Terrain

There is no guarantee that the building is located in a plain area in the actual situation,
and the measured shadow length of the building is the slope distance because the actual
bottom surface is non-horizontal. There will be large errors if the building height is
extracted on the premise of assumptions. Therefore, the shadow length needs to be
corrected under complex terrain. In this paper, a DEM-based correction model for the
length of shadow under complex terrain is established. Firstly, the DEM is transformed
into contour line. Secondly, the two ends of the shadow line are used as buffers to obtain
the contour line elevation in the buffer area. Finally, the elevation is assigned to the end
of the fishing net line for correction of the shadow length. The complex terrain shadow
length correction is divided into two situations to establish the model, bearing in mind the
fact that the elevation of the shadow projection surface is higher than the elevation of the
bottom of the building and the elevation of the shadow projection surface is less than the
elevation of the bottom surface of the building.

(1) The elevation of the shadow projection surface is higher than the horizontal
projection surface, as shown in Figure 10. The shadow length obtained on the image is less
than the actual shadow length of the building when the elevation of the shadow projection
surface is higher than the elevation of the bottom of the building. The shadow length result
is corrected by Equation (12).

hy—h
tanp

hy) —h
tanw

HF = EG —

(12)

where EG is the measured shadow length in the image, and HF is the actual shadow length,
« is sun elevation, {3 is sensor elevation, and #, k1, and h; are the bottom surface of the
building, the height of the shadow ends.

Sensor
Sun
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Sh
"adow; . Building
surg, JCCtio
S urﬁiCe n
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surface  _ <a | __ _B__10

B ()

Figure 10. The elevation of the shadow projection surface is higher than the horizontal projection surface.
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(2) The elevation of the shadow projection surface is less than the elevation of the
horizontal projection surface, as shown in Figure 11. The shadow length obtained on the
image is higher than the actual shadow length of the building when the elevation of the
shadow projection surface is less than the elevation of the bottom of the building. The
shadow length result is corrected by Equation (13).
h—hy h—h

GE =FH
+ tanp tanw

(13)

where FH is the total measured shadow length of the image, GE is the actual shadow
length, « is sun elevation, [ is sensor elevation, and h, h, and h, are the bottom surface of
the building, the height of the shadow ends.

Sensor

Sun

Building
Horizontal
projection surface

H___G/\_FE\P ___
i ! B (h)

g | E

oo C (h1)
adoW Yo ce
S 1 )

Figure 11. The elevation of the shadow projection surface is less than the elevation of the horizontal
projection surface.

3. Experimental Results and Analysis

In order to verify the feasibility of our proposed approach, we judged the effectiveness
of the building height estimation method in different scenarios. Relative error and absolute
error are used as evaluation metrics in order to prove the effectiveness of our method.
We selected five experimental areas for different scenarios. In addition, since the shadow
projections of the buildings are all irregular shapes, we used the shadow length calculation
method in Section 2.2.3 for all scenes in order to further improve the accuracy. In addition,
it should be noted that all actual building heights are obtained by field measurement.

3.1. Building Height Estimation of Ordinary Scene

The first experimental area is a remote sensing image with a spatial resolution of 0.14 m
in Sichuan, China, including 18 buildings. The azimuth difference between the sun and the
sensor is greater than 180°. The height of building 7 is 20.84 m by field measurement, and
the shadow length of the building obtained by the pauta criterion is 15.21 m. According to
Equation (6), the value of constant k; is 1.3701. The second experimental area is a remote
sensing image with a spatial resolution of 0.61 m in Sichuan, China, including 43 buildings.
The height of building 7 is 25.26 m by field measurement, and the shadow length obtained
by the pauta criterion is 17.38 m, and the actual value of k; is 1.4534. The visual display
results of the shadow length calculation process in the two experimental areas are shown
in Figure 12. Firstly, the shadow of the building is extracted based on the object-oriented
method [43]; the result is shown in Figure 12a. Secondly, the fish net line is established
according to the sun azimuth and superimpose it with the shadow boundary for analysis;
the result is shown in Figure 12b. Finally, the shadow line length is extracted combined
with fish net and pauta criterion, as shown in Figure 12b.
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Figure 12. Visual display of building height estimation process in ordinary scenes. (a) Shadow boundary; (b) Shadow lines;

(c) Final result of shadow lines.

Absolute Error (m)

We obtain the building height in the actual scene through field measurement, and
compare it with the calculated height. An error curve is drawn for the height calculation
results of 59 buildings in experimental area 1 and experimental area 2, as shown in Figure 13.
Among them, 43 buildings have an absolute error of 0~1 m, accounting for about 73%,
15 buildings have an error of 1 m~2 m, accounting for about 25%, and 1 building has
an error of greater than 2 m, accounting for about 2%. The analysis found that the large
absolute error of more than 2 m is caused by the large shadow extraction error of the
building. In general, the 98% absolute error of the building height extracted by this method
is between 0 m and 2 m, which can meet the requirements of urban planning and has a
certain practical value.
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Figure 13. Accuracy analysis of building height estimation in ordinary scenes.
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3.2. Building Height Estimation in Dense Scene

The third and fourth experimental areas are a remote sensing image with a spatial
resolution of 1 m in Xinjiang, China. We select the images to verify the effectiveness of
our method for dense scene areas. As shown in Figure 14a, the gray part is the extracted
shadows, and the light blue is the building. There is obvious overlap in the building
shadows, and it is impossible to calculate the height of buildings through the shadow.
According to the building shadow regularization extraction method in Section 2.2.2, the
available area of shadow can be obtained, as shown in the yellow area in Figure 14b. Finally,
the shadow length is calculated by the fish net line and the pauta criterion, as shown in
Figure 14c.

Figure 14. Visual display of building height estimation process in dense scenes. (a) Shadow boundary; (b) Shadow lines; (c)

Final result of shadow lines.

Quantitative statistics are performed on the height estimation results of 55 buildings
in the third experimental area, where the proportional coefficient k; is 0.5624, and the result
is shown in Figure 15. It can be seen from the result that the height of buildings can be
effectively extracted through the shadow regularization extraction method. The absolute
error is within 3 m, and the relative error is kept within 10%, which can generally meet the
needs of urban planning. This further proves the effectiveness of the shadow regularization
extraction method in this paper for dense building areas.
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Figure 15. Accuracy analysis of building height estimation in dense scenes.
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3.3. Building Height Estimation for Complex Terrain Scene

The fifth experimental area is a remote sensing image with a spatial resolution of
0.14 m in Chongging, China, as shown in Figure 16a. The terrain of the area is undulating,
and the experiment can verify the correctness of the building height estimation model
under complex terrain. Firstly, the DEM is transformed into contour lines, which are
used to obtain the elevation value of complex terrain, as shown in Figure 16b. Secondly;,
the shadow of building boundary is extracted, in which the shape of building shadow is
complex, as shown in the red box in Figure 16c. Finally, the shadow lines that can be used
for building height estimation are obtained by the method of combination of the fish net
and the pauta criterion, as shown in Figure 16d.

Figure 16. Visual display of building height estimation in complex terrain. (a) Original image; (b) Contour lines; (c¢) Shadow

boundary; (d) Final result of shadow lines.

The shadow correction results and uncorrected results of 16 buildings in the fifth
experimental area are statistically analyzed. The uncorrected proportional coefficient is
1.311, and the corrected proportional coefficient is 1.097. Finally, the building height error
curve is drawn according to the calculation results, as shown in Figure 17. It can be seen
from the result that most of the absolute height errors of 16 buildings in the experimental
area are less than 2 m after shadow correction, and the fluctuation range of the absolute
error is small. Among them, only one building is more than 2 m, which is due to the
low accuracy of contour lines and imperfect shadow extraction. However, the absolute
error of building heights without shadow correction fluctuate greatly, and the maximum
error reaches 11.91 m, which cannot meet the accuracy requirements of building height
estimation.

Correct -~ = Not correct

Absolute Error (m)

Building Number

Figure 17. Accuracy analysis of building height estimation in complex terrain.

3.4. Comparison with Different Methods

In order to prove the advantages of our method, we choose two methods to compare
with our method in five experimental areas; the result is shown in Table 2. It can be seen
that our method has better performance. The method proposed by Liasis et al. [19] reached
an average of 4.89 m and 17.28% in absolute error and relative error, respectively. The
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reason for this large error is that the shadow boundary in the shadow experiment area
is more complicated, and there are some holes in the shadow. The gross error cannot be
avoided by only using the median method. The method proposed by Chen et al. [47]
reached an average of 2.37 m and 9.54% in absolute error and relative error, respectively.
The method in this paper has higher accuracy, in which the average absolute error reaches
1.13 m, and the average relative error reaches 3.49%. In addition, we use aggregate variance
to verify the stability of our method. Compared with the comparison method, the aggregate
variance value of our method is increased by 1.83—4.6, which can prove that our method
not only has better accuracy but also has better stability.

Table 2. Accuracy comparison between the methods on our data.

Mean Absolute Error Mean Relative Error

Methods (m) (%) Aggregate Variance
Liasis et al. [19] 4.89 17.28 5.14
Chen [47] 2.37 9.54 2.37
Our method 1.13 3.49 0.54

Furthermore, to further prove the robustness of our method, we use the Worldview-3
image provided by Chen [47] for building height calculation experiments, and compare
the results with our method; the result is shown in Table 3. Compared with the method
proposed by Chen, our method increases the average value of absolute error and the
average value of relative error by 1.02 m and 1.18%, respectively. In addition, in terms
of the stability of the method, it shows a stronger advantage, with an increase of 9.54.
Experiments in different experimental areas show that our method has better robustness
for building height estimation.

Table 3. Accuracy comparison between the methods on data of Chen [47].

Mean Absolute Error Mean Relative Error

Methods (m) (%) Aggregate Variance
Chen [47] 2.38 415 10.78
Our method 1.36 297 1.24

3.5. Speed Analysis of the Proposed Algorithm

In addition to accuracy, estimation speed is also one of the important conditions for
the feasibility of the method. We tested our method in three different device configurations,
including Devicel (an Intel Core i7-8750H CPU with 16 GB of RAM), Device2 (an Intel(R)
Core (TM) i7-4810MQ CPU with 8 GB of RAM), and Device3 (an Intel(R) Core (TM)
i7-5500U CPU with 8 GB of RAM); the result is shown in Table 4. The average time
used in different experimental equipment are 5.1 min, 7.0 min, 9.2 min respectively. In
practical applications, the average value is kept within 10 min even in device 3 with lower
performance, which proves that the method in this paper has higher efficiency and can
realize building height estimation.

Table 4. Analysis of the time taken by our method with three different device configurations.

Area Devicel (min) Device2 (min) Device3 (min)
Areal 2.1 3.6 5.1
Area2 3.3 49 6.8
Area3 7.2 8.6 10.9
Aread 9.3 12.7 15.2
Areab 3.6 54 7.6

Average time 5.1 7.0 9.2
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4. Conclusions and Future Works

Although there is much research on building height estimation by shadow, there is
little research on the calculation methods of building height in different scenes. In this
paper, we implement a variety of scenarios of the building height estimation method, and
verify the effectiveness of the method framework in several experimental areas. Firstly,
we completed the classification and semantic description of building shadows in different
scenes, which provides a basis for using shadows to extract building height. Secondly, we
solved the problem of building shadows” mutual adhesion in dense areas, which is very
common in remote sensing images. Then, the shadow length is calculated by combining
the fish net line and the pauta criterion in order to obtain more accurate shadow lines,
which provides a more reliable data basis for building height estimation. Finally, the
comparison with existing methods under the same data also proves that our method has
accuracy advantages. In this work, using our method can effectively avoid the limitation
of ideal conditions in traditional building height estimation methods, and further expand
the application scenarios of building height estimation using shadow.

However, the estimation accuracy still needs to be further improved, and the scene
scalability also needs to be further expanded. In future works, we consider using artifi-
cial intelligence methods for in-depth research on this basis, so that the building height
estimation results can achieve higher accuracy and be applied to more complex scenes.
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