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Abstract: Many cities around the world face the challenge of an aging population. A full understanding
of the mobility behavior characteristics of the elderly is one necessary and urgent consideration as
regards the current aging trend if sustainable urban development is to be fully realized. This paper
presents a systematic approach to analyzing the dynamic mobility characteristics of the elderly
who travel by bus using smart card big data. The characteristics include temporal distribution,
travel distance, travel duration, travel frequency, and also the spatial distribution of such travelers.
The findings of these mobility characteristics can directly contribute to both public transport policy
making, service, and management. In this study, the analytics of the elderly are also compared
with that of the average adult group so as to identify both the similarities and differences between
the two groups. Beijing, a megacity, with a very high life expectancy and in which the bus is the
dominant mode of public transport for the elderly, was used as the study area. The significance of
this research concerns a newly developed systematic approach that is able to analyze the dynamic
mobility characteristics of the elderly using smart card data.

Keywords: elderly mobility; public transport; smart card data; spatiotemporal analytics

1. Introduction

Urbanization is a general trend of current societies. Megacities, defined as having more than
10 million people, are one result of this trend [1]. It is estimated that the world will have 43 megacities
by 2030, mostly in developing regions [2]. Unsurprisingly, urbanization brings many developmental
opportunities, but also reveals many negative issues that need to be addressed such as environmental
pollution, urban sprawl, and traffic congestion. Alongside such developments, the global population
reached 7.7 billion by the middle of 2019 and is expected to reach 9.7 billion by 2050 [3]. Even though
the global population has continued to rise, the actual growth rate continues to fall. From 2015, the
growth rate had fallen below 1.1% and is projected to further decline. An aging population is another
trend currently faced. In 2019, the population of people aged 65 years or older was 703 million, and it
is estimated that that this number will reach 1.5 billion by 2050 [4]. Globally, the proportion of people
aged 65 years or older globally increased from 6% in 1990 to 9% in 2019 and is estimated to rise to 16%
by 2050. By that time, one out of every six people will be aged 65 years or older. Beijing is a megacity,
the population of which has a very high life expectancy, reported in 2017 to be 82.2 years [5]. It is a
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megacity with a fast rate of urbanization and faces aging population challenges. Hence, Beijing was
chosen as the study area for this research.

Transport is a basic need for city dwellers. A well planned and operated city, where population
and urbanization trends together with people’s basic corresponding needs are well accommodated,
will have the potential for vibrant sustainability. The elderly are, obviously, a constant part of such a
society. Their physical mobility naturally tends to deteriorate and could detract from the natural or
designed cohesion of a well-organized sustainable city. Therefore, it is important to understand well
the mobility behavior characteristics of the elderly and their relationship with that of other age groups.
Thus, for communal harmony, a city should be planned and operated to fully take care of the transport
needs of different age groups. Public transport is one of the most promising strategies to facilitate the
sustainable development of modern societies. In fact, public transport is the main transport means
especially in developing countries and in megacities. Public transport is affordable both for the elderly
and other age groups. Effective public transport planning and traffic management not only benefits
society as a whole but also provides travel independence for all who need it. As regards transport, the
elderly, in many circumstances, such as physical and financial, are potentially the most disadvantaged.
Hence, in the possible interests of harmonious sustainability, the mobility characteristics of the elderly
form a key interest as regards the general topic of this research, efficient transport being a contributory
element to harmonious living. Big data are increasingly available thanks to advances in the Internet of
Things (IoT) and information and communication technology (ICT) such as smart card data that are
automatically collected when passengers tap in/out of a bus. This ICT-based sensing data brings new
opportunities to shed new light on human mobility with unprecedented resolution.

In this study, a large volume of smart card data was used to investigate the public transport travel
behavior of the elderly in Beijing, China. Different from previous studies that relied on questionnaire
data, the characteristics of the elderly, traveling in space and time, were examined down to the hour.
Further, the temporal and spatial travel behavior of the elderly and adults were compared to identify
the manner of their relationship and in what ways they may affect each other. The elderly people were
objectively identified as long, medium, and short bus-travelers according to their objective mobility
characteristics from a complex system perspective, which provides natural and optimized policy
implications. The findings shed new light on public transport policies and could potentially benefit
future work as a pilot study using massive smart card data at a megacity scale.

2. Literature Review

The rapid development of human mobility analytics in recent decades has been stimulated by two
factors: (1) the ability to collect large quantities of data from a variety of sources, such as new sensors
for transport data [6] and social media [7], and (2) initiatives and in many areas for applications of new
data mining technologies. Big data analytics and new technological methods have laid the foundation
for a better understanding of human mobility behavior. In particular, it has been noted that such
behavior involves spatial and temporal regularities regarding individual mobility [8]. For instance,
citizens usually require a high frequency of round trips such as travel from home and the workplace.
It is possible to use models built based on these discovered regularities to predict sequences of common
human mobility needs [9,10]. These types of studies reveal the scaling and small-world property of
general human mobility from the perspective of complex systems.

Compared with general human mobility patterns, previous studies have explored particular
aspects of the elderly’s travel behavior and their underlying factors, especially in terms of travel modes.
For instance, Cui et al. [11] after reviewing the travel characteristics of the elderly in a car-dependent
society, pointed out that, in old age, the need of private cars increases [12–14]. According to the
2001 National Household Travel Survey of The United States, 89.3% of the elderly over 65 took a
personal vehicle, such as car or van, for their daily trips [15]. Nevertheless, when the low-income
elderly cannot afford a car, walking is the choice for most of them [16]. A high frequency use of public
transport by the elderly was found by those living close to important stations [17]. Some studies have
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investigated factors affecting the travel characteristics of the elderly, examples include complex weather
conditions [18], the travel propensity of the elderly [19], the travel purposes of the elderly [20], the
socio-demographic and land use factors [21], personal and household characteristics [22], and the built
environment [23]. The analytical results from these types of studies showed that social and culture
settings have important impacts on the travel decisions of the elderly. Despite the abovementioned
studies revealing the travel characteristics of the elderly and the potential influencing factors, most
were limited to small-scale survey data. In particular, the travel characteristics of the public transport
of the elderly were not fully discussed with spatiotemporal big data in high spatiotemporal resolutions.

Some recent studies, using both survey data and sensed big data, have begun focusing on the
travel characteristics of those elderly who choose to travel by public transport. For example, household
survey data in Beijing were used to explore the travel patterns of the elderly. It was found that the policy
of free fare has little effect on the travel patterns of the elderly during the morning peak hours [24].
In Hong Kong, household interview survey data were used to identify the travel patterns of the
elderly [25]. Such patterns included travel frequency, travel distance, travel time, and travel purpose.
The spatial distribution patterns in administration areas were also analyzed. The research findings were
helpful for policymaking. However, the questionnaire-based survey data may be limited in sample
size and spatiotemporal granularity. The increasingly available human sensing data (e.g., smart card
data) has been able to shed new light on human mobility patterns with unprecedented resolutions.
For instance, Chen et al. [26] by using smart card data were able to analyze the temporal characteristics
of the traffic flow of the elderly in Qingdao. Shao, et al. [27] used smart card data in Qingdao to
compare the spatiotemporal characteristics between the elderly and the adults during weekdays and
weekends. The spatial and temporal characteristics of the mobility of the elderly were able to be
analyzed from these studies. However, most of the studies mixed all public transport modes together,
despite the bus being the most preferred public transport mode of the elderly. Thus, a thorough
analysis of bus travel characteristics of the latter using smart card data were able to provide deeper
insights, especially from the perspective of complex systems.

It is of interest to note, however, that although there are a number of studies on the mobility
characteristics of the elderly in both developing and developed countries, there is still room for further
development. Firstly, very few studies have focused on the travel behavior of the elderly regarding
the bus transport mode, it being the third most popular transport mode for the elderly in megacities
such as Beijing [28]. Secondly, few studies have explored the temporal and spatial characteristics
of the elderly’s travel behavior systematically and precisely based on smart cart data, in particular
from the perspective of complex systems. However, smart card data can further support the elderly
transport analysis: (a) with a much larger sampling size, say up to the million-individual sample
size compared to the 1000 to 10,000 level of survey data, (b) in near real time which is essential for
transport management, and (c) with a much higher accuracy such as up to a meter level accuracy,
for instance at the 500 m level, for spatial location compared to a district level accuracy. Thirdly,
a study of a developing megacity with a high level of aging population and a unique urban structure
of ring roads, such as in Beijing, China, will provide empirical insights. Thus, the aim of the research
presented in this paper was to study the precise temporal and spatial travel behavior characteristics of
the elderly for a bus transport model in megacities based on smart card data.

Specifically, four characteristics of the elderly’s mobility behavior when travelling by bus in a
megacity were identified as the research problems discussed in this paper: (a) What is the distance
traveled by the elderly? (b) What is the travel departure and arrival times of the elderly and spatial
distribution of the corresponding stops? (c) What is the travel frequency of the elderly and spatial
distribution of the stops most visited? (d) What is the travel duration of the elderly? To answer these
queries, a study was conducted including proposing the research methodology, collecting spatial big
data, conducting a temporal and spatial analysis, and analyzing the policy implications.
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3. Study Area and Data Source

The study area and data sources used are introduced in this section in detail. The main data
source for the study was smart card data, and the administration region with the outermost ring road
data in Beijing, China, was selected as the study area.

3.1. Study Area

The area within the outermost sixth ring road of Beijing (Figure 1) was selected as the study area,
where the public bus transport system provides the most service to elderly people and in areas where
the most elderly people live in its service area. As the capital of China, Beijing is a rapidly developing
city and one of the world’s largest megacities. Geographically, Beijing is located in northern China
and has a total area of around 16,410 km2. Its main road networks typically spread out as nested ring
roads, from the second ring road to the sixth ring road, with more to come. Beijing is the cultural,
economic, educational, and political center of China and has a well-developed urban infrastructure
and public facilities. Citizens currently enjoy a very high life expectancy. Specifically, in 2017,
3.33 million elderly according to the household registered population lived in the city with a life
expectancy of 82.2 years [5]. Hence, Beijing is a suitable source for the study of an aging population,
including their mobility behavior, travel demand, and the current availability of means of travel.
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Figure 1. Spatial distribution of the elderly population in Beijing.

Beijing has multiple well-developed transport modes including buses, subways, private cars,
taxis, bicycles, and walking. Its public transport is well developed compared with that in other cities in
China. The bus and subway systems are Beijing’s two main public transportation modes. However,
most of the elderly in the city take the bus for their daily trips rather than using the subway. The Beijing
Bus Public Transport Company, with 860 scheduled bus services and 406 nonscheduled bus services,
is responsible for ground transportation services. Figure 1 shows the spatial distribution of the elderly
among the 16 administrative districts with ring roads in dark lines. The specific coloring of the districts
indicates the population of the elderly in each particular district: the darker red the color, the greater
number of elderly individuals in that district. The study area is within the outermost sixth ring road
and is populated by highest number of elderly individuals.

3.2. Smart Card Data

In this study, smart card data obtained from the Beijing Municipal Commission of Transport were
used as the main data source. There are three types of cardholders in the city: (a) a general smart



ISPRS Int. J. Geo-Inf. 2020, 9, 751 5 of 20

card for adults; (b) a smart card for the elderly (i.e., over 60 years); and (c) a smart card for students
(i.e., primary school, high school, and university students). The focus of this study was on the elderly’s
mobility behavior as revealed by smart card data analytics. At the same time, the mobility behavior
of the elderly was also compared with that of adults. The following analysis and discussion were
conducted by using the smart card data of two groups: (a) the elderly and (b) adults. Here, adults
refer to the users of regular smart cards; college students, who are generally young adults but use
student smart cards, were excluded from this study. When a cardholder taps his/her card to take
public transport, smart card data are generated and recorded. The smart card data records the type of
cardholder, such elderly or adults, and hence the holder is easily distinguishable. Table 1 shows details
of the smart card data with samples.

The smart card data records four types of attributes about a cardholder’s trips (Table 1).
These include: (a) the card ID (CARD_ID), and each card has unique ID; (b) the departure (ON_LO,
ON_LA) and arrival (OF_LO, OF_LA) location, which is the latitude and longitude of departure
and arrival stops, respectively; (c) the time of departure (ON_ST) and arrival (OF_ST) at each bus
stop, recorded up to second level; and (d) the name of the departure (ON_SN) and arrival (OF_SN)
stops. Each trip, from departure to arrival, is stored as a record in one row in the database. The time
of the data set collected and used for the elderly study was from 10 April 2017 to 16 April 2017
(covering both weekdays and weekends) and that for the adults was from 10 April 2017 to 12 April 2017.
There were 3,368,255 records for the elderly trips and 23,426,386 records for the adult trips. The accuracy
of the smart card data was high. The collected data contained the travel records of 697,244 elderly
smart card IDs during the above period. The number of smart card IDs was nearly one in five of the
household registered elderly population in Beijing. In general, one elderly person owns no more than
one elderly smart card. Thus, each elderly smart card ID can be regarded as standing for one elderly
person. The temporal accuracy of the departure and arrival time reaches to the second level and the
position accuracy of the departure and arrival bus stop reaches the meter level. This high accuracy of
data is important for transport management and transport service. The frequency of recording traveler
trips using smart card data was continuous: day by day at the second level. Thus, theoretically, smart
card data can be collected year-round. However, the data set obtained to illustrate elderly mobility
behavior research in this study was collected for a one-week period only. The final volume of the smart
card data was large, reaching more than a million records of trips.
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Table 1. Attributes of smart card data with samples.

CARD_ID ON_SN ON_ST OF_SN OF_ST ON_LO ON_LA OF_LO OF_LA

1000751041621936 Hepingmendong 2017/4/12 12:38:01 Cuiweilukou 12 April 2017 12:57:20 116.379 39.898 116.294 39.906
1000751041622646 Nanwu 2017/4/12 18:49:01 Xipingzhuang 12 April 2017 19:03:30 116.268 39.958 116.227 39.953
1000751041624088 Zhengchangzhuang 2017/4/12 8:02:01 Wuzhuang 12 April 2017 8:37:08 116.268 39.886 116.224 39.891
1000751041627104 Fengcun 2017/4/12 15:19:01 Shichangcun 12 April 2017 15:32:37 116.105 39.909 116.093 39.886

. . . . . . . . . . . . . . . . . . . . . . . . . . .

CARD_ID: smart card ID; ON_SN: stop name of departure; ON_ST: departure time; OF_SN: stop name of arrival; OF_ST: arrival time; ON_LO: longitude of departure stop;
ON_LA: latitude of departure stop; OF_LO: longitude of arrival stop; OF_LA: latitude of arrival stop.
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To ensure the high-quality data and corresponding analytical results, strict data quality control
measures were applied to the smart card data in the data processing procedure. Data quality controls
were applied through the data clearing process. For instance, identifying and removing outliers and
redundant records (e.g., some data were recorded twice because of system errors) were conducted.
The Beijing smart card data have a further advantage. Since passengers need to swipe their cards
twice (i.e., when getting on and off the bus), detailed location and time information for the departure
and arrival bus stop can be obtained. However, in some cities, such as Hong Kong, passengers are
not required to swipe their smart card when getting off the bus. Therefore, there is no information
on arrival time and location from the smart card data for these cities. Compared with questionnaire
data, data from smart card use may have the following advantages. Smart card data can provide: near
real-time information (at the second time level); a large sample size (up to 5 million versus 10,000
for the questionnaire survey); precise location information (latitude and longitude coordinates at the
meter-level positional accuracy versus district level at a 500 m accuracy for questionnaire survey);
information that is more frequent (continuous data all year round versus 3 or 5 year intervals using
the questionnaire). The data from the questionnaire survey, however, provide clear information on
the interviewee’s background and travel purposes. This information is not directly available from
smart card data, although it can be speculated to a certain degree by means of developed algorithms
for smart card data analytics. The dominant public transport mode for the elderly in Beijing is to take
a bus. Table 2 shows the proportions of the elderly taking the bus and subway in Beijing based on
the statistics from the smart card data. It is clearly shown that 98.2% of the elderly take the bus while
only 1.8% of the elderly use corresponding subways. The main reasons for the majority of the elderly
choosing the bus for their travelling is that (a) it may be dangerous for some elderly to climb stairs
after taking a subway and (b) bus travel fare is discounted for the elderly, whereas the fare to use the
subways is not. Therefore, for this study, focus was on the bus-travelling mode when studying the
mobility behavior of the elderly regarding use of public transport in Beijing. For comparison, we also
analyzed the mobility behavior of adults and compared it with that of the elderly. We calculated the
total number of bus interchanges of the elderly. When one CARD_ID generated two travel records
within 30 min, we considered that the elderly person transferred from one bus to another. The ratio of
bus interchanges of elderly people was 23% in total according to the smart card data.

Table 2. Percentage of the elderly taking the bus versus the subway revealed by smart card data.

Travel by Bus Travel by Subway

Number % Number %

Elderly 3,368,255 98.2 61,554 1.8

4. Mobility Behavior Characteristics

In this Section, five mobility behavior characteristics of the elderly travelling by bus are
examined. They include temporal distribution, travel distance, travel duration, travel frequency, and
spatial distribution.

4.1. Temporal Distribution Characteristics

Mobility characteristics have a strong relationship with time attributes. Temporal characteristics
are essential measurements for human mobility behavior. Temporal distribution and patterns of the
elderly and the adults, on an hourly basis, are shown in Figure 2. In Figure 2, the series of lines in red
represent the temporal distribution for the elderly referring to the left y-axis (in terms of total number
of bus travel) from Monday to Sunday, while the lines in blue represent the temporal distribution for
adults referring to the right y-axis. Noticeably, the number of adults traveling was approximately five
times more than that of the elderly. The legends with various symbols from light to dark represent
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At first glance, the trends of the blue and red lines are different, indicating the temporal distribution
characteristics between the elderly and the adults are distinct. For the elderly, there was a slight change
in the number travelling from Monday to Friday. However, on the weekend, the number of trips
were obviously fewer than during weekdays, especially during the morning. Although the number of
elderly traveling during weekdays was greater than on weekends, the temporal trend showed the same
pattern. The rush hours in the morning are from 8:00 AM to 11:00 AM, and there was only one clear
peak seen in the morning for the elderly which is was between 9:00 AM and 10:00 AM. In the afternoon,
a small increase in trip trends by the elderly occurred from 1:00 PM to 4:00 PM, with another rush
hour from 2:00 PM to 3:00 PM. However, there was no clear peak hour in the afternoon. After 4:00 PM,
the number quickly decreased to a low level. For the adults, the temporal distribution was obviously
different from that of the elderly. Two time periods were noted as the main rush hours: 6:00 AM to
9:00 AM in the morning and 5:00 PM to 7:00 PM in the afternoon. Except for these two rush hours,
the travel numbers maintained a low level. This illustrates the habit of adults going to work in the
morning and returning back home in the afternoon within a relatively concentrated period. In the
morning, there was a clear rush hour from 7:00 AM to 9:00 AM. The number of adults who travelled
then decreased to a low level until 11:00 AM. After 3:00 PM, the numbers increased until the rush hour
period, then decreased to zero after 7:00 PM.

A comparison of the temporal distribution between the elderly and the adults can be observed.
Even though the peak hours for the elderly were different from those of the adults, in terms of the time
periods, during the morning the time period overlapped from 8:00 AM to 9:00 AM. In the afternoon,
there was no clear overlap during similarly caused rush hours. Therefore, to avoid rush hour traffic
congestion, the elderly should avoid traveling from 7:00 AM to 9:00 AM. Travel by bus by 9:00 AM or
after the general rush hours enables the avoidance of congestion.

Thus, as regards the daily travel patterns of the elderly:

(a) The number of the elderly travelling on the weekend was less than the number travelling on
weekdays, and even fewer travel on Sunday morning;
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(b) The travel peak hour for the elderly during the week was from 9:00 AM to 10:00 AM, and there
was no clear peak in the afternoon. However, a relatively high number of departures were made
between 2:00 PM and 4:00 PM;

(c) The morning peak hour for the elderly was 2 h later than that for adults;
(d) The elderly and adults had more travel activities in the morning than in the afternoon.

The behaviors and temporal distributions of elderly travel in Beijing, as revealed in this study,
were different from those in other cities in China [25,27]. In Qingdao, the peak hour of departure in the
morning was 8:00 AM on weekdays and 9:00 AM on weekends, which is one hour earlier than Beijing
and the same as Beijing, respectively. There was a clear peak hour in the afternoon in Qingdao, but
there was no clear afternoon peak hour in Beijing. The temporal distributions of elderly travelers in
Hong Kong were somewhat different for different age groups, but overall the elderly in Hong Kong
had a later morning peak hour than both Beijing and Qingdao and also tended to travel more in
the evening.

4.2. Statistical Analysis of Travels

4.2.1. Travel Distance

In this study, the travel distance between the departure and arrival stops along the standard
routes was calculated as the travel distance. Specifically, this was defined as the distance between
the departure or original bus stop (O) and the arrival or destination bus stop (D) for a person using
that bus trip along a bus route network in the city. The respective travel distance of each O–D pair
was calculated for (a) the elderly and (b) for the adults. The statistical analysis of the travel of the
two groups is illustrated in Figure 3. The lines in red show the statistical characteristics of the travel
distance for the elderly, and the lines in blue show the travel distance for adults.
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The sub-figure represents the travel distance of both the elderly and the adults ranging from 1 km
to 6 km. For the elderly, the travel distance distributions were different (in terms of the number of
travels) between weekdays and weekends, in terms of travel amount. The travel distance distribution
during weekdays was similar on a daily basis. Most of the elderly travelled 1 km, the number then
decreased gradually as the distance increased. For the adults, the number of trips increased from 1 km
to 2 km dramatically. There was no large difference in travel numbers between travel distance 2 km
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and 3 km. However, a sharp decrease in the number of the adults’ trips was then seen from that of
3 km. It should be noted that the number adult journeys at the same distance was around 5 times
greater than those of the elderly.

On average, the adults travelled for longer periods than those of the elderly (Table 3). Based on
the observations and analysis above, it can be concluded that (a) the adults travelled for longer periods
than the elderly. Health problems could be one reason for this difference; (b) most of the adults
travelled less than 4 km, while most of the elderly travelled 1 km.

Table 3. Fitted model of travel distance and goodness of fit.

Elderly Adults

Model f(x) = 9.967× 104
∗ e−0.1831∗x f(x) = −7.715× 105

∗ e(−0.5366∗x) + 8.453× 105
∗ e(−0.1797∗x)

Goodness of fit

SSE 7.847× 107 5.197× 105

R2 0.9959 0.9991

RMSE 1023 2687

Figure 4a is the fitted curve for the elderly’s travel distance, and Figure 4b is the fitted curve for
the adults’ travel distance. The black dots represent the travel distance data, and the red and blue
lines represent the respective fitted curves for the elderly and the adults, respectively. Both of them
follow the exponential distribution. It is obvious that the “heavy-tailed” distribution indicates scaling
and small-world property from the perspective of complex systems. The spatial distribution of travel
distance is in good agreement with previous studies in terms of complex systems, i.e., most journeys
are short, while only a few trips are long. Hence, the indication is an imbalanced structure and scaling
property of bus travel behavior from the perspective of a complex system.

Table 3 shows the parameters and goodness of fit. The SSE is the sum of squares due to error,
RMSE is the root mean squared error, and R2 is the coefficient of determination. In this case, for the
distribution, the goodness-of-fit R2 value reached 0.9959, indicating that the exponential distribution
function fit the travel distance characteristics of the elderly well, in accordance with the smart card data.
The regularity of the travel distance of the adults was also studied at the same time by the function
fitting method. Again, by testing the possible distribution functions, it was found that the exponential
function was also the best fit model for the travel distance distribution of adults and, thus, followed a
Gaussian distribution with an R2 of 0.9991.

Because of the indicated scaling and small-world property, the head/tail break rule [29,30] can be
applied to divide the travel distance into different levels. Specifically, the mean value of the travel
distance can be calculated to divide the whole travel records into “the head that greater than the mean
value and the tail less than the mean value” (Level 1 in Table 4). The process was then repeated to
further divide the head at the first level into head and tail again (Level 2 in Table 4). The average
travel distances of the elderly was 6.1 km and 12.4 km at levels 1 and 2, respectively. In this way, the
elderly can be naturally divided into three groups: short-distance travelers (less 6.1 km, with 67%
of the total), middle-distance travelers (greater than 6.1 km and less 12.4 km, with 21% of the total),
and long-distance travelers (greater than 12.4 km, with 12% of the total). Such objective grouping of
the elderly, according to their travel distance, provides an important and natural classification of the
elderly that is very useful for policy makers to provide better bus service strategies. For example, this
research can support to resolve the following issues:

• Where are the long-distance travelers located?
• What is the percentage of each of the three groups?
• What size subsidies should be offered by local governments to each of these three groups of elderly

according to their travel distances?
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Table 4. The head/tail break of the travel distance of the elderly and adults.

Hierarchy Mean Value (Kilometers) Head (>Mean) Tail (<Mean)

Elderly Level 1 6.1 33% 67%

Level 2 12.4 35% 65%

Adults
Level 1 7.3 38% 62%

Level 2 13.1 67% 33%

4.2.2. Travel Duration

The travel duration is defined as the period of time between boarding and alighting a bus during
a trip. This time is obviously based on the possible travel distances and traffic congestion conditions.
Figure 5 shows the statistical description of the travel durations of the elderly and the adults. The red
lines represent that of the elderly, and the blue lines represent that of the adults.

In Figure 5, the travel duration for most of the elderly was from 3 to 4 min and that for adults was
from 6 to 7 min. This means that most elderly stayed on buses for 3 or 4 min and most adults stayed for
6 or 7 min. The travel duration of the adults was longer than that of the elderly. The result was similar
to that of travel distance. The reason for the shorter travel duration of the elderly is possibly due to the
fact of health conditions or a dislike of a compressed travel situations inside the buses, whereas adults
are time-controlled by their work environment. From the observations and analyses above, it can be
concluded that (a) the travel duration of the adults is double that of the elderly and (b) most elderly
stayed on the bus for 3 to 4 min and most adults stayed for 6 to 7 min.



ISPRS Int. J. Geo-Inf. 2020, 9, 751 12 of 20

ISPRS Int. J. Geo-Inf. 2020, 9, x FOR PEER REVIEW 10 of 19 

 

exponential function was also the best fit model for the travel distance distribution of adults and, 
thus, followed a Gaussian distribution with an R2 of 0.9991. 

Because of the indicated scaling and small-world property, the head/tail break rule [29,30] can 
be applied to divide the travel distance into different levels. Specifically, the mean value of the travel 
distance can be calculated to divide the whole travel records into “the head that greater than the mean 
value and the tail less than the mean value” (Level 1 in Table 4). The process was then repeated to 
further divide the head at the first level into head and tail again (Level 2 in Table 4). The average 
travel distances of the elderly was 6.1 km and 12.4 km at levels 1 and 2, respectively. In this way, the 
elderly can be naturally divided into three groups: short-distance travelers (less 6.1 km, with 67% of 
the total), middle-distance travelers (greater than 6.1 km and less 12.4 km, with 21% of the total), and 
long-distance travelers (greater than 12.4 km, with 12% of the total). Such objective grouping of the 
elderly, according to their travel distance, provides an important and natural classification of the 
elderly that is very useful for policy makers to provide better bus service strategies. For example, this 
research can support to resolve the following issues:  

• Where are the long-distance travelers located?  
• What is the percentage of each of the three groups?  
• What size subsidies should be offered by local governments to each of these three groups of 

elderly according to their travel distances? 

Table 4. The head/tail break of the travel distance of the elderly and adults. 

 Hierarchy Mean Value (kilometers) Head (>mean) Tail (<mean) 

Elderly 
Level 1 6.1 33% 67% 
Level 2 12.4 35% 65% 

Adults 
Level 1 7.3 38% 62% 
Level 2 13.1 67% 33% 

4.2.2. Travel Duration 

The travel duration is defined as the period of time between boarding and alighting a bus during 
a trip. This time is obviously based on the possible travel distances and traffic congestion conditions. 
Figure 5 shows the statistical description of the travel durations of the elderly and the adults. The red 
lines represent that of the elderly, and the blue lines represent that of the adults. 

 

Figure 5. Statistical description of travel duration. Figure 5. Statistical description of travel duration.

Similar to the travel distance distribution in Section 4.2.1. using the head/tail break rule, the
elderly can be naturally divided into three groups in terms of travel duration as shown in Table 5:
long-time duration traveler (greater than 49 min, with 8% of the total), middle-time duration travelers
(greater than 20.3 min and less than 49 min, with 21% of the total), and short-time duration travelers
(less than 20.3 min, with 71% of the total). Interestingly, the long-time duration elderly travelers was
even “longer” than that of the adults.

Table 5. The head/tail break of travel duration of the elderly and the adults.

Hierarchy Mean Value (Minutes) Head (>Mean) Tail (<Mean)

Elderly Level 1 20.3 29% 71%

Level 2 49.0 27% 73%

Adults
Level 1 24.0 34% 66%

Level 2 47.0 68% 32%

4.2.3. Travel Frequency

Travel frequency is defined as the number of times a person takes a bus on a daily basis. The travel
frequency of the elderly has further been compared with that of adults. A statistical description of
the travel frequency characteristics of the two groups has been obtained and is illustrated in Figure 6.
The red lines show the statistical description of the travel frequency of the elderly, and the blue lines
shows the travel frequency of the adults.

In Figure 6, it can be seen that the trends in travel frequency for the elderly and the adults were
very similar. Most of the elderly and the adults travel once by bus in one day. The number then
decreased quickly to a small value. Two reasons can explain this situation. Firstly, according to the
above analysis, the elderly traveled short distances. They could select walking, as the second choice.
Secondly, adults may prefer using the subway for traveling rather than taking bus. The travel frequency,
in such a case, for adults is small. The elderly can be naturally divided into three groups in terms of
travel duration in Table 6: the highest frequency traveler (greater than 2.7 times, with 32% of the total),
middle frequency travelers (greater than 1.91 times and less than 2.7 times, with 22% of the total), and
short frequency travelers (less than 1.91 times, with 46% of the total).
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Table 6. The head/tail break of travel frequency of the elderly and adults.

Hierarchy Mean Value (Times) Head (>Mean) Tail (<Mean)

Elderly Level 1 1.91 54% 46%

Level 2 2.70 40% 60%

Adults
Level 1 1.60 43% 57%

Level 2 2.40 26% 74%

The travel frequency of the elderly is as follows: (a) most the elderly travelled once per day by
taking the bus; (b) most of the adults also travelled once per day by taking the bus. As in the previous
section, the elderly and adults can be divided into different groups. It was found, however, that the
elderly travelled more frequently, at the two levels, than the adults. In this instance, only bus travel
was considered while subway travel was not taken into account, as bus usage was the main purpose of
this study. Noticeably, the total amount of adult travel was much larger than that of the elderly.

4.3. Spatial Distribution Patterns

Spatial distribution characteristics are another important factor as regards the analysis of mobility
behavior. In this section, the focus is on the study area within the 6th ring road in Beijing, as the
majority of bus stops are located within this region. Two comparisons are made in the following
section. Firstly, the spatial distribution of the elderly between weekdays and the weekend are made.
Secondly, a comparison of spatial distribution of the elderly and the adults are made and the regions
identified where the elderly groups and the adult groups could conflict in terms of bus usage.

4.3.1. Spatial Distribution of the Elderly

Figure 7 shows the spatial distribution of the travel density of the elderly on weekdays (Figure 7a)
and weekends (Figure 7b). The resolution of spatial grids used to generate the density was 1 km.
The color from green to red illustrates the depth of the number from low to high.
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Figure 7. Spatial distribution of the elderly travel numbers during: (a) weekdays and (b) weekend.

It is clear that the areas with a large number were concentrated in the central regions of the
city. Beyond the center regions, the areas with large numbers were mainly in the north and west.
According to the distribution analysis results, the number of travelers on the weekend was less than
those on weekdays. Overall, the travel volume of the elderly during weekends was lower than that on
weekdays. However, the spatial distribution patterns on both occasions were similar. To compare the
difference of the elderly’s distribution during weekdays and the weekend, the number of travelers
within each grid on weekdays was used to minus the number of travelers within the same grid on the
weekend. The red indicates positive values, and the blue the negative values (Figure 8).
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Figure 9. Spatial distribution of the travel volume of: (a) the elderly and (b) the adults. 

Figure 8. Variations in the number of elderly travelers between weekdays and the weekend.

As shown in Figure 8, there was little difference between elderly travelling during the weekdays
and the weekend based on the spatial distribution. The travel volume during weekdays was higher
than that at the weekend in most of the areas, but lower in only a few areas than the weekend, which
are in deep blue and in the direction downwards to the grids. The above provides a clear picture how
the travel demand of the elderly changes spatially.

4.3.2. Comparison of Spatial Distributions

In this section, the spatial distribution difference between the elderly and the adults are compared.
First, we compared the spatial distribution of an entire day. Due to the limitation of the smart card
data, the number of elderly and the adult travelers were calculated from 10 April 2017 to 12 April 2017.
As the number of travelers are on different quantitative scales, that number was divided into three
levels: high, middle, and low. The nature break classification method was used to divide the number
into the three levels. Three colors were used to describe the travel number. Figure 9 shows the spatial
distributions of the travel number of both the elderly (Figure 9a) and the adults (Figure 9b). Second,
we compared the spatial distribution of the peak hour from 8:00 AM to 9:00 AM. Figure 10 shows the
spatial distribution of the travel volume of: (a) the elderly and (b) the adults during peak hour.
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For the elderly, most of the high value grids were concentrated within the 4th ring road, in particular,
beyond the 3th ring road and within the 4th ring road in the west direction. Beyond the 4th ring
road, the number of high value grids was very small. Several grids represented clustering distribution
characteristics. Compared with the adult distribution, the grids with high value showed a random
distribution. Although most of the high value grids, located within the 4th ring road, there was no
clear regional clustering characteristics. Most high value grids showed a line-clustering pattern along
with the ring road. From the figure, many high value grids were distributed along with the 3rd ring
road, while some were located west of the 4th ring road. Overall, the distribution of the elderly and
the adults of the high value and middle value grids were located at the center regions and seldom in
the remote regions. Compared to Figure 9, Figure 10 is very similar. Especially, the spatial distribution
of the high level, where there is no clear change between them.

To explore which regions housing the elderly and the adults affected each other when taking bus,
the three levels (High, Middle, Low) of the elderly and adults’ travels overlapped. In principle, there
are supposed to be nine types: High–High, High–Middle, High–Low, Middle–High, Middle–Middle,
Middle–Low, Low–High, Low–Middle, and Low–Low. However, for an entire day, only seven of these
types were found and visualized as shown in Figure 11. For the peak hour, eight types were found and
visualized as shown in Figure 12.
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In Figure 11, the seven types are High(E)–High(A), High(E)–Middle(A), Middle(A)–High(E),
Middle(E)–Middle(A), Middle(E)–Low(A), Low(E)–Middle(A), and Low(E)–Low(A); E and A indicate
elderly and the adults. The first type High(E)–High(A) will affect each other more significantly than
do the other types, etc. Figure 12 adopted the same method. From a general view, the elderly group
and the adults group affected each other, especially at the center regions within the fourth ring road.
The peak hour presents similar situation. This result can help the transport department to optimize
bus lines to reduce the effect on each of the two groups (i.e., the elderly and the adults) when using
buses, particularly in the red regions.

5. Discussion on Policy Implications

In this research, a number of discussions were revealed being related to the mobility behavior
characteristics of the elderly travelling by bus. They are the weather effect, temporal distribution,
travel distance, travel duration, travel frequency, and spatial distribution, and they are summarized in
the following Table 7. These discussion results can be used directly for the further development of
transport policy, transport management, and services.
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Table 7. Discussion.

Temporal distribution

Regarding the temporal distribution of the elderly, there is a strong overlap from 8:00
AM to 9:00 AM between the two distributions of the elderly and the adult groups.
A special bus fare policy in Beijing is therefore recommended to encourage the elderly
to avoid unnecessary travel from 8:00 AM to 9:00 AM. The new policy could enlarge
the bus fare discount enjoyed by the elderly at off-peak hours and reduce or remove
the discount for the elderly at peak hours. This may not only alleviate morning traffic
congestion for adult workers but also improve the travel safety of the elderly due to
the avoidance of crowded bus users at peak hours.
The temporal distributions of elderly travels in Beijing was found to be distinctively
different from those in other cities. Since each city has unique characteristics of elderly
travel, it is important to understand the elderly travel behavior of each city, and
transport-related policy can thus be made accordingly.

Travel distance

Most of the elderly travel by bus over approximately 1 km. This finding can be used
directly for policy making and management in relation to elderly travel. For example,
subsidy policies can be precisely attributed to long-, middle-, and short-distance
elderly travelers in accordance with both the number of the elderly travelling within
each of group and the total budget that the local government has for the bus fare
subsidy. This bus fare subsidy policy can be adjusted from time to time based on
smart card data available all year round and with temporal accuracy being in the
second level.
Furthermore, with the findings that most elderly people travel approximately 1 km by
bus, it is recommended to initiate a short-distance bus service in Beijing, such as a
community bus service, for the elderly. The bus service distance for most of this kind
of special service can be set at 1 km. By applying a data-driven approach on smart
card data, the most frequent short-distance travel flows of the elderly can be identified.
Bus companies can hence use such information to design routes and service
frequencies that can both well serve the elderly and improve their profits.
The information can also be used to provide bus services according to travel distance
information in real time to optimize their service. As a result, the service distance for
the elderly could be adjusted dynamically, based on distance statistics, such as 1 h or
1 day earlier. Such a precise short-distance bus service for the elderly based on smart
card analytics will not only provide on-demand service to the elderly but will also
maximize profit for the companies who provide such a service.

Travel duration

Most elderly bus passengers use buses for 4 to 5 min daily, while most adult
passengers use buses for 6 or 7 min. This result can also be used for policy making and
management of the needs of the elderly. For example, with the findings that most
elderly travel for 4 or 5 min daily by bus in Beijing, the municipal government is
recommended to consider providing a special bus service for the elderly, with the
considerations that most elderly will take a bus service for 4 to 5 min. The requirement
of the elderly regarding their travel duration can thus be best satisfied statistically, and
the company can benefit accordingly. Furthermore, short-distance travelers could be
encouraged to walk to alleviate traffic congestion during peak hours.

Travel frequency

Regarding travel frequency, in general, most elderly travel once per day by bus, which
is similar to that of adults. The findings related to the elderly’s travel frequency is
important, both for transport scheduling and public services related to the elderly.
For example, the finding that most elderly travel once per day, evenly distributed
between mornings and afternoons, statistically can guide the corresponding transport
scheduling. In the future with autonomous driving bus services for the elderly, the
same number of buses should be scheduled for morning and afternoon for the elderly,
as each elderly person normally has been found to travel once per day. A similar
scheduling arrangement could also be applied to public facilities oriented to the
elderly including medical services, shops, and recreation facilities.
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Table 7. Cont.

Spatial distribution of
elderly travels

The spatial distribution of bus travels of the elderly and the adults shows that those
areas with showing a high number of journeys by the elderly often also have high
number of journeys by adults. Thus, the elderly’s travel and the adults’ travel affect
one another within certain areas. These findings related to the spatial distribution of
busy travel by both the elderly and adults can be used for transport planning and
decision making. For example, and according to this study, local government should
first select all bus line
(or part of a bus line) crossing areas, highly busy with both the elderly and adult
travelers. Local government could then propose new policies discouraging the two
groups (i.e., adults and the elderly) to use the same bus lines (or part of a bus line)
simultaneously such as through a bus fare discount policy for the elderly.
Furthermore, for locations with a high number of journeys by both the elderly and
adults, bus companies should schedule more frequent bus services, to satisfy the
travel needs of both the elderly and the adults and to avoid affecting each other. As a
result, the overall traffic congestion of the city can be alleviated.

Weather effect
There was not much change in weather conditions during the one-week study period.
Therefore, conclusions could not be made on the effect of weather conditions on travel
patterns of the elderly through this study.

6. Conclusions

This research study presented in this paper developed a systematic approach for analyzing
temporal and spatial characteristics of the elderly traveling by bus using smart card big data.
These characteristics included temporal distribution, travel distance, travel duration, travel frequency,
and spatial distribution. Findings regarding these mobility characteristics can directly contribute to
transport policy making, management, and services.

Beijing, a representative of the megacity of which the aging population forms a sizable proportion
and in which the bus is the main public transport mode for the elderly, was used as the study
area presented in this paper. The temporal patterns of the elderly and adults were investigated
and compared based on the identification of the temporal similarities and differences and also a
corresponding transport policy (such as public transport fare) and transport management (such as
bus scheduling). It was inferred that the public transport service should be improved, such as by
finding the means to reduce traffic congestion, the latter being aided by avoiding conflict of the elderly
joining working adult groups in peak hour travel. The spatial interaction of travel by the elderly and
the adults was categorized into different levels such as High–High and High–Middle to represent or
indicate the spatial conflict of travel demand. This system can be combined with the temporal patterns
for future transport planning. Spatial variations of the elderly travelling during weekdays and the
weekend were analyzed. An analysis of travel demand provided guidance for aging-related transport
planning. More interestingly, the scaling and small-world property of travel behavior were identified
from the perspective of complex systems. Based on the head/tail break rule, the elderly were naturally
classified as long-, middle-, and short-distance travel groups. The percentage and numbers in each
group were assessed to enable the facilitation of more detailed transport policy making and planning.

The systematic and comprehensive approach for analyzing the travel behavior characteristics of
the elderly using smart card data further developed in this study is not only applicable to Beijing but
also for other cities worldwide, particularly in terms of transport decision making and management.
A well-planned urban transport system that can cope with the aging population trend in terms of their
mobility characteristics is essential for a future smart city.
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