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Abstract: Insufficient data and imperfect methods are the main obstacles to realize Target 11.4 of
the Sustainable Development Goals (SDGs). Very high-resolution (VHR) remote sensing provides
a useful tool to elaborate monitor land-cover changes in cultural landscapes so as to evaluate the
authenticity and integrity of the cultural heritage sites (CHS). In this study, we developed a semi-
automatic two-level workflow to efficiently extract delicate land-cover changes from bi-temporal
VHR images (with spatial resolution ≤ 1 m), where most current studies can only manually interpret
changes at this scale. Based on the monitoring result, we proposed an indicator named interference
degree that can quantify the changes in cultural landscapes of the CHS as a complementary indicator
to achieve Target 11.4 for SDGs. Three representative types of CHS with different landscapes were
studied in 2015 and 2020 based on the VHR Google Earth images, including cave temples, ancient
architectural buildings, and ancient sites. The proposed workflow was demonstrated to be effective
in extracting delicate changes efficiently with the accuracy around 85%. The interference degree well
reflects the preservation status of these CHS and can be periodically observed in a long term as an
evaluation indicator. This study shows the potential to produce the first-hand global-monitoring
data of CHS to support Target 11.4, thus serving for the sustainable development of the world’s
cultural heritage.

Keywords: cultural-heritage site; very high-resolution; cultural landscape; interference degree;
object-based image analysis

1. Introduction

With urban growth and modernization, the uprising conflict between human activity
and heritage conservation has received considerable attention [1]. Monitoring the preser-
vation status of cultural-heritage sites (CHS) is important to maintain their sustainable
development [2–4]. The United Nations has proposed 17 Sustainable Development Goals
(SDGs) in 2015 [5]. Among them, Target 11.4 aims to strengthen efforts to protect and
safeguard the world’s cultural and natural heritage. This target belonged to Tier III (i.e.,
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definitions, methodologies, or standards are under development) when initially proposed
and was classified as Tier II (i.e., indicators are well defined, but data are not regularly
collected at country level) in 2019 [6]. However, the realization of this target still faces the
challenge of insufficient data and imperfect methods [7].

The remote-sensing technique has shown a great advantage in cultural-heritage mon-
itoring and management [8–13]. Remote-sensing images with a low or medium spatial
resolution can provide monitoring data with a wide coverage and long time series, and
they have been used widely to monitor changes in cultural landscapes of CHS [14–17].
However, observation at this scale cannot reach the heritage property level, and therefore
some key elements surrounding the CHS cannot be observed. For example, individual
buildings and narrow roads cannot be monitored from low- or medium-resolution images.
The very high-resolution (VHR) remote-sensing images derived from commercial satel-
lites [18], unmanned aerial vehicles (UAV) [19], and Google Earth [20,21] have become
easily accessible, providing the possibility to observe CHS at a fine scale.

Currently, visually interpretation of CHS and the related targets from VHR images
is still the mainstream [22–25] in cultural-landscape monitoring, and only a few studies
applied machine-learning methods for image interpretation [26,27]. An important reason is
that processing VHR images is rather complicated for non-remote-sensing experts. Target
11.4 has put forward the urgent demand of acquiring global CHS data at the fine monitoring
scale. To achieve this, more intelligent methods need to be customized and popularized
to monitor CHS from VHR images. Another problem is that only one indicator (i.e., the
expenditure per capita spent on the preservation) is related to Target 11.4, which is over-
simple and not effective to achieve this target [28]. Other complementary indicators should
be developed to quantify the preservation status of CHS.

Therefore, to customize the method of elaborate monitoring the status of CHS, a
semi-automatic workflow, was proposed based on the object-based image analysis (OBIA)
to identify land-cover changes at two processing levels from bi-temporal VHR images.
Afterwards, an indicator named interference degree was proposed to quantify the changes
in cultural landscapes within a certain time period. The interference degree can reflect the
impacts of human activities and natural factors on the CHS in some degree. Periodically
monitoring cultural landscapes can provide a straightforward indicator to evaluate the
authenticity and integrity of the CHS. The developed workflow was applied to three
representative types of CHS with distinct cultural landscapes for a pilot test. The results
demonstrate that this workflow has the potential to monitor global CHS with different
types so as to provide the first-hand global-monitoring data at the fine scale.

2. Materials and Methods
2.1. Study Areas

Three CHS in China were studied, including the Yungang Grottoes, the Wooden
Pagoda of Yingxian, and the Chengcun Ancient City Ruins. Among them, the Yungang
Grottoes belong to cave temples; the Wooden Pagoda of Yingxian is an ancient architectural
building; and the Chengcun Ancient City Ruins are typical ancient sites.

The Yungang Grottoes, located in the city of Datong, Shanxi Province, are ancient
Chinese Buddhist temple grottoes (with 252 caves and 51,000 statues) from the 5th and 6th
centuries. They were selected on the United Nations Educational, Scientific, and Cultural
Organization (UNESCO) list in 2001. The Wooden Pagoda of Yingxian, also known as
the Sakyamuni Pagoda of Fogong Temple, is a wooden Chinese pagoda in Ying County,
Shanxi Province. It was built in 1056 during the Khitan-led Liao Dynasty. In 2013, the
tower was selected on the tentative lists of UNESCO. The Chengcun Ancient City Ruins,
located in Wuyishan City, Fujian Province, is the largest and best-preserved Han Dynasty
city site found in southern China. In 1999, it was included in the World Heritage List as
the major item in Wuyishan city’s application for UNESCO’s World Cultural Heritage and
World Natural Heritage status. In 2013, it became the project unit for the establishment
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of the National Archaeological Park. Figure 1 shows the locations, protected areas, and
remote-sensing images of these three CHS.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 19 
 

World Natural Heritage status. In 2013, it became the project unit for the establishment of 
the National Archaeological Park. Figure 1 shows the locations, protected areas, and re-
mote-sensing images of these three CHS. 

 
Figure 1. The study areas of three cultural-heritage properties. 

2.2. Data 
Google-Earth images have shown great potential in monitoring CHS for its global 

coverage, the choices of various spatial resolution, the availability of historical data, and 
low costs [20]. Therefore, the bi-temporal VHR Google-Earth images were used to monitor 
land-cover changes in the study areas. The year of 2015 was used as the benchmark year 
since SDGs were proposed in 2015, and the year of 2020 was chosen as the second time. 
The changes in cultural landscapes within five years were monitored. The core zone and 
the buffer zone consist of the main protected area of a CHS. The core- and buffer-zones’ 
data [29] released by cultural-relic units were used to provide boundary information. 

Google-Earth imagery is actually a mosaic of many images with different spatial res-
olutions (from 15 m to 10 cm) from different time periods and multiple image providers 
such as Landsat satellites operated by National Aeronautics and Space Administration 
(NASA), the United States Geological Survey (USGS), and some commercial providers 
[30]. Google Earth Pro provides a tool to output the VHR imagery with three multispectral 
bands (i.e., red, green, and blue). The true digital number values (also including the spec-
tral reflectance) are not available; thus, the Google-Earth imagery is not suitable for quan-
titative applications. Nevertheless, comparing with the costs of commercial VHR imagery 
and extensive image pre-processing work (e.g., image mosaicking) for global monitoring, 
Google Earth Pro is rather cost effective, and the output three-band VHR imagery can still 
be used for visual applications such as land-cover classification [25] and object recognition 
[27]. Google Earth Pro can output images with different levels of resolution. At the same 

Figure 1. The study areas of three cultural-heritage properties.

2.2. Data

Google-Earth images have shown great potential in monitoring CHS for its global
coverage, the choices of various spatial resolution, the availability of historical data, and
low costs [20]. Therefore, the bi-temporal VHR Google-Earth images were used to monitor
land-cover changes in the study areas. The year of 2015 was used as the benchmark year
since SDGs were proposed in 2015, and the year of 2020 was chosen as the second time.
The changes in cultural landscapes within five years were monitored. The core zone and
the buffer zone consist of the main protected area of a CHS. The core- and buffer-zones’
data [29] released by cultural-relic units were used to provide boundary information.

Google-Earth imagery is actually a mosaic of many images with different spatial
resolutions (from 15 m to 10 cm) from different time periods and multiple image providers
such as Landsat satellites operated by National Aeronautics and Space Administration
(NASA), the United States Geological Survey (USGS), and some commercial providers [30].
Google Earth Pro provides a tool to output the VHR imagery with three multispectral
bands (i.e., red, green, and blue). The true digital number values (also including the
spectral reflectance) are not available; thus, the Google-Earth imagery is not suitable for
quantitative applications. Nevertheless, comparing with the costs of commercial VHR
imagery and extensive image pre-processing work (e.g., image mosaicking) for global
monitoring, Google Earth Pro is rather cost effective, and the output three-band VHR
imagery can still be used for visual applications such as land-cover classification [25]
and object recognition [27]. Google Earth Pro can output images with different levels of
resolution. At the same level, the resolution of the output images may vary in different
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places, and not all the places have sub-meter images covered. Since elaborate monitoring
of the cultural landscape of CHS was the primary goal in this study, we chose 1 m images
for the Yungang Grottoes and the Chengcun Ancient City Ruins, and the actual resolution
of the output images was 1.07 m. As the Wooden Pagoda of Yingxian has a rather small
protected area and dense residential areas, we chose the sub-meter resolution image for
this area, and the actual output resolution was 0.27 m. The original satellite sensors that
provide these Google-Earth images can be tracked according to the covered area and the
acquisition time. The data information is listed in Table 1.

Table 1. Data information of the three cultural-heritage properties.

Data Acquisition Time Data Acquisition Time and
Satellites

Spatial
Resolution

Core Area
(ha)

Buffer Area
(ha)

Yungang Grottoes 2015/01/11 2020/04/12
1.07 m 115 800WorldView-2 WorldView-3

Wooden Pagoda of Yingxian 2015/11/01 2020/04/25
0.27 m 7 395GeoEye-1 GeoEye-1

Chengcun Ancient City Ruins 2015/04/05 2020/03/15
1.07 m 59 1418WorldView-3 WorldView-2

For global monitoring, the selection of resolution directly determines the processing
time. If a CHS occupies a very large area, imagery with a lower resolution (e.g., 5 m)
is suggested to reduce computational costs. In contrast, if a CHS occupies a small area
and is in an urban environment, such as the Wooden Pagoda of Yingxian, imagery with a
sub-meter resolution can be used if available.

2.3. Methods

OBIA has shown great advantages in processing VHR images [31,32]. Therefore, a
two-level workflow based on the OBIA was customized to extract land-cover changes in
the cultural landscapes of the CHS. At level I, an unsupervised method was applied to
extract the potentially changed objects; at level II, a supervised machine-learning method
was used to refine the result and obtain the from-to land cover-change information. The
flowchart of the proposed workflow is shown in Figure 2, and the specific steps are
as follows.

1. Image co-registration: The bi-temporal Google-Earth images were co-registered.
Since change detection on VHR images has a high-quality requirement, image co-
registration was applied using the Image Registration Workflow tool in ENVI 5.3 [33]
to ensure the root mean square error (RMSE) of geometrical accuracy was less than
two pixels.

2. Change vector analysis (CVA): The CVA [34] was applied to the bi-temporal images
to derive a pixel-wise difference image (Equation (1)).

V =

√√√√ K

∑
i=1

(pi − qi)
2 (1)

V is the Euclidean distance between the spectral vectors of two pixels pi and qi at the
same location from bi-temporal images. K is the number of multispectral bands.

3. Thresholding: The Otsu thresholding [35] was applied to the difference image. This
algorithm can conform a threshold t by minimizing intra-class intensity variance
or equivalently by maximizing inter-class variance, so as to divide changed and
unchanged pixels.

4. Image segmentation: Independently, the spectral bands of bi-temporal images were
stacked to combine information from both times, and image segmentation based on
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the fractal net evolution algorithm (FNEA) method [36] was performed on the stacked
spectral bands. As a key step of OBIA, image segmentation can group pixels into
multiple image segments (objects) according to some pre-defined homogeneity criteria.
The pixels inside an object were assumed to be with high homogeneity. Therefore, the
basic unit is an object rather than a pixel in OBIA (an illustration is shown in Figure 3).
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Figure 3. An illustration of an image at the pixel level (a), image segmentation (b), and the image
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remote-sensing sub-scene (d).

5. Extracting potentially changed objects: Since the same element can exhibit great
spectral heterogeneity in VHR images, extracting changed elements at the object
level rather than the pixel level can avoid introducing the salt-and-pepper noise (i.e.,
isolated pixels). The changed objects were extracted according to the segmentation
and Otsu thresholding results (Equation (2)).

O =

{
1 if Nc > N·r
0 if Nc ≤ N·r , (2)

O = 1 indicates that an object is a potentially changed object; otherwise, O = 0. Nc is
the number of changed pixels in this object, and N is the total pixels in this object. r is
an empirical threshold. In the study, r was set to 50% through trial-and-error tests,
which means if the changed pixels exceed a half in an object, this object is then defined
as a changed object. This step converts the processing unit of the imagery from pixels
to objects.

6. Object-based classification: CVA is sensitive to false changes caused by many factors
such as different sensors, the light condition, seasonal changes, etc. [37]. Therefore,
the supervised classification was performed separately on the bi-temporal images
to further reduce the false alarm. The random-forest (RF) classifier was used in this
study. This method utilizes ensemble learning to combine many decision trees and
has been reported to achieve a high accuracy [38]. The training objects based on the
segmentation results were selected separately on the two images. The mean and
standard deviation of pixel values inside each object were used as the object-level
features for classification. The selected training objects provide prior knowledge of
the object-level features across three spectral bands. In the training process, a five-fold
cross-validation was used to automatically determine the optimal parameters in the
RF algorithm such as the number of trees, the criterion to measure the quality of
a split, the maximum depth of the tree, etc. Based on the selected parameters, the
classification was then applied to those potentially changed objects.
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7. Refining changed objects: After deriving the classification results, the land-cover
classes were compared per object in the bi-temporal images. The object with the same
class label in both images was regarded as the false change and thus categorized as the
unchanged object. Manual editing may be stepped in to refine the results. Especially,
some changes caused by reconstruction work were difficult to be identified using
machine-learning methods and thus were delineated manually.

8. Calculating interference degree: The percentage of changes (Equation (3)) was calcu-
lated for the core zone and the buffer zone of a CHS.

I =
Ac

A
, (3)

where Ac is the area value of all the changed objects in the core/buffer zone, and A is
the area value of the core/buffer zone. We defined this percentage I as the interference
degree, which directly reflects the amount of land-cover changes in cultural landscapes
surrounding a CHS. We also obtained the from-to land cover-change information that
shows the conversion types of these changes from the classification result.

3. Results and Findings

According to UNESCO and the heritage community [29], a core zone has strict pro-
tection status, where human intervention must be kept to a minimum. A buffer zone may
set limits to protect views, settings, land uses, and other aspects but may also positively
encourage developments that would be beneficial to the site and community. Therefore, a
high interference degree in the core zone usually implies a high risk to the heritage site. A
high value in the buffer zone indicates the heritage site needs to be further evaluated to
assess whether these changes have strengthened or weakened the relationship between
humans and heritage.

By applying the proposed workflow to our three study sites, the interference degree of
these CHS is listed in Table 2. As can be seen, the interference degrees in the core zone were
all lower than those in the buffer zone, suggesting a better protection in the core zone. The
Yungang Grottoes had the highest interference degree in the buffer zone (4.93%) among
three study areas and a median value in the core zone (0.64%). The Wooden Pagoda of
Yingxian had nothing changed in the core zone and only some minor changes in the buffer
zone (0.51%). The interference degree of the Chengcun Ancient City Ruins also remained
at a high level in the core zone (1.11%) and the buffer zone (3.54%).

Table 2. Interference degree of three cultural-heritage properties.

Interference Degree (%)
in Core Zone

Interference Degree (%)
in Buffer Zone

Yungang Grottoes 0.64 4.93
Wooden Pagoda of Yingxian 0 0.51

Chengcun Ancient City Ruins 1.11 3.54

Five classes can basically cover land-cover types in the study areas, including built-up
land, farmland, barren land, vegetation, and water. Built-up land includes buildings, roads,
and some under-developed areas. Farmland includes planted and unplanted farmland,
without paddy fields in these study areas. Barren lands are mostly bare soil and rocks,
with a few tidal-flat areas. Vegetation includes woodland, bush, and grass. Water includes
rivers and reservoirs. Among the five classes, built-up land and farmland were closely
related to human activities, and the other three classes (i.e., barren land, vegetation, and
water) contribute to environmental factors. Some research assigned different weights to
different land-cover classes for risk assessment [39]. In these three study areas, the changes
of these five land-cover classes were interactive. Especially, the changes of barren land
and vegetation were mostly caused by human intervention rather than natural changes.
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Therefore, without distinguishing different impacts of land-cover classes on the interference
degree, these five classes were used for classification to refine the change-detection result
and to obtain the change information (some study sites may not include all the five classes).
The from-to land cover-change information is shown in Figures 4–6, and heat maps of the
transition matrix indicating change quantities and directions [40] are displayed in Figure 7
for all three study sites.

The greatest change in the Yungang Grottoes was from vegetation to built-up land
(Figure 7a), appearing in the southwest of the buffer zone (Figure 4). This change was due
to a large increase in solar panels, which can be seen clearly from VHR images. The second
greatest change was from built-up land to barren land in a village (called Wuguantun
village) in the northern part of the buffer zone. The Yungang Grottoes are surrounded by
some coal mining areas, and people in the Wuguantun village used to mine for a living. Due
to a serious threat to the grottoes, the mining activities stopped in nearby villages. People
moved away from the Wuguantun village after the coal mining stopped; therefore, many
low flat-roofed buildings in the village were demolished. Additionally, a little construction
work was implemented in the southwest of the village and around the Yungang Museum
(at the east of the core zone). No construction work happened in the core zone, and only
little vegetation turned into barren land. We visited the Yungang Grottoes on 25 March 2021
to record the recent situation at those changed places. The on-site photos of newly built
solar panels and demolished buildings in the Wuguantun village are shown in Figure 4,
which accord with the extraction result.

The Wooden Pagoda of Yingxian has a rather small core zone, and no change happened
in this area (Figure 5). Some minor changes in the buffer zone were due to newly built
buildings and some reconstruction work (Figure 7b). Vegetation in the park was converted
into a few paths and barren lands for a better accessibility. The farmland barely changed
except for different seasonal crops.

Chongyang River goes across the protected area of the Chengcun Ancient City Ruins
(Figure 6). The greatest change was from vegetation to farmland (Figure 7c), indicating
an increasing demand of the utilization of land. This type of change happened in one of
the core zones, causing a high interference level. The changes in the river and along the
riverbank were also great, and these changes were largely contributed by human activities.
A sluice was built across the river, causing a decrease in tidal flats at lower reaches. Many
construction works along the river were carried out during these five years. A road was
repaired and widened on one side of the river (from barren land to built-up land); another
road was built passing through the farmland on the other side of the river (from farmland
to built-up land).



Sustainability 2022, 14, 1319 9 of 18Sustainability 2022, 14, x FOR PEER REVIEW 9 of 19 
 

 
Figure 4. Land-cover changes in Yungang Grottoes (a). Zoomed images show the increase in solar panels in the southwest 
part of the buffer zone in Zone A (b); many low flat-roofed buildings were demolished, and a few buildings were built in 
the northern part of the buffer zone in Zone B (c). On-site photos show solar panels in Zone A (d), and most buildings 
have been demolished in Zone B (e). 

Figure 4. Land-cover changes in Yungang Grottoes (a). Zoomed images show the increase in solar
panels in the southwest part of the buffer zone in Zone A (b); many low flat-roofed buildings were
demolished, and a few buildings were built in the northern part of the buffer zone in Zone B (c).
On-site photos show solar panels in Zone A (d), and most buildings have been demolished in
Zone B (e).
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Figure 5. Land-cover changes in Wooden Pagoda of Yingxian (a). The zoomed images show that
there is a little construction work in Zone A (b); vegetation was converted into a few paths and barren
land in the park in Zone B (c).
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Figure 6. Land-cover changes in Chengcun Ancient City Ruins (a). The zoomed images show that a
sluice was built across the river and that the road was widened and repaired on one side of the river
in Zone A (b); vegetation was converted to farmland, and a new road was built on the other side of
the river in Zone B (c).
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The cultural landscape of each study site is distinctive. The Yungang Grottoes are
embraced between mountains and only a few villages in the surrounding. There are no
large farmland patches in this area, so impacts from human activity are expected to be little.
The Wooden Pagoda of Yingxian is located near a border between the city and a suburban
area. Densely distributed buildings are in the south, and a large patch of farmland are in
the north; thus, urban construction and agricultural activities may both cause interferences
to the pagoda. The Chengcun Ancient City Ruins are in an intermountain basin near
the Chengcun village. Farmland and thick vegetation are on both banks of the river.
Natural (e.g., forest and water) and man-made (e.g., construction and farming) factors
may both affect the ancient ruins. Interestingly, the Wooden Pagoda of Yingxian has the
best preservation status. Although located in a relatively vulnerable environment that is
easy to be affected by human activities, the core zone of the pagoda is strictly protected,
and the buffer zone remains at a low interference level. The Yungang Grottoes and the
Chengcun Ancient City Ruins both show a rather high interference level, but their land-
cover change trends indicate very different results. For the Yungang Grottoes, the changes
include the utilization of new energy and improvements on the rural environments, which
would lead to a decrease in human interference in the long term. Therefore, these changes
were made towards a better preservation of the CHS. It would be beneficial to further
evaluate whether these changes were made too fast and caused potential threats to the
grottoes. For the Chengcun Ancient City Ruins, however, the changes were caused by a
great amount of construction work and forest degradation. These changes may damage
the natural ecological balance and break the integrity of the cultural landscape, implying a
potential unsustainable development at this site. Therefore, more attention should be paid
to the Chengcun Ancient City Ruins. It is suggested to report these abnormal changes and
periodically monitor the cultural landscape in the future. Additionally, other techniques
such as interferometric synthetic aperture radar (InSAR) [41,42] and light detection and
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ranging (LiDAR) [43,44] can be combined to monitor the ruins and provide a comprehensive
risk assessment.

4. Analysis and Discussion
4.1. Accuracy Assessment

The number of objects at specific steps is listed in Table 3, including segmentation,
CVA, classification, training samples, and the final edited results. The result indicates that
the potentially changed objects selected by the unsupervised CVA greatly narrow the region
of interests. The supervised classification further removes false changes, accounting for
nearly a half of those potentially changed objects. The percentage of manually delineated
objects was from 15% to 35% of the total objects. Although we edited the final result to
derive the accurate interference degree, the semi-automatic workflow was far more efficient
than pure manual work. In practice, the segmentation result has already provided the
boundary information; therefore, the missing objects can be copied from the segmentation
result, without actually delineating their boundaries.

Table 3. The number of objects after each processing step.

Yungang Grottoes Wooden Pagoda of
Yingxian

Chengcun Ancient
City Ruins

Segmentation 15,877 19,995 7286
CVA 1942 135 647

Training samples
(bi-temporal)

2015 145 48 82
2020 162 46 78

Classification 1304 96 440
Manual deletion of false changes 185 19 118

Manual delineation of missing changes 147 9 16
Final result 1272 85 338

To demonstrate the effectiveness of the proposed workflow, we validated the accuracy
of the classification and change-detection results. For classification, we assessed the overall
accuracy and the F-score [45] for each class based on all the classified objects. For change
detection, three popular measures were used, including the F-score, precision, and recall
(Equations (4)–(7)). The accuracy of change detection was based on the whole study site,
where the true changes were interpreted visually from VHR images, assisted by field visits.

F-score =
2·precision·recall
precision + recall

, (4)

overall accuracy =
TP + TN

TP + FP + TN + FN
, (5)

precision =
TP

TP + FP
, (6)

recall =
TP

TP + FN
, (7)

where TP, TN, FP, and FN represent true positive, true negative, false positive, and false
negative, respectively. The accuracy of classification and change-detection results at two
processing levels of the developed workflow are shown in Figures 8 and 9, respectively.

The classification accuracy suggests the overall performance of the RF classifier was
between 0.85 to 0.93, which was generally better than the change-detection accuracy. Since
we only used the changed/unchanged label in the classification results to refine the change-
detection results, some misclassified objects at the individual image may still lead to a
correct change-detection result. In general, the F-Score of the change-detection result
was around 0.7 at Level I (i.e., unsupervised CVA method only) and improved to 0.85 at
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Level II (i.e., supervised classification). All three cases showed an increase in the precision,
indicating that some false changes included in the unsupervised CVA result can be removed
through supervised classification.
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4.2. Detecting Delicate Changes

In the developed workflow, the utilization of OBIA has the advantage in detecting
delicate changes and thus can quantify the accurate change amount. One advantage is that
the selection of an optimal scale for image segmentation, which has been a difficult task in
OBIA, does not have a great influence on the final result. It is because we only focused on
extracting changed elements, so the scale parameter can be set to a relatively small value to
detect delicate changes without worrying about spatial discontinuity in the classification
results. For example, a large amount of solar panels were built in the Yungang Grottoes. By
applying our workflow with the scale parameter set to 40 for image segmentation, most of
the solar panels can be solely extracted, with the shortest width of a solar panel being only
2 m in the image. In an internal monitoring report of the Yungang Grottoes, the changes
in cultural landscapes were manually interpreted based on the aerial photograph in 2013
and the Gaofen-2 image in 2018. It is almost impossible to delineate each solar panel in
such a large area; therefore, the whole area covered by solar panels was regarded as a
changed patch (Figure 10a). Moreover, the area covered by sparsely distributed solar panels
was regarded as an unchanged patch (Figure 10b). The traditional interpretation fails to
delineate delicate changes and would lead to an inaccurate estimation of the area value of
changed objects. In comparison, our workflow can take the full advantage of VHR images
and extract delicate changes more efficiently.
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Figure 10. A comparison of the ability to detect delicate changes using traditional monitoring
based on manual interpretation and the proposed workflow. (a) The whole patch covered by solar
panels is identified as the changed patch (delineated in yellow), while the patch covered by sparsely
distributed solar panels is missing (in blue rectangle); (b) most solar panels can be solely extracted
(delineated in red).

4.3. Future Work

Accurately extracting information from VHR images has always been a challenge in
remote sensing. For this reason, traditional methods are usually based on manual interpre-
tation to ensure an accurate extraction. It may not be troublesome to implement regular
monitoring by manually updating changes for individual cultural sites. Especially, interpre-
tation based on machine-learning methods is not as accurate as visual interpretation, and
the former usually requires experts’ intervention. However, obtaining global-monitoring
data is a labor-extensive work. Therefore, a semi-intelligent process is still a good option to
meet the urgent demand of acquiring global-monitoring data. The developed workflow in-
volves popular machine-learning methods for an easy use. The CVA and RF methods were
adopted for the change detection and classification, respectively. The other state-of-the-art
methods can be used instead at each step to improve the algorithm performance. Especially,
the deep-learning technique can be used for classification in this workflow. The convolu-
tional neural network (CNN), the most popular method in deep learning, can be applied by
feeding a huge amount of sample images into the network to derive a well-trained model.
This model has a better generalization than machine-learning methods and can then be
used to classify images at various study sites, avoiding sample selection at each study
site and each time phase, thus cutting off the only step that requires experts’ intervention.
Consequently, the developed semi-automatic workflow can turn into an automatic one and
be efficiently applied to the global CHS. Additionally, introducing intelligent algorithms
allows this workflow to be popularized among non-remote-sensing researchers.

The changes without conversion types (e.g., reconstruction or destruction of buildings)
cannot be detected by this workflow. One solution is to involve additional features for clas-
sification such as geometrical and spatial features. Nevertheless, since the classification was
performed on the potentially changed objects only, the recall cannot be further improved
(Figure 9). Another alternative is to use some more-advanced methods to identify the
changes directly without considering the change types, such as a CNN model. It requires a
huge amount of sample images labeled with change/unchanged to train a good model,
which is worth trying after we generate the first batch of global-monitoring data and derive
a reliable sample source.

When applying the interference degree to assess the risks of the global CHS, different
types of CHS should have different evaluation criteria. The ancient sites, for example,
are usually in a natural environment. The ancient architectural buildings, on the other
side, are with a more vulnerable structure (e.g., decayed or insect attacked) in most cases.
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Thus, ancient sites may have a higher-tolerant value of interference degree than ancient
architectural buildings that are categorized of high risk. Moreover, the status of CHS can
have a close link to the local economy. The developing places would have a higher demand
of land and lead to a high interference degree; the under-developed places may not have
enough funds to maintain CHS, causing the interference mainly contributed by natural
factors; developed places have already-established protection systems, and the interference
degree is expected to be low.

Finally, despite the many advantages of Google-Earth imagery, three multispectral
bands (red, green, and blue) greatly limit its ability to accurately classify land-cover classes
with similar spectral features. More detailed land-cover classes can be involved to obtain
some other indicators related to human activities at the fine scale such as human-impact
intensity [46]. Additionally, bi-temporal Google-Earth images may come from different
satellite sensors, and the large variations between two images would lead to a poor change-
detection result. Moreover, historical Google-Earth images may not be available at a desired
time. Recently, satellite constellations constructed by a number of artificial satellites have
gained attention [47], providing four- or eight-band multispectral images with a 3–5 m
spatial resolution and covering the entire land surface of the Earth every day [48]. These
images have the ability to monitor CHS with a high frequency and low cost based on the
proposed workflow, which can be an interesting point for future research.

5. Conclusions

This study proposed a solution to elaborately monitor cultural landscapes at heritage
sites. In particular, a semi-automatic workflow was customized to extract land-cover
changes from VHR remote-sensing images. Superior to traditional methods based on
manually interpretation, the developed workflow can monitor delicate changes and greatly
improve the efficiency with the accuracy around 85%. The object-based two-level workflow
combines unsupervised CVA and supervised classification algorithms, which do not require
a high-level technique skill to use for non-remote-sensing researchers. This semi-automatic
workflow also demonstrates flexibility and good generalization. It can be improved by
simply replacing advanced algorithms at each step and even evolves into an automatic
workflow by introducing deep-learning techniques. Moreover, we proposed an indicator of
the interference degree based on the monitoring result to quantify the amount of changed
elements caused by human activities and natural factors. This indicator well reflects
different preservation statuses of three diverse CHS in our case study. It can be periodically
observed as a complementary indicator to evaluate the status of CHS and thus offer
assistant decision-making in cultural-heritage preservation. This study demonstrates a
practical effective technological solution to generate the first-hand global CHS data at the
fine monitoring scale so as to evaluate Target 11.4 for the sustainable development of the
world CHS.
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