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Abstract: Affected by natural and human-induced factors, cultural heritage sites and their
surroundings face threats of structural instability and land displacement. Accurate and rapid
identification of the key areas facing existing or potential deformation risks is essential for
the conservation and sustainability of heritage sites, particularly for huge archaeological regions.
In recent years, the successful application of differential radar interferometry techniques for the
measurement of millimeter-level terrain motions has demonstrated their potential for
deformation monitoring and preventive diagnosis of cultural heritage sites. In this paper, we
review the principles of advanced differential radar interferometry approaches and their
applicability for structural and ground deformation monitoring over heritage sites. Then, the
advantages and challenges of these approaches are analyzed, followed by a discussion on the
selection of radar interferometry systems for different archaeological applications. Finally,
a workflow, integrating space-borne and ground-based differential radar interferometry
technologies for deformation anomaly monitoring and preventive diagnosis of cultural
heritage sites, is proposed.
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1. Introduction

Cultural heritage is an irreversible wealth of human civilization and is critical to our understanding
of human evolution and cultural diversity. Heritage sites and their surroundings are prone to be affected
by natural factors, such as disasters, climate change and hydro-geological variation, as well as by human
activities, like uncontrolled tourism, resource over-exploitation and land encroachment. These
influences frequently lead to structural and ground deformation of these sites. In general, there are two
types of deformation threats for cultural heritage: (1) slow deformation caused by long-term
environmental or human-induced influences, such as surface subsidence and crust movements; and
(2) rapid deformation, for example dislocation and collapse caused by natural disasters (e.g., earthquakes,
landslides, floods) and human activities (e.g., wars and improper restoration). Hence, high-precision
technologies are urgently needed to achieve near real-time monitoring and preventive diagnosis of
deformation threats, enabling the effective conservation and sustainability of cultural heritage and their
surrounding areas.

Traditionally, deformation monitoring in cultural heritage sites is carried out by installing electrical
sensors in selected structures with automatic systems for data acquisition and recording or by using
portable instruments with manual reading of data taken at fixed time intervals [1-5]. The former can
provide continuous data in real time, while the latter gives periodic measurements. Both approaches can
be used to monitor the structural behavior of important parts of the heritage site, supporting the
preventive diagnosis of deformation threats. At present, these traditional methods are being used for
structural deformation monitoring of some ancient buildings in Italy and other countries [6]. These
methods have certain advantages, such as high the accuracy and reliability of measurements and
flexibility in the design of the monitoring system. However, they can only acquire data of the monitored
structure within the cultural heritage sites, not the entire area of the site and its surrounding landscape.
Furthermore, where it is not feasible to install any instruments or guarantee protection for the sensors,
such as in war and conflict zones, these methods will not be applicable.

In recent years, advances in differential radar interferometry have created new approaches for cultural
heritage monitoring and protection. As one of the important Earth observation technologies, differential
radar interferometry, particularly the Differential Synthetic Aperture Radar Interferometry (DInSAR),
has been successfully used in surface deformation monitoring by measuring phase differences in the line
of sight (LOS) direction [7-10]. Differential radar interferometry overcomes the main limitations of
traditional methods for heritage monitoring due to its extensive spatial coverage and not requiring the
installation of instruments on heritage structures. Thus, in recent years, its performance in cultural
heritage sites has been systematically exploited [11-14].

2. Differential Radar Interferometry for Deformation Monitoring in Cultural Heritage Sites

In general, cultural heritage sites have their own particularity with regard to spatial scales, geometric
characteristics, material properties and constituent structures. Different approaches of differential radar
interferometry can be applied in deformation monitoring over cultural heritage sites according to their
specific characteristics, as summarized in Table 1.
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Table 1. The main characteristics of differential radar interferometry for deformation anomaly monitoring in cultural heritage sites.

Monitoring of
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areas characterized by bare soil, debris recommended limited recommended limited
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2.1. Large-Scale Deformation Monitoring over Heritage Sites

While analyzing the deformation in heritage sites, the core area together with surroundings should be
monitored as a whole, considering the long-term and regional-scale influences of environmental and
anthropogenic factors. Multi-Temporal Synthetic Aperture Radar Interferometry (MT-InSAR), using a
time-series of Synthetic Aperture Radar (SAR) images acquired over the same area to extract
displacement information, overcomes the intrinsic limitations of conventional differential radar
interferometry in terms of geometrical and temporal de-correlation, as well as atmospheric artifacts.
It provides an effective solution to measure large-scale surface deformations with accuracy up to the
millimeter level [16-24].

Based on the different combination modes of interferometric pairs, MT-InSAR methods can be
classified into single-master image mode, multi-master image mode and hybrid mode, respectively.
The representative of the single-master image mode is Persistent Scatterers SAR interferometry
(PS-InSAR) [17,19,25,26]. This method identifies point targets whose phases, due to de-correlation,
vary little, even with large temporal and spatial baselines [27]. These point targets, exhibited as dominant
scatterers in ground resolution elements, often correspond to man-made structures, such as boulders,
outcrops, etc. Hence, PS-InSAR is applicable to cultural heritage sites with an abundance of structures
and archaeological remains on the ground. The representative of the multi-master image mode is Small
Baseline SAR interferometry (SB-InSAR) [16,21]. SB-InSAR primarily deals with distributed scatterers
(DSs) represented by bare soil, debris areas and sparsely vegetated land, which share the same statistical
backscattering behavior within a given spatial range [27]. Therefore, SB-InSAR shows its advantage in
deformation monitoring over cultural heritage sites in non-urban areas owing to the capability of DS
target extraction. In general, the scattering characteristics of real terrains are complex, and hence, a
hybrid mode needs to be developed combining both PS and DS to increase the spatial density of detected
targets in observed scenarios. The representatives of the hybrid mode are found in the combined
MT-InSAR method presented by Hooper [15] and SqueeSAR initiated by Ferretti et al. [18],
respectively. The hybrid mode widens the field of application for heritage sites located in urban and
non-urban areas, especially in archaeological sites characterized by a low density of exposed structures
on the ground or archaeological remains widely spread over rural landscapes. Furthermore, since the
hybrid mode makes full use of PS and DS to improve the probability of identifying measuring targets, it
is more feasible to monitor superficial deformation caused by inner instability or the collapse of heritage
structures that lay buried below the surface. So far, a number of studies conducted in Rome, Mexico,
Venice and several other cities have demonstrated the effectiveness of MT-InSAR for deformation
monitoring and preventative diagnosis of cultural heritage sites [12—14,28-32].

2.2. Local-Scale Structural Deformation Monitoring for Heritage Monuments

Although the above space-borne MT-InSAR methods can monitor deformation at the local scale, they
are limited by the geometric distortion caused by shadow and layover; particularly where high-resolution
SAR data (for space-borne SAR data, ground resolutions better than three meters are generally
recognized as high resolution) are used. In addition, the height information retrieved from SAR
interferometry measurement is associated with the effective phase center of all scatterers within the
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resolution cell, but the distribution of scatterers in height is unknown [33]. Therefore, the above methods
cannot separate interfering targets in the vertical direction, losing the displacement information of
scatterers distributed over different heights. All of these deficiencies limit the space-borne MT-InSAR’s
efficiency as a tool for detailed deformation monitoring and preventive diagnosis for heritage structures.
In recent years, ground-based radar interferometry and differential SAR tomography have been
developed to overcome these limitations and are increasingly used in local-scale structural deformation
monitoring for monuments in heritage sites [34—36].

2.2.1. Ground-Based Radar Interferometry Measurements

There are two types of ground-based radar interferometry approaches for deformation monitoring:
one is the Ground-Based SAR Interferometry (GB-InSAR) to perform static measurements [10,37]; the
other is GB-InRAR for dynamic measurements, such as structural vibration monitoring [38—41] (in this
paper, we write “Ground-Based Real Aperture Radar Interferometry” as GB-InRAR for short).

GB-InSAR is a well-known technique, which has been widely used in deformation monitoring in
civil structures and natural phenomena [42—44]. Due to its capabilities of offering optimal observing
geometry and a significantly high-frequency data acquisition rate, GB-InSAR overcomes the limitations
of space-borne DInSAR, such as a fixed revisit cycle and observation angle constraints. In light of its
flexible placement, GB-InSAR can be used to measure deformation in the chosen direction with
precision at the millimeter and even sub-millimeter level [10,45]. Furthermore, the high-frequency data
acquisition rate of GB-InSAR allows us to detect rapid-deformation data needed in emergency situations,
where most of the space-borne radar interferometry systems may not be effective due to their relatively long
revisit cycle. GB-InSAR can also operate in areas shadowed or not perfectly observable from a space-borne
SAR imaging system, such as steep slopes and north-facing surfaces [45]. Hence, GB-InSAR can be used
to perform multi-direction and quasi-real time monitoring. Till now, it has been successfully applied in
deformation monitoring of cultural heritage in some places [35,36]. However, since GB-InSAR can only
measure the LOS displacements, the choice of the installation site of the GB-InSAR system is critical.

On the other hand, in the last decade, some researchers have exploited the potential capabilities of
GB-InRAR in monitoring the dynamic behavior of large structures [40,46—50]. Owing to its high
sampling frequency (up to hundreds of Hz) and spatial resolution (a range resolution with accuracy up
to sub-meter level) compared to conventional radar, this approach is able to measure the frequency of
structural vibration and to estimate its amplitude of displacement with a precision at the sub-millimeter
level. In cultural heritage sites, particularly with regard to the conservation of historic buildings, a
number of common vibration sources, including road and rail traffic, sonic booms, blasting and
earthquakes, as well as long-term effects due to material wear-and-tear and weakening of the foundations
of buildings have become major concerns [51,52]. In order to evaluate the influences of the vibration
sources on cultural heritage, GB-InRAR can be used as a remote sensing tool to retrieve the vibration
characteristics of heritage structures; an example is the dynamic monitoring of an ancient building with
different tourism loads or impacts from other sources of vibration. The main challenge of this application
is that the radar measurement can be affected by different factors due to the propagation itself and its
high sensitivity to the context changes. Thus, it is necessary to make sure that the radar responses of
disturbing factors remain weak and do not interfere with the responses of the targeted object. Besides,
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data interpretation can be improved by careful analyses of the spectral and temporal characteristics of
the target [38,40,49]. Successful applications include oscillation monitoring of ancient bridges, historic
towers and monuments, either induced by natural or anthropogenic activities [53-56].

2.2.2. Differential SAR Tomography

In cultural heritage sites with a large density of vertical structures, it is difficult for space-borne
DInSAR to interpret and differentiate scatterers in the vertical direction due to height ambiguities arising
from the irregular and under-sampled spatial distribution of the imaging positions. SAR tomography
(TomoSAR), enabling a real geometric resolution capability in the vertical direction, has proven to be
capable of separating interfering targets and even solving misinterpretations in SAR images caused by
layover and foreshortening effects [33]. The differential SAR tomography (D-TomoSAR), integrating
DInSAR, tomography and multi-temporal technologies, extends the capabilities of TomoSAR to
deformation monitoring. It performs a four-dimensional (4D) space-velocity SAR imaging that makes
use of the multi-baseline and multi-temporal characteristics of repeat-track data to separate interfering
scatterers at different heights, as well as to distinguish their single slow displacement velocities [57,58].
Fornaro et al. [34] applied D-TomoSAR to deformation monitoring over the Grotta Perfetta area in the
city of Rome. Even though they used medium-resolution SAR data over the target area, the multiple
scatterers interfering in the same radar pixel were resolved, and their single time series displacement
values were correctly estimated. The results demonstrated the potentiality of this approach for
monitoring complex targets in cultural heritage sites. Furthermore, Zhu and Bamler [59] proposed a
“time warp” method to convert any nonlinear multiple (M) component motion into a linear one by
rearranging the SAR acquisition data. By projecting the temporal baseline to the artificial temporal baseline,
the “time warp” method provides the possibility to focus the desired parameter, e.g., the amplitude of periodic
motion, to the coefficient space [60]. It enables the deformation estimation for complex motion models,
including linear and periodic motion models, opening the possibility for D-TomoSAR developing into an
(M + 1)-dimensional deformation monitoring approach.

3. Discussion

Compared to traditional monitoring methods, differential radar interferometry shows significant
advantages in multi-scale deformation monitoring for cultural heritage. Generally, every heritage site
has its own context related to the evolution of human civilization during a certain historical period.
Establishing deformation monitoring systems based on the commonness and specificity of cultural
heritage is a challenging task. With advances in radar imaging systems oriented toward high-resolution,
multi-frequency and multi-platform, it is possible to select optimum differential radar interferometry for
establishing systems that satisfy end-user’s requirements of monitoring in cultural heritage sites.
Space-borne radar interferometry systems can be used as a regular approach in large-scale deformation
monitoring for the whole heritage site; while the ground-based system shows its significant advantage
in extracting detailed displacement information of heritage structures by virtue of its flexible placement
and high data acquisition rate. Besides, compared to the ground-based system, the space-borne system
will be the better choice when access to the site is difficult or when the availability of historical
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space-borne radar data archives can add value to understanding deformation processes in heritage sites
over time.

3.1. Space-Borne Radar Interferometry System

There are several satellites acquiring SAR data suitable for DInSAR, including the European Space
Agency’s ERS-1/2, ENVISAT and Sentinel-1, the Canadian Radarsat-1/2, the Japanese J-ERS-1 and
ALOS-1/2, the German TerraSAR/TanDEM-X and the Italian COSMO-SkyMed (four satellites).
Other SAR missions are also being planned, e.g., the Radarsat Constellation Mission (three satellites),
COSMO-SkyMed-2 (two satellites), TerraSAR-X-2 and the Argentinean CONAE SAOCOM
constellation (two satellites) [61]. In space-borne DInSAR, the backscattering characteristics exhibited
by the surface features in heritage sites are closely related to the radar observation parameters, such as
spatial resolution, wavelength (or radar frequency), angle of incidence, revisit cycle, efc. Therefore, the
selection of space-borne radar data with appropriate observation parameters is crucial for determining
the effectiveness of culture heritage monitoring. We briefly summarize the principle aspects that need
to be taken into account in the selection process below:

(1) Spatial resolution: High spatial-resolution InSAR system allows detailed analysis of deformation
threats. For example, the range-resolution cell size of the medium spatial-resolution sensors (e.g., ERS
and ENVISAT ASAR) at times approximates the size of some historical monuments, leading to the
problem that it is unable to separate signals from the ground-wall interface. In this case, it is hard to
determine whether an interferometric phase change is caused by ground motion or by structural
deformation of the monument itself. Differential radar interferometry system with higher spatial resolution,
such as TerraSAR/TanDEM-X or COSMO-SkyMed, provides a potential solution to this problem.
Although layover ambiguities and multipath scattering effects cannot be resolved by higher
spatial-resolution, especially for heritage sites with a large density of complex archaeological structures,
a higher resolution in the range and azimuth direction provides more details for tracing these effects [62].

(2) Wavelength (or radar frequency): According to the principle of DInSAR (@ger = —(41/A) - AR),
the precision of displacement measurement is higher than the order of the wavelength. The wavelength
is in the order of centimeters; hence DInSAR can measure displacements down to millimeter
accuracy [63]. Besides, the wavelength and the scattering mechanism are interrelated in a complex way.
Since microwaves with different wavelengths are characterized by different penetration capabilities [64],
the differences in radar signatures become particularly significant when it comes to scattering distributions
from surfaces, such as forests: the L-band (about 23 cm of wavelength) penetrates sparse canopy and gets
scattered dominantly from the soil, which may stay coherent for years, while the X-band (about 3 cm of
wavelength) is reflected even by leaves and may decorrelate after a few seconds. Temporal decorrelation
increases rapidly with radar frequency. Consequently, for heritage monitoring in vegetated areas, the
L-band is a preferred choice in most cases. However, since the available L-band SAR data are provided
by the Japanese Space Agency JAXA missions, J-ERS and ALOS PALSAR, they are not always
available for a complete time series covering the study area, depending on the geographic location (i.e.,
outside Asia/Pacific Ocean). Besides, the study conducted by Tapete et al. [31] demonstrated that even
C-band (about 5 cm of wavelength) data can provide satisfactory results over vegetated areas in rural
sites, depending on the processing algorithms, the spatial resolution of the satellite and the typology of
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the monitored structures. Furthermore, the theoretical model presented by Bovenga et al. [65] assessed
the impact of radiometric and geometric parameters on the precision of the MT-InSAR estimates. The
phase noise decreases as the wavelength decreases and the spatial resolution increases. Taking advantage
of the higher resolution and shorter wavelength of the X-band data, it is possible to use fewer images
and to obtain estimations of the mean velocity with a precision comparable to the C-band data [61].

(3) Angle of incidence: The incidence angle is defined as the angle between the direction of the
incident radiation and the normal of the local geoid. It is the major factor that influences the radar
response of a scatterer and may lead to geometric distortion effects, known as “shadow” and “layover”.
No measuring target can be extracted for interferometric processing in the shadowing area. For the
“layover” effect, this brings major challenges for separating interfering scatterers distributed over
different heights, although D-TomoSAR provides a feasible solution. Therefore, it is important to select
an InSAR system with an appropriate incidence angle based on the landscape of the heritage site
under consideration.

(4) Revisit cycle: In satellite repeat-pass interferometry, the revisit cycle has a direct influence on
the accuracy of deformation velocity measurements. During a long revisit cycle, temporal decorrelation
caused by changes in backscattering characteristics limits the effectiveness and applicability of
differential radar interferometry for deformation monitoring. Thus, for rapid deformation monitoring, it
is necessary to select a radar interferometry system with a shorter revisit cycle in order to capture more
details of the deformation process and to avoid phase ramping (because of the periodic characteristics of
the interfering waves, the phase value is recorded only in the principal value range of [ —, m]).
The phase ramp is generally defined as the phase shift in interferograms up to an integer multiple of 21
caused by atmospheric effects, orbit errors, deformation, topography, noise etc. For slow deformation
monitoring, a radar interferometry system with a relatively longer revisit cycle can be used. Nowadays, the
satellite constellation techniques are widely used in the new generation of space-borne radar interferometry
systems. They greatly shorten the revisit cycle and offer advantages for achieving near-real-time
deformation monitoring over heritage sites with high precision.

(5) The relationship between satellite flight path and geometric features of archaeological structures:
While the satellite flight path is parallel to the linear target, the radar echoes are strong when caused by
the dihedral scattering, resulting in the target being seen as a strong scatterer in the radar image [66,67].
Consequently, for linear heritage sites, such as ancient river courses, city walls and bridges, it is better
to use an InSAR system whose satellite flight path is parallel to the target’s linear structure. In addition,
considering the relatively small width of the linear targets in most cases, applying a radar interferometry
system with high spatial-resolution, such as TerraSAR/TanDEM-X or COSMOS-SkyMed, can help to
optimize the deformation investigation.

3.2. Ground-Based Radar Interferometry System

The ground-based radar interferometry methods can be involved in both static and dynamic
deformation measurements. Here, we focus on the application of GB-InSAR in static monitoring for
heritage sites. In recent years, GB-InSAR has proven to be a consistent and reliable technique for
monitoring sudden changes over a limited area (up to a few square kilometers). Compared to the space-borne
system, GB-InSAR can provide images of a local-scale area in much shorter time intervals (about every
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10 min) with precision at the millimeter or even sub-millimeter levels. Thus, GB-InSAR allows the
displacement measurements of fast phenomenon, such as landslides and collapse, in heritage sites.
Moreover, GB-InSAR can operate in steep slopes thanks to the flexible choices of its installation sites,
while the satellite data are limited in areas with layover, foreshortening and shadowing effects. In
addition, the retrieval of the actual interferometric phase caused by surface deformation is easier in
GB-InSAR for two reasons: first, owing to its fixed observation geometry, GB-InSAR always satisfies
the zero baseline condition, and topography-independent interferograms can be generated without
resorting to the need for flattening processing; second, the significantly higher image acquisition rate of
GB-InSAR largely reduces the temporal decorrelation in the interferometric data [45]. To make full use
of these obvious advantages, there are some matters that need attention in the application of GB-InSAR
for local-scale displacement measurements over heritage sites. The GB-InSAR devices should be placed
in the best locations within sites in order to obtain optimal viewing geometry, especially for the
monitoring of a slope or archaeological structures. Besides, since the spatial resolution of images
decreases with increased observation distance, there is a trade-off between measurement accuracy and
spatial coverage.

With respect to the monitoring of a relatively large-scale scene over low coherence areas (e.g., forested
and vegetated archaeological sites; ruins with an extremely low density of stable radar targets), the usage
of artificial reflectors coupled with the GB-InSAR technique can be taken into consideration in order to
realize a displacement estimation accuracy at the submillimeter level. This is because artificial reflectors
can exhibit a high radar cross-section (RCS) or, at least, a good signal-to-clutter ratio (SCR) that is stable
over time. These features allow us to improve the signal-to-noise ratio (SNR) of interferometric data and
to minimize the impact of in situ, as well as atmospheric effects. This technique can be also used in
space-borne radar interferometry [68].

3.3. Combination of Space-Borne and Ground-Based InSAR Systems

Space-borne and ground-based InSAR systems work at different spatial and temporal scales.
By virtue of the above-mentioned differences and characteristics, the combination of these two
techniques could enable us to carry out displacement measurements of the “whole area”, as well as the
“single monument” in heritage sites. Satellite SAR data can be used to carry out a preliminary study on
surface deformation at a basin scale, providing references and guidance for GB-InSAR monitoring in
terms of hotspot selection and device installation planning. Tapete ef al. [69] demonstrated the feasibility
of such an integrated application using ground-based and satellite SAR data to perform deformation
monitoring for cultural heritage at different scales. Bardi et al. [70] proved the efficiency of the
integration of PS-InSAR and GB-InSAR for landslide mapping, offering a valid scientific support for
post-emergency management of heritage monitoring.

On the other hand, in order to fully reflect local-scale deformation threats to heritage sites, the LOS
displacement vectors generated from the space-borne and ground-based DInSAR can be integrated to
obtain multi-dimensional deformation fields. For near-polar orbiting satellites, the north component of
the displacement vector is always the most difficult to determine by LOS measurements. This is because
the LOS measurements from both ascending and descending orbits are more sensitive to the vertical and
east-west displacements than to north-south displacements [71]. Although solutions have been put
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forward by using multiple interferograms obtained from ascending and descending orbits, there are still
limitations to resolve multi-dimensional deformation fields with high precision [71-73]. In addition, it
is not always possible to acquire interferometric pairs over the same heritage scene from both ascending
and descending passes. GB-InSAR can serve as a complementary tool of space-borne DInSAR in measuring
multi-direction displacements by virtue of its optimum observing geometry. Therefore, the integrated method
combining space-borne and ground-based DInSAR has great potential for multi-dimensional deformation
monitoring, especially for monitoring those events whose vertical and horizontal displacements are both
important. However, non-simultaneous acquisitions and the different spatial resolutions offered by these
two systems also raise challenges to the integration of their deformation results.

Although differential radar interferometry has the above opportunities in heritage monitoring, there
are still some challenges that need to be addressed and resolved [74]. The most critical problem is the
lack of effective workflow, standardized processing protocols and evaluation systems dedicated to
cultural heritage. Thus, in order to promote its application in heritage monitoring, the main difficulty to
be overcome is to conduct systematic investigations in heritage sites with different geographical features,
environmental conditions and land cover. Based on the substantial analysis of these surveys, the
application systems of differential radar interferometry can be set up for benefitting the conservation and
management of cultural heritage sites throughout the world. On the other hand, in cultural heritage
science, there is a communication gap between archaeologists, radar scientists and end-users responsible
for heritage management, which strongly affects the effectiveness of monitoring activities. Hence, significant
efforts are needed to promote the close interaction and exchange of ideas among these communities of
scientists and managers through a range of cooperative activities, including frequent seminars and training
workshops. In addition, the availability of satellite SAR data, as well as their cost can also limit the
regular use of differential radar interferometry in heritage monitoring. The best approach is to promote
international collaboration between space agencies and heritage administrations, encouraging stakeholders
of satellite SAR systems to lay more stress on heritage conservation and support the operation and
popularization of heritage monitoring by differential radar interferometry.

4. Perspectives and Summary

The above analysis demonstrates that the space-borne and ground-based differential radar interferometry
approaches have great potential for various scales of deformation monitoring and preventive diagnosis over
cultural heritage sites (i.e., from the whole site to a single monument). In practice, different approaches can
be used in an integrated manner to set up a multi-scale monitoring workflow combined with geophysical
and other auxiliary data. Conducting systematic investigations for heritage sites following a particular
workflow model enables the setting up of a radar interferometry application system dedicated to cultural
heritage monitoring. Such a system will also provide scientific support for planning the protection and
sustainable development of cultural heritage. The workflow we propose in Figure 1 can be implemented
as follows:

The first step is to perform a preliminary investigation of the surface deformation over the whole
heritage site and its surroundings. MT-InSAR or DInSAR can be applied in large-scale deformation
mapping according to the surface features of the heritage site under consideration for highlighting
hotpots with deformation anomalies. Besides, multi-LOS DInSAR measurements can be used to
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reconstruct the large-scale 3D deformation field if the interferometric pairs from both ascending and
descending orbits are available. The 3D displacement vectors better reflect the real surface deformation,
allowing us to better understand the mechanisms triggering deformation in heritage sites.

Secondly, local-scale deformation monitoring can be carried out over specific areas, such as the
unstable units detected by the first step and other groups of monuments or a single archaeological structure
of interest. GB-InSAR can be used to detect structural displacements of heritage monuments or could
serve as a complementary method of space-borne DInSAR in deformation monitoring at chosen directions;
while GB-InRAR can be applied in evaluating the influences of surrounding vibration sources on
heritage structures. In particular, GB-InSAR enables us to monitor rapid deformation caused by natural
disasters or human activities, providing a useful approach for emergency management of cultural heritage
sites. Besides, with respect to heritage sites with a large density of vertical structures, the usage of D-TomoSAR
should be taken into consideration in order to separate interfering targets in the vertical direction.

Thirdly, it is important to analyze the mechanisms triggering structural and ground deformation in
heritage sites, based on available auxiliary data from geology, hydrography and historical records.
Differential radar interferometry only provides information about the superficial effects of deterioration
and instability phenomena, which might be caused by different triggering factors. A correct interpretation of
the radar data requires substantial background knowledge of the heritage site and field inspections for
verification [33]. Based on these comprehensive analyses, the displacement results obtained by different
methods (including different radar interferometry approaches and traditional monitoring methods) can
be compared for cross-validation. Then, the spatial-temporal deformation processes and their trends can
be parameterized using certain indices, e.g., combining deformation velocity rates and acceleration and
the scale, which could be useful for the recognition of factors triggering deformation.

Fourthly, the existing and potential influences of natural and human-induced factors on cultural
heritage can be quantitatively evaluated, including certain events, e.g., earthquakes, landslides, floods
and wars, that lead to rapid deformation and long-term environmental factors or human activities, such
as coastal erosion, soil erosion and groundwater pumping, that cause slow deformation. These scientific
evaluations are crucial for heritage managers to make appropriate countermeasures for the conservation
of cultural heritage. Moreover, quantitative assessments combined with the parameterized displacement
results can be used to simulate the spatial-temporal processes of deformation by virtual reality technologies.
These technologies demonstrate spatial-temporal phenomena in accurate and dynamic visual scenarios
and can play a critical role in narrowing the communication gap between scientists and end-users responsible
for heritage management.

In summary, different radar interferometry approaches used in an integrated manner can combine
their respective advantages in dealing with diverse heritage sites. According to the characteristics of a
specific heritage site and the requirements of end-users, we can also select one or several parts from the
proposed workflow to guide monitoring implementation. Based on plenty of systematic investigations
over heritage sites with different geological features, environmental conditions and land cover, we can
explore the optimum integration of methods and radar observation parameters (e.g., spatial resolution,
wavelength, incident angle) dedicated to different scenarios. Then, an application-oriented system can
then be set up for anomaly detection and preventive diagnosis of cultural heritage sites. Today, people
are much more aware of and focused on culture and civilization issues, which profoundly influence the
social and economic development of a nation and its people. The sustainability of cultural heritage is
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one of our most urgent priorities. On the one hand, cultural heritage management faces conflict of interest
between local economic developments and environment conservation, e.g., traveling, deforestation,
mining and urban expansion. The proposed workflow can make precise and efficient evaluations of
deformation processes and their trends from the site to single monument scale, providing a scientific
basis for resource exploitation in and around cultural heritage sites. On the other hand, cultural heritage
is also affected by natural factors, particularly natural disasters. Deformation monitoring and preventative
diagnosis based on the workflow can contribute to planning appropriate countermeasures for heritage
restoration and protection. Furthermore, since the space-borne SAR data are becoming more open to the
public, particularly to researchers, limitations regarding cost and ready access of SAR data are likely to be
reduced significantly. The establishment and promotion of this system also require a close collaboration
amongst archaeologists, radar scientists and cultural heritage managers to improve traditional management
approaches. Moreover, by establishing proper communication channels and promoting close cooperation
between researchers and end-users, this non-intrusive remote sensing tool could make unique contributions
to the sustainability of the cultural heritage of humankind.
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