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Residential locations, the jobs-housing relationship, and com-
muting patterns are key elements to understand urban spatial
structure and how city dwellers live. Their successive interaction is
important for various fields including urban planning, transport,
intraurban migration studies, and social science. However, under-
standing of the long-term trajectories of workplace and home
location, and the resulting commuting patterns, is still limited due
to lack of year-to-year data tracking individual behavior. With a
7-y transit smartcard dataset, this paper traces individual trajecto-
ries of residences and workplaces. Based on in-metro travel times
before and after job and/or home moves, we find that 45 min
is an inflection point where the behavioral preference changes.
Commuters whose travel time exceeds the point prefer to shorten
commutes via moves, while others with shorter commutes tend to
increase travel time for better jobs and/or residences. Moreover,
we capture four mobility groups: home mover, job hopper, job-
and-residence switcher, and stayer. This paper studies how these
groups trade off travel time and housing expenditure with their
job and housing patterns. Stayers with high job and housing sta-
bility tend to be home (apartment unit) owners subject to middle-
to high-income groups. Home movers work at places similar to
stayers, while they may upgrade from tenancy to ownership.
Switchers increase commute time as well as housing expenditure
via job and home moves, as they pay for better residences and
work farther from home. Job hoppers mainly reside in the sub-
urbs, suffer from long commutes, change jobs frequently, and are
likely to be low-income migrants.

commuting pattern | job dynamics | housing dynamics
mobility group | smartcard data

Linking mobility patterns to socioeconomic characteristics of
city dwellers is important to economists, sociologists, geogra-
phers, and urban planners (1-4). Recent studies have explored
the distribution of poverty and wealth, mobility rhythms of
returners and explorers, human contact networks, demographic
characteristics and neighborhood isolation phenomena from
human mobility patterns by mobile phone call records, GPS
data, transit smartcard data, and geocoded messages from social
media (3, 5-8). In the era of big data, studies have uncovered
individual patterns and scaling laws and pose the prospect of
predicting human mobility (9-11). Of course, one advantage of
big data is volume, but big data rarely include socioeconomic
attributes directly and the availability is usually of a short dura-
tion. In contrast, household surveys (relatively small data in com-
parison) provide more socioeconomic attributes and travel infor-
mation. Investigating human mobility, including travel behavior
and the journey to work, has traditionally relied on household
surveys (12, 13). Still, some limitations exist in the surveys such
as the data resolution of travel trajectories and time use.
Mobility patterns can reflect human movement at various spa-
tial scales so that they can be used to critique and address
increasing social challenges. Recently, many researchers have
investigated patterns of international or intercity migration (14—
16), while fewer have explored intraurban migration or residen-

www.pnas.org/cgi/doi/10.1073/pnas.1815928115

tial mobility (17). In the field of residential mobility, empirical
studies often harness the life course framework (18), while
theoretical models describe housing choice with the trade-off
between commuting cost and housing expenditures (19). Indeed,
the jobs-housing relationship, job and housing tenures, and
their dynamics affect daily commutes and travel behavior and
vice versa (2, 20, 21). However, few studies have assessed the
job and housing dynamics with a longitudinal analysis at the
individual level.

Transit station choice can be a proxy to capture patterns of
individual mobility in a city (22). With the help of smartcard
data, we probe consecutive trajectories of workplaces and resi-
dences over 7y in Beijing to understand urban dwellers’ job and
housing dynamics. We identify the most preferred station near
each traveler’s workplace and residence (i.e., the work and home
stations) according to individual commuting regularity (23). As
transit use is a major part of commutes in megacities, regular
public transport commuters present higher temporal regularity
than nonregular commuters (Fig. 14). From 2011 to 2017, the
annual proportion of regular commuters rose from 23.74% to
31.40%, and their trip records account for over 80% of transit
trips. We observed that 5,001 regular commuters retained their
smartcard for seven consecutive years. The sampling process is
shown in Fig. 1B. After assessing the spatiotemporal regular-
ity of trips, we find 4,248 sample commuters whose workplaces
and residences can be identified successively. The sample size is
more than equivalent to a travel survey. Each sample commuter

Significance

This paper uses transit smartcards from travelers in Beijing
retained over a 7-y period to track boarding and alighting
stations, which are associated with home and work loca-
tion. This allows us to track who moves and who remains at
their homes and workplaces. Therefore, this paper provides a
longitudinal study of job and housing dynamics with group
conceptualization and characterization. This paper identifies
four mobility groups and then infers their socioeconomic pro-
files. How these groups trade off housing expenditure and
travel time budget is examined.
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ARTICLE INFO ABSTRACT

As a megacity, Beijing has experienced traffic congestion, unaffordable housing issues and jobs-housing im-
balance. Recent decades have seen policies and projects aiming at decentralizing urban structure and job-worker
patterns, such as subway network expansion, the suburbanization of housing and firms. But it is unclear whether
these changes produced a more balanced spatial configuration of jobs and workers. To answer this question, this
paper evaluated the ratio of jobs to workers from Smart Card Data at the transit station level and offered a
longitudinal study for regular transit commuters. The method identifies the most preferred station around each
commuter's workpalce and home location from individual smart datasets according to their travel regularity,
then the amounts of jobs and workers around each station are estimated. A year-to-year evolution of job to
worker ratios at the station level is conducted. We classify general cases of steepening and flattening job-worker
dynamics, and they can be used in the study of other cities. The paper finds that (1) only temporary balance
appears around a few stations; (2) job-worker ratios tend to be steepening rather than flattening, influencing
commute patterns; (3) the polycentric configuration of Beijing can be seen from the spatial pattern of job centers

Keywords:
Jobs-housing balance
Smart Card Data
Spatial dynamics
Longitudinal analysis
Urban subway network

identified.

1. Introduction

As a megacity, Beijing has experienced traffic congestion, air pol-
lution, and unaffordable housing issues. Many residents have endured a
long commute every day (Feng, Zhou, & Wu, 2008; Zhao, 2015). Many
still work in the CBD where housing remains expensive, and so dwell in
the suburbs where housing is more affordable. While Beijing was once a
monocentric city, recent decades have seen policies and projects aiming
at decentralizing urban structure and job-worker patterns. For example,
a series of projects to decentralize non-capital functions included the
relocation of universities and large firms (Pan, Guo, Zhang, & Liang,
2015). Policy makers have advocated commuting by public transpor-
tation to alleviate traffic congestion. For instance, sub-center con-

struction started in the Tongzhou district in 2012, followed by the ex-
tension of Line 1 in Beijing subway system. Overall, both government-
led and market-oriented projects have affected job-worker patterns in
Beijing.

With the suburbanization and economic growth in Beijing, esti-
mates of the travel time for the journey-to-work vary widely. The
journey-to-work was reported at about half an hour in 2001 (Zhao,
Lii, & De Roo, 2011). According to the household survey, the duration
of home-to-work journey was 38 min in 2005 (Bin, 2009), and it was
almost constant in the analysis of Smart Card Data (i.e. SCD) in 2008
(Zhou & Long, 2014). In 2010, one report even has it increasing to
52 min (Wang & Xu, 2010). Ta, Chai, Zhang, and Sun (2017) reviewed
jobs-housing patterns and they found that the commuting time and

* Corresponding author at: Key Laboratory of Regional Sustainable Development Modeling, Institute of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences, 11A, Datun Road, Chaoyang District, Beijing 100101, China.
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This paper investigates the circuity of transit networks and examines auto mode share as a function of circuity
and accessibility to better understand the performance of urban transit systems. We first survey transit circuity
in the Minneapolis-St. Paul, Minnesota, region in detail, comparing auto and transit trips. This paper finds that
circuity can help to explain mode choices of commuters. We then investigate thirty-five additional metropolitan

areas in the United States. The results from these areas show that transit circuity exponentially declines as travel

Keywords:

Circuity

Accessibility

Transit networks
Network efficiency
Mode share

Public transportation

time increases. Moreover, we find that the circuity of transit networks is higher than that of road networks, illus-
trating how transit systems choose to expand their spatial coverage at the expense of directness and efficiency in
public transportation networks. This paper performs a regression analysis that suggests the circuity of transpor-
tation networks can estimate transit accessibility, which helps to explain mode share.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The design of public transportation networks is not independent of
their use. For example, how long a journey by transit takes (compared
to alternatives) and how easily destinations are accessed by each
mode explains much of the share of public transit use (Owen and
Levinson, 2015). Based on studies of self-selection in residential reloca-
tion, the preference for transit mode is an important factor (Krizek,
2003; Mokhtarian and Cao, 2008; Cao et al., 2009). People who prefer
commuting by transit may choose residences where they can easily ac-
cess transit stations that are served by routes connecting directly with
desired destinations. Following the discussion in these studies, this
paper hypothesizes that people who commute by transit select residen-
tial locations with less circuitous transit routes than those who do not.
This paper compares the circuity of transit and auto home-to-work
trips. Investigating this hypothesis can help us understand the self-
selection in mode choice by commuters and the need of travelers for
direct routes. Hence, the paper first posits the hypothesis (H1) that
the transit network circuity of actual transit trips is lower than that of
travelers who chose to use a car.

Public transportation networks (including bus and rail) have been
built, improved, or expanded in many cities to align network investment
policies with transit-oriented development to maximize access to transit
systems and encourage transit ridership (Cervero, 2004). In transport

* Corresponding author.
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! Visiting Scholar, Department of Civil, Environmental, and Geo-Engineering, University
of Minnesota, USA.
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planning, urban transit networks are often designed to ensure a large
spatial coverage for political or policy reasons (Taylor, 1991), resulting
in circuitous lines (Black, 1995; Murray et al., 1998). However, the high
indirectness of transit lines that trades off coverage for frequency
(Walker, 2012) may discourage ridership, because people could com-
mute by other modes to reduce trip circuity (and thus travel time). A
question arises: to what extent do travelers accept the circuity of transit
trips?

Increasing transit ridership implies reducing automobile mode
share, presently the most widely used commuting mode in every US
metropolitan area (American Community Survey, 2012). One reason
that more people commute by car instead of by transit is that routes
on public transportation networks are more circuitous. Indeed, road
networks are typically denser than transit networks, so road networks
almost always provide less circuitous routes. With this topological
difference in mind, the paper proposes a second hypothesis (H2): that
circuity on transit networks is higher than that on road networks for
the same trips (Table 7).

Moreover, the correlations between automobile mode share and ac-
cessibility in road and transit networks have been previously tested
with a local example (Owen and Levinson, 2015) and in multiple metro-
politan areas (Levinson, 2012). It has been reported that an increase in
transit accessibility may reduce commute time by transit (because
jobs are closer to workers and because transit service is thicker),
which should reduce automobile mode share. Correlations of circuity,
accessibility, and automobile mode share are valuable to investigate.
Closing the circle, we propose a third hypothesis (H3): that automobile
mode share depends significantly on network circuity and accessibility
in road and transit networks.
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ARTICLE INFO ABSTRACT

Keywords: Scheduling strategies are important to improve network efficiency and optimize time slots for
Inter-modal competition both high-speed train (HST) and air travel. Although many scholars have studied HST and air
High-speed rail travel competition from the perspectives of the spatial patterns and travel costs of the two

Air service
Time slot
Time window method

transportation modes, few studies have investigated their potential temporal competition. To fill
this research gap, this paper uses a time window method to examine the relationship between
HSTs and flights operating between city-pairs. From the perspective of departure time, an ana-
lysis was conducted in the overlapping network of HSTs and flights at the city-pair level in China,
based on one-day schedules. The results show that (1) HSTs and flights were temporally
scheduled differently according to their within-day dynamics, and (2) HSTs and flights experi-
enced fierce competition from 7 am to 9 am on average. Furthermore, the proposed classification
method identifies city-pairs in a single-mode dominant market, full competition market, partial
competition market, and complementary coordination market. Spatially, 24 city-pairs operating
343 flights with 533 train competitors in one day formed the full competition market with high-
frequency schedules, including such city-pairs as Beijing-Shanghai, Guangzhou-Shanghai, and
Shanghai-Xi’an. The method to classify city-pairs according to the similarity and diversity of HST
and flight schedules may be generalized for allocating time slots for two modes. This work may
help to schedule HSTs and flights in future transportation management.

1. Introduction

Time slots are an important factor in scheduling strategies for both High-Speed Train (HST) and air travel, as it determines the
operation and management in those transportation networks from the supply perspective (Borenstein and Netz, 1999; Sun, 2015). For
hub airports, many factors affect the allocation of time slots among city-pairs, such as the airport capacity and passenger demand.
With the limit of airport capacity, airport hubs need to maximize the utility of time slots to serve demand. In terms of HSTs, operators
may decrease the train frequency when passengers are less likely to depart/arrive in a certain time slot, while enhancing the fre-
quency during the ‘golden’ periods. Therefore, for the two transportation modes, how daily time slots are arranged has reflected the
travel demand of inter-city trips as well as the scheduling strategies of operators, policymakers, and transport planners.
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This study investigates the circuity of China's high-speed-rail (HSR) network from 2014 to 2016 and analyzes the
network performance. The concept of circuity has been redefined in terms of travel time so that various speed
levels of HSR lines can be measured systematically. In this study, circuity is redefined as the ratio of actual travel
time to ideal travel time. By using actual HSR trip records, the influence of passenger demand and the circuity of
transfer trips have been examined. At the node level, we find that the circuity of principal stations has sig-
nificantly decreased overall. For stations with lower circuity, transfer trips from/to them tend to be more cir-

cuitous. Although stations along the intercity rail lines show higher circuity, they contribute to regional coverage
and connectivity. Finally, we find that circuity tends to increase with a decreasing passenger flow for OD pairs
within a certain distance range, and the passenger flow may decline as the OD distance increases.

1. Introduction

Since the introduction of Shinkansen between Tokyo and Osaka in
1964, the technology of high-speed-rail (HSR) has been implemented in
many countries and regions. Owing to its speed advantage, superior
quality of service, and large transportation capacity, HSR plays an
important role in substituting conventional railway (Givoni, 2006;
Campos and Rus, 2009). Therefore, evaluation of HSR network effi-
ciency and performance caused concern recently (Xu et al., 2017; Hu
et al., 2017; Jani¢, 2018). Differently from regions where one or several
HSR lines operate independently, China, Spain, and Germany have
constructed HSR networks at a regional or national level. The planning
and construction of a large-scale HSR network are affected by eco-
nomic, geographical, and even political factors (Tierney, 2012;
Ashiabor and Wei, 2013; Culver, 2016). In transportation planning,
HSR networks are often built or expanded to ensure a large spatial
coverage so that the regional development gaps may be narrowed
(Vickerman, 2015; Wang et al., 2015). Several studies have focused on
analyzing and evaluating HSR network efficiency at the national level
(Xu et al., 2018a; Xu et al., 2018b; Moyano et al., 2018). However,
research on the actual HSR trips at a large-scale network is still limited
owing to data availability.

In China, the first HSR line was the Beijing-Tianjin intercity railway
that was opened in August 2008. A national HSR network has been
gradually constructed since 2012 according to the “four vertical and

* Corresponding authors.

four horizontal” transportation corridor plan. By the end of 2017, the
operating HSR route length exceeded 25,000 km. The total number of
passengers transported by HSR has exceeded that of air travel since
2012, and reached conventional railway passenger volumes in 2017;
HSR has become an important inter-city travel mode in China, which
has been constructed by the national railway department, and experi-
enced network expansion recently (Jiao et al., 2014; Yue et al., 2015).
Using the ticket sales data available from China Academy of Railway
Sciences Corporation Limited (i.e., CARSCL, a subsidiary corporation of
China Railway), this study will investigate the geographical char-
acteristics of China's high-speed-rail network (CHSRN) from 2014 to
2016 in order to observe its recent network efficiency and evolutionary
performance at a national scale. Evaluating the geographical char-
acteristics and evolution process of China's HSR will help to have a
better understanding of deficiencies in network design, and improve-
ment in accessibility and connectivity. Furthermore, strategic guideline
can be provided for HSR development.

There are trade-offs among coverage, accessibility, connectivity,
and directness in transportation networks (Levinson, 2012; Costa et al.,
2016; Wang et al., 2016a, 2016b). High levels of indirectness may de-
crease network efficiency, discourage ridership, and eventually nega-
tively affect revenue because passengers could shift to other competi-
tive modes (e.g., airlines). Circuity is generally defined as the ratio of
network distance to Euclidean distance (Barthélemy, 2011). This in-
dicator has been widely employed for investigating the directness of
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High-speed train (HST) and inter-city coach (ICC) have been two important ground transportation modes for
travelling between cities in China. They influence inter-city connections significantly. This study uses HST's and
ICC's timetable data to construct networks; evaluates city centrality and city-pair connectivity to compare the
hierarchical structures. The results show that the HST network shows linear distribution characteristics while
ICC network presents regional “core-periphery” structure. Provincial administrative boundaries have an obvious
constraint on the ICC network, while the HST community structure follows the railway lines' distribution.

Finally, this study illustrates the spatial organization model and gives implications for regional transportation

planning.

1. Introduction

The geography of inter-city connections or city-pairs can reflect the
spatial pattern of urban systems and influence the externalities of cities
(Rodrigue et al., 2013). As one of the most important basic conditions
for regional development, transport networks are representative phy-
sical links that can help to understand the interaction of cities at the
global, national, and regional scales (Jiao et al., 2017). Compared with
road, air, and conventional railway, high-speed rail is a brand-new
transportation mode, which would influence the inter-city flow of
passengers. In China, the high-speed rail went through a period of rapid
development in recent years and has become the largest network in the
world.

High-speed rail can generate an unprecedented shrinkage of space
and time by greatly shortening inter-city travel time (Spiekermann and
Wegener, 1994), which in turn impacts the inter-city travel and changes
the market shares of other transportation modes (Vickerman, 1997).
For example, 23% of the passenger traffic of Japan's Sanyo Shinkansen
line came from air travel, and 16% came from cars and buses (Givoni,
2006). In China, three high-speed rails originating from a provincial
capital (Nanning, located in Guangxi in the south of China next to
Guangdong) to three cities in the same province (Beihai, Fangcheng-
gang, and Guilin) have been opened since 2013. Subsequently, during
the 2014 Spring Festival, Nanning's road passenger traffic volume de-
creased by 22.1% compared with 2013 (Nanning Municipal Bureau of

Statistics, 2014). Therefore, it is a significant research issue to compare
the high-speed rail and other transportation modes, analyze their si-
milarity and diversity, and explore the influence of the high-speed rail.

Many studies showed how the high-speed rail affects the spatial
interaction of cities (Cheng, 2010; Jiao et al., 2014; Shaw et al., 2014),
and in the existing literature, the high-speed rail network is generally
compared with the airline network (Wang et al., 2015; Yang et al.,
2018c; Zhang et al., 2019). Givoni and Dobruszkes (2013) found that
the competition of high-speed rail with air and road transport diverge
according to some differences in the factors. Sun et al. (2017) suggested
that multimodal transport system, including coaches, is one of the fu-
ture research agenda on high-speed rail and air transport competition
and cooperation. Chang and Lee (2008) also considered road trans-
portation for the analysis of Korean high-speed rail accessibility. Sev-
eral studies have measured and compared rail and road network and
considered the influence of the high-speed rail operation (Kotavaara
et al., 2011; Song and Yang, 2016). High-speed rails are usually oper-
ated with higher frequencies between city-pairs than traditional trains,
and could provide an alternative and competitive transport mode ex-
cept coaches for passengers. However, few studies conducted a direct
comparative investigation for high-speed rail networks and road net-
works because of the following reasons. First, it is difficult to find a
study area where the two developed infrastructure networks are of si-
milar size. Second, a comparison from the perspective of supply has
rarely been conducted due to lack of data. Our research attempted to
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Airport hubs’ indirect connectivity is important for any aviation network. Indirect connectivity describes
the capacity of airport hubs to provide indirect connections over the airline network. As the Chinese
aviation industry has experienced development, this paper offers a comparative analysis of indirect
connectivity for Chinese airport hubs between 2010 and 2015. We investigate wave-system structures,
weighted indirect connectivity (WIC) and indirect connections of the top ten airport hubs in China. In the
spatial analysis, this paper surveys the spatial patterns of indirect connections at four important airport
hubs. Beijing-Capital airport has strong indirect connectivity worldwide. Pudong and Hongqiao airports

Keywords: . - R . . .
Ai;vport hub worked together to maximize the spatial coverage of Shanghai. Guangzhou-Baiyun airport has sufficient
Flight wave indirect connections across southern China, and it intends to expand its spatial influence into northern
Wave-system structure cities.

Indirect connectivity

© 2017 Published by Elsevier Ltd.

1. Introduction

The Chinese aviation industry has developed in recent years; it
has experienced a stable 9% per year increase in the rate of total
passengers (China statistical yearbook, 2016). Some airport hubs
then emerged. The top 10 airports served more than 55 percent of
passengers in 2010. That percentage decreased to 46 percent in
2015 under air deregulation. The flight schedules of these airport
hubs influence approximately half of the traffic flow across the
Chinese airline network. Hence, the main goal of this paper is to
examine the temporal operation of these airport hubs and their
connectivity.

The Chinese aviation market and the connectivity amongst
airport hubs have been influenced by air deregulation (Wang et al.,
2016). Zhang and Round (2008) emphasized that flight scheduling
is important in the process of air deregulation in China. For
example, airline companies have freedom of scheduling and tighter
flight schedules, under air deregulation in Korea and Brazil (Sun,
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2015; Oliveira et al., 2016). Because airline companies had to
maintain their competitiveness by offering good quality indirect
flights at airport hubs, wave-system structures were adopted for
flight scheduling. Burghouwt and de Wit (2005) found that wave-
system structures were implemented or intensified in the Euro-
pean market under air deregulation. However, few studies to date
have examined wave-system structures in Chinese airport hubs. To
this end, this paper’s first objective is to examine whether Chinese
airports have adopted wave-system structures in scheduling.

The second objective is to evaluate the weighted indirect con-
nectivity and spatial distribution of indirect connections at airport
hubs in China. Consistent with the study of wave-system structures,
this indicator represents the overall performance of flight sched-
ules. Danesi (2006) evaluated the weighted indirect connectivity of
large airlines and reported the number of possible indirect con-
nections at European hubs. However, the spatial distribution of
indirect connections has not been studied. This research will use a
spatial analysis to compare whether airport hubs win or lose in-
direct connectivity in China between 2010 and 2015.

The paper is organized as follows. Section 2 provides the liter-
ature review. Section 3 introduces the period studied and dataset.
Section 4 provides the analysis of wave-system structures. Section 5
investigates the weighted indirect connectivity of airports in 2010
and 2015 and then examines the spatial patterns of indirect
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This paper presents the design and evaluation process of a self- Received 31 May 2015

learning system for local ramp metering control. This system is Accepted 15 July 2016

developed on the basis of reinforcement learning (RL) and can

deal with the problem of on-ramp queue management through a ntell .
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tests are carried out to evaluate the performance of the new

system. In terms of the total time spent by road users, the new

system can achieve a 30% reduction from the situation of no

control, a result which is competitive with the widely accepted

algorithm ALINEA. Meanwhile, simulation results show that the

new system can keep on-ramp queues strictly under a series of

pre-specified constraints, which proves its capability of managing

on-ramp queues.
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1. Introduction

Motorways - inter-urban road networks - are designed to ensure high mobility and
orderly traffic operation, while the arising traffic congestion becomes one main issue
affecting their functionality. Proper control and management of traffic congestion are
urgently needed to guarantee an efficient motorway system. To this end, under the
umbrella of intelligent transportation systems (ITS), many traffic control devices have
been developed, such as ramp metering, variable speed limits and variable message
signs. In practical applications, ramp metering has been recognised as an effective
method to control motorway traffic and alleviate congestion (Papageorgiou and Kotsialos
2002). Meanwhile, a large number of ramp metering systems have been proposed, from
the early fixed-time systems (Wattleworth 1965), to traffic responsive strategies (e.g. the
capacity-density method, Masher et al. 1975; ALINEA and its variations, Smaragdis and
Papageorgiou 2003), up to optimisation-based approaches (e.g. optimal control, Gomes
and Horowitz 2006; Li and Chow 2015; and model predictive control systems, Hegyi,
De Schutter, and Hellendoorn 2005; Papamichail et al. 2010). Recently, there has been
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REINFORCEMENT LEARNING FOR RAMP CONTROL:
AN ANALYSIS OF LEARNING PARAMETERS

ABSTRACT

Reinforcement Learning (RL) has been proposed to deal
with ramp control problems under dynamic traffic condi-
tions; however, there is a lack of sufficient research on the
behaviour and impacts of different learning parameters.
This paper describes a ramp control agent based on the RL
mechanism and thoroughly analyzed the influence of three
learning parameters; namely, learning rate, discount rate
and action selection parameter on the algorithm perfor-
mance. Two indices for the learning speed and convergence
stability were used to measure the algorithm performance,
based on which a series of simulation-based experiments
were designed and conducted by using a macroscopic traffic
flow model. Simulation results showed that, compared with
the discount rate, the learning rate and action selection pa-
rameter made more remarkable impacts on the algorithm
performance. Based on the analysis, some suggestions
about how to select suitable parameter values that can
achieve a superior performance were provided.

KEY WORDS

reinforcement learning; Q-learning; ramp control; agent;
macroscopic traffic flow model;

1. INTRODUCTION

After more than 50 years of application, ramp con-
trol (or ramp metering) has been identified as one of
the most effective control methods on motorways [1].
The ramp control mentioned here refers to the on-
ramp control. This control method uses signal devices
named ramp meters at on-ramps to regulate the ramp
metering rate which is usually defined as the number
of vehicles entering the motorway mainline during
each signal cycle. Through suitable regulations on the
metering rate, a ramp control strategy aims to alleviate
motorway congestions, improve motorway throughput,

and thus reduce the travel time spent by road users
[2]. Over the last decades, a number of control strate-
gies have been proposed to achieve this goal, such as
capacity-density method [3], ALINEA [4] and the mod-
el-based optimization approaches (e.g. model predic-
tive control methods [5, 6]). Among these strategies,
the model-based optimization method has become
increasingly popular in recent studies, as it is sound
and can solve the ramp control problems based on
the optimization theory. However, this method is de-
pendent on the model accuracy and usually requires
high computational demand, which limits its field of
application [71].

In order to overcome these limitations, reinforce-
ment learning (RL) was recently proposed by Jacob
and Abdulhai [7, 8] to solve ramp control problems
based on the Markov decision process (MDP) and dy-
namic programming (DP). After this contribution, some
recent studies have also shown the effectiveness of
RL for ramp control under different settings and con-
ditions. For instance, coordinated ramp control using
RL is considered in [9], continuous state space was
analyzed in [10], and indirect RL was tested in [11,
12]. Although some efforts have been made to ex-
plore the application of RL in the ramp control domain,
the issues of how to set the parameters for RL based
ramp control strategies and how these settings influ-
ence the algorithm performance have not been widely
studied. In most of these studies, the learning param-
eters are set according to experience without analysis.
To our knowledge, the only published work related to
the analysis of learning parameters for ramp control
is shown in [13]. This work provides some useful sug-
gestions about how to select suitable parameters in
a continuous-state case with some adaptive settings.
However, the behaviour of different parameter values
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