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Abstract

:

For the intensive, efficient, and sustainable utilization of land resources, it is of great significance to optimize the spatial allocation of different types of land use intensity in rail transit station areas. The current land use optimization model has some shortcomings in objective function, constraint conditions, and the solution process. In response to this, a new multi-objective optimization model for rail transit station land use was built. With station space efficiency as the starting point, the three objectives of the model optimization were the traffic volume, environment quality, and land balance of the rail transit station, and the constraint conditions were the plot ratio, environment quality, and efficiency level. Lingo was used to solve the optimal plot ratio of different types of land use intensity. Compared with the non-inferior solution of the rail transit station area multi-objective original model, the ideal plot ratio of various land uses obtained by the optimized new model was more reasonable. There was a relatively large gap between the non-inferior solutions of some original models and the actual conditions. In contrast, the optimized new model had stronger maneuverability. The deviation ranges of the two models were −0.4% to 0.9% on the residential land plot ratio adjustment index, −3.2% to 4.8% on the public land plot ratio adjustment index, and 1.1% to 1.9% on the commercial land plot ratio adjustment index. This research aimed to provide a basis and reference for the land use and planning of Xi’an rail transit station.
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1. Introduction


Given that land is the core resource for urban development and construction, changes in land use patterns can have direct or indirect impacts on the urban socio-economy. Land use optimization aims to realize the sustainable development of urban land resources by rationally arranging the proportion structure and spatial layout of various land use types in a region [1,2]. In the context of rapid urbanization, many cities in China are rapidly developing rail transit construction. As of April 2023, eight subway lines have been opened in the built-up area of Xi’an, with a running mileage of 252.6 km. The urban public transport share rate of rail transit has reached more than 50%. However, various problems have been exposed during the rapid construction of urban rail transit, including unreasonable station land use structures and poor operational efficiency [3,4,5,6,7]. Through land use optimization of the rail transit station area [8,9], limited land resources can support the economic development of the station area and even the region [10,11,12,13,14,15]. Therefore, research on land use optimization of rail transit station areas has important scientific and guiding significance.



In existing research, research on land use optimization around rail transit areas can be classified into three categories: hypothetical research, descriptive research, and model simulation statistical research [16]. Usually, a mixed approach to decision making is carried out [17,18,19,20,21]. To realize land use optimization, model simulation is an important tool [22]. There have been a large number of studies on land use change simulation from scholars, and the application prospects of a series of land use optimization models have been explored, including the Markov model [17], system dynamics (SD) model [23], Gray Model (GM) [24], Multiple Regression Model (MLR) [25], and Multi-Objective Programming (MOP) model [26,27,28,29]. The construction of the SD model was relatively complicated [23]. The Markov model and GM model are based on mathematical statistics for quantity prediction [17], without combining the driving factors of station operation [24]. The MOP model addresses the limitation of 1D objective function and can optimize land use allocation on the basis of the maximization of rail transit volume, the optimization of station environmental quality, and the balance of station land use. For land use optimization of rail transit station areas, the multi-objective decision-making model is more commonly used. For example, Lin Zhenjia and Mo Yikui et al. used a multi-objective decision-making model with the development intensity of various types of rail transit station areas as the decision variable [30,31,32]. In the process of building the multi-objective decision-making model, the maximization function optimization objectives usually include travel efficiency [31], maximum carrying capacity, optimal regional environment, the most balanced land use [32], and the maximum land use benefits [33]. Constraint conditions usually include resource and environmental carrying capacity, land type, population, population density of different land types [34], and station type [35]. The algorithms include the ε constraint method, real number genetic algorithm, parallel genetic algorithm [36], MATLAB language editing genetic algorithm, and NSGA-II algorithm [37].



For the consideration of the objective function, the number of factors in the past application of this model was small. Moreover, few constraint conditions have been proposed from the perspective of station space efficiency [38]. Therefore, it is meaningful to construct a multi-objective linear function model based on station area efficiency for station land use optimization. First, the original multi-objective optimization model for land use of the rail transit station area was proposed. The optimization of the model was carried out based on the four aspects of the basic assumptions, objective function, constraint conditions, and solution process. The objective function was proposed to include high space efficiency, medium space efficiency, and low space efficiency [38]. Finally, the new land use optimization model of the Xi’an rail transit station area was constructed. Using the original model and the optimized new model, the optimal values of development intensity for various types of land use in each station area were obtained. The results showed that the plot ratios of residential land, public land, and commercial land in the station area should be adjusted to varying degrees. The research results can provide not only a reference for the construction of the Xi’an rail transit station area during the process of rapid development, but also important guidance for land structure adjustment in land use planning.




2. Study Area and Data Source


2.1. Study Area


Metro line 1 and line 2 are the backbone lines of the Xi’an rail transit network. Compared with the newly built line, the land characteristics along metro line 1 and line 2 are stably formed. Therefore, we selected stations within metro line 1 and line 2. Station selection consisted of the following two steps. 1. For land use optimization based on station space efficiency, station selection needed to consider the intensity of station land use [39]. Therefore, this survey selected nine stations on line 1 and line 2 with large-scale centralized commercial complexes around them (connected to the station by a relatively continuous underground space system), as well as integrated development characteristics and potential for the integrated development of stations and cities in 44 subway stations (Figure 1). 2. Station selection should consider the constraints of different station space efficiency levels [40,41,42], and their impact on the optimization results. Based on the DEA data envelopment model, station area traffic, and land data, this study measured the efficiency of nine stations. The results were given in three grades of high space efficiency, medium space efficiency, and low space efficiency. High-space-efficiency stations were generally urban or district-level cores, which contained commercial service facilities with high development intensity and handled a large number of people and activities. Medium-space-efficiency stations generally had mixed functions and a large amount of commercial land and some residential land. Compared with the high-space-efficiency stations and the medium-space-efficiency stations, the traffic passenger flow and commercial area passenger flow of the low-space-efficiency stations were small. Among the sample stations, high-space-efficiency stations included Fangzhicheng Station, Zhonglou Station, Xiaozhai Station, Longshouyuan Station, and Yongningmen Station. Medium-space-efficiency stations included Xingzhengzhongxin Station and Kangfulu Station. Low-space-efficiency stations included Tonghuamen Station and Wulukou Station.



Based on most documents, the rail transit station area is mainly between 400 and 800 m. In this paper, the station area was specified as the urban built-up area occupied by concentric circles, with the station as the core and 800 m as the radius. Considering that the road network structure in Xi’an is mainly a grid or ring structure, the station area, with clear plot ownership, continuous roads, and complete building outlines, was determined as the boundary of the research scope [43].




2.2. Data Source


The data in this paper included rail transit station area land use data, rail transit passenger flow data, social development data, and economic level data. The land use data were taken from high-definition satellite images (Baidu map), on-site surveys and measurements, and GIS database statistics of built-up areas inside the Third-Ring Road of Xi’an City. The land use data were used to calculate the built environment characteristic indicators, such as the land use nature and building area of the station area. The source of rail transit passenger flow data was the operating branch of Xi’an Rail Transit Transportation Group Co., Ltd. We avoided special periods such as holidays, and we ensured that the complete subway operation time was covered. Then, the subway passenger flow data of the sample station for 1 week (20 April 2021 to 26 April 2021) were collected. Social development data and economic level data were from the 2021 Xi’an Statistical Yearbook, 2021 Xi’an Economic and Social Development Statistical Bulletin, and field research.





3. Construction of the Optimization Model


According to the characteristics of the acquired data and the research purpose, the multi-objective optimization model was applied to land use optimization simulation of the rail transit station area. The research steps are shown in Figure 2. First, the original multi-objective optimization model for land use of the rail transit station area was proposed. Second, the original model was optimized in terms of the basic assumptions, objective function, constraint conditions, and solution process. Third, a new multi-objective optimization model for the Xi’an rail transit station area land use was constructed.



3.1. Establishment of the Original Multi-Objective Programming Mathematical Model of the Rail Transist Station Area


Combined with previous research [44], the “3D” principle (Density, Design, and Diversity) in the TOD mode was introduced for the purpose of efficient development and operation of the station area. In more detail, the passenger flow of public transport was increased by intensively developing the land around the station (Density), environmental quality was improved by improving the environmental quality of the land around the station (Design), and inter-traffic volume was reduced through the balanced and diverse development of the land (Diversity). The above three principles correspond to the three objective functions of the original optimization model, with the decision variables as the plot ratios of different types of land use. The specific model is as follows:



3.1.1. Basic Assumptions







	
For social public benefits, the optimization model was constructed from the perspective of the planning department;



	
The total land area of different land types in the station area was determined as the basis for the optimization model;



	
The station area land within a radius of 800 m with the station as the core was taken as the research area;



	
Residents within the research area were defaulted to prefer rail transit as their means of transportation;



	
The optimization of the plot ratio used the classification in the Urban Land Use Classification and Planning and Construction Land Standard (GB50137-2011). This has a total of two categories and eight subcategories, including residential land (R1, R2, R3, R4), and public facility land (C2, C3, C5, C6).









3.1.2. Decision Variable


The plot ratio of various types of land in the rail transit station area was taken as the decision variable of the multi-objective model.




3.1.3. Objective Function


Goal 1: To increase the transportation volume of rail transit. The high-density development of land within the station area can introduce a large number of people and increased heat, and it can improve the transport capacity of the station. See Table 1 for the meaning of each index in Formula (1).


  M a x  Z 1  =   ∑ i       L  i r  ×   M  i r  ×   T  i r  ×   K  i r      m  i r      +   ∑ i       L  i c  ×   M  i c  ×   T  i c  ×   K  i c      m  i c       



(1)







Goal 2: To create a good environment within the planned area. The ratio of the sum of the land area of public facilities, green spaces, squares, and roads to the building area of the sum of residential, commercial, and business office land indicates the environment quality of the station area. The higher the value, the better the environment quality level. See Table 1 for the meaning of each index in Formula (2).


  M a x  Z 2  =     L  g  +   L  s      ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c         



(2)







Goal 3: To balance station land use. The ratio of the residential population to employment represents the land balance. Taking the ratio of the total resident population of the station area to the employment position as the standard value, the minimum difference between the two can represent the relative balance of the station land use. See Table 1 for the meaning of each index in Formula (3).


  M a x  Z 3  =       ∑ i       L  i r  ×   M  i r      m  i r          ∑ i       L  i c  ×   M  i c      m  i c        − γ    



(3)








3.1.4. Constraint Condition







	(1)

	
Plot ratio restriction









An excessive building density and plot ratio in the station area will lead to problems such as traffic congestion and insufficient supply of facilities. Therefore, it is necessary to ensure that the plot ratio of various types of land is not greater than the upper limit proposed by relevant policies and regulations. For efficient development of the station area, the value of plot ratio should not be too low. Based on relevant literature and the control range of plot ratios in major cities in China, the lower limit of the original model was the upper limit of the current planning control, and the upper limit was 1.4 times the current control upper limit [45]. See Table 1 for the meaning of each index in Formulas (4) and (5).


   f i r  ≤  M i r  ≤ 1.4  f i r   



(4)






   f i c  ≤  M i c  ≤ 1.4  f i c   



(5)








	(2)

	
Environment quality restriction









The value of dividing the sum of the per capita public green area of the current residents and the total construction area of the current public management and public service facilities by the residential land construction area was used as the lower limit value of the living environment quality limit. See Table 1 for the meaning of each index in Formulas (6) and (7).


    ∑ i       L  i r  ×   M  i r      m  i r    ×   d  g  ≤   L  g     



(6)






    ∑ i     L  i r  ×   M  i r  × λ ≤   ∑  i = 2  4     L  i c  ×   M  i c       



(7)








3.1.5. Solution Process


In this multi-objective model, Formula (2) is a nonlinear function that can be transformed into a linear multi-objective programming model. When the increased rail traffic volume is the objective function, optimizing the station area environment quality and balancing the station land use become the constraint conditions. In this case, the ε-constraint method can be used to obtain a non-inferior solution.





3.2. Proposal of a New Multi-Objective Optimization Model for Rail Transit Station Area Land Use


3.2.1. Basic Assumptions


The basic assumptions were optimized. In the original model, the model construction was oriented to the government planning department. In the optimized model, the targets include government planning departments, rail transit design units, and subway operating companies. The original model calculated the plot ratio of eight types of land use. According to the latest Guidelines for Classification of Land and Sea for Land and Space Survey, Planning, and Use Control, the new model optimizes the types of land use to 07 residential area land, 08 public management and public service land, and 0902 commercial and financial land. The basic assumptions after optimization were as follows:




	
The station area is the land within a radius of 800 m from the station as the core. There are two principles to follow. One principle is to guarantee the integrity of the same plot. The other principle is to use roads as segmentation boundaries;



	
From the perspective of decision makers, the construction of the optimization model adopts the principle of focusing on the main target benefit and supplementing the secondary target benefit;



	
The availability of land use area and intensity data for various types of land use in the station area is guaranteed;



	
The optimization of the plot ratio takes 07 residential area land, 08 public management and public service land, and 0902 commercial and financial land as the land use standard.









3.2.2. Decision Variable


The plot ratio was used as a decision variable.




3.2.3. Objective Function


The mathematical models were optimized. Due to the difficulty of data collection and the complexity of data calculation, the representation form of the objective function changed accordingly. For objective function 1, rail traffic volume can be expressed directly by passenger flow. Therefore, the two indicators of     m   i   r     and     m   i   c     in the original model that characterize the per capita land area can be eliminated and replaced by the maximum passenger flow of the station peak hour (Vmax). The expression of objective function 2 is simple and the data collection is less difficult, remaining unchanged. For objective function 3, the concept of the commercial form ratio and the standard deviation tool in mathematics are introduced. The proportion of various types of land use in the station area was measured to indicate the balance of station land use.



Goal 1: To increase the transportation volume of rail transit. Based on the land intensification characteristics of station and urban integration, high-intensity land development around the station is carried out, aiming to attract more people and increase rail transit capacity. The larger the obtained Z1 value, the larger the traffic passenger volume or transport capacity of the rail transit station. See Table 1 for the meaning of each index in Formula (8).


  M a x  Z 1  =     V   max       ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c         



(8)







Goal 2: To create a good environment within the planned area. The measurement standard is the ratio of the land area of green land and square land to the total construction area of residential land and commercial and office land. The larger the Z2 value, the higher the proportion of green land and square land, and the better the environment quality of the station area. See Table 1 for the meaning of each index in Formula (9).


  M a x  Z 2  =     L  g  +   L  s      ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c         



(9)







Goal 3: To balance station land use. Residential land, public land (public facilities and commercial finance), and other land use (green land and square land) were compared with the commercial form ratio. The smaller the value of Z3, the better the land mix balance of the station area, and the better the environment quality of the station area. In the formula, the meanings of Z3, X, L, k, and i are the same as those mentioned above;     a   i     is the ratio of various building areas to the total building area; μ is the average building area (m2). See Table 1 for the meaning of each index in Formulas (10)–(12).


  M a x  Z 3  =    1 5    ∑  i = 1  5      (   a  i  − μ )   2       



(10)






    a  i  =     L  i k  ×   M  i k      ∑  i = 1  5     L  i k  ×   M  i k       



(11)






  μ =     ∑  i = 1  5     L  i k  ×   M  i k     5   



(12)








3.2.4. Constraint Conditions


The constraint conditions were optimized. The constraint conditions of the new model included the plot ratio, station area environment quality, and station type. The constraints on the plot ratio (Equations (13) and (14)) remained the same as the original model. Constraints on the station area environment quality (Equations (18) and (19)) took the ratio of the current residents’ other land use (including municipal facility land, green land, and road square land) to the residential area as the lower limit. It should be noted that the index was removed to ensure that the optimized station area environment quality was improved. The minimum value was the ratio of the building area of public land to the building area of residential land, which made the optimized land use more balanced. In addition, functional restrictions on station types were added. The constraints on station types were based on station space efficiency, including high-efficiency station areas, medium-efficiency station areas, and low-efficiency station areas.



	(1)

	
High-space-efficiency station







The high-space-efficiency station area setting was optimized to balance station land use (Z3). In this case, increasing the transportation volume of rail transit (Z1) and creating a good environment within the planned area (Z2) became secondary objectives and translated into constraint conditions for Z3. With a strong business atmosphere and a relatively stable flow of people, the environment of the station area still needs to be further improved. Under the premise of ensuring that 90% of the current traffic volume Z1 remained unchanged, the current environment quality Z2 should be appropriately improved. For this purpose, 1.2 times the current value was selected as the critical value of the constraint condition [43]. The model was as follows:


   f i r  ≤  M i r  ≤ 1.4  f i r   



(13)






   f i c  ≤  M i c  ≤ 1.4  f i c   



(14)






    ∑ i     L  i r  ×   M  i r  ≤   ∑ i      L  i c  ×   M  i c       



(15)






      V   max       ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c        × 0.9 ≤   Z  1  ≤     V   max       ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c         



(16)






      L  g  +   L  s      ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c        ≤   Z  2  ≤ = =     L  g  +   L  s      ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c        × 1.2  



(17)






    d  e  ≤     L  g  +   L  s      ∑ i     L  i r  ×   M  i r       



(18)






  λ ≤     ∑  i = 2  4     L  i c  ×   M  i c        ∑ i     L  i r  ×   M  i r       



(19)








	(2)

	
Medium-space-efficiency station









For land use in the medium-space-efficiency station area, it is necessary to pursue the optimization of a good environment within the planned area (Z2). Increasing the transportation volume of rail transit (Z1) and balancing station land use (Z3) became secondary objectives and transitioned to a constraint condition for creating a good environment within the planned area (Z2). In this type of station, residential land accounted for a large proportion, and the flow of residents increased slightly. However, the requirements for mixed land use were relatively low. Under the premise of ensuring that 90% of the current land mixed use Z3 remained unchanged, the current traffic volume Z1 should be appropriately increased. In addition, 1.2 times the status quo value was used as the critical value of the constraint condition [43]. The model was as follows:


   f i r  ≤  M i r  ≤ 1.4  f i r   



(20)






   f i c  ≤  M i c  ≤ 1.4  f i c   



(21)






    ∑ i     L  i r  ×   M  i r  ≤   ∑ i      L  i c  ×   M  i c       



(22)






      V   max       ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c        ≤   Z  1  ≤     V   max       ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c        × 1.2  



(23)






     1 5    ∑  i = 1  5      (   a  i  − μ )   2      × 0.9 ≤   Z  3  ≤    1 5    ∑  i = 1  5      (   a  i  − μ )   2       



(24)






    d  e  ≤     L  g  +   L  s      ∑ i     L  i r  ×   M  i r       



(25)






  λ ≤     ∑  i = 2  4     L  i c  ×   M  i c        ∑ i     L  i r  ×   M  i r       



(26)








	(3)

	
Low-space-efficiency station









For low-space-efficiency station area, land use should pursue the optimization of the transportation volume of rail transit (Z1). Creating a good environment within the planned area (Z2) and balancing station land use (Z3) became secondary objectives and transformed into the constraint conditions for increasing the transportation volume of rail transit (Z1). Since the maximization of Z1 will have a negative impact on the surrounding environment, it is necessary to appropriately increase the mixed use of the existing land Z3 to ensure 90% of the current environment quality Z2. In addition, 1.2 times the status quo value was used as the critical value of the constraint condition [43]. The model was as follows:


   f i r  ≤  M i r  ≤ 1.4  f i r   



(27)






   f i c  ≤  M i c  ≤ 1.4  f i c   



(28)






    ∑ i     L  i r  ×   M  i r  ≤   ∑ i      L  i c  ×   M  i c       



(29)






      L  g  +   L  s      ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c        ≤   Z  2  ≤ = =     L  g  +   L  s      ∑ i     L  i r  ×   M  i r  +   ∑ i     L  i c  ×   M  i c        × 1.2  



(30)






     1 5    ∑  i = 1  5      (   a  i  − μ )   2      ≤   Z  3  ≤    1 5    ∑  i = 1  5      (   a  i  − μ )   2      × 1.2  



(31)






    d  e  ≤     L  g  +   L  s      ∑ i     L  i r  ×   M  i r       



(32)






    d  e  ≤     L  g  +   L  s      ∑ i     L  i r  ×   M  i r       



(33)








3.2.5. Solution Process


Finally, the solution process was optimized. In the original model, the ε-constraint method was used to transform the multi-objective optimization problem into a single-objective optimization problem. The new model used a nonlinear single-objective programming model. The solution of multi-objective programming functions in Lingo is easier to operate, more accurate, and faster. Lingo (Linear Interactive and General Optimizer) is mainly used to establish and solve linear, nonlinear, and integer optimization models. It has the following characteristics:




	(1)

	
Concise expression form. Lingo uses formulas to express logic to realize the rapid transformation of real problems into mathematical problems, which are easy to understand and construct.




	(2)

	
Data input and output. Lingo can quickly realize data docking between the original collected data and the model base, and the direct delivery of the solution results to the data platform.




	(3)

	
Rapid model solving process. The built-in solver in Lingo can analyze the model and quickly select the appropriate model solver to obtain the results. The meaning of each indicator in the above function is shown in Table 1.












4. Results and Discussion


4.1. Station Land Use Optimization Value Results


The decision variable of different types of land in the station area was measured. The results include the original model results and the optimized model results. The optimized new multi-objective model was found to be more effective.



4.1.1. Calculation Results of the Original Model Indicators


Through the collection of the current data, the area and plot ratio of each type of land use in the nine sample station areas were obtained. According to the Technical Regulations on Urban Planning Management of Xi’an City, the upper limit of the residential land plot ratio outside the Second Ring Road is 2.5 (250%), and the upper limit of the residential land plot ratio inside the Second Ring Road is 2.8 (280%). Moreover, the upper limit of the commercial land plot ratio outside the Second Ring Road is 5.5, and the upper limit of commercial land plot ratio inside the Second Ring Road is 6.5. According to the actual research, the ratio of the subway travel volume to the total traffic travel volume can reflect the subway share rate of each station, the proportion of residents who choose rail transit to travel, and the proportion of residents in public facility land who choose rail transit to travel. According to interviews, the average daily number of trips for a single resident population in the station area residential land is 1.92 times, and the average daily number of trips for each post in the public facility land is 3.88 times. According to the data on population and housing in the 2021 Xi’an Statistical Yearbook, the per capita living floor area in residential land is 34.9 m2/person, and the per capita green land and square land area is 14 m2/person. Based on the population and employment data of the station area in the Statistical Yearbook, the value of γ is 0.88. Based on the research, the construction area occupied by each post on the public facility land was 16 m2/person. The calculation results of each index value in the original model are shown in Table 2.



Through the ε-constraint method, the ideal plot ratio of the original model was obtained for comparison with the optimization results of the new model. The non-inferior solution of the original model was obtained by screening the plot ratio values of the eight types of land use, as shown in Last Table.




4.1.2. Calculation Results of Model Indicators after Optimization


According to the collected status data, each index value in the optimization model was calculated, as shown in Table 3. Among them, the value of Vmax was the 1 h data with the largest one-way passenger flow of each station in the passenger flow database from 20 April to 26 April 2021, as the maximum value of one-way passenger flow in peak hours was calculated based on the current land area and building area data of each station.



Each index value was substituted into the multi-objective programming function in Lingo. The optimized values obtained are shown in Table 4.



It can be seen from Table 4 that the public land plot ratio and commercial land plot ratio calculated by the original model were different to the current plot ratio. For example, the non-inferior solution value of the commercial land original model in Fangzhicheng Station was 3.85, which was 1.77 higher than the plot ratio value of 2.08 calculated by the new model. The non-inferior solution value of the original commercial land model of Zhonglou Station was 6.56, which exceeded the specified value of 6.5 for the commercial plot ratio within the Second Ring Road in the Technical Regulations on Urban Planning and Management of Xi’an City. In this paper, the optimized model obtained by Lingo was 5.69, which was more reasonable and operable than the non-inferior solution of the original model.





4.2. Discussion on Adjusting the Land Use Optimization Value


As shown in Figure 3, the functional types of the high-space-efficiency station were singular, comprising mainly commercial land and construction land. According to Table 4, there was a gap between the current development intensity of public management and public service facility land and commercial land compared with the optimized development intensity value. Although the high-efficiency station already had a certain development intensity, these two types of land still had development potential for creating urban core nodes, which was in line with the high-density and high-intensity development of station–city integration. This could further enhance the commercial functions of the high-efficiency station and the performance of the land use. Taking residential land as an example, the current residential plot ratio value of the high-efficiency rail station was very close to the optimal value, indicating that residential land tends to be saturated.



The function types of the medium-space-efficiency station were relatively complex, including residential functions, commercial functions, and other public service functions. It can be seen from Figure 3 that the satisfaction factory plot ratio of Xingzhengzhongxin Station increased from 2.61 to 3.51, indicating that the development intensity of residential land still needs to be further improved. In the station area, the residential land includes mid-to-high-rise buildings and multi-story buildings. Some old multi-story buildings have a single shape and average quality, leaving room for optimization. The satisfaction factory plot ratio of public service land increased from 1.54 to 1.56, with a relatively small optimization range. This was in line with the status quo of the functionality of the station itself. The public service land of Xingzhengzhongxin Station occupies a large proportion, and the development is close to saturation. The satisfaction factory plot ratio of commercial land increased from 0.97 to 1.21. While the optimization was modest, some level of optimization is still required. Kangfulu Station has relatively more businesses. Northwest Trade City and Light Industry Market can attract a large number of people and provide jobs. In order to further enhance the commercial functions of this station, it is necessary to build a commercial station to increase the plot ratio of commercial service land.



The function type of the low-space-efficiency station tends to be singular. The land use data of Tonghuamen Station and Wulukou Station showed that residential land accounts for the largest proportion, at 33% and 54%, respectively. The optimization goal of this type of station is mainly to optimize and improve the local environment, which can improve the quality of residential land. According to the optimized plot ratio value, the satisfaction factory plot ratio of residential land has not changed much. Therefore, the development intensity of the residential land of this type of station is moderate, which theoretically meets the land intensive development requirements of the rail transit station area. The degree of optimization of public services and commercial finance is relatively large. By adding public services and commercial and financial facilities, the service level of the station area was improved, thereby bringing convenience to residents. At the same time, service facilities were arranged around the rail station to form a public activity center, which could improve the absorption capacity of the rail transit, as well as the service capacity and efficiency of the low-efficiency rail station.





5. Discussion


With the multi-objective function as a tool, a new optimization model for land use in rail transit station areas was proposed. Compared with the original model [46,47], the new model was optimized for object orientation and land classification based on basic assumptions. For the mathematical model, two variables that are difficult to obtain data for were eliminated, and the concept of the commercial form ratio was introduced. An important innovation was to supplement the functional limitations of station types (divided into high efficiency, medium efficiency, and low efficiency) as constraints, in order to better reflect the station status. Compared with the non-inferior solution of the original model, the optimized solution of the new model was more realistic and had stronger operability.



Due to the difficulty of investigating the research objects, and the large amounts of complex data, there will inevitably be a small amount of error in the recording and analysis process. The GIS database of built-up areas in Xi’an is relatively old. Although manual proofreading and updating have been carried out, there is still a certain degree of error. Inaccurate data may cause differences between the current situation and the actual situation. Follow-up research should further strengthen the combined application of network big data and field survey data to reduce error.




6. Conclusions


In this paper, the multi-objective model was used to study the land use optimization of rail transit station areas. First, a station land use multi-objective primitive optimization model was proposed. Various optimization paths were proposed from the perspective of basic assumptions, mathematical models, constraint conditions, and solution methods. Finally, a scientific and effective multi-objective optimization system for station land use was constructed. By fully considering the synergistic relationships of various types of land in the station area during the configuration process, this method was able to achieve decision-making capacity while taking into account the rail transit’s transport capacity benefits, environment quality benefits, and land use layout balance benefits (plot ratio) to optimize the configuration results. This represents an innovation in the land optimization method technology of rail transit station areas, which could provide a reference for the planning of rail transit station land use. The following conclusions were obtained:




	(1)

	
A new multi-objective optimization model for rail transit station area land use.









From the perspective of decision makers, a new multi-objective programming model of Xi’an station land use optimization was constructed. The adjustment of station land use adopted the principle of focusing on the main target benefit and supplementing the secondary target benefits. Finally, a new multi-objective optimization model for Xi’an rail transit station land use was obtained. 1. The optimization objectives included increasing the transportation volume of rail transit, creating a good environment within the planned area, and balancing station land use. 2. There were three constraint conditions. High-space-efficiency station areas pursued the optimization of balancing station land use. Medium-space-efficiency station areas pursued the optimization of creating a good environment within the planned area. Low-space-efficiency station areas pursued the optimization of increasing the transportation volume of rail transit.




	(2)

	
The optimal value of the development intensity of various land uses in each station area was obtained.









The optimization calculation results of the two models were obtained. The non-inferior solution of the original model suggested that the adjustment ratio of the residential plot ratio was 1~5% of itself, the adjustment ratio of the public land plot ratio was −4% to 11% of itself, and the adjustment ratio of the commercial land plot ratio was 2~7.7% of itself. After optimization, the model suggested that the adjustment ratio of the residential plot ratio should be −0.6% to 4.1% of itself, the adjustment ratio of the public land plot ratio should be 0.8~6.2% of itself, and the adjustment ratio of the commercial land plot ratio should be −0.9% to 5.8% of itself.
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Figure 1. Research objects and scope. 
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Figure 2. Research conceptual framework. 
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Figure 3. Comparison of the adjustment results between two models. 
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Table 1. Meaning of each formula indicator.
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	Index
	Meaning
	Index
	Meaning





	    Z 1    
	Rail Transit Traffic Volume (Person Times)
	    Z 2    
	Environmental quality of the rail transit station area



	    Z 3    
	Balance of land use in the station area
	M
	Plot ratio



	L
	Total area of various types of land in the station area (m2)
	r
	07 Land area (m2)



	c
	08 land area (m2)
	g
	Municipal public facilities and green land area (m2)



	s
	Land area for roads and squares (m2)
	   γ   
	The ratio of resident population to employment positions in the rail transit station area



	i
	The i-th land type in 07 land or 08 land
	k
	Land type



	     T  i r    
	The daily average travel frequency of a single resident population on the i-th 07 land (times/person)
	     T  i c    
	The daily average number of trips per position on the i-th 08 land use (times/person)



	     K  i r    
	The proportion of residents on the i-th 07 land choosing rail transit for travel
	     K  i c    
	The proportion of people choosing to use rail transit on the i-th 08 land use



	     m  i r    
	The per capita residential building area on the i-th 07 land (m2/person)
	    f i c    
	The per capita residential building area on the i-th 08 land (m2/person)



	    f i r    
	The upper limit value of the Floor area ratio of i-th 07 land specified by the current laws and regulations
	     a   i     
	The proportion of various types of land in the rail transit station area



	     d  g    
	Current per capita public green land area (m2/person)
	   μ   
	The average value of various types of land use in the rail transit station area



	   λ   
	The ratio of the current construction area on the 08 land to the construction area on the 07 land
	     V   m a x     
	Maximum daily peak hour passenger flow (person times/h)



	     m  i c    
	Building area occupied by each employment position on the i-th 08 land (m2/person)
	
	







Note: 07 refers to residential land, 08 refers to public management and public service land, and 0902 refers to commercial service industry land in the Guidelines for Classification of Land Use in Land and Space Survey, Planning, and Use Control.













 





Table 2. Statistical table of the original model indicators.
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Index

	
Indicator Value




	
Fangzhicheng

	
Zhonglou

	
Xiaozhai

	
Longshouyuan

	
Yongningmen

	
Xingzhengzhongxin

	
Kangfulu

	
Tonghuamen

	
Wulukou






	
     L   r     

	
93.07

	
114.41

	
56.15

	
132.44

	
83.79

	
65.5

	
74.83

	
46.34

	
76.33




	
     L   1   c     

	
34.85

	
51.93

	
93.52

	
20.91

	
27.19

	
50.93

	
69.21

	
27.48

	
32.05




	
     L   2   c     

	
17.36

	
48.47

	
36.25

	
36.17

	
21.00

	
23.73

	
17.83

	
45.82

	
32.96




	
     L   g   +   L   s     

	
145.28

	
214.81

	
185.92

	
189.52

	
131.98

	
140.16

	
161.87

	
119.64

	
141.34




	
   γ   

	
0.88

	
0.88

	
0.88

	
0.88

	
0.88

	
0.86

	
0.86

	
0.85

	
0.85




	
   λ   

	
0.24

	
0.51

	
1.41

	
0.14

	
0.19

	
0.46

	
0.64

	
0.27

	
0.14




	
     f   i   r     

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5




	
     M   r     

	
1.88

	
2.37

	
2.23

	
2.79

	
3.65

	
2.61

	
3.18

	
3.35

	
3.75




	
     M   1   c     

	
1.20

	
2.64

	
1.89

	
2.52

	
2.19

	
1.54

	
2.21

	
0.79

	
2.37




	
     M   2   c     

	
1.49

	
4.93

	
3.44

	
3.19

	
4.61

	
0.97

	
4.24

	
3.58

	
3.91




	
     T   r     

	
1.92

	
1.92

	
1.92

	
1.92

	
1.92

	
1.84

	
1.84

	
1.76

	
1.76




	
     T   1   c     

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88




	
     T   2   c     

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88

	
3.88




	
     f   i   c     

	
6.5

	
6.5

	
6.5

	
6.5

	
6.5

	
6.5

	
6.5

	
6.5

	
6.5




	
     m   r     

	
34.9

	
34.9

	
34.9

	
34.9

	
34.9

	
34.9

	
34.9

	
34.9

	
34.9




	
     m   1   c     

	
16

	
16

	
16

	
16

	
16

	
18

	
18

	
16

	
16




	
     m   2   c     

	
15

	
15

	
15

	
15

	
15

	
16

	
16

	
12

	
12




	
     K   r     

	
0.16

	
0.19

	
0.22

	
0.17

	
0.15

	
0.21

	
0.19

	
0.26

	
0.26




	
     K   1   c     

	
0.26

	
0.28

	
0.26

	
0.27

	
0.26

	
0.26

	
0.22

	
0.22

	
0.19




	
     K   2   c     

	
0.26

	
0.28

	
0.26

	
0.27

	
0.26

	
0.26

	
0.22

	
0.22

	
0.19




	
     d   g     

	
14

	
14

	
14

	
14

	
14

	
14

	
14

	
14

	
14











 





Table 3. Descriptive statistical table of indicators for the optimization model.
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Index

	
Indicator Value




	
Fangzhicheng

	
Zhonglou

	
Xiaozhai

	
Longshouyuan

	
Yongningmen

	
Xingzhengzhongxin

	
Kangfulu

	
Tonghuamen

	
Wulukou






	
     L   r     

	
93.07

	
114.41

	
56.15

	
132.44

	
83.79

	
65.5

	
74.83

	
46.34

	
76.33




	
     L   1   c     

	
34.85

	
51.93

	
93.52

	
20.91

	
27.19

	
50.93

	
69.21

	
27.48

	
32.05




	
     L   2   c     

	
17.36

	
48.47

	
36.25

	
36.17

	
21.00

	
23.73

	
17.83

	
45.82

	
32.96




	
     L   g   +   L   s     

	
145.28

	
214.81

	
185.92

	
189.52

	
131.98

	
140.16

	
161.87

	
119.64

	
141.34




	
     V   m a x     

	
5323

	
6929

	
4397

	
7752

	
3995

	
2165

	
6254

	
2272

	
2461




	
     M   r     

	
1.88

	
2.37

	
2.23

	
2.79

	
3.65

	
2.61

	
3.18

	
3.35

	
3.75




	
     M   1   c     

	
1.20

	
2.64

	
1.89

	
2.52

	
2.19

	
1.54

	
2.21

	
0.79

	
2.37




	
     M   2   c     

	
1.49

	
4.93

	
3.44

	
3.19

	
4.61

	
0.97

	
4.24

	
3.58

	
3.91




	
     M   g   +   M   s     

	
3.55

	
16.88

	
-

	
-

	
26.61

	
16.24

	
-

	
2.12

	
-




	
     d   e     

	
0.01

	
0.06

	
-

	
-

	
0.11

	
0.21

	
0.16

	
0.09

	
0.02




	
   λ   

	
0.24

	
0.51

	
1.41

	
0.14

	
0.19