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ABSTRACT Excessive competition between taxis and subways has eroded the advantages of public transit
systems such as worsening road traffic congestion and environment. This study aims to improve the appeal
of subways by a comprehensive understating of competition between taxis and subways. We investigate
competitive relationship between these two transportation modes by using empirical multi-source data.
First, non-negative matrix factorization (NMF) algorithm is used to discover the spatiotemporal travel
patterns of subway-competing taxi users (SCTUs). Second, we propose a new index to quantify the
competitiveness of subways based on the actual mode choices results. Then, we reveal the spatiotemporal
heterogeneity of competitiveness from perspective of subway network. Taking Beijing, China, for a case
study, we extract a week’s worth of GPS records on taxi trajectory and smartcard data of subways. Subway-
competing taxi trips (SCTTs) account for the largest proportion of the total taxi trips. As a result, three
basic patterns are found in SCTTs. Subway station pairs with high and less competition are divided
according to competitiveness index. Among low competition station pairs, three spatial structures are
observed, including low-competition collinearity corridors, radial communities, and links between paralleled
subway lines. Combining the distribution results of travel pattern and competitiveness degree, short-term
and long-term planning suggestions are recommended respectively for station pairs with high demand but
low competitiveness and those with low demand and low competitiveness. These findings provide useful
insights into promoting more effective and sensitive policies to balance the competition and attract more taxi
passengers to the subway system.

INDEX TERMS Subway-competing taxi, sustainable transportation, non-negative matrix factorization,
competition, subway planning.

I. INTRODUCTION
Road congestion and automobile pollution are two serious
challenges in cities worldwide. To mitigate these problems,
countries have taken various measures including promoting
sustainable public transport, which is one of the most effec-
tive ways at present [10], [13], [23]. In urban areas, due
to the dense population and huge travel demand, various
public transit modes are operated simultaneously, such as
subway and taxi. Generally, subway is the dominant mode of
the metropolitan public transit system because of its advan-
tages of high capacity, low carbon footprint, and punctuality.
By contrast, taxis barely offer all those advantages of pub-
lic transport due to their lower capacity and considerable
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deadhead kilometers while locating passengers in busy busi-
ness areas. They help neither relieve road congestion nor
reduce air pollution [1], [13]. While, the optimal purpose of a
taxi is to provide a feeder service to subways or buses, and
serve as a substitute where private driving or other public
transit modes are not feasible [3], [40]. Therefore, they still
play an indispensable role in urban transportation. However,
due to the relative inconvenience of subways or because pas-
sengers seek travel comfort, taxis are increasingly wresting
the share of passenger flow from subways rather than serving
as a feeder to the latter. In fact, taxis are giving excessive
competition to subways; this runs counter to the optimal pur-
pose of taxi services and erodes the promotion of sustainable
transport. To balance the market share of subway and taxi,
factors which influence mode choices are recognized from
the perspective of individual [5], [33]. Incidentally, there are
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few studies that have conducted in-depth evaluation of this
competition from the perspective of network.

The shortage of studies on interactional relationships of
taxis and subways, especially the competition between the
two, can be attributed to two reasons. The first is the lack of
actual trip data. Most studies on taxi or subway are based on
costly survey, which can neither draw the whole picture of the
competitive relationship nor identify the specific travel pat-
terns of the associated passengers. With the GPS and the auto
fare collection system (AFC), the real trip information of each
taxi and subway passengers in urban areas can be recorded,
which act as a powerful tool to fill such research gaps as trip-
specific analysis of spatiotemporal mobility and exploration
of the interplay between taxis and subways [9], [45]. The
second reason is the small share of taxi riders relative to that
of the public transit system passengers in urban travel. The
taxi is regarded as a luxury transit tool in some cities [5].
In Chinese cities, however, it can be afforded by the average
person where taxi trips account for a considerable share
of the public transit system [24]. Moreover, online trans-
portation services similar to the taxi, such as ride-hailing
(e.g., Uber and DiDi), have become popular and their market
share is expanding rapidly [26], [27], [31], [32]. Research on
the competitive relationship between taxis and subways can
encourage ride-hailing users, and even private car owners, to
take the subway and balance the competition. Therefore, it is
more significant to analyze the competition between taxis and
subways in the face of the changing market.

To fill the research gap, this research focuses on the
competition between the taxi and the subway from two
aspects—travel pattern of competing trips and spatiotempo-
ral analysis of competitiveness in the level of station pairs.
It aims at reducing competition between the two travelmodes,
achieving the optimal operational purpose of taxis, and guar-
anteeing the share ratio of the subway system relative to
the taxi system. The two aspects of competition analysis are
prerequisites to increasing the ridership of subways through
effective and targeted measures. Using the actual trip data
from a taxi’s GPS and the subway smartcard in Beijing,
China, we conducted a travel pattern analysis of taxi users
who are likely to travel by subway and proposed a new
competitiveness index to quantify the degree of attractiveness
of subway to taxi users in urban areas. The competitiveness
was analyzed in the level of station pair. To the best of the
authors’ knowledge, this study is the first to quantify com-
petition between taxis and subways based on massive data
and investigate spatiotemporal heterogeneity of competitive-
ness in station pair level. The associated results can provide
valuable suggestions to mitigate the excess competition in
practice.

Compared to the existing research, this study will make
significant contributions in the following aspects. (1) Latent
basic travel patterns of subway-competing taxi users are iden-
tified by NMF for the first time. SCTUs are part of taxi users
but they have different basic collective patterns. (2) A new
technique of evaluating competitiveness is proposed based

on taxi and subway data. Competitiveness index is calculated
according to the actual mode choices which is obtained by
massive data from taxi GPS and smart cards. The indicator
is more accurate to reflect the fact of subway competition
rate. (3) The dynamic and heterogeneous features of com-
petitiveness are determined by taking subway station pairs
as the unit. By using the proposed new index in this study,
spatiotemporal heterogeneity of subway competitiveness is
discovered in level of station pairs. (4) By taking Beijing as
the case city, we put forward some short-term strategies and
long-term subway planning suggestions based on the travel
pattern of SCTUs and characteristics of competitiveness.

The rest of the paper is structured as follows.
Section 2 presents a literature review about the competitive
relationship between subways and taxis and the associated
measurement methods. Section 3 describes the datasets from
multiple sources, methods of identifying travel patterns, and
a model of the competitiveness index. The results of the
travel patterns of competing trips and the distribution of
competitiveness are analyzed in Section 4. Finally, Section 5
discusses the policy implications of the results and summa-
rizes the main findings of this study.

II. LITERATURE REVIEW
A. RELATIONSHIP BETWEEN SUBWAYS AND TAXIS
Taxi and subway are two important transit modes in urban
areas; the interplay between them was explored in previous
works, to improve traffic performance and promote sustain-
able transport. Li et al. [22], for example, validated this type
of interaction and indicated that a new subway line could
influence the spatial distribution of taxi ridership in Wuxi,
China. They found a decrease in the volume of taxi trips that
could be replaced by a new subway line, while finding an
increase in the volume of trips connecting subway stations.
Kim [14] showed that subways and taxis served residents
synergistically at different scales of the functional structure
of Seoul, South Korea. Travel patterns of subway passengers
dominated large residential and business districts, whereas
taxi users dominated the smaller ones. Yue et al. [46] argued
that different mass transit modes cooperated or competed
based on the demographic and socioeconomic attributes of
the underlying urban environments.

To understand this interplay explicitly, many researchers
investigated the potential relationships between taxis and
public transit based on actual trip data. Austin and Zegras [1]
indicated that taxis acted both as a substitute and as a com-
plement to mass transit. Hochmair [11] found that taxis
competed with buses in well-served areas as the number
of bus stops was negatively correlated to the number of
taxi trips. Wang et al. [36] defined three relationships based
on the spatial relation of taxi trips and fixed-route transit
stations through the taxi data of New York, US. Taxi trips
with both origin and destination in the catchment area of
transit stations are transit-competing trips, and the authors
found transit-competing trips occupied the highest propor-
tion of trips, i.e., up to 58.54%. A similar definition was
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adopted by Jiang et al. [12], who analyzed the relationship
between subways and taxis in Beijing and demonstrated
that the travel characteristics of trips were different in the
three clusters of subway-competing, subway-extending and
subway-complement. To the best of the authors’ knowledge,
the relationship between taxis and transit is broadly clas-
sified into three types: extending, competing, complement-
ing. Complementing and extending subway mobility with
taxis will positively shift passengers from cars to public
transit. However, excessive competition from the taxi to
the subway can erode the latter’s ridership, which should
be refrained from in practice. Therefore, this study focuses
on the competitive relationship between subways and taxis,
and thus addresses the obstacle to promoting sustainable
transport. We assumed that a competitive relation exists
where taxi trips can be substituted by a physical subway
network.

B. DEFINITION OF COMPETITIVENESS
In previous works, many researchers have aimed to find out
an effective way to improve the competitiveness of public
transit. Those studies mostly used field surveys on mode
choice. They defined competitiveness by the choice among
multiple travel modes. Li et al. [20], [21] analyzed the main
factors influencing the intention of car users to take public
transport, and found that comfort, reliability, and economy
were the most helpful in encouraging car users to switch their
travel mode and enhancing public transit competitiveness.
Zou et al. [48] proved that family or Policy can guide people
who do not own private cars to avail public transportation.
For car users, improving the service level of public transit,
including comfort, safety, and convenience, is the primary
strategy to enhance competitiveness. Martín et al. [28] cal-
culated the competition between a high-speed train (HST)
and an aircraft by the ratio of the probability of choosing
a plane or a train based on survey data. A ratio of 1 or in
the small neighborhood of 1 means the aircraft and the HST
are equally competitive. A ratio of less than 1 means that
the HST is more competitive. The competitiveness values in
the above studies were calculated based on the mode choices
from stated preference(SP) survey data; these values may
be different from the actual behavior on the account of the
responses were hypothetical [3].

To measure the competition between different transit
modes, studies have proposed quantitative indices based
on empirical data. Specifically, travel time was most fre-
quently used as an index to reflect competitiveness. Accord-
ing to these studies, for a certain trip, the transit mode that
requires a shorter time was more competitive. Ellison [8]
analyzed cycling competitiveness by calculating the trip time.
Sun et al. [34] compared door-to-door travel time of var-
ious transit modes to estimate the competitiveness among
them. Lee et al. [18] quantified competition according to
the proportion of origin–destination (OD) pairs and travel
time in a traffic analysis zone. Besides, a few other mea-
sures were also used to compute competitiveness.Witlox [39]

evaluated competition between bicycle and automobile from
the distributions of trip length and speed in Ghent, Belgium.
They found that cycling could only be competitive for trips
up to 5 km (or maximum 7.5 km). Casello [2] computed
competitiveness as the ratio of generalized cost of traveling
by transit to the generalized cost of traveling by automobile
for one trip.

In short, the competitiveness index in previous stud-
ies was designed frequently from the perspective of travel
cost. Regardless of the approach used, i.e., index of travel
time or the probability of mode choice, the studies hypoth-
esized that passengers are rational and that they will choose
the mode with the lower cost; thus, the mode selected by
more passengers was regarded to have higher competitive-
ness. However, estimating the actual travel cost is hard
because of the developed recognition of massive factors,
from physical conditions (travel time, distance, and fare) to
psychological attitudes (comfort, safety, and environment)
[19], [27]. In addition, the weight of each factor may vary
with time or passenger [30], [41]–[43]. Consequently, using
the travel cost to directly measure competitiveness would
introduce deviations. To avoid these problems, we proposed
the index of competitiveness based on actual observed mode
choices by using the raw data of subway and taxi compet-
ing trips.

C. SPATIOTEMPORAL ANALYSIS ON COMPETITION
A deep understanding of the spatiotemporal properties of
competition between subways and taxis is necessary to for-
mulate elaborate policies to improve subway competitiveness
and encourage more taxi users to take the subway. However,
research in this field is scant and still in its nascent stages.
Wang and Jiang [12], [36] studied the basic characteris-
tics (travel distance and travel time) of subway-competing
taxi trips (SCTTs) and recognized the spatial distribution of
pick-up points at the regional level. The travel pattern of
SCTTs has not been fully understood in the temporal or spa-
tial dimensions. Moreover, analysis at the fine-grained level
should also be explored. Recently, for a high-dimensional
taxi dataset, matrix decomposition methods were used to
exploit the latent spatiotemporal travel pattern, such as prin-
cipal components analysis (PCA), singular value decompo-
sition (SVD), and non-negative matrix factorization (NMF)
[6], [7], [16]. Especially, NMF is more popular owing to
its non-negative character, which is in accordance with the
property of travel demand [25], [35].

In addition to studies on the travel pattern of SCTTs, fewer
research works have focused on the competitiveness between
the two transit modes. Ye et al. [44] proposed an index of the
tendency toward subways and taxis based on ridership and
tried to identify the correlation between the index and factors
such as traffic condition, population, and built environment.
They understood competition from macroscopic aspects
and only concentrated on entire market shares in the city.
They did not consider the spatiotemporal heterogeneity of
competition.
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III. DATA AND METHODS
A. STUDY AREA AND DATASETS
The study area is the inner city within the sixth ring road
of Beijing, China (Fig. 1). A megacity with a complex road
network, Beijing can be divided into the city center and
suburban areas by ring roads. The city center usually refers to
the area within the sixth ring road. Most residents in Beijing,
i.e., over 21 million, live and work within this area, causing
huge public traffic demand. It can be assumed that the vitality
of this region represents the whole city of Beijing. However,
traffic congestion is a serious challenge in the inner city.
To satisfy citizens’ travel demands and relieve the traffic
pressure, the subway, which is the dominant mode of public
transport in Beijing, has been rapidly developing outward
from the city center and has already extended to the sixth ring
road before this study. By October 2014, there were 17 sub-
way lines (including one airport express) and 233 stations in
operation in Beijing. The city center area with both major taxi
services and an entire subway network is themost appropriate
to explore the competition between subways and taxis.

FIGURE 1. Study area and subway layout.

To identify the competition between subways and taxis,
three datasets were prepared, i.e., subway network data,
smartcard data, and taxi GPS data. Network data including
locations of stations and layout of subway lines were obtained
from aGIS dataset. Smartcard data record the trip information
of each card holder, such as boarding and alighting stations
and the corresponding boarding and alighting time. The Taxi
GPS device generated the trajectory data of each taxi during
the operation time. The location of a taxi on its trajectory
was recorded by a time slice of 60 s. Velocity and operational
status were also stored in the taxi GPS data.

In this paper, due to the data limits, smartcard data were
collected from October 13 to 19, 2014, and the taxi GPS
data was gathered from June 16 to 22, 2014. Those two
weeks did not contain public holidays, the structure of the
subway network did not change, the climate was similar
throughout, and the total number of taxis was the same as
usual. Although the two datasets were collected from dif-
ferent times, the fluctuation of subway passenger volume
between June and October was under 5%1, which means the

1 https://weibo.com/bjsubway

relationship of competition was stable during the study period
and the two datasets were applicative in this research. Until
October 2014, the subway system in Beijing had 17 lines and
233 stations, according to the GIS dataset.

The OD of each taxi and subway trip were extracted based
on the operation status from the GPS trajectory dataset and
the station numbers from smartcard data. Passenger travel
information including those of taxi and subway travel were
prepared with the trip ID, OD location, and boarding and
alighting time. Abnormal data were cleaned, such as incom-
plete records, missing origins or destinations, and trips with
illogical travel time and distance. Finally, 30,042,133 subway
trips and 1,443,903 taxi trips were used in this study.

B. MAPPING SUBWAY-COMPETING TAXI TRIPS ONTO
SUBWAY NETWORK
SCTTs can be defined as taxi trips with ODs within the
catchment areas of subway stations that could have been
completed by taking the subway [12], [36]. For each SCTT,
there is an actual travel route by taxi as well as a poten-
tial substitute route by the subway (Fig. 2). To explore the
substitute route of each SCTT by subway, the pick-up and
drop-off points must be mapped onto the subway network.
We assumed that the subway-competing taxi users (SCTUs)
will board the subway at the stations nearest to their initial
origins and alight the subway at the stations nearest to their
initial destinations. Based on the Euclidean distance between
a taxi’s OD points and the associated stations, the shortest
distances of access and egress to/from the subway stations
for each SCTU can be determined. Thus, the SCTTs can be
identified by comparing the estimated shortest access/egress
distances with preset distance thresholds of the catchment
areas of subway stations.

FIGURE 2. Example of subway-competing trip.

We used Python to extract the SCTTs and map them onto
the subway network. The identification process is summa-
rized below.

1. For each taxi trip t(o,d) that is represented by the
location of the OD, the access and egress distances to
each subway station d(o,station) and d(d,station) are
calculated.

2. The minimum distance dmin(o,station) and dmin
(d,station) are chosen from the dataset; if dmin(o,station)
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≤ dthreshold and dmin(d,station)≤ dthreshold , then the taxi
trip belongs to the subway-competing trip cluster.

3. For each subway-competing trip sctt(o,d), we have
the actual pick-up and drop-off location from taxi
dataset and mapped boarding and alighting station in
subway system. This SCTT can be represented as
sctt(o,d,stationo,stationd ).

Following the above steps, each pick-up or drop-off point
of one taxi trip can be only allocated for a certain pair of
stations. By mapping the SCTTs onto the subway network,
their alternative subway stations were determined, and the
substituted subway route was found based on the OD stations
in the subway network.

C. IDENTIFYING BASIC TRAVEL PATTERN BY NMF
To explore the latent travel patterns of the SCTTs, we first
constructed a matrix of the OD volume over time based on
the mapping result, and then decomposed the demand matrix.
We use d to denote the number of days, h to denote the
number of time slots during the day, n to denote the number
of subway stations, and m = n × n to represent the total
number of station pairs in the subway network. According to
the mapping results, we described the directed OD demand
of an SCTT by alternative subway station pairs instead of the
actual location. LetV be theODdemandmatrix in the subway
network. The element in V is represented as vij,t , which is
the number of SCTTs on station pair ij (i,j ∈ [1, n]) of the
substitute subway route in time slot t (t ∈ [1, h]). The demand
on the station pair is the sumof passenger volumes in the same
time period of each day in (1). The entire OD demand can be
calculated by (2).

vij,t =
d∑

d=1

vtij (1)

Vm×h =

 v11,1 . . . v11,h
...

. . .
...

vnn,1 · · · vnn,h


m×h

=



d∑
d=1

v111
d∑

d=1
v211 · · ·

d∑
d=1

vh−111

d∑
d=1

vh11
...

...
. . .

...
...

d∑
d=1

v11n
d∑

d=1
v21n · · ·

d∑
d=1

vh−11n

d∑
d=1

vh1n
d∑

d=1
v121

d∑
d=1

v221 · · ·
d∑

d=1
vh−121

d∑
d=1

vh21
...

...
. . .

...
...

d∑
d=1

v1nn
d∑

d=1
v2nn · · ·

d∑
d=1

vh−1nn

d∑
d=1

vhnn



(2)

Using NMF, the OD demand V can be factorized into two
lower-ranked non-negative matrices in (3). Each row ofV can
be computed by (4), where Vi is the i-th row vector of matrix
V, Si is the i-th row vector of matrix S, and Bi is a 1 × h

vector.

Vm×h ≈ Sm×kBk×h (k � min(m, h)) (3)

Vi = Si


B1
B2
...

Bk

 (4)

It is obvious that each row of V can be described by the
linear combination of Bi with the coefficients in S. Their
temporal distributions are revealed in B. Moreover, the dom-
inant basic pattern of each station pair can be determined
from matrix S. Let us take an example to explain the practical
meaning of the result of matrix decomposition. If we assume
that three basic patterns were identified, then B = [B1, B2,
B3]T, and the OD demand of station A to station B was
decomposed as follows: VAB = SABB = [0.1,0.2,0.3][B1,
B2, B3]T. The coefficient of B3 in SAB is the highest; this
means the basic pattern-3 is the primary feature vector, and
passengers on station pair AB are likely to travel according
to pattern-3.

Before decomposing the SCTT demandmatrix, the number
of basic patterns k must be predetermined. Existing stud-
ies on the travel pattern of taxi trips determined k through
experiments with different initial conditions and found that
when k = 3, the decomposing results can be stable and
explicable [17], [29]. Since the SCTT is a subset of taxi trips,
we followed the above approach by choosing k from 2 to 4.

D. MODELING SUBWAY COMPETITIVENESS
The competition between subways and taxis cannot be fully
understood only from the spatiotemporal travel pattern of taxi
users. Hence, we should quantify competitiveness. In this
study, the definition of competitiveness is the ability of com-
petitors to attract more users toward them in the same market.
In this paper, the two competitors are the two traffic modes
subway and taxi. Themarket is the total number of passengers
who can travel by subways and taxis. A new index was
designed to measure the intensity of competition at the station
level based on the actual choices between the two modes,
which can be the most intuitive and veracious evaluation
index. The mode that is chosen by more passengers will
have a bigger share of the market, and consequently greater
competition. To attract more taxi passengers to subways,
we propose the competitiveness index from the perspective of
the subway system. Therefore, the index is calculated as the
ratio of subway passengers and the sum of subway passengers
and the associated SCTUs with a competitive relationship.
The function is as follows in (5):

Com =
V (S)

V (S)+ V (SCTT )
(5)

where Com is the subway competitiveness, V (S) is the sub-
way ridership, and V(SCTT) is the number of SCTTs.

It is obvious that for the entire passenger demand market,
the subway has steeper competition than the taxi because of
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the huge capacity of the subway system. However, at the
station level, this might be different. Subway competition
for each station pair in the network should be explored by
the above function. Moreover, the average competitiveness
of all station pairs was regarded as the competitiveness of the
subway network. The daily and hourly competitiveness of the
entire network are expressed in (6) and (7), respectively.

Comdavg =
1
m

m∑
ij=1

h∑
t=1

vtij(s)

h∑
t=1

vtij(s)+
h∑
t=1

vtij(sctt)

(6)

Comtavg =
1
m

m∑
ij=1

vtij(s)

vtij(s)+ v
t
ij(sctt)

(7)

The value of subway competitiveness is between 0 and 1.
The greater the value, the steeper the competition by the
subway. When Com = 1, subway competition is the highest
and the number of SCTTs is 0, which means all passengers
who could finish trips by either subway or taxi chose subway;
when Com = 0, the subway ridership is 0 and the subway
competition is the lowest.

IV. RESULTS AND ANALYSIS
Based on prior knowledge of the catchment of subways [46],
we adopted 1 km as the distance threshold (dthreshold )
when extracting the SCTTs. As a result, there were a total
of 679,202 taxi trips belonging to the SCTT group, which
accounted for 47.04% of all taxi trips in a studied week;
this ratio was highly stable for each day of the week (with
differences less than 2%) (Fig. 3). From Wednesday to Sun-
day, SCTT ridership saw a slight reduction in line with the
total taxi trips, and it appeared that fewer people would travel
by taxi on weekends. Compared with the other two types of
trips, i.e., subway-extending and subway-complementing taxi
trips, the SCTT was the most important component. More
specifically, almost half the taxi users could have finished
their trips by subway. These taxi users were crucial as the
major population of target customers to adopt the subway
system.

FIGURE 3. Ratio of subway-competing taxi trips to total taxi trips.

A. TRAVEL PATTERN OF THE SUBWAY-COMPETING
TAXI TRIP
Analysis of travel patterns of SCTUs can help us better under-
stand the competition and provide useful insights on drawing
taxi users to subways. We depicted their travel patterns from
the temporal, spatial, and collective aspects, respectively.

1) TEMPORAL PATTERN
Fig. 4 illustrates the temporal distributions of total taxi trips
and SCTTs. The variation trend of SCTTs is similar to
that of the total taxi trips on both weekdays and weekends.
On weekdays, there were three peaks over time for the
number of taxis and SCTTs. Subway-competing ridership
increased from 4 am, when the number was the lowest,
and then reached the first peak between 09:00 and 11:00,
which was later than the generally acknowledged morn-
ing rush hours in Beijing (07:00–09:00). The second peak
appeared between 13:00 and 14:00. In the evening rush hours
(17:00–19:00), the demand for the SCTT dropped and then
rose to the third peak at 21:00. We inferred that the time
periods of SCTT demand peaks were later than the rush
hours and varied with the subway demand distribution which
with two intensive peaks during peak hours of morning and
evening in Beijing [38], [47]. Hence, we supposed that the
main travel purpose of subway-competing passengers is not
to commute; this point could also be demonstrated by the ratio
distribution of SCTT to the total taxi trips in Fig. 5. In the two
rush hour periods, the ratio of SCTUs was at a lower level
(41–45%) on weekdays, while during off-peak hours,
the SCTT demand accounted for a higher proportion of
approximately 0.5 and reached peaks during 04:00–05:00,
13:00–14:00 and 23:00–24:00, respectively. Competing pas-
sengers accounted for the majority of taxi users during the
off-peak time where business, entertainment, and leisure
activities were relatively dominated.

FIGURE 4. Temporal distribution of all taxi trips (a) and SCTTs (b) by hour
for one week.

In general, there were fewer SCTTs on weekends than
on weekdays, except before 04:00. Whereas the ratio of
SCTT was lower on weekends than on weekdays only during
daytime (08:00—18:00) on weekends; the value did not
change in the morning and the evening. People may have
taken fewer SCTTs for business purposes, which was usually
more on weekdays.

From the temporal distribution of the SCTT demand and
the proportion on weekdays and weekends, we supposed that
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FIGURE 5. Ratio of subway-competing taxi trips to total taxi trips by hour
for one week.

the regular commuter is not the main part of SCTUs. The
SCTU demand and proportion were greater during off-peak
time. Besides, the SCTT percentage was high during closure
time (05:00-23:00) of the subway system in Beijing.

2) SPATIAL PATTERNS
For analyzing spatial features, we calculated the density of
SCTTs and identified the popular substitute station pairs
mapped onto the subway network. Only hotspots of origins
on workdays and weekends are shown in Fig. 6(a) and (b),
considering the destination distribution was similar to the
origin distribution. The darker red color represents the higher
density of the origins.

FIGURE 6. Origin spatial distribution of subway-competing taxi trips on
workdays.

The spatial distribution of hotspots on workdays and week-
ends was similar. SCTTs are concentrated in the center of the
subway network, which is also the core of Beijing. At the
terminals of lines, except the airport express, few SCTTswere
generated. The most popular place for subway-competing
passengers was the CBD area, which is in the east of the
city center. The northwest hotspot is in the Wudaokou area
close to many universities and research institutes. It is also
the commercial center of the Haidian district. The hotspot in
the west of CBD is the Beijing Financial Street. The spatial

distribution of the SCTT revealed that a large collection of
citizens would choose taxi rather than subway for business
trips, even if the subway station were accessible by walk.
Moreover, transportation hubs such as airports and high-
speed railway stations were also the frequently visited places
for SCTUs; these travelers might pursue the convenience of
door-to-door and the comfort of independent spaces brought
in by taxis.

To clarify the spatial mobility of SCTUs, we chose OD
pairs with a larger passenger flow (top 1%, 287 OD pairs
on workdays and 218 OD pairs on weekends), and mapped
them onto the subway network as in Fig. 7. In these
high-frequency OD pairs, we found that a few SCTUs not
only depart (or arrive) at the hotspot areas, but also migrate
within the communities of CBD, Wudaokou, and Finan-
cial Street, respectively. A new community Olympic park,
which was not a hotspot of either pick-up or drop-off points,
was revealed. Additionally, there were a few longer-distance
SCTTs from (to) transportation hubs including high-speed
railway stations and airports. Few trips were observed in other
regions.

FIGURE 7. High-frequency OD pairs of subway-competing taxi trips.

3) BASIC TRAVEL PATTERN
To better understand the SCTUs, we applied the non-negative
matrix factorization method and explored the basic patterns
of the spatiotemporal demand, as described in Section 3.
The OD points of SCTT were mapped onto 233(n) subway
stations, and a total of 233 × 233 (m = n × n) station pairs
were obtained. A day was split into 24 (h) intervals. After
preprocessing, a 54, 289 × 24 (m × h) demand matrix was
prepared.

When using this method, we experimented parameter k
from 2 to 4. The results are displayed in Fig. 8. When k = 3,
the decomposition result was more stable and explicable; this
is consistent with the findings of previous studies on taxi
trips [7], [29], [37]. When k = 2, the result explaining the
travel patterns was coarse-grained. When k = 4, the basic
pattern was superfluous to perceive SCTTs. Hence, we took
k = 3 as the parameter of this method.

The three basic patterns of SCTT are: business or enter-
tainment traveling between workplace and leisure place in
the daytime (Pattern1), commuting from home to workplace
(Pattern2), and night entertainment from entertainment
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FIGURE 8. The basic patterns for SCTT, where in subfigure (a) k = 2,
in subfigure (b) k = 3, and in subfigure (c) k = 4

venues to home (Pattern3). We found that the basic pattern
of SCTT is diverse according to the findings of a previous
study on total taxi users in Beijing [7], although the SCTT is
a subset of taxi trips. Another pattern was found from the total
taxi trips, i.e., workplace to home in the evening rush hours,
whichwas not obtained from the SCTT.Moreover, the pattern
of trips from the workplace to leisure place in the daytime
(Pattern1) was not observed from the total taxi trips.

Based on the above method, we performed a case study
that identifies the specific dominating basic pattern for each
station pair on workdays. Pattern1 dominated the least num-
ber of station pairs, accounting for only 21.24%. 29.02%
of station pairs generating trips mainly presented pattern2;
and pattern3 prevailed between most station pairs, account-
ing for approximately 48.95%. According to the different
ratios, subway-competing passengers on workdays preferred
to head home from the entertainment venues by taxi at night.
We then clustered the high-frequency station pairs into the
three basic patterns (Fig. 9). Once the station pairs involve
transportation hubs (airport and high-speed railway stations),
more subway-competing passengers follow pattern2. This
meant that subway-competing passengers most likely ply
to train stations or airports by taxis in the early morning.
Within the CBD and Wudaokou commercial areas, SCTTs
were frequently taken at night for entertainment or because of
working late hours. According to the specific dominant basic
pattern of each station pair, elaborate policies considering the
specific time and location can be put forward to draw taxi
users to the subway system.

FIGURE 9. Spatial distribution of dominant basic pattern of station pairs
with high-frequency SCTTs on workdays.

B. SPATIOTEMPORAL ANALYSIS OF COMPETITIVENESS
For each subway station pair, the ratio of subway passen-
gers to the total number of passengers (subway and taxi
users) is regarded as the competitiveness. The actual travel
demandwas determined for each subway station pair from the
smartcard data, since tap-in and tap-out stations are recorded.
Meanwhile, pick-up and drop-off points of SCTTs were also
mapped onto the nearest stations.

1) TEMPORAL DISTRIBUTION
We calculated the number of subway passengers and SCTUs
per hour for each station pair, and then obtained the subway
competitiveness matrix Com54289×24. The element comij,t in
matrix C represents the competitiveness value of station pair
ij in time slot t .
To demonstrate the temporal heterogeneity of competition

from the perspective of subway network, the distributions
of two different time granularities were provided, i.e., daily
competitiveness and hourly competitiveness. Fig. 10(a)
depicts the temporal distribution of the entire subway net-
work’s competitiveness for each day in the studied week.
The values were stable in the range of 0.4 to 0.5, which
meant the subway services were not attractive for competing
passengers. The index peaked on Fridays, since some resi-
dents or students from suburban areas worked and studied in
the inner city on weekdays and went back home to spend the
weekends by subway, causing the subway volume to increase.
Fig. 10(b) shows the average competitiveness distribution of
all station pairs per hour. The subway attraction on week-
ends was lower than on workdays in the peak period and
higher than on workdays in the off-peak period. Subway
competitiveness had two peaks at rush hours in Beijing,
07:00 and 18:00, and on weekends it was steadier than on
workday during the daytime. Compared with taxis, subways
were more attractive to commuters. However, in the off-peak
daytime (10:00–16:00), the index value declined rapidly, and
the number of SCTUs was larger during that time (Fig. 4(b)).
Moreover, subway competitiveness was lower than 0.5 before
06:00 and after 20:00, which indicates there were more taxi
users than subway passengers between the corresponding
station pairs. Hence, the subway system should increase its
competition urgently during the off-peak time.

FIGURE 10. Temporal distribution of competitiveness by different time
granularity of day (a) and hour (b).

From the temporal characters of subway competitiveness,
we conclude that:
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1) Competition is dynamic over time in station pair level.
2) Subway has low competition during off-peak time.

2) SPATIAL DISTRIBUTION
In this section, we detail subway competitiveness on work-
days in the studied week. Subway competitiveness was
0 when there were no subway passengers on that station pair,
and 1 when no SCTUs. Subway competition is worst when
the Com = 0, all the passengers travel by taxi instead of
subways on that station pairs which is shown in Fig. 11(a).
Almost all station pairs of zero competitiveness involved
the airport. Obviously, passengers preferred to travel to/from
airports by taxis rather than the subway. The average travel
distance on these station pairs was 33.19 km, which is twice
the average distance of subway passengers (15.5 km) and four
times the SCTTs (8.5 km). If passengers adopted substitute
routes on the subway network, they would have to travel
at least once to the airport express. Generally, passengers
who went to the airport usually carried more luggage with
them. In this case, due to the long distance, multiple transits,
and heavy loads, the subway competitiveness was the least
on these station pairs, and it was hard to encourage those
passengers to take the subway in practice.

FIGURE 11. Spatial distribution of station pairs with competitiveness
(a) Com = 0, (b) Com > 0.5(the top 1% quantile), (c) Com ≤ 0.5 on
workday.

For most of the station pairs, subway competitiveness
index was over 0.5. We only demonstrated the station pairs
with 1% highest competitiveness on workdays in Fig. 11(b).
In the higher competition group, the average taxi travel dis-
tance reached 20.55 km, which meant that the subway may
be more attractive to the passengers traveling long distances.
These station pairs had a typical feature of converging from
the edge of the subway network to the core city. Due to
the high cost of housing and rent in Beijing, many residents
choose to live in the outer city and commute long distances
every day. For these passengers, taxis are too expensive as a
daily transportation mode, while the subway may be a better
choice.

Except for station pairs with zero and high competitive-
ness, the rest had less competitiveness (0 < Com ≤ 0.5);
these station pairs were the key to attracting more SCTUs to
adopt the subway (Fig. 11(c)). The average competitiveness
on these station pairs was 0.311; subway passengers made up
less than half of the total number of passengers. Most taxi
users in this group traveled within the inner city, especially
within the commercial areas. However, there were taxi users

who traveled to the airport via the low-competition station
pairs. The average distance of taxi trips in this group was
4.31 km, which was about half of the average travel distance
of SCTT and one fifth of higher competition group(20.55km).

Furthermore, three typical spatial structure patterns were
identified in the group of station pairs with low com-
petitiveness (Fig. 12(a)), i.e., collinearity corridors (CCs),
radial communities (RCs), and paralleled subway lines links
(PSLLs). CCs are the low-competition corridors shown in
Fig. 12(b), which are made up of adjacent station pairs with
similar directions. In these corridors, more passengers chose
taxis over subways. RCs depicted the radial structures that
connect from/to some fixed stations shown in Fig. 12(c).
A few low-competition areas were formed around the radial
stations. Moreover, the subway network of Beijing has a few
paralleled lines close to each other as in Fig. 12(d). Traveling
on PSLLs needed to transfer at least twice which was not con-
ventional especially for short trips. Consequently, between
these stations, subway had lower competition than taxi.

FIGURE 12. Three typical spatial patterns of OD pairs with low
competition (a) OD pairs with low competition (b) CCs, (c) RCs, (d) PSLLs.

Characters of SCTTs in high competitiveness group (HCG)
were different with those in low competitiveness group
(LCG). We summarized basic travel characters of SCTTs by
taking taxi and substitute subway in TABLE 1.

In HCG, passengers preferred the subway system as the
subway traffic conditions were better than taxi and vice versa.
The travel time of subway was shorter than taxi and the aver-
age transfer times was just 0.48whichmeant more passengers
could travel to destinations without transfers by subway.
While in LCG, the travel time of subway was longer than taxi
and the average transfer times was 1.7 which was about three
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TABLE 1. Basic travel characters in LCG and HCG.

times than that in HCG.Moreover, the road traffic congestion
was also an external variable to effected subway competition.
The result indicated that improving traffic conditions such as
shorten travel time and reduce transfer times could benefit for
subway competitiveness.

From the spatial distribution of competitionveness, we con-
clude that:
1) Competition has spatial heterogeneity feature.
2) Subway is a less attractive option for traveling to the

airport in Beijing.
3) In the core city and commercial areas, subway competi-

tion is low.
4) Three typical configurations, collinearity corridors,

radial communities, and paralleled subway lines links
are found from low-competition station pairs.

V. DISCUSSION AND CONCLUSION
A. DISCUSSION
In this section we first discuss the advantage of our com-
petitiveness index and then give some suggestions on trans-
portation planning based on the result of travel pattern and
competitiveness distribution.

We quantified subway competition to taxis based on
actual mode choices results collecting from smart cards and
GPS equipment. This method provided more accurate index
compared with travel time which was the most used indi-
cator to reflect competitiveness. To prove the better per-
formance of our index, we calculated average travel time
difference(1T = Tsubway−T taxi) between taxi and subway
for each station pair, and drawn the correlation with compet-
itiveness (Com) in Fig.13.

If taking travel time as the competition index, the dots
in Fig.13 should only appear within zone B and zone D.
However, actually, lots of station pairs located in zone C
where the subway travel time was longer but the competi-
tiveness was still in high degree. The phenomenon happened
because passengers balanced travel cost not only by travel
time but also by some other factors such as comfort, punc-
tuality and even time perception. The mode choice was the
comprehensive result of considering all the factors but travel
time was only a one-sided indicator. Therefore, the method of
quantifying competitiveness in this study was more precise.

Excess competition from taxis to subways leads to
road congestion and air pollution, which should be
addressed. By analyzing the SCTTs and calculating subway

FIGURE 13. Comparison of travel time index and competitiveness index.

competitiveness, we determined the specific constraint con-
dition in terms of each station pair and improved it to enhance
the subway competition.We can also determine which station
pairs should be promoted on priority. Usually, two strategies
are used to tackle the problem of competition, decreasing
external driving force, and strengthening internal driving
force [21]. In this study, diminishing external driving force
reduced the appeal of taxis, such as by increasing the taxi
fares based on the associated external cost of road con-
gestion, energy consumption, and environmental pollution.
According to the previous study, the internal driving force
also has a strong influence on passengers’ decision, such
as by improving the subway service level for the present
and optimizing the planning of subway stations and lines
for the future [20]. Next, we discuss how to tackle subway
competitiveness according to various competition situations
of each station pair.

1) PRIMARY TARGETS FOR THE PRESENT BY INCREASING
TAXI FARE
Combining the three basic patterns of the high-frequency sta-
tion pairs (Fig. 9) and their associated competitiveness value,
we identified the subway station pairs with low competitive-
ness and high demand as the primary targets. Meanwhile,
station pairs with low competitiveness and low demand were
regarded as the secondary targets. In Fig. 14, 13 station pairs
are the primary targets at present on workdays, and therefore
should be promoted first. Pattern3, which is indicated by blue
lines in the figure, is still the majority among these 13 station
pairs, which indicates that passengers at night are essential
targets. A dynamic fare scheme over time and location is
low-cost and effective for the short term. Fares for station
pairs with pattern1 can be increased during daytime, while
fares for station pairs with pattern3 should be raised at night.

2) SECONDARY TARGETS FOR THE FUTURE BY INCREASING
SUBWAY SERVICE LEVEL
The results of the spatiotemporal analysis of competitiveness
have different policy implications that can be used to devise
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pattern 1
pattern 2
pattern 3

FIGURE 14. Station pairs with low competition and high SCTT demand.

FIGURE 15. Implementations to increase subway service level: (a) new
subway lines, (b) feeder bus, (c) Y-type connection line.

a strategy to encourage taxi users to take the subway. The
criterion for devising the strategy is as follows. New subway
lines should be designed based on the result of low competi-
tiveness CC in Fig. 12(b). By considering the subway features
of high transportation capacity and cost, only those CCs with
a large and stable SCTT flow should be considered as the
location of potential new lines. Besides, new transfer stations
should be constructed between new subway lines with exit
lines, and the length of each new line should be considered.
According to this criterion, we selected five corridors as
in Fig. 15(a), which summarizes the requirements to plan the
new subway lines. The result was obtained based on data from
June 2014 and demonstrated by the fact that lines 7 and 14 ran
along the stations in corridor-4 and corridor-5, respectively,
in the end of 2014. Moreover, line 12, which was designed
on stations in corridor-1, is scheduled to operate by the end
of 2021. This series of empirical verification supports the rec-
ommendations of this study on subway planning. Therefore,
for subway planners, corridor-2 and corridor-3 shall be given
top priority when designing following new subway lines.

New subway lines may not be suitable for other low-
competitiveness station pairs, such as OD connections with
RCs (Fig. 12(c)). Each community has one core station that
is frequented by passengers. Because of the above attributes,
the feeder bus in Fig. 15(b) is one of the correct ways of
conveying the SCTUs from this type of station pair. One
terminal of the feeder bus should be the core station, and the

other one can be in a transfer station, if possible, which will
reduce the transfer time of passengers in the meantime.

Besides making these recommendations, we also suggest
adopting more connecting lines between two parallel lines
in the layout of a subway network, such as the Y-type,
as in Fig. 15(c). Passengers traveling between stations in
parallel lines will have to transit twice, which will starkly
decrease competition from taxis to the subway especially
for short distance trips. Adding a few connecting links can
mitigate the transfer situation and will appeal to more passen-
gers. Moreover, between close parallel lines, emerging transit
modes like bike-sharing may reduce competition from taxis.

B. CONCLUSIONS
Subway as the dominant public transit to relieve the pressure
of road congestion and air pollution is widely acknowledged.
Given the high construction cost, governments often launch
new subway lines when the population density reaches a cer-
tain level. Different from the subway, taxis as another type of
public transport system is flexible without limiting passenger
volume and location. It can substitute the subway service in
the area where no subway is provided. It can also compete
with the subway in the core city. The result of excessive
competition between taxis and subways is undesirable for
the economy. Other emerging online taxi-like services like
ride-hailing and ridesharing can also add to the competition
between taxis and subways. Therefore, it is necessary to
assist authorities in encouraging more taxi users to adopt the
subway system in the inner-city area, to mitigate congestion
and pollution from urban road traffic. The trip information
of taxis and subways passengers can be tracked by GPS and
smartcard data, thus enabling to study the travel pattern of
SCTUs from individual points of view and the actual degree
of competition with the subway at the OD level. Based on
multi-source datasets, including taxi GPS data, smartcard
data, and GIS data, this study revealed the spatiotemporal
travel patterns of subway-competing users and competitive-
ness between subways and taxis. Particularly, a new index
to quantify the degree of competition was proposed. Com-
pared with the existing indices, this index is more sensitive
and accurate. Based on the travel pattern of SCTTs and the
competitiveness index, we can see that the SCTT has its own
characteristics. Many of them are quite different from taxis,
such as dominating travel purposes and basic travel patterns.
The important findings of this study can be summarized as
follows.

1) TRAVEL PATTERN OF SCTT
(1) Competition of taxis with subways cannot be ignored

since the effects show on a large scale. SCTTs account
for the largest proportion of total taxi trips, approxi-
mately up to 50%.

(2) Commuters are not the main part in SCTUs. The pro-
portion of SCTT is at the bottom during the morning
and evening rush hours and reaches its peak at noon
and night.
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(3) SCTUs visit business and entertainment centers fre-
quently. Three hotspots of pick-up and drop-off points
were detected, namely the CBD area, Wudaokou, and
the Financial Street. Most of the popular OD pairs are
within these three areas and present the community
character. Besides business areas, trips from/to trans-
portation hubs including high-speed railway stations
and airports are also in great demand.

(4) Three basic travel patterns—trips between work-
place and leisure place in the daytime (Pattern1),
commuting from home to workplace (Pattern2), and
night entertainment from entertainment venues to
home (Pattern3)—were determined based on the
non-negative matrix factorization method. Most sta-
tion pairs visited by SCTUs following Pattern3.

2) COMPETITIVENESS
(1) The average competitiveness in the studied week is

not in the high range. On Fridays, the competitiveness
index peaks as the subway volume increases. Subway
competition is lower in the peak time and greater in the
off-peak time.

(2) All station pairs involving airports have low competi-
tion value. Passengers generally do not prefer taking
the subway to the airport.

(3) Most station pairs in low-competition groups are in
the core city and commercial areas. High-competition
station pairs are the combination of the outer station
and the central station.

(4) Connections between low-competition station pairs
exhibit three typical configurations, collinearity corri-
dors, radial communities, and paralleled subway lines
links.

In summary, the latent travel pattern of SCTUs is under-
stood and the spatiotemporal heterogeneity of competitive-
ness in subway network is determined. According to the
findings, suggestions of short-term and long-term plan-
ning to promote the subway competition in practice are
recommended.

This study can be regarded as the starting point of improv-
ing subway competition, and therefore has several limi-
tations. First, the datasets of taxi and subway were not
collected in the same period. However, the subway network
did not change during that period and the demand of subway
passengers remains a stable level, which can guarantee the
reliability of the results. Another limitation is the lack of
sufficient validation for the proposed policies or suggestions
on improving the subway competition. How to implement
these policies and allow them to fulfill their roles should be
better investigated.

In future studies, more detailed studies based on subway-
competing passengers and subway competitiveness should
be conducted. First, considering both passenger attributes
and traffic conditions based on survey data and trip data,
the relevant factors and their exact correlation with the sub-
way competitiveness performances should be determined.

Then, the multimodal transit of taxis and subways should be
developed to enhance the accessibility of subway stations and
lead to a more sustainable urban transport.
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