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Abstract

:

Accurately identifying inefficient urban land is essential for urban regeneration and mining underutilized assets. Previous studies have primarily focused on examining the overall efficiency of land use without adequately considering the heterogeneity of urban land use types and comprehensive characteristics of urban quality. As a result, the spatial accuracy and precision of research findings have been relatively low. To address this gap, we developed a comprehensive method to identify inefficient urban lands for residential, commercial, and industrial use. The method integrated multi-source geographic data to quantitatively characterize the efficiency of different land use types considering six key dimensions, including building attribute, urban service, transportation condition, environmental quality, business performance, and production efficiency, utilized principal component analysis to reduce the multicollinearity and the dimensionality of the data, and identified land clusters with similar features that were inefficiently used by means of hierarchical clustering. By applying the method to Changsha, China, we validated its effectiveness. The results demonstrate that the method can accurately identify inefficient residential, commercial, and industrial land, with kappa coefficients of 0.71, 0.77, and 0.68, respectively. The identification results reveal the spatial distribution patterns of different types of inefficient land. Inefficient residential land is concentrated towards the city center, particularly in central areas. Inefficient commercial land is relatively evenly distributed, mainly outside the core commercial regions. Inefficient industrial land clusters towards the periphery, forming several agglomeration areas centered around industrial parks. By precisely identifying inefficient urban land and focusing on the key influencing factors, the proposed method enables the site selection of urban regeneration, site redevelopment evaluation, and optimization of urban resources.
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1. Introduction


Global rapid economic growth in recent decades has led to massive urbanization and migration to large metropolitan areas worldwide. According to the United Nations, urban dwellers will account for 68% of the global population by 2050 [1]. The governments have been continuously expanding the construction land supply, causing cities to exhibit the spatial characteristics of external expansion [2,3]. This long-established rough and external urban growth pattern has brought about a series of problems. These problems not only threaten the conservation of high-quality farmland, ecological balance, and living environment [4,5], but also lead to inadequate infrastructure configuration and poor spatial connection between residential and working functional areas in new urban areas. All of these problems have resulted in substantial economic, social, and environmental costs [6,7,8]. Hence, many developed cities are switching from outward expansion to urban regeneration as a more sustainable strategy for urban development [9,10].



To achieve sustainable urban development, planners have shifted their attention to optimizing the function and environment of existing urban areas [11,12]. A key strategy for this is urban regeneration, which involves revitalizing, optimizing, and reusing land in built-up areas [13]. European examples of this strategy include the Berlin model of adaptive reuse of historical structures [14] and the renovation of old buildings in the Ruhr metropolitan area in Germany [15]. In addition, some scholars have explored innovative models of sustainable urban regeneration, such as circular cities based on energy and ecological transformation [16]. Urban regeneration offers multiple benefits, including enhancing urban aesthetics, improving living environments, enriching ecological landscapes, augmenting public services, and increasing land value [13]. However, there are also international challenges to the implementation of urban regeneration that warrant attention. For instance, Stein criticizes the profit-driven planning approaches to urban regeneration that can cause gentrification, arguing that they worsen the inequality and exploitation of urban space at the expense of the public interest and social justice [17]. Therefore, governments and planners should not only pursue urban regeneration for economic and aesthetic reasons, but also for creating a fair and inclusive society [18].



The Chinese government launched a plan for redeveloping inefficient land in 2008 to improve the quality of urban life, social welfare, and economic efficiency [19]. Unlike the traditional mode of urban planning, which first establishes the urban spatial development objectives before arranging the city’s physical structure, the plan is to identify and revitalize the built-up areas that need improvement while keeping the overall layout of the region unchanged. The redevelopment mode should balance the interests of the government and the current and future users of the land, as well as consider the structural and functional changes. However, governments and planners often make these decisions based on their experience rather than scientific evidence [20]. This decision-making process may compromise the outcomes of regeneration. Therefore, accurately assessing the utilization efficiency of existing urban land and setting scientific criteria and methods for identifying inefficient urban land are imperative.



In this study, we aimed to develop a methodology that integrates multi-source geographic data and a hierarchical clustering method for identifying inefficient urban land, building upon existing research. To validate the effectiveness of this method, we applied it to the main urban area of Changsha City of China as a case study. Our research goals are: (1) to integrate multi-source geographic data related to urban land use efficiency in order to provide a comprehensive urban land use assessment tool at the parcel level for residential, commercial, and industrial land use, respectively; (2) to cluster urban lands based on their similarity of land use characteristics to identify samples of inefficiently utilized urban land; and (3) to analyze the spatial distribution patterns of different types of inefficient urban land. This study can provide inspiration for urban regeneration decision-making in China and other countries.




2. Literature Review


Inefficient urban land has not been explicitly and consistently defined in the literature. Different criteria and indicators may be used by scholars from different disciplines and viewpoints to identify and quantify inefficient urban land. For instance, from the perspective of brownfield redevelopment, a relatively similar concept is “brownfield”, which refers to land contaminated or possibly contaminated by hazardous substances, pollutants, or contaminants and whose redevelopment or reuse may be impeded by these contaminants [21]. In terms of land use efficiency study, inefficient land is related to land with low land use intensity [22]. In the field of urban regeneration in Europe, inefficient urban land is associated with places that suffer from economic decline, social dysfunction, social exclusion, or ecological imbalance [23]. In terms of land use efficiency study, inefficient land is related to land with low land use intensity. In this paper, we adopt a comprehensive perspective that considers the quality of residents’ lives and the sustainability of cities. Thus, inefficient urban land can be interpreted as existing urban land that exhibits the following characteristics: dilapidated buildings, disordered layouts, low land use efficiency, poor environmental quality, and low output effectiveness [24].



The current research on inefficient land use lacks a robust framework for assessing urban land use inefficiency, necessitating this study to draw upon insights from other disciplines, such as urban land use efficiency studies. Urban land use efficiency (ULUE) is a comprehensive reflection of the degree of land value realization in the process of urban growth [25]. A number of scientifically valid research methods and evaluation indicators have been proposed for the ULUE, which typically focus on the combined effect of the input costs and output benefits of the economic, social, and ecological factors hosted by existing urban land [26,27,28]. Input costs are typically measured by indicators such as the number of employees, fixed asset investment, construction land area, and electricity consumption. Indicators such as the built-up area, the proportion of the urban population, and the non-agricultural GDP per unit of land are usually used to represent output benefits. Some researchers have considered factors such as the effectiveness of land policies [29] and land management in their study of ULUE [22]. Additionally, pollution intensity is thought to be a restricting influence [26]. Although these studies have considered the balance between land development and environmental conservation and thus can evaluate the land use efficiency well at the provincial, municipal, and district levels, the spatial precision of these data sources, which depend on government statistics, cannot be more precise. Furthermore, they disregard elements such as environmental quality, infrastructural configuration, and transport accessibility that are closely connected to the integrated quality and efficiency of cities.



Recently, spatial analysis techniques based on geospatial big data have been rapidly developed. The updating of data sources and the rapid development of information processing technology have overcome the limitations of traditional urban field surveys, which are cumbersome, costly in terms of labor and time, and low in timeliness, and have greatly improved the efficiency and accuracy of research on decision-support techniques for urban issues [30,31], making it possible to quantitatively assess more indicators related to urban land use characteristics. For instance, Liu utilized crowdsourced data to quantify indicators across six dimensions for suitability assessment of brownfield redevelopment such as topography, building condition, land and landscape, facility abundance, accessibility, and population dynamic [32]. Semantic segmentation has been employed to automatically capture street physical characteristics [33,34], and social media data have been successfully used to measure urban dynamics [35].



Traditional multi-attribute decision analysis methods such as stochastic frontier analysis (SFA) [26], data envelopment analysis (DEA) [28], slack-based measure (SBM) [27], the hierarchical analysis method [36,37] and the entropy weighting method [12] can realize the evaluation of land use efficiency. However, these methods often require the input of parameters or assumptions such as evaluation metrics, weights, and ranks, which may be subjective or uncertain.



Emerging machine learning algorithms, particularly clustering algorithms, have found applications in data grouping studies across various fields. These algorithms have proven to be scientific, objective, and efficient in classification studies [38]. They do not require prior knowledge of data object categories or labels and group them based on similarity or distance. This is in contrast to comprehensive evaluation grading methods that require pre-set evaluation levels or criteria. Given the absence of an official dataset for inefficient urban land use, clustering algorithms are particularly suited for this study.



Clustering algorithms encompass a range of methods, with k-means [39], density-based spatial clustering of applications with noise (DBSCAN) [40], and hierarchical clustering (HC) [41] being common in spatial analysis. However, not all clustering algorithms are suitable for this study. The appropriate clustering method needs to be selected based on data characteristics [42]. While k-means can handle large-scale and high-dimensional datasets, it requires the prediction of cluster numbers and evenly distributed samples. The complexity and uncertainty of urban activities in this study affect data distribution, which may impact the clustering effect if k-means is used. Both DBSCAN and HC are suitable for datasets with complex data structures, but DBSCAN struggles with high-dimensional data. Given that the urban land use data used in this study involves multiple aspects of indicators (i.e., high-dimensional data), HC is more suitable.



Numerous studies in geography and urban planning have successfully used HC methods to identify and extract target objects. For instance, Lemoine-Rodríguez identified groups of cities with similar urban forms using HC [43]. Xu achieved promising results on stem detection and individual tree segmentation using a bottom-up HC strategy [44]. Rodriguez implemented an HC approach for smartphone geo-localized data to detect meaningful tourism-related market segments [45]. Richards applied an HC algorithm to group over 20,000 photographs according to their keywords to help assess cultural ecosystem services that could inform urban planning in Singapore [46]. These studies demonstrate the effectiveness of the HC algorithm in extracting spatial target objects and provide valuable references for this study.



In summary, previous studies have primarily focused on examining the overall efficiency of land use, but they have failed to adequately consider the heterogeneity of urban land use types and comprehensive characteristics of urban quality. As a result, the spatial accuracy and precision of research findings have been relatively low, and the existing studies lack the consideration of land efficiency evaluation from the perspective of urban regeneration. Therefore, we proposed a comprehensive method for identifying inefficient urban land in existing urban areas. This method integrated various indicators that describe the efficiency of residential, commercial, and industrial land, utilizing principal component analysis and hierarchical clustering. To validate the effectiveness of our method, we applied it to the main urban area of Changsha City as a case study. We aimed to provide a systematic and objective approach for redeveloping inefficient urban land and offer valuable technical support for urban regeneration.




3. Materials and Methods


In this study, we have developed a comprehensive method for identifying inefficient urban land in the context of urban regeneration (Figure 1). The methodology consists of the following three main steps:



(1) Selection of indicators for characterizing urban land use efficiency: We carefully selected indicators specific to residential, commercial, and industrial land use. These indicators encompass multidimensional features such as building attribute, urban service, transportation condition, environmental quality, business performance, and production efficiency. The values of these indicators were derived from a diverse array of geographic big data sources. Following normalization and standardization, redundant indicators were eliminated using Spearman correlation analysis.



(2) Identification of urban inefficient land: The indicators derived from the first step were subjected to a hierarchical clustering method based on principal component analysis. This method partitions each of the three urban land categories into several clusters according to the similarity of land use characteristics. Subsequently, we identified clusters exhibiting inefficient utility characteristics as our identification results.



(3) Validation of inefficient land identification results: To verify the validity of our identification results, we conducted a random sampling of urban land followed by a field survey. We also calculated the kappa coefficient of the identification results to assess its accuracy.
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Figure 1. Research flow. 
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3.1. Study Area


Changsha, a representative city for rapid urbanization and implementation of inefficient urban land redevelopment policies in China [47], was selected as a case study for our method of identifying inefficient urban land. As the capital of Hunan Province and the leading city of the Chang-Zhu-Tan urban agglomeration, Changsha has experienced rapid urbanization in the past two decades. Its urbanization rate has risen from 53.87% in 2005 to 82.60% in 2021, and its built-up land area has expanded from 1306.12 km2 to 1953.31 km2. The study area covers the major urban administrative districts of Changsha, namely, Furong, Yuhua, Yuelu, Tianxin, and Kaifu Districts (Figure 2). These districts are the most dynamic and productive areas in Changsha in terms of economic development.



The current development pattern of the study area has been largely dominated by outward expansion [48], neglecting the social demands, environmental quality, public service provision, and cost-effective development in existing urban areas [49]. This has resulted in a significant amount of inefficient land within the main urban area, posing a serious challenge to the city’s high-quality development. In this study, we aim to provide scientific guidance for promoting a more intensive, efficient, and sustainable land use transition in Changsha by using it as a representative case study, thereby offering a reference for other cities.




3.2. Dataset


To conduct this study, we have collected and analyzed various types of data that reflect the urban morphology and human activity patterns of Changsha City. These data include high-resolution satellite imagery from Amap, street view imagery from Baidu Map Open Platform, points of interest (POI) data from Amap, road network data from OpenStreetMap (OSM), population heat map data from Baidu Map Open Platform, nighttime remote sensing imagery from Luojia-1A satellite, and evaluation data of various shops in Changsha City from a popular review website. Table 1 summarizes the sources, years, and interpretation of each type of data used in this paper.



We selected data from the period 2019 to 2022, taking into account the update frequency and timeliness of different data sources. Data such as satellite images, street view images, points of interest (POIs), and road networks reflect the city’s stable spatial structure and functional layout. Meanwhile, data such as population heat maps, nighttime lighting data, and store evaluations capture the city’s dynamic activities and economic benefits, necessitating timely updates. According to reports from the Changsha City Planning Bureau, Changsha has not undergone any major spatial changes since 2019, with the overall scale and structure of the city remaining stable [50,51]. Therefore, it is reasonable to select data in the time range of 2019–2022.



Furthermore, to enhance the spatial accuracy of the proposed method, we adopted different land use cells that reflect the spatial texture of the city as the research units. To achieve this, we implemented the following steps. Firstly, we used road network data from OpenStreetMap (OSM) to delineate the Traffic Analysis Zone (TAZ), which serves as a fundamental unit for urban planning. Secondly, we overlaid satellite images, Amap, and urban planning maps to identify and classify the land use units into residential, commercial, and industrial categories. Lastly, due to the difficulty of changing land ownership and the low demand for regeneration, we eliminated land use units that are irrelevant or incompatible with the method from the analysis, such as urban villages, vacant land, and land under construction.




3.3. Indicators for Measuring Land Use Efficiency


Urban space is a diverse and heterogeneous entity that reflects human activities and productivity in different land use types. Urban regeneration, a process of transforming urban space, involves different challenges and opportunities for different types of land use. In this study, we focus on three types of urban land use: residential, commercial, and industrial, because they are the main components of urban land use structure, and they have significant impacts on urban development, environment, and social welfare [52]. Residential land use provides the living environment for residents, which is influenced by the infrastructure provision, the housing quality, and the environmental conditions. Commercial land use supports economic activity, which is constrained by consumer demand, the built environment, and the location factors. Industrial land use drives the production process, which is affected by the building and equipment quality and resource efficiency.



To assess the characteristics of these three types of land use in Changsha, China, we selected 12, 11, and 5 indicators, respectively, based on the literature review and the geospatial data availability (Table 2). The selection of indicators is a critical step in the assessment process. We do not claim that our indicators are complete and exhaustive, but rather that they are representative and relevant for the purpose of our study.



3.3.1. Indicators for Residential Land


In the realm of residential land, indicators were selected from four key perspectives: building attribute, urban service, transportation condition, and environmental quality.



Building attribute comprises building condition (BC), building density (BD), and floor area ratio (FAR), which reflect the physical state and the spatial efficiency of the building. BC measures the year of completion of the building, which reflects the quality of the residential building [32]. BD is the ratio of building footprint area to land area, indicating the density of residential development [32]. FAR is the ratio of total building area to land area, indicating the intensity of residential development [32].



Urban service includes population density (PD), park accessibility (PA), commercial service coverage (CSC), and public service coverage (PSC), which reflect the living needs and convenience of the residents. PD is the number of people per unit area, indicating the population size and demand scale for infrastructures of residential land [12]. PA is the shortest time for residents to parks and squares, indicating the availability of recreation and outdoor activities of residential land [32,53]. CSC is the degree of clustering of commercial facilities, indicating the convenience of residents to access commercial services near their residential area [12,32]. PSC is the degree of clustering of public service facilities, such as education, healthcare, and culture, indicating the level of social welfare and public services that residents enjoy [12,32].



Transportation condition contains 400 m angular betweenness (4AB), 800 m angular betweenness (8AB), and 1200 m angular betweenness (12AB), which reflect the accessibility of the residential land. They represent the frequency of each road segment in the road network occurring on all shortest paths within 5, 10, and 15 min’ walking distance [54], respectively, reflecting the importance and traffic flow of the road segments. The higher the value of these indicators, the easier it is for residential sites to reach other locations and the more connected they are [32,54,55].



Environmental quality contains greenery (GR) and openness (OP), which are essential for the health and comfort of residents. GR refers to the proportion of the green area of the street in the field of view of the human eye, which reflects the greening and ecological quality of the residential land [56]. OP refers to the proportion of the sky of the street in the field of view of the human eye, which reflects the openness and comfort of the residential land [57].




3.3.2. Indicators for Commercial Land


For commercial land, indicators were selected from four dimensions: building attribute, transportation condition, environmental quality, and business performance.



Building attribute refers to the FAR, which measures the total floor area of a building divided by the area of the land. FAR can indicate the development potential and utilization efficiency of commercial land [32].



Transportation condition includes metro coverage (MC), 4AB, 8AB, and 12AB. MC is the number of metro stations within a 500 m radius of the commercial land, reflecting the convenience and accessibility of the metro service [47,53,58]. 4AB, 8AB, and 12AB were used to assess the accessibility of the road network for commercial land [32,54,55].



Environmental quality contains GR and OP, which can help to assess the greenery and openness around the commercial land, which is essential for providing a comfortable shopping environment and attracting customers [56,57].



Business performance includes CSC, day off footfall (DF), weekday footfall (WF), and shop rating (SR), which can help to assess the economic activity and attractiveness of commercial land. CSC reflects the degree of concentration of commercial services [12,32,59], DF and WF reflect the patronage of a commercial site on days off and weekdays [32,60], and SR reflects the degree of business excellence of stores [61].




3.3.3. Indicators for Industrial Land


For industrial land, indicators were selected from three dimensions: building attribute, urban service, and production efficiency.



Building attribute includes BC and FAR, which reflects the physical characteristics and use of industrial land, and are the basic elements for evaluating the quality of industrial land. BC indicates the year of completion of the building, which reflects the state of the structure and maintenance of the industrial building [32]. FAR measures the total area of the building divided by the area of the land, reflecting the intensity of the utilization of the land [32].



Urban service includes PSC, which measures the level of public facilities and services available for industrial land, and it is an important factor affecting the attractiveness and sustainability of industrial land [12,32].



Production efficiency comprises WF and gross domestic product per land (GDP), which measure the economic contribution and development potential of industrial land. WF indicates the number of people visiting the industrial land during weekdays, reflecting the degree of activity and human resource supply of industrial land [32,60]. GDP measures the gross domestic product generated per unit area of industrial land, reflecting the productivity and added value of industrial land [26,27,62].




3.3.4. Measurement of Indicators


In this study, we employed multi-source data to measure various indicators of the city’s spatial quality, utilizing the following data processing methods: By consulting publicly available information on the Internet to obtain the year of completion for each type of building, we categorized the buildings by year into pre-1995, 1996–2000, 2001–2005, 2006–2010, 2011–2015, and post-2015, and we assigned a score of 1–6, respectively. The score is the BC value [32]. PD values were obtained by simulating population distribution using data from POI, night lighting, land use, road network, and DEM [63]. BD and FAR values were calculated in ArcGIS by extracting and mapping building outlines with reference to high-resolution satellite images. PA values were calculated by using the road network data and the road network analysis model of ArcGIS to estimate the shortest time of each parcel to the park and square entrances and exits [32,64]. The CSC and PSC values were obtained in ArcGIS by calculating the average kernel density of commercial POIs and public service POIs within each parcel, respectively [12,32]. 4AB, 8AB, and 12AB values were computed using sDNA tool to calculate the number of times each street is crossed by the shortest path between any two other street segments within a radius of 400, 800, and 1200 m, respectively [65]. Baidu Street View images and deep learning algorithms were used to calculate the proportion of green area and the proportion of sky area of the street in the human eye’s perspective in order to obtain the GR and OP value [66]. MC values were calculated by using the data of metro stations to calculate the number of accessible metro stations within 500 m of each plot. SR values were measured by using data from the Dianping website to calculate the weighted kernel density of shop ratings [61]. WF and DF values were measured by using Baidu heat map data to calculate the average 24 h heat value for a weekday and a rest day [60]. GDP values were calculated by simulating the spatial distribution of secondary and tertiary GDP using the Luojia-1A nighttime light images, obtained from Wuhan University, situated in Wuhan, China, and POI data [67].





3.4. Data Pre-Processing


We implemented data transformation and standardization techniques to address the skewness and kurtosis of the data and ensure the comparability of indicators within the method. This process involved analyzing quantile-quantile plots to assess the conformity of the data to a normal distribution. For variables exhibiting severe right-skewness, slight right-skewness, or left-skewness, we applied logarithmic, square root, or exponential transformations, respectively. Next, we scaled the data using z-score normalization, adjusting the mean and standard deviation of each indicator. To prevent collinearity among the data, we computed a Spearman correlation coefficient matrix for this study [68], and one of the indicators with a correlation coefficient greater than 0.80 was eliminated from the combination [43].




3.5. Principal Components Analysis


The principal component analysis (PCA) is a technique that reduces multicollinearity and the dimensionality of the data, using fewer variables to preserve as much of the original information about the study object as possible [69]. We utilized PCA to analyze the evaluation indicators for residential, commercial, and industrial land uses separately, aiming to simplify our metrics and facilitate easy interpretation. To ensure that the principal components capture as much original information as possible, we retained the principal components with a cumulative contribution of 70%. Moreover, we used the maximum variance of the eigenvectors for orthogonal rotation to improve the interpretive performance of the factor loadings.




3.6. Hierarchical Clustering Method


Hierarchical clustering in Python’s scikit-learn module [70] was used in this paper to identify clusters with inefficient land characteristics by grouping various types of lands based on the similarity of their principal components. In contrast to the divisive algorithm, which requires pre-defined criteria and procedures that might not fit reality or lose information, we chose the agglomerative hierarchical clustering algorithm, which can create various degrees of clusters based on how similar the data points are [71]. Therefore, we adopted the agglomerative hierarchical clustering algorithm in this paper. We computed a distance matrix between the retained PC values and used Euclidean distance and Ward’s aggregation method [72] to cluster. The optimal number of clusters was determined as the number of clusters corresponding to the maximum value of the silhouette coefficient, subject to the condition that the clustering results pass the significance test of the one-way ANOVA.




3.7. Accuracy Assessment of Identification Results


In order to evaluate the reliability of the proposed methodology, we conducted an empirical study in Changsha City with a sampling test. First, we set a 95% confidence level and randomly sampled each of the three types of lands. Then, we verified the identification results of the selected samples by field research. The validation rules mainly referred to the scope of renewal objects defined in the Changsha Urban Renewal Plan [49] and the Measures for the Management of Redevelopment of Low-Efficient Land in Changsha Development Zone [73], as follows:




	
Old residential areas built before 2005 and resettlement areas with inadequate facilities were categorized as inefficient residential land.



	
Large and medium-sized specialized markets, as well as low-rise or outdated commercial service areas, are classified as inefficient commercial land.



	
Factories with a high vacancy rate and outdated industrial buildings are recognized as inefficient industrial land.








Finally, a confusion matrix was constructed based on the results of the field study, and then the accuracy and kappa coefficient were calculated. A confusion matrix is a table used to evaluate the performance of a classification model that shows how the model’s predicted results for different categories compare to the true results. The accuracy indicates the proportion of parcels correctly identified to the total number of parcels, and the kappa coefficient measures the consistency of the identification results with the actual situation. The closer these two parameters are to 1, the higher the recognition accuracy is.





4. Results


4.1. Filtering Results of Indicators for Characterizing Urban Land Use Efficiency


To analyze the interrelationships among the raw indicators, we calculated the Spearman correlation coefficients and visualized them in Figure 3. For residential land, a significant negative correlation of −0.82 was observed between PA and PD, indicating a trade-off between park accessibility and population density. Since PA shared similarities with CSC and PSP, which also assessed urban resource accessibility, we decided to eliminate PA from further analysis. Moreover, 4AB, 8AB, and 12AB were highly positively correlated with each other, with correlation coefficients above 0.8, indicating that any one of them was sufficient. We retained 4AB for this study. Regarding commercial land, we identified strong positive correlations between WF and DF (0.96), WF and SR (0.81), and CSC and SR (0.83). We chose to exclude WF and CSC as DF and SR served as more direct measures of the business performance of commercial land use. In addition, 4AB, 8AB, and 12AB were highly positively correlated with each other and any one of them was sufficient. We kept 12AB for this study. For industrial land, no notable correlations were found among the indicators, leading us to retain all of them for further analysis.




4.2. Principal Components of Indicators for Characterizing Urban Land Use Efficiency


The filtered indicators for each land use type were subjected to principal component analysis, transforming them into a set of linearly uncorrelated variables, namely, the principal components. We retained three principal components for each type of land use, as they accounted for a high proportion of the variance explained: 74.77% for residential land, 74.55% for commercial land, and 80.16% for industrial land (Table 3). To facilitate the interpretation of the factors, we applied a maximum variance orthogonal rotation method to the results of the principal component analysis. From the rotated factor loading table, we observed that each original variable had a high correlation with one of the extracted principal components, indicating that our extraction results were reasonable and could be analyzed in the next step of clustering.




4.3. Identification of Inefficient Lands


The principal components of each land use category were subjected to a hierarchical cluster analysis, which revealed that the optimal number of clusters for residential, commercial and industrial land was 4, respectively. A one-way ANOVA confirmed that the differences between the clusters were statistically significant for each indicator (p < 0.000; Table 4, Table 5 and Table 6). Hence, the mean values of the indicators for each cluster could be used to characterize the different types of land use.



The efficiency of residential land (Table 4) varied across the four clusters. Cluster 1 boasted the best BC and FAR, the smallest BD, and moderate scores on other criteria. This cluster likely corresponded to new residential areas with low-density, high-rise structures, and excellent built environments. Cluster 2 had the worst BC, the largest PD and BD, and lower FAR. This cluster implied older neighborhoods with low-rise buildings that face overcrowding and poorly built environments. It exhibited elevated CSC, PSC, and 4AB, which resulted from the intense demand for accommodation and the earlier urbanization of the region. Conversely, the lower GR and OP in this cluster suggested deterioration and deficiency in the communal environments. Considering these factors, cluster 2 could be regarded as inefficient residential land. Cluster 3 showed moderate values for most indicators, except for 4AB, GR, and OP, which were the highest, indicating that this cluster benefited from better accessibility and environmental quality. Thus, we did not consider this cluster as inefficient residential land. Cluster 4 exhibited the smallest average values for the majority of the indicators, suggesting that despite the limited provision of facilities, such land use can meet the diminished population pressure of the cluster, and the architectural conditions were superior, so it was not classified as inefficient land.



For commercial land (Table 5), cluster 2 manifested the lowest mean values for all indicators, indicating that this type of land use performed poorly in all aspects and could therefore be directly identified as inefficient commercial land. The other clusters each had the highest mean values for some indicators, while the rest of the indicators were in the middle range of values. Cluster 2 was the most consistent with the characteristics of inefficient commercial land.



The four clusters of industrial land (Table 6) exhibited significant differences in their indicators. Cluster 1 demonstrated the lowest average values for BC and GDP, as well as lower mean values for FAR, WF and PSC. This suggested that this cluster primarily consists of outdated plants and equipment, occupying extensive land areas, but suffered from low utilization rates and limited access to urban resources. Consequently, we classified this cluster as inefficient industrial land. Cluster 2 exhibited the highest average FAR value and higher values for BC, PSC, and WF. It is inferred that this cluster predominantly comprised new high-rise factory buildings, housing emerging industries that required less floor space and were situated closer to the city center. Cluster 3 was distinguished by the best building condition, with higher mean values for GDP. However, it performed poorly in FAR and PSC. This indicated that this cluster accommodated firms that needed large factory floor space and that they have built new factories on the urban fringe where land prices were low. Cluster 4 showed the highest mean values for PSC, WF, and GDP, implying that this cluster had the highest production capacity. Therefore, we did not classify Clusters 2, 3, and 4 as inefficient industrial land.




4.4. Spatial Distribution Pattern of Inefficient Lands


Based on the identification results, we obtained the spatial distribution of inefficient residential land, inefficient commercial land, and inefficient industrial land within the existing urban areas of Changsha.



The spatial distribution of inefficient residential land reveals a concentration in the city center, while a smaller portion is distributed at the city fringe, as depicted in Figure 4. This pattern indicates a trend of spreading from the city center to the city fringe. The total area of inefficient residential land measures 31.77 km2, accounting for 30.41% of the overall residential land area, as shown in Table 7. Numerous old residential districts and historic core neighborhoods can be found within the South Second Ring Road-Wanjiali Road-Trinity Avenue area, which is closer to the city center. These neighborhoods were constructed around 2000 or earlier and face various challenges [49,74]. Outdated and low-rise buildings, cramped and irregular layouts, and a lack of public and green spaces contribute to a degraded living environment. Despite their proximity to parks, commercial areas, and public services, the aging and deterioration of municipal facilities hinder residents’ access to quality urban services that meet their current needs. These neighborhoods have low livability standards and require urgent improvement as a consequence. Additionally, there are inefficient residential sites located on the outskirts of the city, where many resettlement estates are situated [74]. These areas suffer from underdevelopment and limited access to essential urban services such as education, healthcare, transportation, and entertainment. As a result, residents in these estates experience a low quality of life.



The spatial distribution of inefficient commercial land in Changsha showcases a notable contrast between the Wuyi Business District and other areas, as depicted in Figure 5. Wuyi Business District stands out as the city’s most vibrant and prosperous commercial zone, attracting a significant influx of people and resources. Due to limited land availability, it has evolved into a high-density and high-intensity integrated business area [75]. However, outside of this central core zone, commercial land exhibits a more dispersed pattern without clear clustering. It covers an area of 5.68 km2, representing 28.67% of the total commercial land area, as indicated in Table 7. These peripheral areas exhibit lower commercial vitality compared to large-scale shopping malls and commercial streets, primarily due to underdeveloped transport networks and pedestrian flow. We divided the identified commercial inefficient land into two types. The first type comprises specialized trade markets characterized by low-rise buildings and large floor areas. The second type includes old or low-rise commercial buildings. Both types exhibit low land use intensity and neglect environmental greening and aesthetics.



The urban fringe accommodates a significant portion of inefficient industrial land, which is concentrated in multiple industrial parks (Figure 6). These parks include Changsha National Hi-Tech Industrial Development Zone, Longping Hi-Tech Park, and Changsha Tianxin Economic Development Zone. Additionally, some inefficient industrial land is dispersed in parks near the Second Ring Road, Changsha Yuhua Economic Development Zone, and Kaifu Hi-Tech Industrial Development Zone. The total area of inefficient industrial land is 5.42 km2, comprising 24.70% of the total industrial land area (Table 7). This spatial distribution arises from the suburbanization of industries, wherein urban functions expand towards the outskirts due to urban growth [76], which occurs when urban development pushes other urban functions outwards and relocates industrial parks to the edge of cities. Moreover, inefficient industrial land tends to be characterized by older and less productive facilities, equipment, and environments. These areas exhibit low land use efficiency and even house idle plants. These factories occupy a significant amount of land resources without generating corresponding economic benefits.




4.5. Accuracy Assessment Result


We conducted an empirical study using the main urban area of Changsha City as a case study and validated the accuracy of the method by random sampling and field investigation methods, following the criteria for identifying inefficient land established in Chapter 2.7. The number of land parcels that were involved in the method computation for residential, commercial, and industrial land was 2174, 1250, and 276, respectively. To ensure a 95% confidence interval, 327, 295, and 161 parcels were randomly selected as test samples for each respective land use category.



Through comparative analysis and validation (Figure 7), as well as the calculation of the confusion matrix (Table 8), the accuracy rates of identifying residential, commercial, and industrial land were found to be 0.87, 0.91, and 0.84, respectively, all surpassing 0.8. These results demonstrate a high level of accuracy in the identification outcomes of the research method developed in this paper. Moreover, the kappa coefficients for identifying these three types of land use were 0.71, 0.77, and 0.68, respectively, all exceeding 0.6. This confirmed a substantial degree of consistency between the research findings and the actual situation, as well as the effectiveness of the result analysis conducted in this study.





5. Discussion


The experimental results demonstrate that the method performed well in detecting inefficient land within built-up urban environments. However, the specific causes and relative contributions of various factors that contributed to inefficient land remained unclear. To address this knowledge gap, we built a classification model based on Random Forest, using the labels of inefficient land and non-inefficient land as the dependent variable and the values of each indicator as the independent variables. The Random Forest algorithm is highly accurate and robust, and it shows superiority in data classification compared to other machine learning methods [77]. The accuracy of the model trained in this study was high, with AUC values of 0.98, 0.97, and 0.98 for residential, commercial, and industrial sites, respectively. To further interpret the model results, we employed the SHAP explainer, a powerful tool for interpreting complex machine learning models, to reveal the differential impacts of different indicators on inefficient land. The main results are as follows:



(1) For inefficient residential land, the indicators that have the most significant influence are building condition, building density, population density, and floor area ratio (Figure 8a). Building condition and floor area ratio have negative effects on land use efficiency, whereas building density and population density have positive effects (Figure 9a). Therefore, to redevelop inefficient residential land, urban planners should prioritize the improvement of housing quality and amenities, while respecting the historical and cultural heritage of older urban areas. This implies avoiding large-scale demolition and reconstruction, and instead focusing on the preservation and renovation of existing buildings. Moreover, the redevelopment should also address the living needs of the residents, by ensuring adequate provision of public services and facilities, such as schools, hospitals, shops and parks. This would increase the accessibility and convenience of the residents, as well as foster a sense of community and belonging.



(2) The efficiency of commercial land is primarily influenced by several key factors, namely, metro coverage, openness, and greenery, as illustrated in Figure 8b. These factors have negative effects on the efficiency of commercial land, as demonstrated in Figure 9b. Hence, to redevelop inefficient commercial land, urban planners should improve the accessibility and attractiveness of commercial activities. This can be achieved by increasing the metro coverage and connectivity of the commercial land, reducing the dependence on private vehicles, and enhancing the mobility and convenience of consumers. Furthermore, the redevelopment should focus on creating more green spaces, public areas, and urban design elements, improving the environmental quality and aesthetic appeal of the commercial land to attract more consumers.



(3) The issue of inefficient industrial land is primarily influenced by several key indicators, including the building condition, GDP per land, and workforce flow, as depicted in Figure 8c. These indicators have been shown to have a negative impact on industrial land efficiency, as demonstrated in Figure 9c. Based on these findings, the redevelopment of inefficient industrial land should prioritize renovating or demolishing outdated factory buildings and involve replacing low-end industries with green and high-end industries. This would improve the utilization of industrial land and generate economic benefits. However, the social elements of this redevelopment process should not be neglected, such as the workers’ livelihood and welfare. This includes ensuring fair compensation and relocation plans are in place, as well as investing in the enhancement of workers’ skills and education to prepare them for employment in new industries. Moreover, due respect should be given to preserving sites of industrial heritage, acknowledging their historical significance and value.




6. Conclusions


A novel method was proposed to identify inefficient land in existing urban areas of residential, commercial, and industrial land. To assess the characteristics of these land uses, we selected evaluating indicators from multi-dimensions, including building attribute, urban service, transportation conditions, environmental quality, business performance, and production efficiency, and then used multi-source geospatial data to measure these indicators. Then, we applied hierarchical clustering based on the principal components of these indicators to group the land use parcels into different categories and extracted the ones that exhibit inefficient land characteristics as the identification results.



The proposed model was conducted in the main urban area of Changsha City, and the results were compared with the ground truth to evaluate its effectiveness. The model accurately identified inefficient residential land, commercial land, and industrial land, showing a high level of agreement with reality, with kappa coefficients of 0.71, 0.77, and 0.68, respectively. The study revealed the spatial patterns of inefficient urban land in the city. The inefficient residential land is concentrated in the central area, where the old city is located, while it is dispersed in the peripheral area. The inefficient commercial land is relatively uniformly distributed across the city, except for the core commercial area, where it is less prevalent. The inefficient industrial land clusters towards the edge of the city, forming several agglomerations around industrial parks.



The proposed method advances the previous studies in three aspects: Firstly, while most preceding studies have employed a uniform indicator framework to assess various types of land use [12,32], this method adopts distinct indicator frameworks for different land use types, reflecting the inherent diversity and complexity of urban land use. Secondly, this method employs unsupervised machine learning techniques to determine indicator weights, minimizing subjective bias and enhancing scientific rigor and reliability, while the majority of existing studies have relied on subjective or semi-subjective methods [36,37]. Third, this method leverages geographic big data for quantitative evaluation, enabling efficient, large-scale assessments at a granular level, while the spatial accuracy of previous studies has typically been limited to administrative districts or homogenized grid cells [12,26,27,62], resulting in low spatial precision.



Despite these merits, our method has some limitations that require further research. One of the main drawbacks is that, due to the limitations of data collection, many important indicators will be ignored, such as residents’ perceptions, store revenues, and the actual labor input and profit of industrial land. This may result in the misidentification of villa areas, upscale commercial areas, and high-tech industrial areas as inefficient urban land. These areas may have low scores on some indicators, such as population density, building density, greening rate, etc., but they may also have high value and potential on other aspects, such as resident satisfaction, business vitality, and industrial innovation. Therefore, this method needs to be further refined and optimized to reduce the likelihood of misidentification and to enhance the accuracy and credibility of the identification results. Another limitation stems from the reliance of the method on multiple sources of geographic data. This enhances its applicability to other large cities but raises questions about its validity and reliability in small cities where spatial data coverage is sparse and incomplete. For example, some indicators, such as accessibility and public service facilities, may not be accurately measured or updated in small cities due to the lack of data sources or the low frequency of data collection. This may lead to the underestimation or overestimation of inefficient urban land in these areas and affect the comparability and generalizability of the results. Therefore, the method needs to be adapted and validated for different urban contexts and scales, and it needs to take into account the availability and quality of geographic data in different regions.
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Figure 2. Location map of the study area. 
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Figure 3. Correlation coefficient matrices. (a) Correlation coefficient matrix for residential land; (b) Correlation coefficient matrix for commercial land; (c) Correlation coefficient matrix for industrial land (Darker blue indicates a higher correlation coefficient and the lighter blue indicates a lower correlation coefficient). 
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Figure 4. Distribution of inefficient residential land and indicator values for residential land (z-score). 
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Figure 5. Distribution of inefficient commercial land and indicator values for commercial land (z-score). 
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Figure 6. Distribution of inefficient industrial land and indicator values for industrial land (z-score). 
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Figure 7. Typical examples of non-inefficient and inefficient land. 
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Figure 8. Average impact on output magnitude. (a) Average impact on output magnitude for inefficient residential land; (b) Average impact on output magnitude for inefficient commercial land; (c) Average impact on output magnitude for inefficient industrial land. 
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Figure 9. Impact on model output. (a) Impact on model output for inefficient residential land; (b) Impact on model output for inefficient commercial land; (c) Impact on model output for inefficient industrial land. 
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Table 1. Description of data sources.






Table 1. Description of data sources.





	Data Type
	Data Sources
	Year
	Data Interpretation





	High-resolution satellite imagery
	Amap (www.amap.com, accessed on 10 November 2021)
	2019
	It enables a synoptic observation of the city’s spatial structure and land use patterns.



	Street View Images
	Baidu Maps Open Platform (https://lbsyun.baidu.com, accessed on 5 June 2022)
	2019
	It provides a detailed representation of the city’s urban morphology and architectural characteristics.



	POI
	Amap (www.amap.com, accessed on 10 November 2021)
	2020
	It identifies the location and category of different urban functions and services.



	Road network
	OpenStreetMap (www.openstreetmap.org, accessed on 1 April 2022)
	2022
	It depicts the distribution of urban roads.



	Population heat map
	Baidu Maps Open Platform (https://lbsyun.baidu.com, accessed on 18 September 2022)
	2022
	It depicts the spatial distribution and intensity of human activity in the city.



	Nighttime light data
	Night remote sensing image products from Luojia-1A satellite (http://59.175.109.173:8888/app/login.html, accessed on 1 September 2022)
	2022
	It measures the city’s luminosity and energy consumption at night



	Shop evaluation data
	Dianping (https://www.dianping.com, accessed on 1 January 2023)
	2022
	It evaluates the public perception and satisfaction with different urban amenities.










 





Table 2. Indicators for characterizing urban land use efficiency.






Table 2. Indicators for characterizing urban land use efficiency.





	
Type of Land

	
Indicator (Indicator C Ode)

	
Explanation






	
Residential land

	
Building condition (BC)

	
Year of completion of the building.




	
Building density (BD)

	
  D B =     A   i     A    

where     A   i     is the base area of the building in unit   i   and   A   is the total area of the study area.




	
Floor area ratio (FAR)

	
  F A R =     A   i     H   i     A    

where     A   i     is the base area of building   i  ,     H   i     is the number of floors of the building in the unit, and   A   is the total area of the study area.




	
Population density (PD)

	
  P D =     p   i     A    

where     p   i     is the number of people in the unit and   A   is the total area of the study area.




	
Park accessibility (PA)

	
The shortest time for land unit to parks and squares in ArcGIS.




	
Commercial service coverage (CSC)

	
Kernel density calculation formula:

      f  ^    h     x   =   1   n h      ∑  i = 1   n         K     x −   x   i     h      

where h is the bandwidth, n is the number of input elements, and   K   x     is the kernel function.




	
Public service coverage (PSC)




	
400 m angular betweenness (4AB)

	
  b e t w e e n n e s s  =    ∑  y ∈ N    −   ∑  z ∈   R   y      O D   x , y , z     W   z   P   z     t o t a l   w e i g h t   y          

  O D   x , y , z   =      1 ,   if x is on the first geodesic found from y to z ;       1  /  2   ,    x = y ≠ z ;        1  /  2   ,    x = z ≠ y ;        1  /  3   ,    x = z = y ;      0 ,    otherwise .        

where   N   is the set of all road segments in the study area;     R   y     is the set of other road segments reachable from road segment y within a given radius R (400 m, 800 m, or 1200 m);   W   z     is the weight of road segment z;   P   z     denotes the proportion of road segment   z   in     R   y    ;   t o t a l   w e i g h t   y     denotes the total weight of all road segments from road segment   y   within a given radius R.




	
800 m angular betweenness (8AB)




	
1200 m angular betweenness (12AB)




	
Greenery (GR)

	
  G R =     g r e e n   i     i m a g e    

where     g r e e n   i     is the total area of tree, flower, and grass in unit   i   and   i m a g e   is the total area of the image.




	
Openness (OP)

	
  O P =     s k y   i     i m a g e    

where     s k y   i     is the total area of the sky in unit   i   and   i m a g e   is the total area of the image.




	
Commercial land

	
Floor area ratio (FAR)

	
  F A R =     A   i     H   i     A    

where     A   i     is the base area of building   i  ,     H   i       is the number of floors of the building in the unit, and   A   is the total area of the study area.




	
Metro coverage (MC)

	
Number of accessible metro stations within 500 m of the unit.




	
400 m angular betweenness (4AB)

	
  b e t w e e n n e s s  =    ∑  y ∈ N    −   ∑  z ∈   R   y      O D   x , y , z     W   z   P   z     t o t a l   w e i g h t   y          

  O D   x , y , z   =      1 ,   if x is on the first geodesic found from y to z ;       1  /  2   ,    x = y ≠ z ;        1  /  2   ,    x = z ≠ y ;        1  /  3   ,    x = z = y ;      0 ,    otherwise .        

where   N   is the set of all road segments in the study area;     R   y     is the set of other road segments reachable from road segment y within a given radius R (400 m, 800 m, or 1200 m);   W   z     is the weight of road segment z;   P   z     denotes the proportion of road segment   z   in     R   y    ;   t o t a l   w e i g h t   y     denotes the total weight of all road segments from road segment   y   within a given radius R.




	
800 m angular betweenness (8AB)




	
1200 m angular betweenness (12AB)




	
Greenery (GR)

	
  G R =     g r e e n   i     i m a g e    

where     g r e e n   i     is the total area of tree, flower, and grass in unit   i  ,   i m a g e   is the total area of the image.




	
Openness (OP)

	
  O P =     s k y   i     i m a g e    

where     s k y   i     is the total area of the sky in unit   i  ,   i m a g e   is the total area of the image.




	
Commercial service coverage (CSC)

	
Kernel density calculation formula:

      f  ^    h     x   =   1   n h      ∑  i = 1   n         K     x −   x   i     h      

where h is the bandwidth, n is the number of input elements,   K   x     is the kernel function.




	
Day off footfall (DF)

	
  D F , W F =    ∑  t = 1   m         F   t     24      

where     F   t     is the footfall in the unit   t   and   m   is the total hours of the day.




	
Weekday footfall (WF)




	
Shop rating (SR)

	
Kernel density calculation formula:

      f  ^    h     x   =   1   n h      ∑  i = 1   n           R   i   K     x −   x   i     h      

where h is the bandwidth, n is the number of input elements,   K   x     is the kernel function, and     R   i     is the score of shop   i   from the public.




	
Industrial land

	
Building condition (BC)

	
Year of completion of the building.




	
Floor area ratio (FAR)

	
  F A R =     A   i     H   i     A    

where     A   i     is the base area of building   i  ,     H   i       is the number of floors of the building in the unit, and   A   is the total area of the study area.




	
Public service coverage (PSC)

	
Kernel density calculation formula:

      f  ^    h     x   =   1   n h      ∑  i = 1   n         K     x −   x   i     h      

where h is the bandwidth, n is the number of input elements,   K   x     is the kernel function.




	
Weekday footfall (WF)

	
  D F , W F =    ∑  t = 1   m         F   t     24      

where     F   t     is the footfall in the unit   t  ,   m   is the total hours of the day.




	
GDP per land (GDP)

	
  G D P =     G D P   i     A    

where     G D P   i     is the number of people in the unit,   A   is the total area of the study area.











 





Table 3. PCs’ eigenvalues, explained, and cumulative variance and factor loadings after varimax rotation.






Table 3. PCs’ eigenvalues, explained, and cumulative variance and factor loadings after varimax rotation.





	
Type of Land

	
Eigenvectors

	
PC1

	
PC2

	
PC3






	
Residential land

	
Eigenvalue

	
3.11

	
1.73

	
1.88




	
Variability (%)

	
34.60

	
19.23

	
20.94




	
Cumulative (%)

	
34.60

	
53.84

	
74.77




	
Factor loadings

	

	

	




	
Building condition (BC)

	
−0.32

	
0.85

	
−0.04




	
Population density (PD)

	
0.86

	
−0.23

	
0.16




	
Building density (BD)

	
0.50

	
−0.61

	
0.09




	
Floor area ratio (FAR)

	
0.35

	
0.75

	
0.03




	
Commercial service coverage (CSC)

	
0.88

	
−0.12

	
0.20




	
Public service coverage (PSC)

	
0.84

	
0.07

	
0.04




	
400 m angular betweenness (4AB)

	
0.62

	
−0.01

	
0.47




	
Greenery (GR)

	
0.19

	
−0.11

	
0.86




	
Openness (OP)

	
0.08

	
0.06

	
0.92




	
Commercial land

	
Eigenvalue

	
1.90

	
1.75

	
1.57




	
Variability (%)

	
27.08

	
25.07

	
22.40




	
Cumulative (%)

	
27.08

	
52.15

	
74.55




	
Factor loadings

	

	

	




	
Floor area ratio (FAR)

	
0.88

	
0.01

	
−0.01




	
Greenery (GR)

	
0.15

	
0.83

	
−0.03




	
Openness (OP)

	
0.02

	
0.85

	
0.12




	
Metro coverage (MC)

	
0.09

	
−0.01

	
0.90




	
1200 m angular betweenness (12AB)

	
0.54

	
0.51

	
0.40




	
Day off footfall (DF)

	
0.64

	
0.21

	
0.52




	
Shop rating (SR)

	
0.63

	
0.22

	
0.56




	
Industrial land

	
Eigenvalue

	
1.82

	
1.14

	
1.05




	
Variability (%)

	
36.33

	
22.80

	
21.03




	
Cumulative (%)

	
36.33

	
59.13

	
80.16




	
Factor loadings

	

	

	




	
Building condition (BC)

	
−0.15

	
0.89

	
0.16




	
Floor area ratio (FAR)

	
0.18

	
0.12

	
0.92




	
Public service coverage (PSC)

	
0.76

	
−0.29

	
0.27




	
Weekday footfall (WF)

	
0.84

	
−0.08

	
0.20




	
GDP per land area (GDP)

	
0.70

	
0.50

	
−0.28











 





Table 4. ANOVA and descriptive statistics for residential land evaluation indicators by cluster.






Table 4. ANOVA and descriptive statistics for residential land evaluation indicators by cluster.





	

	

	
Cluster

	

	

	




	

	

	
1 (Non-Inefficient)

	
2 (Inefficient)

	
3 (Non-Inefficient)

	
4 (Non-Inefficient)




	
Indicators

	
F Value

	
Min (Mean) Max

	
Min (Mean) Max

	
Min (Mean) Max

	
Min (Mean) Max






	
Building condition (BC)

	
889.04

	
−1.17 (0.86) 1.66

	
−1.17 (−0.84) 1.66

	
−1.17 (0.24) 1.66

	
−1.17 (−0.2) 1.66




	
Population density (PD)

	
307.31

	
−2.08 (−0.28) 2.94

	
−1.32 (0.62) 3.0

	
−1.84 (−0.2) 2.25

	
−2.08 (−1.12) 0.35




	
Building density (BD)

	
411.32

	
−2.84 (−0.66) 2.75

	
−2.28 (0.72) 4.09

	
−2.3 (−0.16) 2.1

	
−2.02 (−0.18) 2.61




	
Floor area ratio (FAR)

	
394.7

	
−2.21 (0.71) 3.49

	
−2.8 (−0.37) 2.5

	
−2.8 (−0.02) 3.34

	
−2.82 (−1.14) 0.94




	
Commercial service coverage (CSC)

	
362.68

	
−3.15 (−0.18) 2.52

	
−2.16 (0.56) 2.68

	
−2.43 (−0.08) 1.58

	
−4.15 (−1.47) 0.16




	
Public service coverage (PSC)

	
242.66

	
−2.42 (0.03) 2.84

	
−1.91 (0.4) 2.99

	
−1.93 (−0.22) 2.23

	
−2.95 (−1.39) 0.65




	
400m angular betweenness (4AB)

	
174.61

	
−2.97 (−0.21) 3.09

	
−2.99 (0.31) 3.08

	
−1.93 (0.38) 2.22

	
−3.76 (−1.13) 0.65




	
Greenery (GR)

	
496.53

	
−2.09 (−0.41) 1.52

	
−1.89 (0.04) 2.94

	
−0.66 (1.31) 3.89

	
−2.86 (−0.84) 1.22




	
Openness (OP)

	
483.89

	
−2.92 (−0.25) 1.89

	
−2.43 (−0.13) 2.66

	
−0.67 (1.36) 3.46

	
−3.79 (−0.88) 1.99











 





Table 5. ANOVA and descriptive statistics for commercial land evaluation indicators by cluster.






Table 5. ANOVA and descriptive statistics for commercial land evaluation indicators by cluster.





	

	

	
Cluster

	

	

	




	

	

	
1 (Non-Inefficient)

	
2 (Inefficient)

	
3 (Non-Inefficient)

	
4 (Non-Inefficient)




	
Indicators

	
F Value

	
Min (Mean) Max

	
Min (Mean) Max

	
Min (Mean) Max

	
Min (Mean) Max






	
Floor area ratio (FAR)

	
205.88

	
−1.81 (0.16) 2.92

	
−1.87 (−0.51) 1.87

	
−1.94 (−0.34) 2.43

	
−0.24 (1.18) 3.16




	
Greenery (GR)

	
218.76

	
−1.72 (−0.08) 2.0

	
−3.21 (−0.66) 1.88

	
−1.02 (0.97) 4.08

	
−1.78 (0.27) 2.89




	
Openness (OP)

	
201.19

	
−1.64 (0.05) 2.43

	
−4.2 (−0.64) 1.11

	
−1.42 (0.97) 3.68

	
−1.65 (−0.02) 2.74




	
Metro coverage (MC)

	
707.24

	
−0.7 (1.16) 3.44

	
−0.7 (−0.62) 0.68

	
−0.7 (−0.38) 0.68

	
−0.7 (−0.57) 0.68




	
1200m angular betweenness (12AB)

	
132.81

	
−2.85 (0.41) 2.59

	
−6.33 (−0.7) 1.38

	
−1.84 (0.22) 2.16

	
−1.75 (0.35) 2.18




	
Day off footfall (DF)

	
181.37

	
−1.84 (0.58) 2.16

	
−2.42 (−0.69) 1.38

	
−2.05 (−0.17) 1.93

	
−1.76 (0.48) 2.13




	
Shop rating (SR)

	
141.21

	
−1.11 (0.6) 4.37

	
−1.68 (−0.61) 0.99

	
−1.28 (−0.18) 2.62

	
−1.18 (0.29) 3.54











 





Table 6. ANOVA and descriptive statistics for industrial land evaluation indicators by cluster.






Table 6. ANOVA and descriptive statistics for industrial land evaluation indicators by cluster.





	

	

	
Cluster

	

	

	




	

	

	
1 (Non-Inefficient)

	
2 (Inefficient)

	
3 (Non-Inefficient)

	
4 (Non-Inefficient)




	
Indicators

	
F Value

	
Min (Mean) Max

	
Min (Mean) Max

	
Min (Mean) Max

	
Min (Mean) Max






	
Building condition (BC)

	
129.4

	
−1.19 (−0.74) 0.91

	
−1.19 (0.76) 1.61

	
−0.49 (0.87) 1.61

	
−1.19 (−0.61) 0.91




	
Floor area ratio (FAR)

	
102.63

	
−2.2 (−0.12) 2.0

	
−0.24 (1.51) 3.64

	
−2.05 (−0.65) 0.93

	
−1.43 (−0.21) 0.75




	
Public service coverage (PSC)

	
62.23

	
−1.13 (−0.18) 2.28

	
−1.08 (0.46) 2.59

	
−1.18 (−0.68) 1.16

	
−0.47 (1.21) 4.0




	
Weekday footfall (WF)

	
31.08

	
−2.77 (−0.31) 2.34

	
−1.0 (0.42) 2.36

	
−2.28 (−0.36) 2.83

	
−0.31 (0.99) 2.12




	
GDP per land area (GDP)

	
29.56

	
−4.48 (−0.6) 1.08

	
−2.61 (0.17) 2.02

	
−0.91 (0.35) 1.77

	
−0.67 (0.66) 1.62











 





Table 7. Area of inefficient land by type and its share.






Table 7. Area of inefficient land by type and its share.





	Type of Land
	Inefficient Residential Land
	Inefficient Commercial Land
	Inefficient Industrial Land





	Area (km2)
	30.35
	5.68
	5.53



	Percentage (%)
	26.55%
	28.67%
	25.21%










 





Table 8. Parameters calculated from the confusion matrix.






Table 8. Parameters calculated from the confusion matrix.





	

	
Inefficient Residential Land

	
Inefficient Commercial Land

	
Inefficient Industrial Land




	

	
Predicted Value




	

	
Positive

	
Negative

	
Positive

	
Negative

	
Positive

	
Negative






	
Actual value

	
Positive

	
84

	
35

	
65

	
18

	
56

	
13




	
Negative

	
6

	
202

	
9

	
203

	
12

	
80




	
Accuracy

	
0.87

	
0.91

	
0.84




	
Kappa coefficient

	
0.71

	
0.77

	
0.68
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