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Abstract

:

The built environment is among the critical factors in older adults’ travel behavior, and a favorable built environment can encourage them to travel and engage in various activities. Existing studies have mostly focused on exploring the correlation between the built environment and travel behavior, ignoring the heterogeneity between the two at different times of the day. In this study, we conducted structured, face-to-face interviews in the Nanjing (China) metropolitan area to investigate the time consumed per trip by older adults using various travel modes and used the structural equation and random forest models to explore the relationship between the built environment and older adults’ travel time. The results demonstrated that older adults had different perspectives on travel during different time periods. Different environments and the convenience of destinations affected their overall satisfaction during travel. We found a nonlinear relationship between the built environment and travel time. Metropolitan street connectivity initially had a positive effect on travel time until a certain threshold or peak, whereafter a gradual decline ensued. This nonlinear relationship also existed between the proportion of green space and the distance to subway stations. These results can guide the retrofitting and construction of age-friendly metropolitan infrastructure facilities that promote older adults’ mobility.
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1. Introduction


The aging of the human population is a global concern. According to the “2019 Revision of World Population Prospects”, one in six individuals globally will be 65 years old or older by 2050. The World Health Organization (WHO) has defined healthy aging as the process of maintaining functional ability to enable well-being at older ages [1,2]. The WHO, Member States, and Partners for Sustainable Development Goals created the “Global Strategy and Action Plan for Ageing and Health for 2016–2020” in continuation with the WHO program “The Decade of Healthy Ageing 2020–2030”. The WHO established main priorities, such as supporting country planning and action, collecting better global data, promoting research on healthy aging, aligning health systems to the needs of older people, laying the foundations and ensuring the human resources necessary for long-term integrated care, undertaking a global campaign to combat ageism, and enhancing the global network for age-friendly cities and communities.



China is among the 91 countries that have already entered the aging society period [3]. In the past 20 years in China, the proportion of individuals aged 60 years and older has significantly increased, from 10.3% to 18.9%. Estimated projections state that the proportion of older adults will reach 25% (487 million people) by 2050. Notably, the rapid growth of the aging population presents significant challenges for urban planners, transportation operators, and officials in developing and coordinating spatial strategies. Metropolitan areas are attracting migrating populations owing to the economic prosperity seen in these areas in recent years, promoting their gradual expansion and changes in the internal spatial structure of cities. However, as adults age, their bodies grow weaker, and their mobility decreases considerably. Older adults perceive travel differently from the general population; moreover, they are less mobile relative to their younger counterparts [4]. Thus, older adults must be considered a special group in the current urban infrastructure development process. Consequently, older adults’ unique and complex travel behavior must be considered when travel options and public urban spaces are developed. For example, the Chinese government has proposed improving the barrier-free travel service system to meet the transport needs of an aging society [5,6].



Older adults’ travel behaviors are more sensitive to the effects of the built environment in their neighborhoods [7], as they are less likely to travel significant distances from their homes and require greater safety and convenience. The characteristics of the built environment, such as land-use density and diversity, street connectivity, proximity to public transportation services, and accessibility of important destinations, can significantly impact older adults’ travel behaviors (which include the propensity to travel as well as the time and frequency of travel) [8]. Municipalities with more rapid or larger economic growth often have complex and dense built environments. Owing to older adults’ sensitivity to comfort, the variation in the density of the built environment can significantly impact their travel behavior. Thus, metropolitan areas with high-density built environments can hinder the older population’s travel plans and quality of life [9].



This study considered how the built environment, travel perceptions, and personal social attributes influence older adults’ travel time. We defined travel time as the time needed for older adults to travel from their origin to their destination using various travel modes in order to complete each trip. An older adult was considered to have completed each trip when it took longer than 5 min. To reduce modeling complexity, this study did not delineate specific travel modes. These correlational analyses have been explored to some extent in previous studies [10,11]. However, with the growing population of older adults, there may be variability in the results of studies across regions, as the geography and economic levels of different cities in China vary greatly. In addition, previous studies have not clarified whether there are differences in the older adults’ travel perceptions at different times of the day, and the impact of the built environment in urban high-density development areas on their travel behaviors must be studied further.



In this study, we explored the correlation between the urban built environment and older adults’ travel behaviors using data from Nanjing, China. More specifically, the following two key questions were addressed (1) At different times of the day, do older adults have different perceptual preferences for the built environment when they travel? (2) Is there a linear or nonlinear relationship between various built environment factors and older adults’ travel time? These questions are significant for improving older adults’ travel experiences and increasing their sense of security. Meanwhile, the outcomes of this study can provide theoretical support for the layout of facilities near older adults’ residences and the creation of a more suitable environment for retirement living.



The remaining part of this study is organized as follows. Section 2 presents a literature review, and Section 3 provides a description of the data and an explanation of the structural equation model (SEM) and the random forest model. Furthermore, Section 4 presents the results and provide a discussion, respectively. Section 5 proposes conclusion of the study. Section 6 concludes future work.




2. Literature Review


Several studies have focused on factors influencing older adults’ travel behaviors, including the built environment, individual attributes, and psychological perceptions [10,11,12]. Curl et al. [13] demonstrated that older adults’ personal preferences and social attributes lead to differences in their travel behaviors. Older adults’ travel time decreased with age and becomes significantly limited in those aged over 75 years [14]. Older adults living alone have a lower propensity to travel than those living with their children [15,16]. Yanagihara [17] found that older adults with good physical health were more likely to drive to their destinations. Zhang et al. [18] found that older adults’ travel time was mainly related to the purpose of travel, with bicycles used for shorter travel times rather than walking.



Graham et al. [19] conducted in-depth interviews with older adults in a community and found that their main concern was safety; safer streets promoted their willingness to travel. Kahlert et al. [20] recruited older adults to simulate two different travel scenarios and demonstrated that the subjects walked more comfortably in scenarios with higher traffic safety and pedestrian-friendliness scores. The possibility of falling during travel increases with age, and safety risks associated with travel are important factors in the intention to travel [13,21]. Hino and Asami [22] used generalized linear mixed models to analyze the changing patterns of travel among citizens and demonstrated that older women’s travel preferences were more influenced by the community environment and proximity to parks. Liu et al. used in-person structured interviews to analyze older adults’ travel time and characteristics and used a random effects logit model to determine the association between neighborhood satisfaction and travel time. They concluded that interventions involving neighborhood environments were the most effective measures to promote travel in older adults [23].



The influence of the built environment’s elements on travel continues to be actively studied. Hou et al. [24] discovered that the accessibility of leisure facilities significantly impacted older adults’ travel mode choices; they found that the comfort and safety of transport services were also critical. Older adults living in suburban areas are less likely to travel [25]. Moreover, the number of parks, green-space occupancy, and streetscape environment directly impact older adults’ travel behaviors [26,27,28]. Cheng et al. [29] found that land use had the most significant impact on older adults’ travel behaviors and that its diversity in a community positively impacted their daily travel. Feng [30] observed that public transportation accessibility, distribution of vegetable markets, and open spaces are important factors influencing the travel behavior of older adults. High-quality public transport accessibility can encourage older adults to travel actively.



Studies have demonstrated that built environment elements and subjective psychological perceptions significantly impact older adults’ travel behaviors [31]. Comfortable environments promote active travel among older adults. Travel time is an important indicator of perception and travel behavior [18,23]. It can also measure the intensity of physical activity in older adults [32]. The impact of the built environment on travel behavior can change over time [33,34]. Older adults’ travel behaviors show variability at different times of the day; their mobility needs change at different departure times [35]. However, the factors that cause differences in older adults’ travel behaviors at different times of the day must be further explored. Additionally, the relationship between travel time and the built environment has not been adequately investigated; a comprehensive analysis is required to develop a positive and effective environment that promotes older adults’ travel.



To address these problems, in this study, older adults’ travel behaviors were comprehensively analyzed in the high-density built environment of a metropolitan area. The effect of the built environment was analyzed in different stages. First, considering older adults’ subjective perceptions, the SEM was used to determine the variation in their perceptions of the built environment of megacities for different travel times; subsequently, important built environment factors in older adults’ travel behaviors were identified. Second, the random forest model was used to explore the impacts of these factors on travel time and identify the complex patterns of variation in travel time, thereby revealing the impact of the complex, high-density built environment in a central urban area on travel time. The results provide insights into older adults’ travel-related psychological needs and can help urban planners optimize age-friendly environments.




3. Materials and Methods


3.1. Data


Nanjing is the only megacity in the Yangtze River Delta and is an important gateway city for the development of China’s central and western regions, which is propelled by the influence of the Yangtze River Delta. As the capital of Jiangsu Province in China, Nanjing has a significantly dense environment with a high population density. The location map of the survey area in Jiangsu Province is shown in Figure 1. In 2021, the city’s resident population was 9,423,400 people, of whom more than 19% were over 60 years of age, representing a 0.38% increase from 2020 according to a travel survey conducted between 9 December 2021 and 15 January 2022 in Nanjing, China [36]. In this study, we chose three districts in Nanjing’s main urban area that had a high proportion of older adults and diverse land use. The survey sites were mostly close to subway stations, parks, and riverside green spaces. Older adults in these areas typically earn high incomes and travel frequently, thus making it easier to observe the relationship between the built environment and travel time.



The survey was available from 8:00 to 18:00. We randomly selected older adults for face-to-face structured interviews. The sample included individuals aged 60 years and above. The average response time for each survey respondent was 30 min. Specifically, the older adults were asked about their home locations, personal economic attributes, travel behavior, and psychological perception. The questions about travel behavior mainly addressed the origin and destination location, travel mode, travel purpose, travel time, and travel periods of each trip. ArcGIS software was used to calculate the data of the built environment in the area surrounding each respondent’s home location and travel origination location.



Due to the potential difficulty that older adults might face when using smartphones, face-to-face structural interviews were conducted. To ensure the scientific validity of the survey results, 50 pre-survey questionnaires were distributed before the formal survey. We found that older adults required the assistance of enumerators to complete the questionnaire. The reliability and validity of the survey were determined via pilot tests, and questions were adjusted accordingly to create the final questionnaire. We conducted a survey using the final questionnaire to collect data from older adults. The survey process is shown in Figure 2.



To explore the psychological perception of environmental factors by older adults at different travel times, the travel times of older adults were categorized as follows: before 6:00 (V13), 6:00–8:00 (V14), 8:00–12:00 (V15), 12:00–14:00 (V16), 14:00–16:00 (V17), 16:00–19:00 (V18), and after 19:00 (V19). On the basis of the literature review, several descriptive items were designed to describe the psychological perceptions of older adults during travel in detail. For example, the “travel environment” factor was measured by five descriptive items: road alignment/width/gradient (V1), road lighting (V2), green light time (V3), crossing facilities (V4), and environmental hygiene (V5). The “destination convenience“ factor was measured with five descriptive items: leisure (V6), commercial facilities (V7), green space, living space (V9), and medical facilities (V10). The life quality of older adults was assessed by “travel evaluation” and “physical status”.



These factors involve professional concepts that many older adults may have difficulty understanding. Therefore, we designed several descriptive questions, which were used by the investigator to supplement the older adults’ understanding of the questions. A five-point Likert scale ranging from 1 (very unsatisfied) to 5 (very satisfied) was applied to quantify their satisfaction level. The travel environment factors and descriptive items of the questionnaire are shown in Figure 3.



A total of 550 questionnaires were distributed; after excluding invalid data, such as incomplete questionnaires and overly similar answers, 503 valid questionnaires were collected. This resulted in an efficiency rate of 91.5%. The final sample comprised 235 men and 268 women. The frequency of walking for older adults was 52%, the frequency of using bicycles or electric bikes was 14%, the frequency of using public transportation was 33%, and the frequency of using cars was 1%. The profile of the older adults is summarized in Table 1.



Table 2 summarizes the descriptive statistics of the built environment characteristics: distance to subway stations, population density, green space, street connectivity, and land use mix. The data were sourced from the Nanjing Urban GIS Database. These variables were determined on the basis of a review of relevant studies [26,27,28,29,30]. The land use mix was calculated using the following formula:


    M   m i x   = −     ∑  i = 1   n      P   i   · l n ⁡ (     P   i   )   / l n ⁡ ( n ) ,  



(1)




where     P   i     represents the proportion of the ith land use, and n refers to the number of land use types. On the basis of the literature review [37,38], the following five land use types were selected: residential, green space, commercial services, public administration, and others.




3.2. Methods


Analyzing older adults’ travel requires a multidisciplinary approach involving the built environment, transportation, and behavioral science. It is important to consider older adults’ psychological factors when analyzing the relationship between the built environment and travel time. Moreover, it is crucial to explore, in detail, how older adults’ travel time changes when the variables of the built environment shift. To address these issues, this study combined the structural equation model (SEM) and the random forest model.



The SEM can simultaneously model complex hypothetical relationships and calculate the fit measures between the hypothetical and observed models [39,40]. It can depict the relationship between personal, environmental, and psychological factors and has been widely applied across various domains. However, the relationship between the built environment and older adults’ travel behaviors is intricate, and the SEM cannot provide a detailed account of how changing environmental variables affect older adults’ travel time. The random forest model can measure the importance of each built environment variable and demonstrate the marginal effect of the independent variables. It can also reveal the linear or nonlinear relationships between the characteristics of the built environment and older adults’ travel time [41,42,43,44].



In this study, on the basis of the influence mechanism depicted in Figure 4, the effects of built environments on older adults were analyzed using a two-stage process. In the first stage, the SEM was used to explore older adults’ subjective perceptions of the travel environment and destination convenience at different travel time periods, through which older adults’ sensitivity to the travel environment could be demonstrated. In the second stage, the random forest model was used to accurately capture the effects of the built environment, the importance of each characteristic of the built environment, and the link between each characteristic and travel time.



3.2.1. Structural Equation Model


In the SEM, theoretical assumptions are verified using observable characteristics and the correlations between variables. This study considered the relationship between older adults’ subjective perceptions during travel to explore whether psychological perception elements impacted travel. Therefore, it hypothesized that older adults’ psychological perception elements during travel would affect their travel behaviors, which would impact their travel decisions [31]. Moreover, older adults’ health status affects their psychological perceptions of travel. The hypothetical conceptual framework for the SEM is shown in Figure 5. Based on the aforementioned assumptions in constructing the model, the correlations between older adults’ perceptual and travel features and feature parameters can be analyzed through the model operations.



On the basis of the SEM theoretical framework, it was assumed that the environment affected older adults’ perspectives of travel. After constructing and fitting the SEM, it is necessary to evaluate its goodness of fit. First, it is important to examine whether the model’s estimated parameters are statistically significant, which requires performing significance tests on the path coefficients between variables, similar to parameter significance tests in regression analysis. The t-statistic and corresponding probability value (p-value) are used to determine whether a parameter is significantly effective when the p-value is less than the significance level. Thus, the model’s overall goodness of fit is assessed. Because the SEM attempts to use statistical operation methods (such as least squares) to find the model parameters that minimize the difference between the sample variance–covariance matrix and the theoretical variance–covariance matrix, it is necessary to test the “gap” between the sample covariance and model covariance matrices to determine whether the fit meets certain requirements.




3.2.2. Random Forest Model


Considering the renewal of urban spaces and changes in the built environment, it was essential to observe the changing characteristics of older adults’ travel time more intuitively. The SEM helped identify the significant factors in older adults’ travel time, and further modeling was required to understand the complex patterns influencing travel time. Thus, this study employed a random forest model to analyze the association between the built environment and older adults’ travel time.



The random forest model is an integrated learning algorithm that combines multiple decision trees to optimize model fitting and prediction and is widely used in the transportation sector. Each decision tree in a random forest is trained using a random sample with replacement, and each node feature variable in the tree is randomly selected. This algorithm improves the model’s predictive performance by adjusting two parameters: the decision-tree number and the number of random variables. Random forest learning is highly accurate, good at managing higher-order relationships between variables, and effective in mining nonlinear relationships [45]. The working process of the random forest method is illustrated in Figure 6.



The algorithm comprises the following steps:




	
Randomly samples some training sets from the original dataset with replacement.



	
Constructs a decision tree for each training set and predicts the results.



	
Using the voting method, the decision tree classification category with the most votes is the final category (non-weighted average method).








Let     T   X ;  θ M    , M = 1,2 , ⋯ , M     be the M regression trees in RF; the RF regression results are expressed as follows:


    T  −    X   =   1   M     ∑  m = 1   M      T   X ;  θ M        ,  



(2)




where   X   is the independent variable and     θ   M     is a random variable with independent identical distribution.



The root means square error (RMSE) and R2 are the primary indicators for evaluating a model’s performance. R2 is the regression models’ degree of fit to the out-of-bag (OOB) observations; a larger R2 value indicates a better fit. The RMSE is an indicator of the model’s predictive capability for OOB observations. It is the square root of the ratio of the square of the deviation of the predicted value from the true value to the number of observations. A smaller RMSE indicates a higher predictive power for the regression model.



Additionally, random forests can quantify the relative importance of explanatory variables in predicting the outcomes, thereby enhancing the model’s interpretation. The following expression is used to calculate the relative importance of variable     X   i    :


    I     X   i     =   1   M     ∑  m = 1   M        M     S E   m ,   X   i       −   M     S E   m         ,  



(3)




where     I     X   i       is the relative importance of the variable,     X   i    ;     M     S E   m       is the mean square error of the data outside the m bags of the trees; and     M     S E   m ,   X   i         is the mean square error of tree m after randomly rearranging the values of variable     X   i     in the OOB data.






4. Results and Discussion


4.1. Data Descriptive Results


In the valid sample, respondents made a total of 784 trips per day using various travel modes, with an average of 1.56 trips per person per day. On the basis of an analysis of their travel purposes, destinations were classified into the following five types: leisure and entertainment (e.g., nearby chess and card rooms), commercial shopping (e.g., commercial centers and supermarkets), maintenance (e.g., schools and food markets), medical treatment (e.g., hospitals and pharmacies), and green spaces (e.g., parks and riversides).



In Figure 7, the x-axis represents the travel period, the y-axis denotes the number of older adults, and the color of the bars indicates the purpose of travel. The following observations were made: the prominent peak features between 8:00–12:00 and 12:00–14:00 indicated that exercise was the main purpose of travel at these times. Before 12:00 p.m., older adults mainly traveled for shopping and exercising. Between 16:00 and 19:00, traveling mainly involved picking up their children from school. Older adults shopped during the hours of 6:00–8:00 and 14:00–16:00 to buy food and daily necessities, with their destinations mostly located near their places of residence.



The statistical analysis revealed differences in older adults’ behavioral characteristics concerning travel times and purposes. Consequently, the association between these factors in older adults’ travel was thoroughly investigated using quantitative models.




4.2. Relative Importance of Explanatory Variables


In this study, we used the SEM to analyze older adults’ travel times and travel satisfaction. The correlations between the model’s endogenous variables and each observed exogenous variable were demonstrated. The correlation coefficient between the exogenous variable of the environmental sanitation status and other variables was found to be less than 0.2, which was low; thus, other variables could substitute for those with lower correlation coefficients. By excluding the less-correlated variables and estimating the model to simplify it, standardized model-parameter estimates were obtained.



The goodness-of-fit indices, as shown in Table 3, included the     χ   2    /degree of freedom (CMIN/DF), adjusted goodness-of-fit index (AGFI), comparative-fit index (CFI), root mean square error of approximation (RMSEA), and non-normed fit index (NNFI) with six indicators. The CMIN/DF = 3.419 < 5.000 indicated that the model met the requirements. The other indicators also met the requirements. Thus, the overall fit of the model was good.



Then, we constructed the random forest model in the R environment. The older adults’ travel time dataset was randomly divided into training and testing subsets with a ratio of 70:30. Additionally, the model’s important parameters were calibrated, including the number of trees in the model, n; the maximum depth of the tree, d; and the number of each partition variable, m. First, we used the number of trees (ranging from 10 to 1000) and the maximum depth of the trees (ranging from 10 to 1500) at intervals of 10. Second, we tested the best performance of the model using OOB errors. Finally, we obtained the best model performance at m = 5, d = 1200, and n = 600. The reduction in RMSE was negligible when the model achieved optimal performance. At this point, the RMSE and pseudo R2 values were 30.20 and 0.325, respectively.




4.3. Travel-Perception Analysis for Different Travel Times


Table 4 presents the path coefficients and significance levels, with the specific values for each path shown in Figure 8. When p < 0.05, the respective path relationship can be established. The p-values for most of the paths shown in Table 5 qualified and were thus sufficient to be used as a basis for determining valid path relationships.



Older adults’ physical states did not significantly influence their choice to travel at different times. Older adults had sufficient leisure time due to retirement from work; their travel times differed from commuter groups and were mainly sensitive to the travel times of 12:00–14:00 and 16:00–19:00. It was previously discussed in this study that older individuals primarily traveled to exercise before 12:00.



Figure 8 demonstrates that older adults were more concerned with convenience in leisure and public places. Specifically, the influence of leisure and place of residence were the most significant. This is because the older adults’ daily travel activities were primarily related to leisure and entertainment, daily-life activities, and shopping. More convenient travel from the place of residence to the destination result in higher travel satisfaction for older adults and a greater willingness to travel. Increased willingness to travel can lead to greater participation in travel and increase the chances of interaction with society through more travel, thereby increasing life satisfaction [46]. In particular, it is more helpful to increase the frequency and travel time of active travel to increase the well-being of older adults and enable them to avoid social isolation [47,48].



Furthermore, it has been observed that older adults’ physical and psychological aging leads to a preference for traffic facilities. Streets with high traffic volumes and uneven gradients tend to lower older adults’ willingness to travel; older adults prefer to travel on streets that have better amenities and less traffic flow [49].



The results obtained from the preliminarily SEM revealed older adults’ travel perception of the travel environment and convenience of different destinations. Older adults’ health statuses affected their perceptions of the travel process; furthermore, older adults were found to have various preferences for different travel times. Among these, road alignment/width/gradient and crossing facilities, with which older adults were more concerned, were closely related to street connectivity. The convenience of the destination was related to the characteristics of the built environment, such as the distance from the public transportation facilities and land use mix. The random forest model further refined and quantified the influence of the various characteristics of the built environment on travel time.



The differences in older adults’ psychological perceptions of different travel periods were due to their different travel purposes. They were more likely to travel for leisure and exercise, and this was accompanied by a greater focus on the travel times of 12:00–14:00 and 16:00–19:00. Older adults’ psychological perception of different environments showed that they had preferred needs during travel. Increased convenience from their place of residence to the travel destination contributed to the satisfaction of travel for older individuals, making them more inclined to actively travel. The results revealed that the layout of facilities and convenience of travel must be considered [40,41,42,43]. The differences in the perceptions of the layout of facilities and convenience during travel suggest that the built environment plays a key role. Therefore, this impact must be examined to ensure that subtle environmental interventions can influence older adults’ travel. An analysis of the significant nonlinear impact of the built environment on traveling can help design more effective policies to promote traveling among older adults.




4.4. Analysis of Constraints between the Built Environment and Travel Time


Certain socio-demographic variables and characteristics of the built environment, as shown in Table 1, have variance inflation factor (VIF) values of less than 5. Table 5 presents the relative importance of the explanatory variables in predicting travel times among older adults. This represents the relative improvement in reducing the prediction error. Analyzing the explanatory variables in Table 1 revealed that the collective contribution of the characteristics of the built environment was higher than that of the individual economic attributes. The results verified that the characteristics of the built environment had a more significant effect on older adults’ travel time and that improvements in the built environment played a key role in promoting their travel. In addition, further analysis of the results on relative importance revealed that the importance of travel for older adults varied widely across different characteristics of the built environment. Street connectivity was the most important attribute (22%), followed by green space and distance to subway stations, with a nonsignificant attribute of more than 10%. Although population density and land use mix presented less predictive power, they still ranked higher than individual economic attributes. Among the personal economic attributes, age was the most important variable affecting travel time, accounting for 9% of total relative importance. By contrast, education level had the lowest effect, accounting for only 5% of total relative importance.



The relationships between the subset of the built environment characteristics and economic attributes with high relative importance (more than 10%) and older adults’ travel times were further analyzed (Figure 9). The x-axis of each graph represents the data distribution of the density changes for each built environment variable, while the y-axis represents travel time. Figure 9a demonstrates the nonlinear effect of green spaces on travel time after controlling for all other explanatory variables. The proportion of green spaces, ranging from 0.3905 to 0.4399, had a positive monotonic effect on travel time. This effect gradually increased until it reaches a critical value of the green space proportion, and then started to decrease. Green spaces help make travel more enjoyable, as fresh air alleviates bad moods and stress. A larger green space around residences results in a stronger willingness to travel in older adults. Additionally, older adults travel mostly for physical exercise and recreation; thus, an increased number of green spaces can encourage them to travel with friends and strengthen their relationships. However, when the proportion of green spaces exceeded 0.4729, there was a slight negative impact on older adults’ travel time, which may have been due to the excessive green area, low density of the road network, and distance to transportation facilities, which are not suitable for certain older adults whose physical abilities limit long travel times.



Previous studies have concluded that metropolitan green spaces play a significant role in promoting travel among older adults [50], with areas featuring more green spaces encouraging active travel [51,52]. Green spaces offer fresh air and a relaxing environment [53], and amenities such as parks are often equipped with public service equipment for visitors. Consequently, green spaces positively affect older adults’ travel habits, particularly for pedestrians, who typically walk to their destinations along pathways lined with greenery. However, this study found that when the green space proportion exceeded a certain upper limit (0.4399), older adults’ travel time showed no increase; rather, it stabilized after a small decrease. This suggests that a greater amount of green space in the area surrounding a place of residence is not necessarily better and that there is a strong correlation between older adults’ travel habits and the green space proportion.



When green space is limited, better destination accessibility, a more balanced distribution of facilities, and a higher density of the road network in the area around the residences of older adults can help them reach their destinations with shorter travel times. By contrast, larger proportions of green space in urban spaces do not have a significantly positive influence on older adults’ travel time [54]. Owing to older adults’ declining physical function, a greater proportion of green space implies that the distribution of regional living, medical, and commercial places in the neighborhood is more dispersed. In such a scenario, older adults spend a significant amount of time and physical energy traveling to their intended destinations and exercising [55]; thus, they generally do not wish to extend their travel time.



The distance to subway stations exhibited a positive correlation with older adults’ travel time when the distance was less than 800 m (Figure 9b). Older adults who travel by subway usually travel long distances, and they are willing to choose it as a travel mode when the distance to the subway station is within an acceptable range. When subway stations are closer to the place of residence, the convenience of public transportation is higher. Older adults always walk to public transportation stops, which is made easier by the higher accessibility of these stops.



The distance to a subway station played a moderate role, corroborating the findings of prior research, such as that by Lin et al. [56] indicating that the distance from a starting point to a station affected older adults’ access to subway stations. Notably, the number of public transportation stations has a threshold effect on travel time. As the distance increased to 550 m, the travel time substantially increased. This may be due to the fact that older adults usually walk to the stations; however, older adults kept moving for a long time as the distance increased, and they needed to rest or slow down their travel speed in the middle of the trip, which led to a sharp increase in travel time.



Subsequently, the curve became nearly horizontal (with 800 m as the cut-off point). Having subway stations closer to a community led to a better distribution of public service facilities around the community, making it easier for older adults to access subway stations. However, this sustained contribution was effective only within an 800 m radius. Beyond this range, older adults faced increased travel time to reach stations, discouraging them from choosing to travel via subway.



Additionally, this longer distance taxes their physical strength, compromises their travel safety, and ultimately diminishes their willingness to use the subway. In such a scenario, older adults are more likely to choose destinations near their residences, resulting in reduced reliance on the subway and shorter travel times. They may also choose to travel long distances with the assistance of their children (e.g., by car), which reduces travel time.



As shown in Figure 9c, older adults’ travel time increased with street connectivity. The curve demonstrates that the relationship between street density and travel time increased up to a point and decreased thereafter. In low-density areas, an increase in street density promoted travel by older adults. Considering a street density of 6.12 (km/km2) as the cut-off point, a linear relationship was observed between street density and travel time when the density was lower than this value. By contrast, when the density was higher than the aforementioned value, the street density had a limiting effect on travel time. This may be because older individuals travel using more routes and can choose shorter distances to reach destinations, thus reducing travel time.



A higher number of routes signifies enhanced access to destinations. Prior research showed that older adults generally preferred walking as their primary travel mode [49]. In metropolitan areas, more vehicles travel on primary and secondary roads, which can pose risks to older pedestrians. A dense street network suggests an increased availability of pedestrian paths, fostering a greater willingness to travel and, consequently, longer travel times. In addition, we found evidence supporting the positive impact of street density on older adults’ travel times, contrasting with the results of previous studies [57].



Street connectivity and travel maintain a positive relationship until a certain threshold in street connectivity is reached, whereafter the relationship becomes negative [58,59]. This may be attributed to older adults’ declining cognitive function, the high density of the built environment of metropolitan areas, and the excessive road network, which may complicate their travel [60]. Older adults tend to select familiar routes, and their travel times do not significantly fluctuate. This insight is crucial for designing metropolitan streets that facilitate older adults’ travel.





5. Conclusions


This study was divided into two phases to investigate the effect of built environment on older adults’ travel time. In the first stage, structural equation modeling explored the psychological perceptions of older adults for different travel periods. In the second stage, a random forest model was used to observe the nonlinear relationship between the built environment and the older adults’ travel time. The model for each of the two phases showed that older adults’ perceived sensitivity to different transport facilities was indicative of their more important needs during travel. The layout of facilities and the accessibility of destinations should be considered when building age-friendly communities [61,62,63,64]. The differences in perceptions of facility layout and convenience between travel periods suggested that the built environment has a significant impact. Secondly, there was a nonlinear relationship between the factors of the built environment and the travel times of the older adults. When the value of the built environment factors reached a specific threshold, the travel time of older adults showed a small decreasing trend.




6. Future Studies


This study has certain limitations in terms of the methods, survey size, and other factors. (1) The random forest model can return outputs (parameters), such as the feature importance, but it cannot demonstrate the relationship between each variable and the model decisions. However, boosting tree models, such as the gradient-boosting decision tree (GBDT) and extreme gradient boosting (XGBoost), are increasingly favored by scholars due to their advantages of adjustable parameters, fast operation speed, and high accuracy [65,66]. (2) Data from urban developments of similar scales can be used to test the generalizability of the results and validate the model’s accuracy. Using the road network as a basis for defining the service area for older adults’ travel and collecting built environment data could make future studies more accurate. (3) This study explored the factors that influence the travel time of older adults. However, there is variability in the travel time of older adults using different travel modes. The association between travel time and the built environment for different travel modes needs to be considered.



Future research can address the limitations of the study through the following aspects. (1) model interpretation tools such as Shapley additive explanation (SHAP) may be considered. This would address the limitations of the random forest model and provide insights into the extent to which each variable contributes to the model output and how it affects the model’s decisions. (2) We can continue to expand the case area of the survey. More data on built environment factors can be obtained by delineating travel services on the basis of the road network where older adults live. Exploring the interaction between metropolitan street quality (such as safety, comfort, etc.) and older adults’ travel times could provide valuable insights. The visualization of built environment metrics also makes it possible to clearly observe the correlation with travel time. (3) Exploring the correlation between environmental elements of different travel modes and older adults’ travel times. Researchers can accompany older adults during their travels and collect GPS data. Such GPS data could help investigate older adults’ travel preferences.
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Figure 1. Map of the survey area of Nanjing. 
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Figure 2. Questionnaire design and travel survey process. 
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Figure 3. Travel perception influencing factors and descriptive items. 
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Figure 4. A conceptual framework describing the impact mechanism of travel time. 
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Figure 5. Conceptual framework of SEM. 
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Figure 6. Illustration of the random forest method. 
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Figure 7. Proportion of older adults per travel purpose and travel time period. 
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Figure 8. SEM of older adults’ travel times and travel perceptions. 
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Figure 9. Nonlinear associations between the built environment and travel time. 
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Table 1. Individual economic attributes and travel behavior data.
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Variable

	
Description

	
Mean

	
SD






	
Individual economic attributes

	
Gender

	
Male = 1, female = 2

	
1.53

	
0.5




	
Age

	
Age of the respondent (years)

	
72.25

	
7.94




	
Income

	
Current monthly personal income (USD)

	
817.47

	
439.67




	
Residential status

	
Solitary = 1,

Living with partner = 2,

Living with children/grandchildren = 3

	
2.27

	
0.706




	
Educational level

	
Junior high school and below = 1,

High school and secondary vocational school = 2,

Junior college = 3,

Bachelor’s degree = 4, Associate degree = 5,

Postgraduate degree = 6

	
2.04

	
1.029




	
Pre-retirement work

	
Farmer = 1,

Worker = 2,

Company Staff = 3,

Government and institutional employee = 4,

Private and individual workers = 5,

Service workers = 6,

Educator = 7,

Science and technology, health care worker = 8

	
4.49

	
2.145




	
Physical status

	
Have a chronic disease (Yes = 1, No = 2)

	
1.38

	
0.485




	
Travel behavior

	
Travel time

	
The total amount of time for each trip (min)

	
28.78

	
18.07




	
Active travel (walking/cycling)

	
28.21

	
11.39




	
Public transportation

	
29.70

	
12.84




	
Car

	
32.30

	
6.6
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Table 2. Summary of the built environment data.
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	Variable
	Description
	Mean
	SD





	Distance to subway stations
	Distance between the residence and subway stations (m)
	808.25
	472.45



	Green space
	Green area/total built area in a 500 m buffer zone (%)
	0.29
	0.17



	Street connectivity
	The total length of a street/total built area in a 1 km buffer zone (km/km2)
	5.21
	1.32



	Land use mix
	Land use diversity index measured by the equation in a 1 km buffer zone
	0.60
	0.19



	Population density
	Total residential population/total built area in a 1 km buffer zone (persons/1 km2)
	18.85
	4.19
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Table 3. SEM model applicability.
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	Name
	Judgment Criterion
	Result





	CMIN/DF
	Better fit for <3; acceptable at 3–5
	3.419



	GFI
	>0.9
	0.930



	AGFI
	>0.8
	0.901



	RMSEA
	<0.08
	0.008



	NNFI
	>0.9
	0.906



	CFI
	>0.9
	0.900
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Table 4. Path coefficients of SEM and significance levels.
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	Model Path
	Estimate
	S.E.
	C.R.
	p





	Travel times ← Physical status
	−0.031
	0.012
	−2.562
	0.010



	Facility layout satisfaction ← Physical status
	0.147
	0.045
	3.24
	0.001



	Facility layout satisfaction ← Travel times
	−1.043
	0.344
	−3.032
	0.002



	Destination convenience satisfaction ← Facility-layout satisfaction
	0.398
	0.04
	9.978
	***



	Destination convenience satisfaction← Travel times
	−0.487
	0.197
	−2.468
	0.014



	Travel evaluation ← Destination convenience satisfaction
	0.47
	0.067
	7.006
	***



	Travel evaluation ← Physical status
	0.165
	0.033
	5.022
	***



	V15 ← Travel times
	1.464
	0.278
	5.274
	***



	V16 ← Travel times
	1.944
	0.398
	4.881
	***



	V17 ← Travel times
	1
	
	
	



	V18 ← Travel times
	1.535
	0.334
	4.591
	***



	V12 ← Physical status
	1
	
	
	



	V9 ← Destination convenience satisfaction
	1
	
	
	



	V10 ← Destination convenience satisfaction
	1.158
	0.084
	13.741
	***



	V7 ←Destination convenience satisfaction
	1.143
	0.075
	15.289
	***



	V10 ← Destination convenience satisfaction
	1.025
	0.082
	12.495
	***



	V6 ← Destination convenience satisfaction
	1.09
	0.077
	14.24
	***



	V1 ← Facility layout satisfaction
	1
	
	
	



	V2 ← Facility layout satisfaction
	0.775
	0.064
	12.179
	***



	V3 ← Facility layout satisfaction
	0.88
	0.076
	11.519
	***



	V4 ← Facility layout satisfaction
	0.862
	0.06
	14.431
	***



	V11 ← Travel evaluation
	1
	
	
	







Note. *** p < 0.01.
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Table 5. The relative importance of the explanatory variables.
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Variable

	
Relative Importance (%)

	
Total (%)






	
Built environment

	
Land use mix

	
9

	
72




	
Green space

	
16




	
Street connectivity

	
22




	
Population density

	
10




	
Distance to subway stations

	
15




	
Individual economic attributes

	
Age

	
9

	
28




	
Gender

	
8




	
Education level

	
5




	
Income

	
6




	
Total relative importance

	
100
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