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ABSTRACT:

The traditional method of deformation monitoring involves a large amount of external field measurement and internal processing to
obtain the deformation of the measured object. With the development of INSAR technology, deformation monitoring can now be
completed more efficiently. In this paper, InSAR technology and LiDAR technology are used to detect the deformation of the
Fuwangge Rockery in Qianlong Garden, InSAR technology can provide higher point accuracy and LiDAR technology can provide
higher spatial resolution. After the deformation of the rockery is obtained by LiDAR technology, the INSAR experimental results are
verified. It is expected that the error of deformation analysis by the two methods will be within 5mm. Finally, the detection results of
the two are consistent with each other and complement each other. At the same time, InNSAR technology combined with LiDAR

technology also provides a new idea for deformation monitoring.

1. INTRODUCTION

Deformation monitoring is the use of special instruments and
methods to continuously observe the deformation phenomenon
of the deformation body. It can analyze the deformation shape
of the deformation body and predict the change trend of the
deformation body. Deformation monitoring includes the
establishment of a deformation detection network for horizontal
displacement, settlement, tilting, cracking, deflection,
oscillation and vibration monitoring. Compared with
conventional measurement, a remarkable feature of deformation
monitoring is the high measurement accuracy. The general
monitoring accuracy should also reach millimetre level. The
important and sensitive deformation should reach 0.1mm or
even 0.01mm. Therefore, deformation monitoring is mostly a
precision measurement. Deformation monitoring is of great
significance, rich in content, high precision, and has many
differences with topographic surveys, construction surveys et al.,
and has a relatively independent technical system, which has
developed into a highly specialized sub-discipline in surveying
(Guo, 2013). As the price of 3D laser scanners declines, 3D
laser scanning technology is becoming more and more mature.
The ground 3D laser scanning technology has been widely used
in urban planning, cultural relics protection, restoration of
ancient buildings, transportation and deformation monitoring
(Zhu, 2013; Zhang and Cheng, 2018; Chang et al., 2019;
Wang et al., 2013; Li et al., 2015; Guo et al., 2020; Wang et al.,
2018; Gao et al., 2019). In recent years, the cultural relics
protection personnel of the Forbidden City in Beijing used the
3D laser scanner to count the main ancient buildings of the
Forbidden City.
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The word modeling attempts to restore the architecture of the
Forbidden City to the original appearance of the Kanggansheng,
which provides first-hand data for the restoration of ancient
buildings. In 2005, the technicians of the Xi'an 4D Aerial
Survey and Remote Sensing Centre completed the scanning of
the Terracotta Warriors and Horses No. 2 pit of the Terracotta
Warriors and Horses Museum through the use of the Leica
HDS3000 and HDS2500 two kinds of dimensional laser
scanners, by the use of Cyclone data processing software,
completed the scan data splicing and 3D modeling of the entire
pit (Yang, 2006). In 2006, Vassilios Pagounis et al. used 3D
laser scanners to obtain spatial position information data of
various roads and roadsides at road intersections, and used the
acquired data for road safety analysis and traffic accident
simulation (Pagounis et al., 2006). Deformation monitoring is to
measure the monitoring points on the same deformation area in
different time periods, and analyze the obtained data to
determine the shape, size and position of the deformation body.
The space state and time characteristics are mainly used to
monitor whether the deformation body is in a safe state (Zhu,
2013)

The study area in this paper was selected as Qianlong Garden.
Qianlong Garden (also known as Ningshou Palace Garden) is
located in the northwest corner of the Ningshou Palace in the
East Road of the Forbidden City. It is part of the Ningshou
Palace Complex. Built in the thirty-six to eleventh year of
Emperor Qianlong (AD 1771-1776), the garden is 160 meters
long from north to south and 37 meters wide from east to west.
It faces the palace wall in the west and the palace in the east,
covering an area of 5,920 square meters. The layout of the
entire garden is exquisite and well-constructed. It is a model of
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the Palace Garden. There are more than 20 buildings, such as
pavilions, terraces, pavilions and buildings in the park. The
types are rich, the size is different, the conditions are different,
the distribution is intricate, and the verandas and the winding
corridors make the buildings and flowers and trees cross. The
mood is harmonious. Asymmetric processing is adopted on the
plane and the fagade, and it is particularly dexterous and novel

Figure 1. Floor plan of the Forbidden City Qianlong Garden

2. MATERIALS AND METHODS
2.1 COSMO-SkyMed data

The data used herein is COSMO-SkyMed data. COSMO-
SkyMed (Constellation of Small Satellites for Mediterranean
Basin Observation) is a high-resolution radar satellite
constellation jointly developed by the Italian Space Agency and
the Ministry of Defence. It consists of four X-band synthetic
aperture radar satellites. COSMO-SkyMed (CSK) image data
has the characteristics of high geometric resolution, wide
coverage, optional angle of incidence, multi-polarization et al.,
plus precise orbital data, which is very useful in monitoring the
deformation of ground objects by using repeated orbital
interferometry.

This article uses the CSK image data of the up-track, the track is
99999. The image data is obtained by SAR1 and SARS, and the
polarization mode is HH. The incident angle of the image center
is about 26 degrees, and the imaging mode is the strip mode.
Among them, the strip mode is divided into two modes:
HIMAGE and PingPong. In the HIMAGE mode, the radar
transmit antenna and the receive antenna configuration do not

in the rigorous ban of the system. The exquisite chic of the
garden in the garden and the luxurious and magnificent of the
royal palace are the most famous gardens in the four gardens of
the Forbidden City (the other three are the Royal Garden, the
Cining Palace Garden and the Jianfu Palace Garden). Figure 1
shows the plan of the Forbidden City Qianlong Garden and the
Figure 2 shows the landscape of Qianlong Garden.

Figure 2. Landscape of Qianlong Garden (a)Sanyouxuan;
(b)Yanqulou; (c) Songxiuting

change with time, and can receive the full Doppler beam width
of each ground scatterer. The HIMAGE mode has a width of
about 40km and an image resolution of 3m. Because the high-
resolution X-band SAR image has shorter wavelengths than the
C-band and L-band, it is sensitive to the small shape of the
ground object, and it has obvious advantages in detecting the
small deformation of the building surface. Table 1 shows the
CSK image parameters.

2.2 InSAR technology

221 InSAR data: InSAR (Interferometric Synthetic
Aperture Radar), is a fast-developing geodetic technology,
which can obtain high-precision and continuous coverage of
ground elevation and surface change information all the time.
Using two SAR images in the same region as the basic
processing data, obtains the interference image by obtaining the
phase difference between the two SAR images, and then
undergoes phase unwrapping. The terrain elevation data is
obtained from the interference fringes, and the minute
displacement of the target point is measured according to the
phase change information.
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Numbering Satellite Track Polarization Date Vert‘ical Tin-le
number mode Baseline/m Baseline/m
0 SAR3 14810 HH 20110721 268.27 359
1 SAR3 15284 HH 20110822 -520.35 327
2 SAR3 15758 HH 20110923 88.04 295
3 SAR3 16232 HH 2011025 -79.19 263
4 SAR3 16943 HH 20110212 207.13 215
5 SARI1 25001 HH 20120120 -372.15 176
6 SAR1 25475 HH 20120221 305.20 144
7 SAR1 25949 HH 20120324 -130.77 112
8 SARI1 26423 HH 20120425 -915.56 80
9 SAR1 26897 HH 20120527 -39.29 48
10 SAR1 27371 HH 20120628 -778.00 16
11 SARI1 27608 HH 20120714 0 0

2.2.2

Table 1. CSK parameters

INSAR data processing flow: Due to the special

imaging principle of SAR images, it is determined that the SAR
image data processing process is fundamentally different from
the traditional optical remote sensing image processing. After
years of exploration and research, In-SAR data has formed a

basic process (Qin Liming,2015). As shown in Figure 3.
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Figure 3. INSAR data processing flow
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2.2.3 Deformation information extraction method in
INSAR data: There are many methods for deformation
monitoring using INSAR data. The most common ones are
differential interferometry (D-INSAR), permanent scatterer
synthetic aperture radar interferometry (PS-InSAR), small
baseline set interferometry (SBAS-INSAR), and distribution.
Method of target interference measurement (DS-INSAR) (Zhu et
al., 2017; Zhang, 2019; Huang, 2019). The method adopted in
this paper is the Permanent Scattering Synthetic Aperture Radar
Interferometry (PS-InNSAR) method. The literature (Ferrtti et al.,
2000; Ferrtti et al., 2001) first proposed the PS-INSAR method.
The basic idea is: First, using a multi-view single-view SAR
image covering the same study area, one of the scene SAR
images is selected as the main image, and the remaining SAR
images are respectively. The main image is registered, and the
permanent scatterer (PS) target is selected according to the
amplitude and/or the stability of the phase information in the
time series; secondly, the Interference based on the permanent
scatter object is obtained through interference and de-
topography processing. Interfering with phase and re-
differentiating the differential interference phase of adjacent
permanent scatterer targets; third, constructing a deformation
phase model and spatiotemporal filtering or mode according to
different characteristics of each phase component in the
interference phase after two differences Estimate deformation
and topographic residual information. PS-InSAR technology
does not process data for all pixels in SAR images, but selects
PS points with relatively stable scattering characteristics and
strong echo signals in time as observation objects. These PS
points usually include artificial buildings, lighthouses, bare
rocks, and manually installed corner reflectors. The accurate
selection of the PS points ensures that the PS point exhibits
good coherence and stability even under conditions of long
interference or long baselines (even reaching a critical baseline).
Commonly used PS point selection methods include amplitude
dispersion threshold method, coherence coefficient method
(Chen, 2006), phase analysis method (Xiong et al., 2015; Jiang,
2018; Diao, 2018), and combinations of these methods. The
deformation and terrain residuals are usually solved by the
solution space search method, the LAMBDA method (Kampes
et al., 2004) and the three-dimensional unwrapping method in
the Stam PS (Hopper and Zebker, 2007).At present, PS-InSAR
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technology has been widely used in high-resolution land
subsidence monitoring in many cities, especially high-resolution
deformation monitoring of urban key infrastructure. By
comparing the horizontal level and GPS measurement data, it is
proved that PS-INSAR technology has high reliability (mm-
level accuracy) (Li et al., 2004), so it is of great significance to
master the dynamic law of urban land subsidence and analyze
the cause of ground subsidence. However, PS-INSAR
technology also has its own drawbacks. First, it usually requires
a large number of SAR images covering the same area (usually
required to be larger than 25 scenes), which is convenient for
ensuring the reliability of the model solution. Secondly, PS-
INSAR technology is based on iterative regression or network
adjustment calculation of a large number of PS points, and the
computational efficiency is not high, so it is not suitable for
high-resolution ground subsidence monitoring in a wide range
of areas. Finally, the results obtained by PS-InSAR technology
include the three-dimensional information and deformation
information of the PS point, that is, the observation information
of each PS point includes the three-dimensional position
information of the PS point, the average deformation rate of the
PS point, and the time evolution history of the PS point.

2.3 LiDAR technology

2.3.1 LiDAR data: The point cloud data used in this paper
are two periods of data in 2010 and 2018 respectively. The 2010
data were collected using Leica ScanStation2 three-dimensional
laser scanner and 2018 data were collected using FARO focus
3D130 three-dimensional laser scanner. Some point cloud are
shown in Figure 4.

Figure 4. Point cloud of Qianlong Garden (a) Fuwangge;
(b) Juanginzai; (c) Yuzixuan; (d) Songxiuting

2.3.2 LiDAR data processing flow: The key technologies of
point cloud data processing include: multi-view cloud data
registration, point cloud data compression, and generation grid
data. The specific process is shown in Figure 5.
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Figure 5. LiDAR data processing flow

2.3.3 Deformation information extraction method in
LiDAR data: From the current development status of
deformation monitoring using 3D laser scanning technology,
mainly using three methods (Zhu et al., 2014):

1) TARGET MARKING METHOD

Multiple stable and evenly distributed targets are placed in the
study area, and the study area is scanned at different time
periods by a three-dimensional laser scanner, and the target
center coordinates are presented in subsequent data processing,
by comparing targets in multiple time periods. Changes in the
central coordinates to extract change information. This method
is similar to the traditional method, and although it has high
precision, it cannot exert the advantages of 3D laser scanning.

2) DEM DIFFERENCE METHOD

The method is generally applied to the deformation monitoring
of the surface, and the three-dimensional laser scanner is used to
scan the research area in multiple time periods, and the multi-
phase point cloud data is pre-processed to generate a high-
precision digital elevation model (DEM), and the time period is
unified. In the DEM coordinate system, the DEM comparisons
of different time periods are subtracted to obtain the
corresponding settlement values of the entire region. Finally,
using MATLAB and other software to make the deformation
value into a section, a graph et al. to visually reflect the
deformation.

3) MODEL DIFFERENCE METHOD

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIII-B2-2020-1455-2020 | © Authors 2020. CC BY 4.0 License. 1458



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII1-B2-2020, 2020
XXIV ISPRS Congress (2020 edition)

This method is used for deformation monitoring of space
objects such as buildings and tunnels most of the time. The 3D

laser scanner is used to acquire the point cloud data of the object.

After pre-processing, the surface model of the object is
generated. After the multi-period model is unified into a
coordinate system, the models of different time periods are
compared to obtain the deformation amount.

3. RESULT ANALYSIS
3.1 InSAR deformation analysis

The radar image of the study area was processed by the
Permanent Scattering Synthetic Aperture Radar Interferometry
(PS-InSAR) technique, and 20688 permanent scatterers (PS
points) in the study area were obtained, from which 22 PS
points of the Qianlong Garden Fuwangge Rockery were
selected. In combination with the point cloud data collected by
the three-dimensional laser scanner, 8 PS points are finally
selected as data points for deformation analysis. As shown in
Figure 6.

Figure 6. Distribution of PS points in the study area and
Fuwangge Rockery

In order to facilitate the subsequent analysis work, the selected
PS points are sequentially counter clockwise, as shown in Table
2.

3ECFO 40862 4426B
40185 43887 43B86
40861 449BB

Table 2. Fuwangge Rockery Monitoring PS Point

As mentioned above, SAR radar images processed by PS-
INSAR technology generate a large number of PS points, which
contain deformation information. A PS point in this article
contains deformation information for 2011-2017. Based on this,
in the QGIS, the deformation information contained in the PS
points selected in Table 2 is directly generated into a line graph
of the PS point deformation information, as shown in Figure 7.

From the deformation map of the eight PS points described
above, since the time for starting the detection is 2011, the
shape variable at the beginning of 2011 on the graph is 0. The
shape variables of the prosthetic mountains outside the
Forbidden City in the study area are slowly increasing year by
year. The maximum shape variable is about 1.5cm in the
comprehensive eight graphs. Taking Figure 7(a) as an example,
BEDSCOC3ECFO reached the largest deformation variable of
about 1.4cm in 2016. The deformation of rockery shows a trend
of increasing year by year. In order to visually observe the
change law of the deformation information, a straight line is
fitted when the curve is made by using the deformation
information, and it can be seen that the deformation value
fluctuates around the fitted straight line. Although the shape
variables are different every month, it is foreseeable that the
range of deformation varies substantially within the range of 0-
10 mm, that is, the monthly deformation variable is within 10
mm. This shows that the deformation of the rockery is a
deformation under natural conditions rather than a severe
deformation under extreme conditions. By analysing the
deformation line diagrams of the above PS points, the following
conclusions are drawn:

1) The main factor in the deformation of the rockery is the
deformation of natural factors without the dramatic deformation
under extreme conditions;

2) The maximum deformation variable of the rockery
deformation is 15mm. It shows from the side that the
deformation factor of the rockery belongs to the deformation
under natural conditions, which provides important data support
for the protection of the rockery;

3) The straight line fitted by the line graph can be seen that the
shape variable of the rockery is increasing year by year. This is
not uncontrollable, although the shape variable shows an
upward trend as a whole, but since the shape variable is in the
order of millimeters and the deformation is slow, this Providing
sufficient time for the protection of the rockery;

4) The deformation monitoring of the rockery can also
indirectly reflect the degree of deformation of the building

around the rockery, providing an indirect method for obtaining
deformation degree for deformation monitoring.
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Figure 7. Study area selection PS point deformation information line diagram (a)3ECFO deformation line diagram; (b)43B86
deformation line diagram; (c)43B87 deformation line diagram; (d)449BB deformation line diagram; (e)4426B deformation line
diagram; (f)40185 deformation line diagram; (g)40861 deformation line diagram; (h)40862 deformation line diagram

3.2 LiDAR deformation Analysis

For obtaining the deformation information of rockery point
cloud data, this paper adopts the method of comparing point
cloud data with 3D model. Because single-site point cloud can't
get the full view of rockery, this paper will register multi-site
point cloud through the Pavilion. After the registration, the
point cloud data in 2010 is packaged into a 3D model in
Geomagic software, then the point cloud data in 2018 and the
3D model packaged by point cloud data in 2010 are compared
by using the 3D analysis function of Geomagic software. Figure
8 shows the deviation distribution after the model and point
cloud are superimposed.

As shown in Figure 8, the deformation information of the
rockery can be extracted from the deviation map of the model
and the point cloud. it can be seen that the left part of the
rockery is mainly red with a shape variable of 5-10mm, which
indicates that the shape variable of this part of the rockery is
positive and the rockery has risen by 5-10 mm; On the other
hand, the right part of the rockery is mainly blue, and the
deformation is also between 5-10mm, which indicates that the
deformation of this part of the rockery is negative, and the
rockery sinks by 5-10 mm. In order to more intuitively see the
segmentation of the various parts of the rockery and the shape
variables, we give the top view after the superposition and the
histogram of the deviation between the model and the rockery,
as shown in Figure 9.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIII-B2-2020-1455-2020 | © Authors 2020. CC BY 4.0 License. 1460



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIII-B2-2020, 2020
XXIV ISPRS Congress (2020 edition)

Figure 8. Model and point cloud overlay deviation distribution map
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Figure 9. Top view and histogram after superposition (a) Top view of the model and point cloud overlay (b) Model and point
cloud overlay histogram

From the superimposed top view and the deviation distribution
histogram, it can be seen intuitively that in the rises left of the
rockery, the shape variable is positive, mainly distributed in 2-
11mm, indicating that the rockery in this part has a slight rise; in
the right part of the rockery, the shape variable is negative, mainly
distributed in 1-4mm, indicating that the rockery in this part has a
slight sink.

From the above analysis, we can get the overall shape variables of
different parts of the rocker, but we are not sure about the subtle
changes in each part of the rockery. To solve this problem, we
performed a 2D analysis. The rockery is divided into two sections
from the vertical at 3m intervals, so that more detailed
deformation results can be obtained. The sectional view and its
histogram are shown in Figure 10.

Figure 10(a) shows the part on the left side of the rockery in the
above-mentioned 3D analysis which mainly shows an rises trend.
As we can see from the section histogram, even if the whole part

shows an upward trend, there are still a few parts with downward
deformation. If only relying on 3D analysis, the subsidence
deformation information of a few parts of the rockery on the left
side will be ignored.

Figure 10(b) correspond to the part of the rockery that mainly
sinks to the right side. It can be seen from the section histogram
that the rockery in this part also contains a little rises deformation
information under the overall sinks trend.

In summary, through the 2D and 3D analysis of the rockery, we
not only get the deformation information of the rockery, but also
analyze the deformation of each part of the rockery in a more
detailed way. The deformation of the rockery is not a single slight
rise or sink. The deformation of the rockery is comprehensive.
Deformation exists in all parts of the rockery.
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Figure 10. X=-3 and X=3 make the rockery profile and histogram; (a)Sectional view and histogram of X= -3(b)Sectional view
and histogram of X=3

3.3 Comprehensive analysis of INSAR deformation and
LiDAR deformation results

Sections 3.1 and 3.2 respectively analyze the deformation of the
rockery at Fuwangge in Qianlong Garden of the Forbidden City
from two data sources. The deformation of the rockery obtained
by InSAR technology is only a single point and an overall
deformation. The deformation analysis based on this can not
obtain the specific deformation of each part of the rockery. On
the contrary, LiDAR technology has higher resolution, so we
can study the specific deformation of each part of rockery, but
its point accuracy is lower than InSAR technology. Therefore,
we can get more convincing results by evaluating the
deformation results obtained by the two methods. The
maximum shape variable obtained by InSAR technology is
13mm, and the maximum shape variable obtained by LiDAR is
11mm, which is consistent with our expected results. At the
same time, the line chart in Figure 7 also reflects that the
deformation of rockery is not simply rising or sinking, which is
consistent with the deformation of rockery obtained by LIiDAR
technology.

4. CONCLUSIONS

This article has done these works:

(1) InSAR and LiDAR techniques were used to monitor the
deformation of the rockery in Qianlong Garden respectively

(2) The deformation change of rockery from 2010 to 2018 was
analyzed by combining the two technologies

(3) It provides a new method for deformation monitoring of
architectural heritage

This article also has some deficiencies:

(1) Only the vertical deformation of the rockery in Qianlong
Garden is evaluated

(2) LiDAR point cloud registration accuracy needs to be
improved

Through the above experiments and analysis of experimental
results, it can be concluded that the method of using LiDAR
technology combined with INSAR technology for deformation
monitoring is feasible. At the same time, we also found that
LiDAR technology used for deformation monitoring can better
reflect the subtle deformation of rockery, which is not achieved
by InSAR technology. Therefore, the combination of INSAR
technology and LiDAR technology for deformation monitoring
provides a new way for related work in the future.
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