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Abstract

:

Timely and accurate information on rural settlements is essential for rural development planning. Remote sensing has become an important means for accurately mapping large scale rural settlements. Nevertheless, numerous difficulties remain in accurate and efficient rural settlement extraction. In this study, by combining multi-dimensional features derived from Sentinel-1/2 images, Visible Infrared Imaging Radiometer Suite supporting a Day-Night Band (VIIRS-DNB) dataset, and Digital Elevation Model (DEM) data using the Google Earth Engine (GEE) platform, we proposed an efficient framework with good transferability for mapping rural settlements in the Yangtze River Delta. To avoid the time-consuming selection of a large number of training samples in the whole study area, we employed four random forest models obtained from the training samples in respective training municipal districts in four different regions to classify other municipal districts in their corresponding region. We found that different features play diverse vital roles in the extraction of rural settlements in various regions. Compared to results only using optical data, accuracies obtained by the proposed method were significantly improved. The average user’s accuracy, producer’s accuracy, overall accuracy, and Kappa coefficient increased by 16.75%, 17.75%, 11.50%, and 14.50% in the four training municipal administrative areas, respectively. The overall accuracy and Kappa coefficient were 96% and 0.84, respectively. By contrast, our classification results are superior to other public datasets. The final mapping results provided a detailed spatial distribution of the rural settlements in the Yangtze River Delta and revealed that the total area of rural settlements is approximately 32,121.1 km2, accounting for 17.41% of the total area. The high-density rural settlements are mainly distributed in the Northern Plain and East Coast, while the low-density rural settlements are located in the Central Hills and Southern Mountain.
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1. Introduction


Rural settlements—that is, settlement areas for rural residents to produce and live in—are closely related to population distribution and economic growth in rural areas [1]. In China, the country with the largest population in the world, rural areas are home to about 600 million people, 40 percent of the country’s total population. The disorderly spread of rural settlements occupy a large amount of arable land in China [2,3].



Due to China’s rapid industrialization and continuous socioeconomic progress, the spatial distribution of rural settlements has undergone significant transformation, leading to negative effects [4,5]. Factors including rural residents entering cities for work, the construction of various types of rural infrastructure, and the evolution of rural industrial structure have collectively led to the large-scale expansion of rural settlements [6], resulting in problems such as “hollow villages” and “unbalanced development of the human-land relationship” in rural settlements in many areas of China [7]. Meanwhile, the current urban-centered development strategy in China has overlooked rural development, leaving rural settlements in a disorderly state of development for a long period [8]. Due to their large number and scattered distribution, rural settlements have substantially impacted cultivated land resources and the environment [5]. Therefore, a comprehensive understanding of the spatial distribution and structural scale of rural settlements is required for both scientific management and sustainable development to ensure reasonable development and utilization of rural land resources in China.



Remote sensing, with fast and large-scale information acquisition capabilities, has become an important means of exploring land resource information. It could be highly convenient for determining the spatial distribution of rural settlements. An increasing number of studies have been carried out to extract human settlements, including urban and rural settlements or artificial surfaces, from remote sensing data, particularly in urban built-up areas. However, less attention has been paid to rural settlements. To date, the methods of human settlement extraction from satellite images can be divided into two categories. The first uses spectral indices and traditional supervised classification methods based on medium spatial resolution remote sensing data. For example, Wu et al. [9] and Chen et al. [10] constructed a ratio resident-area index (RRI) and a new built-up index (NBI) to extract settlement information. Zhong et al. [11] extracted urban built-up areas with a multiple conditional random fields ensemble model based on remote sensing optical images. Tao et al. [12] extracted urban built-up areas using the support vector machine classifier. Hoffman-Hall et al. [13] extracted remote rural settlements by incorporating regionally specific characteristics with moderate resolution remotely sensed data using the random forest algorithm. Li et al. [14] extracted rural settlements with the maximum likelihood classifier based on Polarimetric SAR (POLSAR) polarization scattering characteristics and an optical normalized difference index. Li et al. [15] designed an “exclusion-inclusion” framework based on the different characteristics of human settlements from Landsat images, which is suitable for extracting large-scale human settlements. Gong et al. [16] mapped the changes in urban settlements and rural settlements in China over a period of 40 years based on Landsat imagery and nighttime light data. The second category of methods is unsupervised learning approaches, including object-oriented methods and associative rule learning based on medium-high spatial resolution remote sensing data. For example, Conrad et al. [17] extracted rural settlements in northwestern Uzbekistan based on SPOT-5 data using an object-oriented method. Wang et al. [18] extracted rural settlements from high spatial resolution remote sensing images with an edge-suppressed points voting method. Fu et al. [19] proposed a settlement extraction algorithm based on multi-level features, which has improved extraction accuracy and efficiency.



Although some of these methods have been proven to be suitable for large-area mapping of human settlements from satellite imagery, many numerous difficulties remain in the accurate and efficient extraction of rural settlements. First, most of the current settlement extraction algorithms aim at human settlements, and few are focused only on rural settlements. Second, the rural settlement is a peculiar type of land use that comprises diverse land cover, including not only houses but also vacant spaces, roads, water bodies, and vegetation between houses [20,21]. In remotely sensed data, especially in coarse spatial resolution images, spectral signatures of rural settlements are easily confused with those of bare land or land with low vegetation coverage [22]. Although high-resolution remote sensing images can effectively solve this problem, the acquisition of these images has a high cost and short coverage time, which is not suitable for large-scale, long-term remote sensing monitoring [23]. Third, the vast territory in China leads to differences in nature, climate, and economic development levels in various regions, resulting in rural settlements showing obvious regional characteristics in scale, shape, and spatial distribution [24,25]. Rural settlements with different spatial distributions will also show different characteristics in remote sensing images, making it difficult to develop a uniform model that performs well in different regions. Furthermore, the collection of a large number of training samples, which is required to train a uniform model, is a formidable task at a large spatial scale [26,27]. It thus remains a challenge to map human settlements over large areas. Therefore, it is necessary to explore a method to do so with acceptable efficiency and accuracy, in addition to greater applicability.



Recently, with the increasing amount of open access remote sensing data, the use of multi-source remote sensing data for information extraction has attracted more attention. The incorporation of multi-source remote sensing imagery has been demonstrated to improve the accuracy of impervious surface mapping [28]. Although the use of multi-dimensional remote sensing information can effectively improve the accuracy of extraction, the huge amount of data often exceeds the local processing power [29]. With the help of the Google Earth Engine (GEE) platform, planetary-scale analysis has become available [30]. Using the GEE cloud platform, Gong et al. [31] produced a global impervious surface map from 1985 to 2018 with an average overall accuracy higher than 90% based on multi-source and multi-temporal remote sensing data; Pesaresi et al. [32] extracted global human settlements based on multi-scale textures and morphological features; Li et al. [33] mapped the land cover of the African continent at 10 m resolution based on multi-source remote sensing data; Xiong et al. [34] produced a 30 m cultivated land map in Africa with an overall accuracy of 94% based on multi-source remote sensing data; and Duan et al. [35] constructed a decision tree model to extract Chinese coastal aquaculture ponds based on spectral features, spatial structure, and topographic information of image objects. Therefore, GEE is an efficient and useful computation platform for global/regional applications based on multi-source data.



Although the GEE platform provides pre-processed Landsat, Moderate Resolution Imaging Spectroradiometer (MODIS), and Sentinel series, and other commonly used remote sensing data products, in addition to thousands of environmental, geophysical, and socioeconomic datasets, an efficient method that can fully integrate these multi-source data to produce an accurate rural settlement map at a high spatial resolution for a large area is still lacking. Herein, we propose a framework for rural settlement mapping from multi-source data in the Yangtze River Delta, China, using GEE. The present study makes three main contributions: (1) The proposed framework was able to produce a 10 m rural settlement map from multi-source remote sensing datasets including Sentinel-1 Synthetic Aperture Radar (SAR), Sentinel-2 MultiSpectral Instrument (MSI), Visible Infrared Imaging Radiometer Suite supporting a Day-Night Band (VIIRS-DNB), and Shuttle Radar Topography Mission-Digital Elevation Model (SRTM-DEM) imagery using the GEE platform; (2) we investigated the importance of various features by gradually introducing different data based on the random forest classifier, showing that the best input configurations were determined when all features were input; (3) we made full use of the transferability of the trained models to obtain the distribution of rural settlements and tested the effectiveness of transferability, which could save substantial time and labor to create a large number of training samples.




2. Study Area and Datasets


2.1. Study Area


The Yangtze River Delta, the largest economic region in China with an area of 350,000 km2 and a population of around 220 million, has the highest urban density in China [36]. It consists of Jiangsu Province, Zhejiang Province, Anhui Province, and Shanghai City, all of which are in the middle and lower reaches of the Yangtze River (Figure 1) [37]. The elevation of the southern part of this area is higher than that of the north because of the presence of mountains. The climate, culture, and economic development levels in the Yangtze River Delta are diverse, resulting in obvious regional differences in the size, shape, and spatial distribution of rural settlements [24,38].




2.2. Multi-Source Remote Sensing Datasets


In this study, four types of data sources (Table 1), namely Sentinel-1 SAR ground range detected (GRD) data, Sentinel-2 optical imagery, VIIRS-DNB nightlight data, and STRM-DEM imagery, were selected for the mapping of rural settlements across the study area using the GEE platform.



	
Sentinel-1 SAR GRD Data






The Sentinel-1 satellite provides C-band SAR imagery at a variety of polarizations and resolutions. The repeat cycle of the polar-orbiting two-satellite constellation is 6 days. The GRD scenes with a resolution of 10 m were chosen as the input data in the present study. Each Sentinel-1 image on the GEE was preprocessed with the Sentinel-1 Toolbox, including thermal noise removal, radiometric calibration and terrain correction. The composite within a year interval from 1 January 2019 to 31 December 2019 was produced by taking the median pixel value of each pixel from all collected Sentinel-1 SAR data, which can further reduce the speckle noise. Then, the Vertical transmission and Vertical reception (VV) and Vertical transmission and Horizontal reception (VH) polarization were selected, and the gray-level co-occurrence matrix (GLCM) [39,40] was computed from VV backscattering coefficients (   σ  V V    ) and VH backscattering coefficients (   σ  V H    ).



	
Sentinel-2 MSI






Sentinel-2 provides multi-spectral data, including four bands with 10 m spatial resolution, six bands with 20 m spatial resolution, three bands with 60 m spatial resolution, and three quality assessment (QA) bands, where QA60 is a bitmask frequency band with cloud mask information. We employed the Sentinel-2 MSI Level-1C data in this study. Zhang et al. [41] found that winter (dry season) is the best season for estimating impervious surfaces in subtropical monsoon regions and Gong et al. [16] explained that the green season is the best time for rural settlement mapping; thus, we selected images in the study area during 1 January 2019 to 31 May 2019 with a cloud cover of less than 10% based on the “CLOUDY_PIXEL_PERCENTAGE” attribute, and mosaicked these together to minimize cloud impact. Furthermore, cloud-free images were obtained by removing clouds and cloud shadows using the Sentinel-2 “QA60” band. Then, a composite image was obtained from all selected images using the median reducer in GEE. Finally, spectral features were computed based on the composite image.



	
VIIRS-DNB






The VIIRS-DNB nightlight data, collected by the Suomi National Polar-orbiting Partnership satellite of the National Aeronautics and Space Administration (NASA)/National Oceanic and Atmospheric Administration (NOAA), has the unique ability to record emitted visible and near-infrared (VNIR) radiation at night with a spatial resolution of 15 arc seconds (equivalent to 0.5 km at the equator). For this study, we used VIIRS-DNB Composites Version 1 data, which are the monthly average radiance composites. A composite VIIRS-DNB data was obtained from all collected VIIRS-DNB data using the median reducer in GEE to eliminate the maximum value of nighttime light and obtain more stable nighttime light data. Finally, the average DNB radiance values (avg_rad) were selected from the composite VIIRS-DNB data.



	
SRTM-DEM






SRTM data, measured and released by NASA and the National Surveying and Mapping Bureau of the Department of Defense, can cover 80% of the global land surface [42]. The SRTM Version 3 (V3) product, provided by NASA Jet Propulsion Laboratory (JPL) at a resolution of 1 arc second (approximately 30 m), was exploited in our research. We used the slope and elevation information in the study.



When different data sources were collected, inputs were resampled to the spatial resolution of 10 m, which corresponds to the fine resolution of Sentinel-1 SAR. Finally, all data were projected into the GCS WGS84 coordinate system. The mapping results were reprojected into Asia North Albers Equal Area Conic with WGS-84 ellipsoid using ArcGIS software to calculate area.





3. Methodology


3.1. Overview of the Proposed Framework


A rural settlement is a comprehensive land use type, including vegetation, roads, rivers, buildings, and other features. As a result, it is difficult to extract settlements as a whole using a simple thresholding method or traditional classification methods. However, the spatial structure of rural settlements is unique, and their spatial distribution is greatly affected by the terrain. Therefore, this study attempted to combine multi-source remote sensing data with spectral, texture, and topographic features to extract rural settlements. The research process included five main steps: (1) classification system and training sample selection, (2) feature selection, (3) selection of input configurations, (4) random forest model construction, and (5) transferability evaluation. The overall framework for rural settlement extraction is shown in Figure 2.




3.2. Classification System and Training Sample Selection


An appropriate classification system and training samples are the keys to obtaining high-precision classification results. In this study, we fully considered the surface coverage of the Yangtze River Delta and the characteristics of the remote sensing images. The output variables of the classifier were grouped into five categories: vegetation, water, rural settlement, urban land, and other lands. Among these, the vegetation class mainly covers vegetation areas such as cultivated land, woodland, and grassland. The water class includes open water bodies such as rivers, oceans, and lakes. The rural settlement class includes rural built-up areas and vacant spaces, roads, water bodies, public facilities, landscaping, and other living facilities and production facilities between houses. The urban land class includes cities at all levels and built-up areas in counties and towns. The other lands class consists of industrial and mining land, roads, bare land, unused land, etc.



To better extract rural settlements in the entire Yangtze River Delta region, we divided the study area into four regions based on the characteristics of the rural settlements: Northern Plain, East Coast, Central Hills, and Southern Mountain. The Northern Plain has a mainly plain terrain in the northern part of the Yangtze River Delta, a warm temperate semi-humid monsoon climate, and contains 9 municipal districts. The East Coast in the eastern part of the Yangtze River Delta, whose terrain mainly includes alluvial plains and delta plains, comprises 6 coastal municipal districts. The Central Hills, located in the middle of the Yangtze River Delta, contains 12 municipal districts. Its terrain is mainly composed of hills. The Southern Mountain has a large number of hillsides in the southern part of the Yangtze River Delta and covers 14 municipal districts. The climate in East Coast, Central Hills, and Southern Mountain regions is a subtropical monsoon climate. To validate the transferability of our model, we selected reference samples only in one municipal district from each region: Xuzhou in the Northern Plain, Shanghai in the East Coast, Hefei in the Central Hills, and Hangzhou in the Southern Mountain. We obtained all reference samples in the four selected municipal districts by visual interpretation from the high-resolution Google Earth Imagery. The reference samples were randomly distributed in each municipal district. We especially avoided the issue of spatial autocorrelation of reference samples mentioned in [43], so each sample was extracted within a 10 × 10 m area from every region of interest (ROI), which also ensured the homogeneity and geographic integrity of the samples. There should be abundant training data in all classes [44], so we selected 200 reference samples for each class in each municipal district. The division of the study area and distribution of each land cover class among training municipal districts are illustrated in Figure 3.




3.3. Feature Selection


The incorporation of multi-source data and multi-dimensional features improved the accuracy of impervious surface mapping [45]. In our study, spectral indices of Sentinel-2 MSI, backscattering and textural features of Sentinel-1 SAR, nightlight information from VIIRS-DNB, and terrain features of SRTM-DEM were generated for the extraction of rural settlements. A total of 19 features for each pixel location were selected. These features and their formulas are summarized in Table 2. Feature extraction from multi-source images is described in detail in the following four sections.



3.3.1. Spectral Indices


Spectral indices for this study were specifically chosen to distinguish rural settlements from other land cover categories. We adopted 7 spectral indices: Maximum Normalized Difference Vegetation Index (NDVImax) is the maximum NDVI composites from all available images during time span of Sentinel-2 acquisitions (1 January 2019–31 May 2019). It can solve the problem of mixing bare land and rural settlements caused by the difference in cultivation time of croplands; Modified Normalized Difference Water Index (MNDWI) can well extract the water body in the study area; Normalized Difference Built-up Index (NDBI), New Built-up Index (NBI), and Ratio Resident-area Index (RRI) can effectively extract the built-up areas; Built-up or Bareness Index (BOBI), Soil salinity index (SI), and topsoil Grain Size Index (GSI) can effectively separate rural settlements from bare land.




3.3.2. Textural Metrics


The internal structure of rural settlements is complex and has high heterogeneity. Therefore, the pixel value changes significantly in Sentinel-2 MSI imagery. In contrast, the changes in the pixel values of other land cover types such as vegetation and water are relatively smooth due to their better homogeneity in the Sentinel-2 images. The texture feature well reflects the gray-scale change in the image. Therefore, adding the texture feature can distinguish the features that are difficult to differentiate only using spectral features. In this study, we selected VV and VH imagery, which were directly derived from the time-series of Sentinel-1 SAR imagery. Zhang et al. [46] found that SAR texture features were also relevant to impervious surfaces and identified the dissimilarity, variance, and entropy features of the VV and VH imagery as effective indicators for the texture description of different land cover types. Therefore, we selected these as textural metrics. The window size was chosen as 9 × 9 pixels, and the stride size was 3.




3.3.3. Nightlight Information


The light intensity of urban land is much higher than that of rural settlements, which can be clearly seen in the nighttime light data, so nighttime light (NTL) and Vegetation Adjusted NTL Urban Index (VANUI) were introduced to distinguish rural settlements from urban settlements.




3.3.4. Terrain Features


The spatial distribution of rural settlements is greatly affected by topography and altitude. As a result, elevation and slope data calculated from SRTM-DEM were added to the feature vector.





3.4. Selection of Input Configurations


Since multi-source data were used in the present study, we were concerned about which input configurations would eventually provide the best accuracy for rural settlement extraction. To this end, we investigated the impact of different input configurations on the accuracy of the extraction results. We input the features in the order of: (1) spectral features; (2) spectral and texture features; (3) spectral, texture features, and nightlight information; and (4) all features. In each step, the newly introduced features would be accepted only when there was an improvement in the accuracy indices. Finally, the best input configurations were selected based on the best achievable accuracy.




3.5. Random Forest (RF) Classifier


The RF classifier was chosen as the supervised classification method for rural settlement mapping [53]. RF, a machine learning algorithm, includes multiple decision trees, each of which gives a class label to the pixel by classification. The pixel is finally assigned with the class label having the most votes [54]. Compared to other widely used classifiers, such as the support vector machine (SVM) and classification and regression tree (CART), the RF classifier has advantages in terms of flexibility and speed when dealing with high-dimensional data. In addition, it provides a more robust classification effect for multi-feature fusion data [55]. Furthermore, it can be used to derive the importance of multiple input features [56]. The number of classification trees was set to balance accuracy and timeliness as suggested in previous studies [26,57]. Here, we used the best input configuration as the input variable. Eighty percent of all class samples were used for training, while the remaining twenty percent were employed for testing in each administrative area of each region. Finally, four random forest models of training municipal districts in four regions were obtained. We then transferred them to classify other municipal districts in their respective region.




3.6. Accuracy Assessment


We followed the random sampling method to evaluate the accuracy of the extraction results. We used the commonly used sample size formula as in [58]:


   n   =       z 2   p ( 1 − p )     d 2     



(1)




where z = 1.96 represents a 95% confidence interval, d denotes the half-width of the confidence interval that was set as 0.025 for the two-class classification in this study, and p is the estimated proportion of validation points that are likely to be allocated to the rural settlement class.



We generated random validation points in each region of the study area using the random sampling technique in ArcGIS. The attribute of each point was assigned by point-by-point comparison between the extraction results and the actual ground classes based on the high-resolution Google Earth image. Then, we obtained the confusion matrix. Accuracy measures of overall accuracy (OA), Kappa coefficient, user’s accuracy (UA), and producer’s accuracy (PA) were used for the accuracy assessment.


   OA   =     1 N    ∑    i = 1   n   x  i i    



(2)






     PA   =   x    i i   /   ∑    i = 1   n   x  k i    



(3)






     UA   =   x    i i   /   ∑    i = 1   n   x  i k    



(4)






   Kappa   =   ( N    ∑    i = 1   n   x  i i   −   ∑    i = 1   n   x  k i    x  i k      ) / ( N   2  −   ∑    i = 1   n   x  k i    x  i k   )  



(5)




where n is the number of classification categories, N is the total number of samples,    x  i i     is the number of correctly classified samples in the ith category,    x  i k     is the total number of rows in the ith category, and    x  k i     is the total number of columns in the ith column.



To further validate our results, the 38 m resolution Global Human Settlement (GHS) Built-Up Grid [59] and 30 m resolution human settlement map in China developed by Gong et al. (2019) [16] were selected as visual comparisons for our rural settlement map. Among these, GHS Built-Up Grid was developed using a symbolic machine learning model trained by the collected high-resolution samples, and multi-temporal Landsat imagery in the epochs 1975, 1990, 2000, and 2015. The GHS built-up grid at 38 m for 2015 was employed for comparison analysis. The 30 m resolution human settlement map in China was produced at an annual frequency during 1985 to 2017. It was developed by an “exclusion–inclusion” framework based on Landsat imagery and nighttime light data on GEE. The rural settlement in 2017 mapped by Gong et al. (2019) was employed for comparison analysis.





4. Results


4.1. Comparison of Classification Accuracies with Different Input Configurations and Importance of Input Features


Lin et al. [57] and Behnamian et al. [60] illustrated that the number of trees (ntree) of the random forest has an influence on the classification accuracy and the stability of variable importance rankings, respectively. We first examined the relationship between the number of trees of the random forest models and the classification accuracy. We ran our classifications iteratively from 10 to 100 with a ntree interval of 10. Figure 4 illustrates the influences of the variation of the number of trees on the out of bag (OOB) error and the Kappa coefficient under the selected four different trained random forest classifiers. The OOB error firstly drops very quickly and then becomes steady after the number of decision trees reaches 50. The Kappa coefficient increases quickly as the number of decision trees increases and then remains relatively steady when the number of decision trees reaches 50. Then, we compared the importance of features. We found that the top ten most important variables tend to remain constant when the number of decision trees reaches 50, while the ranking of less important variables varied slightly. Furthermore, running one random forest model with a large ntree required more time. For example, one random forest model in E-Shanghai with 50 trees required 0.928 s, while one random forest model in E-Shanghai with 1000 trees required 2.764 s. We also found that our trained random forest models with a large ntree are non-transferable to other municipal districts without training samples. Therefore, the number of classification trees was set as 50 to balance accuracy, timeliness, and the transferability of the random forest model.



Then we compared the classification accuracies of four input configurations (Figure 5): Sentinel-2 MSI optical imagery (S2, features 1 to 7) only; Sentinel-2 MSI optical imagery and Sentinel-1 SAR (S2 + S1, features 1 to 15); Sentinel-2 MSI optical imagery, Sentinel-1 SAR, and VIIRS-DNB (S2 + S1 + N, features 1 to 17); and Sentinel-2 MSI, Sentinel-1 SAR, VIIRS-NTL, and SRTM-DEM (S2 + S1 + N + D, features 1 to 19). In general, the accuracy increased with the incorporation of multi-source features. The S2 + S1 + N + D configuration achieved the highest accuracy.



To quantitatively demonstrate the necessity of multi-source features, we used the training samples from the four training municipal districts to calculate the importance of the training features with the random forest model in GEE. Figure 6 shows the relative importance of different input features. These results indicate that different indices play diverse vital roles in the extraction of rural settlements in various regions.




4.2. Distribution of Rural Settlements


The best input configurations were employed as the input variables for the random forest model. We trained the random forest model with the selected training samples in each municipal district and obtained a random forest model in each region. Then, we used these four random forest models to classify other municipal districts in the corresponding region in GEE. The distribution of mapped rural settlements across the Yangtze River Delta was obtained (Figure 7). The densities of rural settlements in the Northern Plain and Eastern Coast were higher than those in the Central Hills and Southern Mountain. To better show the distribution characteristics of rural settlements in different regions, five representative cities from four regions were selected for comparison: Xuzhou in Northern Plains, Shanghai and Yancheng in East Coast, Hefei in Central Hills, and Hangzhou in Southern Mountain. Rural settlements in the Northern Plains are distributed mostly in blocks with regular shapes and good integrity, and are spread irregularly in a moderate density (Figure 7a). In the East Coast, rural settlements are on both sides of rivers and roads with large and small scales in densely distributed strips (Figure 7b,c). Affected by the compact river networks and barren land in the Central Hill, rural settlements are sparsely scattered in the form of small clumps and points with a low density (Figure 7d). There are large numbers of mountains and valleys in the Southern Mountain. Therefore, most rural settlements in this area are distributed along roads and rivers in a small-scale and scattered layout with a low density and a high degree of fragmentation (Figure 7e).



To quantify the distribution of rural settlements in the Yangtze River Delta, the area and proportion of rural settlements at different scales were compared at different levels (Figure 8). In general, in 2019, rural settlements accounted for 17.41% of the total area of the Yangtze River Delta region. The rural settlement is one of the most important land use types in this region. The spatial distribution of rural settlements presents significant variances in different divisions in this area.



At the municipal district level, rural settlements account for more than 10% of the total land area in the Northern Plain and East Coast, while they make up a very low proportion in the Central Hills and Southern Mountain. This observation demonstrates that the terrain greatly affects the distribution characteristics of rural settlements. The density of rural settlements in Shanghai, East Coast is the highest, with the area and proportion of 1632.16 km2 and 20.2%, respectively. The density of rural settlements in Lishui, Central Hills is the lowest: the area and proportion of rural settlements are only 288.12 km2 and 1.7%, respectively (Figure 8a). At the regional level, rural settlements in the Northern Plain account for the highest proportion of 15.1%, followed by that in the East Coast (14.7%). The lowest proportion is in the Southern Mountain (4.1%) (Figure 8b).




4.3. Accuracy Assessment using Validation Samples


We substituted the estimated proportions of rural settlements obtained in Section 4.2 into Equation (1). The required numbers n of the random validation samples were 784, 784, 528, and 236 for the Northern Plain, East Coast, Central Hills, and the Southern Mountain, respectively. The distribution of validation samples is illustrated in Figure 9. Then, the accuracies of the four rural settlement maps in the four regions with different rural settlement densities (Table 3) were evaluated to investigate the transferability of the trained models. The overall accuracies and Kappa coefficients in the four different regions exceeded 0.95 and 0.75, respectively, indicating that the transferability of the four trained models was relatively good. Specifically, the UA and Kappa coefficient of the rural settlements in the Eastern Coast were the highest, reaching 0.86 and 0.85, respectively. These were consistent with the highest accuracy obtained from the random forest model trained in Shanghai, showing that the transferability of this model was also the best. The UA values of the rural settlements in Central Hills and Southern Mountain were only 0.78, which is likely due to the complexity of rural settlement distributions in these areas. Moreover, we concluded that PA and Kappa coefficient varied with density. Specifically, higher accuracies were achieved in high rural settlement density regions such as the Northern Plain and East Coast, followed by medium and low rural settlement density regions such as the Central Hills and Southern Mountain.





5. Discussion


5.1. Multi-Source Data Contributions


In this study, single-source and multi-source results were quantitatively compared to demonstrate the improvement by multi-source data. As shown in Figure 4, compared to the method only using the optical data, the proposed method provided 16.75%, 17.75%, 11.50%, and 14.50% average increases in UA, PA, OA, and Kappa, respectively. Because SAR images can provide information about the structure and dielectric properties of the surface materials, the application of SAR data greatly improved accuracies, yielding 11.0%, 9.0%, 7.5%, and 9.5% increases in UA, PA, OA, and Kappa, respectively, compared to those only using the optical data. The strong sensitivity of backscattering characteristics to man-made structures can help discriminate rural settlements from bare land, which have similar spectral characteristics but different SAR backscattering features [57]. Furthermore, textural features from SAR imagery can capture spatial structures of rural settlements and the variability of land-cover categories. As a result, other land-cover categories that are difficult to differentiate using only spectral features can be distinguished from rural settlements, and edge information of rural settlements is able to be retained.



Moreover, this work shows that different features provide different types of information and highlight different issues by presenting the feature importance in Figure 5. The importance of features trained varies significantly in different regions. For instance, the importance of MNDWI in Hefei in the Central Hills, where many small rivers and lakes are distributed, is much greater than that in other cities; the importance of elevation and slope in Hangzhou in the Southern Mountain, where a large number of mountain areas are located, is significantly higher than that in other regions; NTL plays an important role in extracting rural settlements in Shanghai, an international metropolis in the East Coast where the nightlight value is significantly higher than those in other regions. In short, different datasets have different capabilities in recognizing land cover classes, facilitating the improvement of the overall classification accuracy [61]. Specifically, NDVImax can solve the problem of mixing bare land and rural settlements caused by the difference in the cultivation time of land crops. MNDWI is the most commonly used water index to separate the water and non-water classes. NDBI and NBI are two built-up indices helpful for mapping built-up areas. The present study found that SI, RRI, and BOBI, all of which have higher importance scores, are able to distinguish settlements from bare land effectively (Figure 5). The DN values in cities are significantly higher than in rural areas. Therefore, NTL from VIIRS-DNB is used to signify the urban areas. VANUI is employed to increase the difference between urban and rural DN values to better distinguish them. Since the distribution of rural settlements is related to the terrain, the elevation and slope from SRTM-DEM data are also beneficial to the classification. These features are therefore indispensable in the accurate mapping of rural settlements with different distribution patterns.



To quantify the multi-source data contribution, we further obtained the confusion matrix (Table 4). All classes were less likely to be confused when multi-source data were used. Taking the rural settlement class as an example, with only optical data, 14 and 16 rural settlement class samples were misclassified as the other four classes in Shanghai and Hangzhou, respectively, while the confusion was reduced to five and three misclassified rural settlement class samples when the multi-source data were applied. This demonstrates that the proposed multi-source method reduced the confusion between vegetation, water, urban land, and other land categories for large-scale rural settlement mapping.




5.2. Transferability of Trained Models


To better demonstrate the mapping result reliability of rural settlements extracted by the trained models, we selected two cities in each region and compared the results extracted with the current public datasets. The results are shown in Figure 10.



The result of rural settlement extraction was not very satisfactory in the Global Human Settlement Built-Up Grid (GHS_built). The extracted objects are mainly human settlements: it maintained a high performance in urban settlements, while it might underestimate some rural settlements. In addition, its research scope and designed algorithms are global-oriented, which may not be perfect in all regions, especially in regions with complex rural settlement distribution types, such as the Yangtze River Delta. Specifically, in the Northern Plain, the mixed phenomena of our results were slightly fewer than those reported by Gong et al. [16]. As illustrated in N-Bengbu, many cultivated land and roads were mistakenly extracted as rural settlements in their study. Although the extraction results in the present study were slightly better, there were still a few mixed phenomena. In the East Coast region, our results were slightly better than those obtained by Gong et al. [16]. Some rural settlements were missed in their study, mainly due to their use of the Landsat imagery at 30 m resolution. Because most of the rural settlements in this region are distributed in strips along roads and rivers, it is difficult to distinguish them in Landsat data. The images used in the present study were 10 m resolution. In addition, we combined a variety of features, which may help identify some small rural settlements. Therefore, our extraction results were greatly improved. In the Central Hills and Southern Mountain, compared to the results obtained by Gong et al. [16], our results were better. In the Central Hills, the omission phenomenon (Figure 7 C-Chuzhou) and mixed errors (Figure 7 C-Nanjing) existed, mainly due to the complex land cover types. Rural settlements in this region are relatively small, some of which even only contain several households, making it difficult to distinguish them from other features. In the Southern Mountain, Gong et al. [16] did not obtain very satisfactory results, which may be related to the use of the mask method [15]. This is likely to lead to the omission of low-density rural settlements. By contrast, our results showed a reliable effect, mainly attributed to the strong sensitivity of backscattering characteristics to man-made structures of SAR data and the nighttime data of VIIRS-DNB [57]. In summary, the transferability of the four trained models was satisfactory.




5.3. Future Directions


Our proposed method was demonstrated to be able to accurately extract rural settlements with different distribution characteristics in the Yangtze River Delta because of the contribution of multi-source features and the transferability of trained models. The distribution characteristics of rural settlements in the Yangtze River Delta cover almost all types of rural settlements in China. Therefore, with the data available globally and powerful computing power on GEE, we can transfer our trained model to accurately and efficiently extract rural settlements in other parts of China or even other regions of the world. Furthermore, inspired by the local climate zone classification scheme [62,63,64], our future work will also focus on extracting rural settlements in different climate zones with our framework. However, some challenges remain. First, some omissions and mixed classifications still exist in low-density rural settlement regions owing to the limited spatial resolution of medium-resolution imagery, especially in hilly areas. Therefore, our future work will pay more attention to scattered rural settlements. Second, some rural settlements in urban built-up areas, such as "Village in the City", a common phenomenon in China, may be ignored in our study. Recently, global urban boundaries from global artificial impervious area (GAIA) data, mapped by Li et al. [65], was applied to further separate rural settlements from urban areas. Higher-precision DEM data may also improve the results. Finally, rural settlement boundaries extracted in the present study are still vague. Recently, Qiu et al. [66] and Corbane et al. [67] introduced convolutional neural networks to map large-scale human settlements from Sentinel-2 images, both of which achieved satisfactory results. Based on these studies, our future research will consider introducing multi-source remote sensing information proposed in this study to a fully convolutional neural network model, making full use of both to further improve our results.





6. Conclusions


In this study, we proposed a framework for rural settlement mapping at 10 m spatial resolution using multi-source remote sensing datasets based on the GEE platform. We evaluated the importance of different input features by comparing their mapping results. The combination of all considered multi-source data, including Sentinel-1 SAR, Sentinel-2 MSI, VIIRS-DNB, and SRTM-DEM, achieved the best capability for rural settlement mapping. In addition, we selected training samples in one administrative area of each region to train the random forest model and transferred these to classify other areas in the respective region. Accuracy assessment and comparison of our results with published datasets showed that the proposed method was feasible and the transferability of the training model was satisfactory. Therefore, the framework developed herein can be potentially extended to map all of China or other regions of the world based on the GEE platform.



To the best of our knowledge, this is the first attempt to combine multi-source remote sensing data to extract rural settlements. Ten meter spatial resolution rural settlement mapping can play a key role in development planning and environmental assessment in rural areas in the Yangtze River Delta.
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Figure 1. Location and topographic map of the study area. 
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Figure 2. Flowchart of the proposed framework. 
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Figure 3. Divisions of the study area and distribution of training samples. Training samples in (a) Xuzhou, Northern Plains; (b) Shanghai, East Coast; (c) Hefei, Central Hills; and (d) Hangzhou, Southern Mountain. 
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Figure 4. Impacts of different numbers of trees on the out of bag (OOB) error and the Kappa coefficient in the four trained random forest classifiers in four training municipal districts. N-Xuzhou, E-Shanghai, C-Hefei, and S-Hangzhou represent Xuzhou in Northern Plain, Shanghai in East Coast, Hefei in Central Hills, and Hangzhou in Southern Mountain, respectively. 
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Figure 5. User’s accuracy (UA), producer’s accuracy (PA), overall accuracy (OA), and Kappa coefficient of four input configurations in four training municipal districts. With more features added, higher accuracy was achieved. 
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Figure 6. Importance of the input features derived from the random forest model using the training samples in four training municipal districts. N-Xuzhou, E-Shanghai, C-Hefei, and S-Hangzhou represent Xuzhou in Northern Plains, Shanghai in East Coast, Hefei in Central Hills, and Hangzhou in Southern Mountain, respectively. 
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Figure 7. Spatial distribution of rural settlements in the Yangtze River Delta. N-Xuzhou, E-Shanghai, E-Yancheng, C-Hefei, and S-Hangzhou represent Xuzhou in Northern Plains, Shanghai in East Coast, Yancheng in East Coast, Hefei in Central Hills, and Hangzhou in Southern Mountain, respectively. The five subplots demonstrate the representative rural settlements of the municipal district. 






Figure 7. Spatial distribution of rural settlements in the Yangtze River Delta. N-Xuzhou, E-Shanghai, E-Yancheng, C-Hefei, and S-Hangzhou represent Xuzhou in Northern Plains, Shanghai in East Coast, Yancheng in East Coast, Hefei in Central Hills, and Hangzhou in Southern Mountain, respectively. The five subplots demonstrate the representative rural settlements of the municipal district.



[image: Remotesensing 12 02832 g007]







[image: Remotesensing 12 02832 g008 550] 





Figure 8. Area and proportion of rural settlement at different levels. (a) Municipal district level, (b) Region level. 
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Figure 9. Distribution of validation points in four regions. 
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Figure 10. Comparisons between our rural settlement product (the 2nd column), human settlements in China developed by Gong et al. (2019) [16] (the 3rd column), and the GHSL products developed by Melchiorri M et al. (2018) [59] (the 4th column) for eight cities. N, E, C, and S represent the Northern Plain, East Coast, Central Hills, and Southern Mountain, respectively. The yellow and blue boxes indicate the errors of commission and omission, respectively. 






Figure 10. Comparisons between our rural settlement product (the 2nd column), human settlements in China developed by Gong et al. (2019) [16] (the 3rd column), and the GHSL products developed by Melchiorri M et al. (2018) [59] (the 4th column) for eight cities. N, E, C, and S represent the Northern Plain, East Coast, Central Hills, and Southern Mountain, respectively. The yellow and blue boxes indicate the errors of commission and omission, respectively.



[image: Remotesensing 12 02832 g010]







[image: Table] 





Table 1. List of the Sentinel-1 Synthetic Aperture Radar (SAR), Sentinel-2 MultiSpectral Instrument (MSI), Visible Infrared Imaging Radiometer Suite supporting a Day-Night Band (VIIRS-DNB) and Shuttle Radar Topography Mission-Digital Elevation Model (SRTM-DEM) data used.






Table 1. List of the Sentinel-1 Synthetic Aperture Radar (SAR), Sentinel-2 MultiSpectral Instrument (MSI), Visible Infrared Imaging Radiometer Suite supporting a Day-Night Band (VIIRS-DNB) and Shuttle Radar Topography Mission-Digital Elevation Model (SRTM-DEM) data used.





	Data Type
	Product
	Resolution
	Date
	Scenes





	Sentinel-1 SAR
	Sentinel-1 SAR GRD: C-band Synthetic Aperture Radar Ground Range Detected, log scaling
	10 m
	1 January 2019–31 December 2019
	1025



	Sentinel-2 MSI
	Sentinel-2 MSI: MultiSpectral Instrument, Level-1C
	10 m
	1 January 2019–31 May 2019
	526



	VIIRS-DNB
	VIIRS Nighttime Day/Night Band Composites Version 1
	15 arc seconds
	1 January 2019–31 December 2019
	12



	SRTM-DEM
	SRTM Digital Elevation Data 30m
	1 arc second
	11 February 2000–22 February 2000
	1
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Table 2. Features selected for the extraction of rural settlement. B1, B2, B3, B4, B8, B11, B12 refers to the numbering system used by the Sentinel 2 Science Mission (e.g., B4 is the Red Sentinel 2 band, B8 is the Near Infrared Red Sentinel 2 band). i is the earliest scene and j is the last image acquired in a given Sentinel 2 acquisition time. p(i,j) denotes the (i,j)th entry in a gray-tone spatial-dependence matrix, Ng represents the distinct gray levels of the images.
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Number

	
Features

	
Equation

	
Reference






	
1

	
NDVImax

	
    NDVI =     B   8 , i       − B     4 , i       B   8 , i       + B     4 , i        

     NDVI   max      = max   ( NDVI   i j  )   

	
[23,47]




	
2

	
MNDWI

	
    MNDWI =     B 3     − B    11      B 3     + B    11       

	
[48]




	
3

	
NDBI

	
    NDBI =     B  11      − B   8     B  11      + B   B      

	
[49]




	
4

	
NBI

	
      NBI = B   4     * B    11      / B   8    

	
[10]




	
5

	
BOBI

	
    BOBI =     B 1     + B   2     + B   8     B  11      + B    12       

	
[50]




	
6

	
RRI

	
      RRI = B   2     / B   8    

	
[9]




	
7

	
SI

	
    SI =     B 2     * B   4      

	
[51]




	
8

	
VV

	

	
[46]




	
9

	
VH

	




	
10, 11

	
Dissimilarity of

VV and VH

	
    f  D I S S    =     ∑    k = 0     N g   − 1       k p    x − y     ( k )    




	
12, 13

	
Variance of

VV and VH

	
    f  V A R    = −    ∑  i    ∑  j     ( i − u )   2  p    i , j      




	
14, 15

	
Entropy of

VV and VH

	
    f  E N T    = −    ∑  i    ∑  j  p    i , j     log ( p ( i , j ) )    




	
16

	
NTL

	
VANUI = (1-NDVI)*NTL

	
[52]




	
17

	
VANUI




	
18

	
Elevation

	

	
[42]




	
19

	
Slope
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Table 3. Error matrix for the two classes of RSET (rural settlement) and Non-RSET (including vegetation, water, urban land, and other lands) in the four study regions.






Table 3. Error matrix for the two classes of RSET (rural settlement) and Non-RSET (including vegetation, water, urban land, and other lands) in the four study regions.












	Northern Plains
	
	Reference
	
	





	
	
	RSET
	Non-RSET
	UA



	Classified
	RSET
	99
	20
	0.83



	
	Non-RSET
	11
	654
	0.98



	PA
	
	0.90
	0.97
	



	OA
	
	
	
	0.96



	Kappa
	
	
	
	0.84



	East Coast
	
	Reference
	
	



	
	
	RSET
	Non-RSET
	UA



	Classified
	RSET
	104
	17
	0.86



	
	Non-RSET
	13
	650
	0.97



	PA
	
	0.89
	0.98
	



	OA
	
	
	
	0.96



	Kappa
	
	
	
	0.85



	Central Hills
	
	Reference
	
	



	
	
	RSET
	Non-RSET
	UA



	Classified
	RSET
	47
	13
	0.78



	
	Non-RSET
	6
	462
	0.99



	PA
	
	0.89
	0.97
	



	OA
	
	
	
	0.96



	Kappa
	
	
	
	0.81



	Southern Mountain
	
	Reference
	
	



	
	
	RSET
	Non-RSET
	UA



	Classified
	RSET
	9
	2
	0.78



	
	Non-RSET
	3
	222
	0.99



	PA
	
	0.75
	0.99
	



	OA
	
	
	
	0.98



	Kappa
	
	
	
	0.77







Note: UA, user’s accuracy; PA, producer’s accuracy; and OA, overall accuracy.
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Table 4. Confusion matrix of optical (O) and multi-source (MS) results in Shanghai and Hangzhou.
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Shanghai

	
Reference






	
Classified

	
Optical

	
Veg

	
Wat

	
RSET

	
Urb

	
Otd




	

	
Veg

	
29

	
0

	
0

	
5

	
0




	
Wat

	
0

	
38

	
0

	
3

	
0




	
RS

	
3

	
0

	
35

	
4

	
0




	
Urb

	
2

	
3

	
2

	
30

	
0




	
Oth

	
0

	
0

	
5

	
4

	
36




	
Classified

	
Multisource

	
Veg

	
Wat

	
RSET

	
Urb

	
Oth




	

	
Veg

	
34

	
0

	
0

	
0

	
0




	
Wat

	
0

	
41

	
0

	
0

	
0




	
RS

	
1

	
0

	
39

	
1

	
1




	
Urb

	
1

	
0

	
0

	
36

	
0




	
Oth

	
0

	
1

	
2

	
3

	
39




	
Hangzhou

	
Reference




	
Classified

	
Optical

	
Veg

	
Wat

	
RSET

	
Urb

	
Oth




	
Veg

	
36

	
0

	
0

	
3

	
1




	
Wat

	
1

	
40

	
0

	
3

	
0




	
RS

	
0

	
0

	
23

	
9

	
2




	
Urb

	
5

	
1

	
1

	
29

	
1




	
Oth

	
1

	
0

	
4

	
5

	
29




	
Classified

	
Multisource

	
Veg

	
Wat

	
RSET

	
Urb

	
Oth




	
Veg

	
38

	
0

	
0

	
0

	
2




	
Wat

	
1

	
42

	
1

	
0

	
0




	
RS

	
0

	
0

	
34

	
0

	
0




	
Urb

	
1

	
0

	
2

	
34

	
0




	

	
Oth

	
4

	
0

	
0

	
0

	
35








Note: Veg, vegetation; Wat, water; RSET, rural settlement; Urb, urban; and Oth, other.
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