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Abstract

:

Understanding distributions of urban land use is of great importance for urban planning, decision support, and resource allocation. The first mapping results of essential urban land use categories (EULUC) in China for 2018 have been recently released. However, such kind of national maps may not sufficiently meet the growing demand for regional analysis. To address this shortcoming, here we proposed a segmentation-based framework named EULUC-seg to improve the mapping results of EULUC at the city scale. An object-based segmentation approach was first applied to generate the basic mapping units within urban parcels. Multiple features derived from high-resolution remotely sensed and social sensing data were updated and then recalculated within each unit. Random forest was adopted as the machine learning algorithm for classifying urban land use into five Level I classes and twelve Level II classes. Finally, an accuracy assessment was carried out based on a collection of manually interpreted samples. Results showed that our derived map achieved an overall accuracy of 87.58% for Level I, and 73.53% for Level II. The accurate and refined map of EULUC-seg is expected to better support various applications in the future.
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1. Introduction


Land use activities reflect human transformation on Earth’s surface. As the top performer among them, urban land use aims at constructing the settlement environment to suit human survival and development, and it has been dramatically changing in recent years due to population increase and urbanization. In this context, accurate, refined, and detailed urban land use data is helpful in grasping the dynamics and scales of existing urban land, predicting trends and changes of future construction areas, and determining the allocation and planning of land resources.



Recently, the concept of a two-level classification system entitled essential urban land use categories (EULUC) has been proposed by Gong et al. [1]. The EULUC criterion divides the urban land into five essential Level I classes and twelve Level II classes. The parcel-based urban land use map, named EULUC-China, was first implemented in 2018 across the entire country of China with the integration of various remotely sensed data, social big data, and the utilization of a machine learning method. This map reveals the differences in urban land use between regions, which can serve as a crucial input data for relevant research in the future.



However, the relatively low accuracy of EULUC data does not meet the demand for regional analysis. This is mainly caused by the inappropriate division of mapping units and low quality of data sources. On the one hand, parcels are the basic spatial units for urban land use mapping. A parcel is defined as a geographically meaningful region with relatively homogeneous socioeconomic functions [2]. The correct division of parcels contributes to the improvement of classification accuracy. In our previous work with EULUC, parcels were delineated by road vectors derived from the OpenStreetMap (OSM) data [1]; however, roads of the OSM data are usually sparse or even absent in some suburbs and rural areas. As a result, parcels based on road vectors are too big for urban land use mapping in those areas and normally have mixed functions (i.e., one road-based parcel could have two or more urban land use types simultaneously). Image segmentation techniques, which aim at grouping pixels into homogeneous objects with consistent visual cues (such as spectrums, textures, and shapes) [3], provide an alternative solution for generating spatial units of urban land use. Many studies have shown that object-based image segmentation approaches can effectively reduce the degree of parcel mixture [4,5,6,7,8]. On the other hand, as shown in the study of EULUC-China, the 1 km Tencent mobile phone locating-request (MPL) data seemed to be too coarse for parcel-based mapping, and the contribution of features obtained from this kind of data was reported to be the lowest [1]. Therefore, higher spatial resolution data is required to solve this problem. Furthermore, additional information such as height, texture, and parcel attributes, which has been proven to be useful in previous studies [8,9,10,11,12,13], should be given further consideration for accurate mapping of regional urban land use.



To address these issues, this study developed a segmentation-based framework entitled EULUC-seg that aims at improving the mapping results of EULUC. To begin with, an object-based segmentation approach, the simple non-iterative clustering (SNIC) algorithm [14], was adopted to segment the remotely sensed image into homogeneous objects. Then, those objects were overlapped with the original road-based parcels to produce new urban parcels. After that, multiple features derived from high-resolution remotely sensed and social sensing data were extracted and calculated within each parcel. Based on those features, a classic machine learning algorithm, random forest (RF) [15], was used to produce the parcel-level map of EULUC-seg in Ningbo, China in 2018. Finally, an accuracy assessment was carried out based on sample parcels collected through visual interpretation.




2. Study Area and Data Sources


2.1. Study Area


Ningbo, a subprovincial city in the northeast of Zhejiang province, China, was chosen as the study area. Located in the south of the Yangtze River Delta (between 28°51′–30°33′N and 120°55′–122°16′E), Ningbo covers an area of 9816.23 km2 and has a population of around 8.20 million. As an important economic center, industrial base, and foreign trade port in East China, Ningbo has experienced rapid urbanization during the past four decades. According to Gong et al. [16], the artificial impervious areas (including roofs, paved surfaces, hardened grounds, and major road surfaces mainly found in human settlements) reached 1441.27 km2 in Ningbo in 2018, accounting for 14.68% of the city’s total area.




2.2. Data Sources


2.2.1. Sentinel-1 SAR and Sentinel-2 Optical Imagery


The Sentinel-1 synthetic aperture radar (SAR) imagery used in this study contained two dual-band cross-polarization bands of vertical transmit (VV) and horizontal receive (VH). As for the Sentinel-2 optical imagery, the Level-2A product was adopted to acquire the bottom of atmosphere reflectance values [17]. Specifically, the four 10 m spectral bands of blue, red, green, and near-infrared, and two additional layers of normalized difference vegetation index (NDVI) and the normalized difference water index (NDWI) in the Sentinel-2 data were used. Both types of Sentinel data were integrated from January 1 to December 31, 2018 as mean composites, and were freely downloaded from the Google Earth Engine platform (https://earthengine.google.com/).




2.2.2. Baidu Points of Interest (POIs)


The Baidu POI data in 2018 were acquired via the application programming interface (API) provided by Baidu Maps (http://map.baidu.com/), one of the most popular web mapping services in China. Each POI record consisted of a series of information including name, location coordinates, and urban function. All POIs were originally classified into 19 categories. We further filtered the original POIs by excluding those irrelevant points, and reclassified them into nine general categories including residential, business, commercial, industrial, transportation, administrative, educational, medical, and sport and culture. After cleaning and selecting, a total of 707,297 Baidu POIs were obtained within the study area.




2.2.3. Luojia-1 Nighttime Lights


The data of Luojia-1 nighttime lights (NTLs) in Ningbo, 2018 was downloaded from the website of http://59.175.109.173:8888/app/login_en.html. NTLs, recorded by satellite sensors from outer space, detect lights present at night on the earth’s surface. Given this unique night photoelectric zooming capacity, NTL data is invaluable for monitoring, characterizing, and understanding human activity. The data has a spatial resolution of around 130 m.




2.2.4. WorldPop Data


The WorldPop data provides high-resolution, contemporary, and accurate data on human population distributions. Based on the machine learning approaches, recent census-based population counts were matched to their associated administrative units and further disaggregated to grid cells with a spatial resolution of around 100 m [18]. The spatial demographics of Ningbo in 2018 were accessed from the WorldPop website (https://www.worldpop.org/).






3. Proposed Method


Figure 1 presents a flow chart of the proposed mapping scheme, which consists of three major parts: (1) regeneration of parcels, (2) feature extraction, and (3) mapping and accuracy assessment. In the following subsections, each component of our developed framework is described in detail.



3.1. Regeneration of Parcels


To better divide the mapping units of parcels, we first segmented the Sentinel-2 optical imagery using the SNIC algorithm [14] on the Google Earth Engine platform. The SNIC is a bottom-up, seed-based segmentation approach that groups neighboring pixels together into clusters based on input data and parameters such as compactness, connectivity, and neighborhood size [14]. A larger value of compactness causes the clusters to be more compact while the neighborhood size determines the spatial location of superpixel seeds [14]. In this study, after various experiments and visual analysis, we set the SNIC parameters as follows: compactness was set to 1 to enable larger clusters, connectivity was set to 8, the neighborhood size was set to 8 to avoid tile boundary artifacts, and the seeds were created in a square pattern using a superpixel seed spacing of 16 pixels. These values produced the most homogeneous and meaningful objects within the image. After that, we converted those segmentation objects into polygons and further overlapped them with the original parcels of EULUC [1]. In the end, a total number of 58,311 parcels was regenerated, which was approximately ten times that of the original parcels.




3.2. Feature Extraction


Table 1 summarizes the features of parcels used in this study. In total, 76 features derived from multiple data sources were included. For Sentinel-1 SAR imagery, mean values, standard deviations, and textures of VV and VH polarizations were calculated to represent the height information. For Sentinel-2 optical imagery, spectral attributes (mean values and standard deviations of blue, green, red, near-infrared bands, NDVI, and NDWI) and additional texture features were simultaneously considered into the classification model. Texture, which describes the tonal variations across pixels of remotely sensed images, has frequently been used to increase accuracy in land use classifications [8,9,10,11,12,13]. Specifically, for each band of VV, VH, blue, green, red, and near-infrared, the values of angular second moment, contrast, correlation, dissimilarity, entropy, and variance were computed based on the gray level co-occurrence matrix. For the 100 m WorldPop data, mean and sum values of population were extracted. Additionally, the area of each parcel was also computed. Moreover, following our previous study [1], features of POIs and Luojia-1 NTLs were recalculated within each parcel.




3.3. Mapping and Accuracy Assessment


3.3.1. Redefinition of Classification System


In this study, the two-level scheme of EULUC was adopted as the basic classification system [1]. This criterion divides the urban land into five Level I classes of residential, commercial, industrial, transportation, and public, and twelve Level II classes. Considering the characteristics of regional mapping, we further adjusted the Level II category as residential, village, business, commercial, industrial, transportation, administrative, educational, medical, sport and cultural, greenspace, and undeveloped. The redefined classification system of EULUC-seg can be seen in Table 2.




3.3.2. Samples for Training and Testing


A total of 485 actual urban parcels were identified based on high-resolution remote sensing images, online digital maps, and street views. The selected parcels were required to be typical and stable with low mixing of land uses (see Figure S1 for representative samples identified through Google Earth high-resolution images). If a parcel contained multiple or mixed functions, then its dominant function was determined as the land use type. We also conducted an on-site field survey on 437 of those samples (Figure S2) and their precision exceeded 99%. We then randomly split all collected samples into two datasets (315 for training and 170 for testing). The training data was used for model development and tuning model parameters through repeated 10-fold cross validation. The optimized model was then applied to the testing samples for an accuracy assessment.




3.3.3. Random Forest Model


RF, a popular machine learning algorithm, was applied for the training samples to produce the parcel-level mapping of EULUC-seg in Ningbo, 2018. As a bagging ensemble learning classifier, RF has proven its efficiency and robustness in processing high-dimensional data, and has been widely used in land use and land cover classification research [1,19,20,21]. The grid-search approach was used for tuning parameters of the RF model with 10-fold stratified cross validation. In this study, the optimal parameters of ‘n_estimators’ and ‘min_samples_leaf’ for the RF model were set to 70 and 2, respectively.






4. Results


4.1. Classification Results


Table 3 presents the confusion matrix of EULUC-seg for the Level I category. An overall accuracy (OA) of 87.58% and a kappa coefficient of 0.81 were obtained for the four Level I classes. The residential land use class had the highest user’s accuracy (UA) of 95.74% and the highest producer’s accuracy (PA) of 91.84%, whereas the commercial land use class had the lowest accuracies with a UA of 79.17% and a PA of 73.08%. As for the Level II category, the OA and the kappa coefficient were 73.53% and 0.70, respectively (Table S1). Out of the twelve Level II classes, residential, village, and greenspace can be classified relatively well, with both UA and PA above 80%. On the contrary, the parcel attributes and classification approaches used in this study have difficulties in accurately classifying public land use classes, such as administrative and educational, with both UA and PA lower than 60%. As shown in the confusion matrix, such kinds of land use categories, which aim at public management and service, can be easily confused with residential and business parcels. Meanwhile, using the same sample set, we have examined the classification performance under the Residential–Entertainment–Transportation–Industrial–Office (RETIO) schemes (see Table S2), another kind of EULUC classification system proposed by Gong et al. [1]. As shown in the supplementary materials, an OA of 85.71% for Level I and 71.76% for Level II can be achieved under the RETIO classification schemes.



Figure 2 shows the pattern and distribution of EULUC-seg for Level II categories in Ningbo, 2018. Most residential, business, and commercial lands were clustered in urban cores while village, industrial, and greenspace lands were mainly distributed in suburban areas. Table S5 summarizes the statistics of urban land use composition. Statistically, within the 1441.27 km2 impervious areas of Ningbo in 2018, residual lands accounted for 30.81% (444.07 km2), commercial lands accounted for 4.30% (61.97 km2), industrial lands accounted for 17.47% (251.72 km2), transportation lands accounted for 0.48% (6.95 km2), and public lands accounted for 46.94% (676.57 km2).




4.2. Importance of Feature Categories


Figure 3 compares the accuracies of EULUC-seg for Level I and Level II categories using different combinations of features. Features derived from Sentinel-2 data generally contributed more to the classification process, as compared to those from Sentinel-1 and POI data. When only using Sentinel-2 data, we obtained an OA of 74.29% ± 1.06% for Level I, and 59.20% ± 1.53% for Level II. In contrast, when only POI data was considered, the RF model had a lower accuracy of 66.90% ± 1.16% for Level I, and 52.56% ± 1.02% for Level II. Interestingly, features of Sentinel-1 data seemed to contribute more to the Level I classification while they would reduce the accuracy of Level II classification. For the Level I category, the highest classification accuracy occurred when Sentinel-1, Sentinel-2, and POI data were used together, with an OA of 84.43% ± 1.23%. Nevertheless, when only combining Sentinel-2 and POI data, a higher OA of 70.35% ± 1.56% could be achieved for the Level II category, as compared to that of other scenarios.



We further compared classification performance with and without additional features (i.e., features that were not used in the previous EULUC study). As shown in Figure S3, when features of Sentinel-1, Sentinel-2 texture, WorldPop and parcel area were excluded in the RF model, the OAs decreased by 8.63% for the Level I category (from 86.07% ± 1.12% to 79.23% ± 1.37%), and 6.01 % for the Level II category (from 71.73% ± 1.55% to 67.66% ± 1.31%).




4.3. Comparison with EULUC Mapping Results


Figure 4 displays the comparison results of remotely sensed images and corresponding urban land use maps in Ningbo, 2018. Both the mapping results of EULUC and EULUC-seg reflect the spatial distributions of urban land use with some similarities and differences. On the one hand, for the urban core area where road density is high and parcel function is relatively unitary (Figure 4a–c), patterns of EULUC and EULUC-seg are similar. On the other hand, a huge difference occurs in the suburbs and villages (Figure 4d–i). Due to sparse or missing road data in those remote areas, parcels of EULUC often have a large area with multiple functions. This could have caused obstacles for the accurate classification of urban land use. Statistically, OAs for EULUC of China, 2018, were 61.2% for Level I and 57.5% for Level II [1], while OAs for EULUC-seg of Ningbo, 2018, were 87.6% for Level I and 73.5% for Level II (Table 3 and Table S1). Although these results cannot be compared directly due to the difference in study areas, classification systems, and samples, a horizontal comparison may work via visual interpretation. For example, according to the mapping results of EULUC, the Yuyao county of Ningbo was almost completely surrounded by industrial lands (Figure 4h). However, as shown in the remotely sensed image (Figure 4g), those rural–urban fringe zones were usually mixed with diverse lands such as industrial, residential, and greenspace. With the implementation of the SNIC segmentation algorithm, maps of EULUC-seg provided more accurate details of urban land use (Figure 4i), as compared to those of EULUC (Figure 4h).





5. Discussion


In this study, some improvements in use of finer spatial units and more features have been made to achieve the high-quality mapping of urban land use in Ningbo. A segmentation approach was adopted to further divide the original road-based parcels of EULUC. Based on the spectral difference in the Sentinel-2 optical imagery, the SNIC algorithm automatically grouped pixels with consistent spectra into one homogeneous object, which helped produce smaller and more compact urban parcels for EULUC-seg (Figure 4). Moreover, additional useful features derived from various data sources, such as height and texture information, were incorporated in the RF classifier. Those features contributed to an increase of classification accuracy of 8.63% for the Level I category, and 6.01% for the Level II category (Figure S3). As a result, an accurate and refined urban land use map was obtained in Ningbo city for 2018, with an OA of 87.58% for Level I, and 73.53% for Level II.



Despite our effective efforts, there are some limitations in this study and more work needs to be done in our future work. First, the mixture of urban parcels is still a challenge. Especially in old urban areas, parcels are normally composed of mixed land uses. One possible solution is to expand the classification from the current dominant-class only to multiple-class per parcel classification. Another issue refers to the choice of classification methods. Although the classic RF model has shown its robustness in many related land use and land cover classification studies [1,19,20,21], the potential of other sophisticated approaches, such as support vector machine (SVM) [22] and fully convolutional neural networks (FCNN) [23], has not been fully explored. Therefore, experimental comparisons among different classifiers could be conducted in the next stage.




6. Conclusions


Compared with EULUC maps, EULUC-seg maps have more compact and homogeneous parcels, and they have the advantages of delineating accurate and detailed urban land use patterns, especially in remote areas. The mapping scheme of EULUC-seg is simple and fast to implement, and can be applied to derive land use maps of a larger area in the future.
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Figure 1. Workflow of the proposed mapping scheme. 
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Figure 2. Map of EULUC-seg for Level II category in Ningbo, 2018: (a) overview map; (b) detailed zoomed-in view map of the central urban area. 
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Figure 3. Accuracies of EULUC-seg for Level I and Level II categories using different combinations of features. poi, s1, and s2 denote features from data sources of Baidu POIs, Sentinel-1 SAR, and Sentinel-2 optical, respectively. For each scenario, the random forest (RF) model is repeated 100 times. 
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Figure 4. Comparison of remotely sensed images and urban land use mapping results. (a–c) The central urban area of Ningbo where three main rivers (Fenghua river, Yong river, and Yao river) run through. (d–f) A suburb located 10 km northwest of the central city. (g–i) The Yuyao county located 40 km west of the central city. Three columns from left to right denote the Sentinel-2 optical imagery (false color composition), maps of EULUC [1], and maps of EULUC-seg implemented in this study, respectively. 
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Table 1. Summary of features.
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	Data Source
	Features
	Count





	Sentinel-1
	Mean of VV and VH
	2



	
	Standard deviation of VV and VH
	2



	
	Textures of VV and VH
	12



	Sentinel-2
	Mean of blue, green, red, near-infrared bands, NDVI, and NDWI
	6



	
	Standard deviation of blue, green, red, near-infrared bands, NDVI, and NDWI
	6



	
	Textures of blue, green, red, and near-infrared bands
	24



	Baidu POIs
	Total number of all POIs
	1



	
	Total number of each type of POIs
	9



	
	Proportion of each type of POIs
	9



	Luojia-1
	Mean of DN values
	1



	
	Sum of DN values
	1



	WorldPop
	Mean of population
	1



	
	Sum of population
	1



	/
	Area of each parcel
	1
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Table 2. Redefined classification system of EULUC-seg.
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	Level I
	Level II





	01 Residential
	0101 Residential



	
	0102 Village



	02 Commercial
	0201 Business



	
	0202 Commercial



	03 Industrial
	0301 Industrial



	04 Transportation
	0401 Transportation



	05 Public
	0501 Administrative



	
	0502 Educational



	
	0503 Medical



	
	0504 Sport and cultural



	
	0505 Greenspace



	
	0506 Undeveloped
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Table 3. Confusion matrix for the Level I category of EULUC-seg. Due to the limited testing samples of transportation lands, we exclude this kind of category here in the accuracy assessment. UA, PA, and OA denote user’s accuracy, producer’s accuracy, and overall accuracy, respectively.
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Residential

	
Commercial

	
Industrial

	
Public

	
UA

	
PA






	
Residential

	
45

	
0

	
0

	
2

	
95.74%

	
91.84%




	
Commercial

	
0

	
19

	
2

	
3

	
79.17%

	
73.08%




	
Industrial

	
0

	
0

	
10

	
1

	
90.91%

	
76.92%




	
Public

	
4

	
7

	
1

	
67

	
84.81%

	
91.78%




	
OA = 87.58%, kappa coefficient = 0.81
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