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Abstract

:

The fine-grained population distributions of different age groups are crucial for urban planning applications. With the development of information and communication technology (ICT), detailed population data retrieved from various big data sources, especially on a fine scale, have been extensively used for urban planning. However, studies estimating the detailed population distributions of different age groups are still lacking. This study constructs a framework to generate fine-grained population data for different age groups and explores the influence of various factors on the distributions of different age groups. The population is divided into the following four age groups: (1) early adulthood people: 18 ≤ age ≤ 24, (2) young people: 25 ≤ age ≤ 39, (3) middle-aged people: 40 ≤ age ≤ 59, and (4) elderly people: 60 ≤ age. The results indicate that education and accommodation factors have a major influence on the distributions of early adulthood and elderly people, respectively. Business, restaurant, and accommodation factors are the main factors influencing the population distributions of young and middle-aged people. The accommodation factor plays a major controlling role at night, and its explanatory power gradually decreases during the day, while the explanatory powers of the business and restaurant factors increase and become leading factors during the day. Specifically, the hospital factor has a greater effect on the distribution of elderly people. The entertainment factor has very little explanatory power for the population distributions of the different age groups.
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1. Introduction


People of different ages have different characteristics, and their needs for urban living facilities and their social problems differ too. For example, in public service assessments, vulnerable groups such as children and elderly people are more susceptible to issues of environmental justice because of their age and capacity limitations [1,2]. During the selection of facility locations, different age groups may prefer different types of facilities. For instance, young people tend to select business facilities (e.g., coffee shops) [3], while elderly people tend to prefer leisure facilities and green spaces [4]. To meet the facility needs of different age groups and better serve each group, we need to know the detailed population distributions of the different age groups and examine the factors that influence these distributions. By analyzing these patterns, city managers can better understand the activity routines of the different age groups, and urban planners can optimize the facility layouts and services for different age groups.



Previous studies have analyzed urban population distributions based on census data. With the development of geographic information system (GIS) and remote sensing technology, the population distribution could be obtained by spatially downscaling from the census unit to the grid cell scale [5]. There are two main methods for spatial downscaling, namely the simple area weighting method [6,7] and the dasymetric approach [8]. The former method distributes the population to each grid according to the proportion of the area, which could cause large deviations due to the uneven spatial distribution of the population. In contrast, the latter relies on auxiliary data such as land use data [9], building areas [10] and points of interest (POIs) [11] to redistribute the population into grid cells. Based on the above studies, Stevens, et al. [12] combined census data and a series of geospatial data to estimate the population distribution using the random forest algorithm. Although the spatiotemporal accuracy was improved in these studies, they were still constrained by the shortcomings of census data, including a long update period, high acquisition cost, and low spatial accuracy.



With the development of information and communication technology (ICT), the locations of individuals can be recorded by mobile phone location data [13], traffic card data [14], wi-fi location data [15], GPS trajectory data [16], as well as other location service big data. This situation makes it possible to obtain large amounts of dynamic spatiotemporal data with precise spatial information [17,18]. Among the various types of urban big data, mobile phone location data, which can represent approximately the entire urban population, are the most widely used big data in obtaining fine-grained population distributions [19,20,21,22,23,24,25] and conducting dynamic population mapping [26,27].



The two types of mobile phone data include call detail records (CDRs) and mobile phone signaling data. Ratti, et al. [23] used CDRs to visualize the spatial evolution of the urban population intensity in different time periods in Milan, Italy, which started a new phase in the application of mobile phone data. Krings, et al. [25] demonstrated a linear relationship between the city population size and the number of mobile phone users. Based on this relationship, Kang, et al. [22] further demonstrated that the number of calls in CDR data reflects the activity intensity, which cannot represent the total population distribution. Based on the above studies, Pierre, et al. [26] combined mobile phone records and other various geospatial data to estimate the population distributions in France and Portugal using the random forest model, which was used to map the population distribution at daily, weekly, and seasonal scales. However, due to the low temporal resolution of CDR sampling rates, it is difficult to estimate the population distribution at a fine temporal scale. To overcome the limitations of sampling at low temporal resolution, Liu, et al. [27] used the back-propagation (BP) neural network method to reconstruct time series of individual trajectories from CDRs and achieved hourly population mapping. Compared to CDRs, mobile phone signaling data, which can record detailed locations of the associated mobile phone base station in real time, are a better source for estimating population distributions. To predict the population distribution at a fine scale, Chen, et al. [21] used an artificial neural network based on mobile phone signaling data.



Traditionally, except for the distribution of the overall population, research on different social groups has also attracted the attention of many scholars in urban studies [28,29,30,31,32]. Among these individual attributes, age is one of the most fundamental. Most studies on the distribution of different age groups and their influence factors were carried out with census and survey data for a given area. For example, Karagel [33] analyzed the census data of 957 districts to define the distribution and size of the population of elderly individuals in Turkey and examined the factors that influenced the aforementioned parameters. Zhou and Chai [34] conducted a detailed study on elderly individuals in urban areas using survey data on the spatial distribution of activity and its influencing factors in China. Zhou, et al. [35] analyzed the spatial distribution and differentiation and related factors of the aging community in Guangzhou. Atkins and Tonts [36] explored the spatial and temporal distribution trends of the older adult population in Perth, Australia, based on census data. Several scholars have also focused on the spatial distribution of children’s school travel behaviors and analyzed various characteristics that affect the travel behaviors of children [37,38,39]. Although these studies have focused on different age groups, they are still limited by the small sample size of survey data and the low spatial granularity of census data. Due to the widespread use of mobile communication technology, the distributions of different age groups have been studied using CDR data in a few studies. For example, Yuan, et al. [40] revealed the mobility hotspots of teenagers and seniors using mobile phone record data when studying the relationship between mobile phone usage and different aspects of tourism behaviors. The study still failed to show the detailed population distributions of different age groups due to the lack of detailed location information in CDR data.



Although current studies have made great progress in estimating the overall population distribution at a fine spatiotemporal scale, these studies cannot support the interpretation of detailed distributions of different age groups due to the lack of both individual location data and individual attributes. Moreover, previous studies on the factors influencing the population distribution have mainly focused on the static population in a specific area without revealing the dynamic changes in the distributions of the different age groups. Our research contributes to the construction of a framework to generate urban population data for different age groups at a fine spatiotemporal scale based on mobile phone signaling data with age information and reveals the patterns that influence the dynamic distributions of the different age groups using POI distribution data. This paper is organized as follows. Section 2 presents the study area and dataset. Section 3 describes the framework to generate the gridded population of the different age groups and validates the mobile phone location data using census data. Section 4 provides the spatial and temporal distribution patterns of the different age groups. Section 5 introduces the geographic detector method to study the effects of POI factors on population distributions. Section 6 shows a case study using a business location. Section 7 presents a discussions and conclusions.




2. Study Area and Datasets


2.1. Study Area


In this paper, we select Beijing as the study area, which is famous as an international metropolis, the capital of China, and a national political center. Beijing is composed of 16 municipal districts and 331 township-level administrative units, covering an area of 16.4 thousand km2, with a permanent resident population of more than 21 million in 2019 (Figure 1a). The region within the fifth ring road covers the main urban center of the city (Figure 1b).




2.2. Datasets


2.2.1. Mobile Phone Signaling Data


The mobile phone signaling data in this study were recorded by mobile phone base stations through cell phone signal collection and were obtained from one of the major communication operators in Beijing of China for research purposes. The user ID, longitude and latitude of the mobile phone base station, recording time, and age attributes of the users were recorded when the following events occurred: mobile phone communications, station switching, regular updates, periodic updates, boot, and shutdown [41]. The dataset contained approximately 16 million mobile phone users, which can account for approximately 62% of the mobile phone communication market in Beijing and included mobile phone records on 1 and 6 December 2015 (a weekday and a weekend). There were 20,790 mobile phone base stations extracted from the dataset in Beijing. By calculation, the average distance to the nearest mobile base station was 0.44 km. The average time interval between two successive records was 0.61 h.




2.2.2. POI Data


The POI data of Beijing in 2015 were obtained from a digital mapping company in Beijing of China. The data mainly include 16 POI types and contain 0.38 million points in Beijing. In this paper, we extracted and merged six categories that represent the main POI factors influencing the population distribution during daily life, including accommodation, business, education, restaurant, entertainment and hospital factors. The accommodation factor includes commercial hotels and residential areas. The business factor contains commercial facilities, business services and corporate companies. The education factor includes all kinds of schools and research institutions. The restaurant factor covers a variety of restaurants. The restaurant factor covers a variety of restaurants and the entertainment factor includes leisure resorts and sports buildings. The hospital factor contains the major and community hospitals and medical institutions.




2.2.3. Population Census Data


The population data of the Sixth Population Census conducted on 1 November 2010, were collected from the Beijing Statistical Information Net (http://www.bjstats.gov.cn). The census data are at the street scale, with a total of 315 township-level administrative units across the whole city. The population is presented by age groups, starting at zero, with an age interval of five years. The average area of the subdistrict units is approximately 9.33 km2 within the fifth ring road and increases to 86.1 km2 beyond the fifth ring road.






3. Method of Gridding and Validation


The flowchart of the whole framework in this study is shown in Figure 2. The estimation of fine-grained populations of the different age groups is mainly divided into the following three steps. The first step is to reconstruct the spatiotemporal location. Then, the grid population is calculated. Finally, the census data are used to validate the availability of mobile phone location data for population distribution estimation.



3.1. Reconstruction of the Spatiotemporal Location


Before reconstructing the trajectory, we need to address the station drift issue. This means that users travel from one place to another in a short period of time, but it is impossible to achieve this movement in actual situations. In this study, when the speed of a user passing two successive stations exceeds 50 m/s [42], we assume that station drift exists. In addition, if the position records of the user’s previous point and the next point are the same, we merge the two records into one record and the timestamp is replaced by that of the latter. Given that the average continuous time interval between two records is approximately 0.61 h, we discretize the day into 24 1-h time slots to meet the minimum granularity requirements, and extract a point in each time slot to represent the location of the station where the user stays during that time interval. The spatiotemporal reconstruction algorithm is shown in Figure 3. Processing mainly includes three steps [21,41]: (1) the start time slot, 0 to 1, if there is no record, is filled with the first record of the next nonempty time slot; (2) for periods that have not been recorded, the last record of the last nonempty time slot is selected; (3) if there is at least one record in the time slot, the record is chosen with the longest staying time. Thus far, we can obtain the base location of each user and estimate the population based on each mobile phone base station in each time slot.




3.2. Computation of the Grid Population


The study area is divided into 500 × 500 m regular grid cells. In this study, we mainly explore the reasons that control the spatial distribution of the population. Therefore, the scale should be as small as possible to reflect the fine-grained population distribution. The mobile phone location data are based on the locations of mobile phone base stations, so the length of cell grid should not be smaller than the distance between base stations [43]. According to calculations and analysis, the average nearest neighbor distance between mobile phone base stations in Beijing is 0.41 km. Hence, a 500 × 500 m grid is a suitable size to reflect the fine-grained population distribution. Moreover, a regular grid can largely eliminate the influence of signal switches between very close mobile phone base stations [44,45]. Next, we redistributed the population based on a mobile phone base station to a regular grid unit. We assume the Thiessen polygon as the service area of the mobile phone base station and removed water areas. The process of population gridding is shown in Figure 4. Thiessen polygons are divided into subunits by regular grids. According to the proportion of the area of each subunit to the total area of the corresponding Thiessen polygon, we can obtain the mobile phone users in each subunit. Then, we calculate the grid population by adding the value of all subunits that fall within the relevant grid. The contribution of this approach is to avoid the situation of void grid population occurring due to there not being any base stations located in that grid.




3.3. Validation of the Mobile Location Data Using Population Census Data


We used census data at the subdistrict level to verify the availability of mobile phone location data for population distribution. A total of 294 streets were selected and merged in Beijing to compare the census population density with the density of mobile users at the street scale. The population census data are displayed by age groups, starting at 0, with an interval of 5 years. Therefore, we divided the population into five groups, as shown in Figure 5. Figure 5 shows the result of the log-linear relationship between the nighttime mobile user density and census population density of the different age groups at the subdistrict level. As we can see, there was no significant correlation between the mobile phone user density and census population density for ages 1 to 14 in Figure 5a. The main reason for this result is that the mobile phone ownership rate among the users in this age group is relatively low, resulting in null values in many streets. In Figure 5b–f, significant log-linear relationships exist between the nighttime mobile phone user density and census population density in the other age groups at the subdistrict level. Moreover, the fitting effect is better in the areas with low densities and high-densities mobile phone users. It is clear that the density of mobile phone users is lower than the red line in the medium-density area. Figure 5 also shows the accuracy assessment results using correlation coefficient (r) and determination coefficient (R2). The r value varies between 0.9645 and 0.9787, and the R2 value ranges from 0.9302 to 0.9579. The correlation results of the age group of 25 to 39 years were the best, while those of the age group of over 59 years were poorer. Overall, the population density from mobile phone users at night is highly correlated with the census population data except for adolescents, as shown in Figure 5a. Therefore, we mainly analyze the spatiotemporal distributions of adults in further analysis.





4. Population Distribution Patterns in Space and Time


To further study the distribution differences among the different age groups, we divide the mobile phone dataset into the following groups. The people aged 18 to 24 years mainly represent the people in early adulthood. The people aged 25 to 39 years and 40 to 59 years represent young and middle-aged people, respectively. People over 60 years of age represent elderly people because the retirement age in China is 60.



4.1. Spatiotemporal Distribution Characteristics


The spatiotemporal distribution patterns of the populations of the different age groups in the fifth ring road of Beijing in typical time slots are shown in Figure 6. The population distributions over time are displayed in corresponding rows, and each row corresponds to a given age group. When focusing on the entire population distribution in Figure 6a1–a4, we can see that the grids are redder on weekdays than on the weekend. By calculation, the number of people during the daytime increased by 3.1% and 1.7% on weekdays and the weekend, respectively, compared with the number of people at night within the fifth ring road. Grids with a population over 5000 are mainly clustered in the northwest corner, where Zhongguancun is located, which hosts high-tech industrial and university gathering areas; the east corner contains the central business district (CBD). In contrast, the entire population is relatively dispersed on weekends. In particular, the grid population remains high at Beijing’s railway stations. The population density of the central part and the area between the fourth and fifth ring roads is relatively low, corresponding to the Forbidden City area and green spaces, respectively. In Figure 6b1–b4, the early adulthood people are clustered in the northwest teaching areas, such as Tsinghua University, Peking University and many other universities. The early adulthood people exhibit high concentrations in the university area. According to Figure 6c1–c4,d1–d4, the population distributions of young and middle-aged people are similar. To better understand the differences among different age groups, we present the spatial distributions of the different age groups with the highest above-average percentages in Figure 7. Young people exhibit the highest proportion in the areas between the eastern ring roads, and middle-aged people exhibit the highest percentages in the urban centers and western regions. Figure 6e1–e4 shows that elderly people are mainly present between the second and fourth ring roads with little change between weekdays and weekends, and the population density in the south is significantly higher than that in the north, which is consistent with the results shown in Figure 7.




4.2. Spatiotemporal Aggregation


We analyzed the spatiotemporal distribution characteristics of the different age groups. To further explore the distribution differences of the different age groups, we adopt Moran’s I index [46] and the General G index [47] in this study. Table 1 shows that the population distribution exhibits a significant positive autocorrelation, which means that the autocorrelation becomes more significant as the spatial location of the population becomes aggregated. The population of 25 to 39 years has the highest autocorrelation, while the population aged 40 to 59 years has the lowest autocorrelation. Moreover, the autocorrelation of the population distribution is more significant during the daytime than at night and more significant on weekdays than on the weekend.



The General G index can represent the specific spatial aggregation patterns of different age distributions, while Moran’s I can reflect only the degree of spatial aggregation of high and low values. Figure 8 shows the spatial aggregation results of the different age groups for a typical time slice. In Figure 8a, we can see that people aged 18 to 24 years are significantly clustered in university gathering areas (region A and other prominent red areas) and central business districts (CBDs) (region B). In Figure 8b, people aged 25 to 39 years are mainly concentrated across several business districts (regions A, B, C, and D) within the fourth ring road. In contrast, the concentration of middle-aged and elderly people in regions A and B is reduced, as shown in Figure 8c,d. For the entire population, according to Figure 8e, the spatial aggregation pattern is similar to that of the age groups, except for people aged 18 to 24 years. At the same time, the Wangjing business district and Asian Sports Village (region E) between the fourth and fifth ring roads exhibit notable population aggregations.





5. Analysis of the Factors Influencing the Population Distribution in Space and Time


We selected the geographic detector method [48,49] to analyze the factors influencing the spatiotemporal population distribution of different age groups using POI data. Geographical detection is a statistical method for detecting spatial heterogeneity and revealing its driving factors, and has become a popular method to interpret the mechanisms of various factors in research studies in many natural and social science fields. The basic idea of the geographical detector relies on the assumption that the study area is divided into several subregions, and if the sum of the variances in the subregions is smaller than the total variance in the entire region, spatially stratified heterogeneity exists. The formula is as follows:


  q = 1 −  1  n  σ 2      ∑   i = 1  m   n i   σ i 2   



(1)




where q is the factor detector that indicates the degree of a factor explaining the specific attributes, n and    σ 2    stand for the number of units and the variance in the regions, respectively, and m is the number of strata. The value range of q is 0 to 1, and the larger the q value is, the stronger the explanatory power is. In this study, the factor detector q-statistic is selected to measure the explanatory power of the POI factor on the population distribution. In addition, the independent variable should be transformed to be categorical if it is numerical. Therefore, we use the equal spacing method to divide the region into five layers according to the number of POI points falling in the corresponding grid. The spatially stratified distributions of six POI factors are shown in Figure 9.



Figure 10 shows the time-series change characteristics of the explanatory power of the different POI factors on the population distributions of the different age groups using the geographical detector. We compared one weekday of 1 December (Figure 10a1–e1) and one weekend day (Figure 10a2–e2) of December 6. Then, the data were analyzed from two aspects of the POI factors influencing the population distributions between the overall population and the different age groups. Figure 10a1,a2 shows the effect of the POI factors on the overall population on weekdays and weekends. Figure 10a1 shows that the accommodation factor plays a major influencing role in the nighttime and that its explanatory power gradually decreases during the daytime, while the explanatory powers of the business and restaurant factors increase and become leading factors. The education and hospital factors remain stable, and the entertainment factor has very little explanatory power. In contrast, Figure 10a2 indicates that the accommodation factor is the main influencing factor throughout the day, while the explanatory power of the restaurant factor declines slightly, and the business factor declined significantly on the weekend. The other factors had similar performances on the weekday. It can be easily explained that crowds are mainly concentrated in residential areas at night and move to work areas and commercial districts during the daytime on weekdays. Historical weather information indicated that winter in Beijing had just started on 6 December 2015, accompanied by light snow. The crowds were mainly concentrated in the residential area throughout the day and less so in the commercial district on the weekend. Because eating is a necessary human activity, the explanatory power of the restaurant factor remains strong on the weekend. Teaching and hospital areas are aimed at small groups, so the explanatory power for the overall population is weak. As expected, the entertainment factor is not the chief activity for people, so the entertainment factor has little effect on the population distribution.



When the population is divided into different age groups, we can explore the effect of POI factors on the distribution of different groups. In general, the influence of factors on the distributions of different age groups is significantly different. According to Figure 10b1,b2, the education factor has a stronger explanatory power for the people aged 18–24 years old than the other POI factors, and there is no significant difference between weekdays and weekends. The explanatory powers of the business and restaurant factors show a slight upward trend during the daytime, while that of the accommodation factor remains steady. The main reason for this difference is that most of this age group are college students who are distributed across the teaching districts.



According to Figure 10c1,c2, the main factors influencing the distribution of people aged 25–39 years are accommodation, business, and restaurant factors. In particular, the explanatory power of the business factor increased significantly and that of the accommodation factor sharply decreased during the daytime on the weekday. It can be inferred that an obvious separation of occupation and residence exists among young people on the weekday. In contrast, the explanatory power of the accommodation factor decreases slightly during the daytime, and that of the business factor declines as a whole on the weekend. Moreover, the explanatory power of the restaurant factor for young people is highest at night on the weekday and during the day on the weekend. This result suggests that the food-related activities of young people are still frequent on weeknights and weekends.



Figure 10d1,d2 shows the detection results for people aged 40 to 59 years, which are significantly different from those for young people. The explanatory power of the accommodation factor slightly decreased, and the explanatory power of the restaurant factor was higher than that of the business factor during the daytime on weekdays. It may be inferred that middle-aged people with a good economic foundation have higher freedom of life and fewer constraints of commuting. In addition, the explanatory power of the restaurant factor has always been lower than that of the accommodation factor on the weekend. This result indicates that middle-aged people have lower food-related activity intensity on the weekend and are more likely to eat at home compared with young people.



According to Figure 10e1,e2, the most powerful explanation factor for elderly people is the accommodation factor for both weekdays and weekends. It can be explained that elderly people who are retired and have minimal activity intensity are concentrated in the residential area. In addition, the hospital factor has the highest explanatory power for elderly people, and the explanatory power increases slightly during the day on weekdays. Specifically, the entertainment factors have very little explanatory power for the population distributions of the different age groups. By subdividing the population, we can obtain detailed characteristics of the influence of factors on the distribution of different age groups, which provides a better understanding of the differences of different age groups.




6. Evaluation Site Selection of Coffee Shops in Beijing


In this study, to verify the importance of the fined-grained population of the different age groups in the selection of an urban business location, we used mobile phone population data during meal time (12:00–13:00) to evaluate the locations of coffee shops in Beijing. By analyzing the correlation between the coffee shop locations and population distributions of the different age groups, it was shown that the coffee shop locations were highly related to age. Therefore, we can provide guidance on the locations of potential stores using the fine-grained population data for the different age groups. Figure 11 shows the spatial distribution of coffee shops in the fifth ring road of Beijing, where the red dots represent coffee shops. The coffee shops are mainly located in the northwest and northeast of the downtown area.



For quantitative analysis of the correlation between the coffee shop locations and population distributions of the different age groups, the following methods are adopted: Spearman’s correlation coefficient and univariate and multivariate logistic regression. We assume that the dependent variable is a binary variable, which indicates whether a coffee shop is present in the corresponding grid, and the grid population is the independent variable. To avoid excessively small coefficients, the grid population unit is expressed per thousand people. First, correlation analysis of the independent and dependent variables is performed. Because the independent and dependent variables do not conform to the normal distribution, we calculate the Spearman correlation coefficient in this paper. Next, a logistic regression is performed for the percentage of correctly classified points for the different age groups, and the receiver operating characteristic (ROC) test is conducted. The results of the Spearman correlation coefficient and logistic regression of the correct percentage are listed in Table 2, and the ROC curves and area under the curve (AUC) values are displayed in Figure 12. A significant correlation between the independent and dependent variables is shown in Table 2. The correlation coefficient of people aged 25–39 years reaches a maximum of 0.4562, and that of people over 60 years reaches a minimum of 0.3706. Similarly, the logistic regression of people aged 25 to 39 years has the highest correct classification percentage, with a value of 81.61%, and people over 60 years have the lowest correct classification percentage, with a value of 78.82%.



Then, multivariate logistic regression was used to analyze the correlations among the different age groups further. The results of logistic regression include regression coefficients, standard errors, Wald statistics, degrees of freedom, the significance level, EXP (β), and confidence intervals of EXP (β). Table 3 shows the regression results of the different age groups as multiple independent variables. The regression coefficients show that the groups aged 18 to 24 years and aged 25 to 39 years are positively correlated with the coffee shop locations. In contrast, the group aged 40 to 59 years displays a negative correlation. There was no statistically significant correlation between the coffee shop location and people over 59 years old at a significance level of 0.799. We can see that the regression coefficient of the people aged 25–39 years reaches a maximum of 1.522 with a significance less than 0.01. When the number of people increases by 1000, the probability of someone aged 25 to 39 years being at a coffee shop in the grid increases by 152%, and the probability of someone 40–59 years being at a coffee shop in the grid decreases by 62.1%.



The grid population of ages 18–39 owning coffee shops is shown in Figure 13a, where the red dots represent the coffee shops with a large grid population. The red dots are mainly concentrated in the business districts, such as Zhongguancun and Suzhou Street in the northwest, the eastern CBD region, and the Wangfujing and Xidan districts in the urban centers. Moreover, coffee shops also present at certain scenic spots with small grid populations, such as Gulou Street. The main reason is that the day that was analyzed is a winter working day, so the populations at the scenic areas are small. Finally, we use the fine-grained population aged 18–39 years to select potential shop locations. Considering the competition of existing coffee shops, we choose grids without coffee shops and more than 3000 people as potential location grids, as shown in Figure 13b. At the actual business location, population size is only one important factor, and we should consider other factors, such as shop rent and environmental factors.




7. Conclusions and Discussions


This study constructed a framework to generate fine-grained population data for different age groups based on mobile phone data, which contributes to mapping the hourly population distributions of different age groups. We take Beijing as an example to analyze the distribution patterns of different age groups. The results indicate that there are significant differences in the spatial distribution among different age groups. Early adulthood people are clustered in the northwest corner, where universities are mainly concentrated. Unexpectedly, we found that this age group also showed a significant clustering pattern in the eastern business district area. We found that the distribution and aggregation patterns of young people and middle-aged people within the fifth ring road of Beijing were basically consistent with the distributions of business districts. Elderly people were highly concentrated within the second and fourth ring roads, and the concentration of elderly people was higher in the south than in the north.



We explored the effect of different factors on the dynamic changes in the population distribution of different age groups. The following conclusions were drawn. The education factor is the most powerful exploratory factor for the distribution of early adulthood people. Business, restaurant and accommodation factors were the main factors influencing the population distributions of young and middle-aged people. Further, we found that the separation of occupation and residence was particularly obvious for young people. This result occurred because the explanatory power of the business factor increased significantly and that of the accommodation factor sharply decreased during the day on weekdays. We also found that the restaurant factor had the greatest influence on the distribution of young people. The explanatory power of the restaurant factor for young people was the highest at night on weekdays and during the day on weekends. As expected, the accommodation factor had a major influence on the distribution of elderly people. Moreover, the hospital factor had a strong effect on the distribution of elderly people. Specifically, the entertainment factor had very little explanatory power for the population distributions of the different age groups.



To embrace the achievements of fine-grained population data of different age groups in this study, we suggest that city managers should fully consider the distribution differences of different age groups and provide corresponding services for different age groups, such as the allocation of infrastructure for elderly people, child-friendly community planning, and new stores (e.g., coffee shops) for young people. However, this study still has deficiencies. First, the mobile signaling data used in this article are from a single communication operator and cannot represent the distribution of the entire population, as only two days are covered. Second, when spatial partitioning is carried out with the geographical detector method, we assume that the weights of the different POIs in one category remain the same. Future work will focus on these issues. We will consider the weighting of different POIs and combine other data sources (e.g., land use types) to further the analysis of influencing factors. Moreover, the findings on the influencing factors will help to improve our ability to predict more reliable fine-grained distributions of different age groups in space and time.
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Figure 1. (a) The municipal districts of Beijing; (b) the central region within the fifth ring road of Beijing. 
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Figure 2. Framework of population distribution estimation and analysis. 
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Figure 3. Reconstruction algorithm of the spatiotemporal location. 
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Figure 4. The process of population gridding. 
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Figure 5. The log-linear relationship between the nighttime mobile user density and population census density of the different age groups at the subdistrict level. The red line shows the fitting result curve, and r and R2 represent the correlation coefficient and coefficient of determination, respectively. 
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Figure 6. The spatiotemporal grid population distributions of the different age groups in the central region within the fifth ring road of Beijing. 
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Figure 7. The spatial distributions of the different age groups with the highest above-average percentages. 
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Figure 8. The spatial aggregation patterns of the grid population using the general G index from 9:00–10:00 on 1 December. Regions A, B, C, D and E are the Zhongguancun business district, CBD business district, Xidan business district, Muxiyuan district, Wangjing business district and Asian Sports Village, respectively. 
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Figure 9. The spatially stratified distributions of six POI factors. 
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Figure 10. Dynamic changes in the explanatory power of POI factors on population distribution for different age groups. The time on the x-axis is represented in the 24-h system. 
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Figure 11. The spatial distribution of the coffee shops in the fifth ring road of Beijing. 
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Figure 12. Logistic regression ROC curves and AUC values. 
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Figure 13. (a) Coffee shop distribution with the grid population aged 18 to 39 years and (b) the potential shop locations. 
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Table 1. Spatial autocorrelation analysis results of the grid population using Global Moran’s I for typical time slots.
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	18 ≤ Age ≤ 24
	25 ≤ Age ≤ 39
	40 ≤ Age ≤ 59
	60 ≤ Age





	1:00–2:00 a.m. weekday
	0.4988
	0.5472
	0.4881
	0.5331



	1:00–2:00 a.m. weekend
	0.5399
	0.5851
	0.5032
	0.5816



	9:00–10:00 a.m. weekday
	0.5161
	0.5819
	0.5001
	0.5524



	9:00–10:00 a.m. weekend
	0.5480
	0.6088
	0.5139
	0.5949
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Table 2. Spearman correlation coefficient and logistic regression of correct percentage for the different age groups.
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	Spearman Correlation Coefficient
	Correct Percentage





	All age
	0.4418
	81.10



	18 ≤ age ≤ 24
	0.4456
	80.86



	25 ≤ age ≤ 39
	0.4562
	81.61



	40 ≤ age ≤ 59
	0.4124
	79.75



	60 ≤ age
	0.3706
	78.82
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Table 3. Multivariate logistic regression between the population distributions of the different age groups and locations of coffee shops within the fifth ring road of Beijing.
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B

	
SE

	
Wald

	
df

	
P

	
EXP (β)

	
95% Confidence Interval of EXP (β)




	
Lower

	
Upper






	
18 ≤ age ≤ 24

	
0.552

	
0.226

	
5.942

	
1

	
0.015

	
1.736

	
1.114

	
2.706




	
25 ≤ age ≤ 39

	
1.522

	
0.175

	
75.829

	
1

	
0.000

	
4.582

	
3.253

	
6.454




	
40 ≤ age ≤ 59

	
−0.621

	
0.302

	
4.226

	
1

	
0.040

	
0.537

	
0.279

	
0.972




	
60 ≤ age

	
0.137

	
0.538

	
0.065

	
1

	
0.799

	
1.147

	
0.399

	
3.294




	
constant

	
−2.656

	
0.092

	
828.299

	
1

	
0.000

	
0.070
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