THE JoURNAL OF TRANSPORT AND LaND Use  htep://jdu.org
Vor. 13 No. 1 [2020] pp. 273-297

Identifying the combined effect of shared autonomous vehicles
and congestion pricing on regional job accessibility

Shaopeng Zhong Rong Cheng

Dalian University of Technology Dalian University of Technology
szhong@dlut.edu.cn 804680460@qqg.com

Xufeng Li Zhong Wang (corresponding author)
Dalian University of Technology Dalian University of Technology
952241910@qg.com zwang@dlut.edu.cn

Yu Jiang (corresponding author)
Technical University of Denmark
yujiang@dtu.dk

Abstract: Most of the existing research on shared autonomous vehicles (SAVs) Article history:

and road congestion pricing have studied the short-term impact on traffic flow. Received: November 27,

These types of studies focused on the influences on mobility and ignored the 2019

long-term impacts on regional job accessibility. Given this, from the perspective Received in revised form:
of land use and transportation integration, this study explored the long-term March 8, 2020

effects of SAVs and cordon-based congestion pricing on regional land use, Accepted: April 15, 2020
transportation, and job accessibility. The contributions of this study have been Available online: October
summarized by the following three purposes. First, to the best of the authors’ 29,2020

knowledge, this study was the first attempt to identify the long-term impact of
the combination of these two technologies on regional job accessibility. Second,
compared to the previous research methodology, this study adopted the land use
and transportation integrated model (TRANUS model) and scenario planning
to ensure the comprehensiveness and validity of the results. Third, this study
analyzed the spatial heterogeneity of the impact of the combination of the
two technologies on regional job accessibility in different areas with different
built-environment attributes. To realize this purpose, this study quantitatively
classified traffic analysis zones (TAZs) using data mining technology, i.e., factor
analysis and clustering analysis. Results showed that the introduction of SAVs will
contribute to job and population development in the charging zone and reduce
the negative effect of road congestion pricing. From the perspective of reducing
the average travel time between TAZs, the best strategy will be to implement
SAVs alone, followed by integrated use of SAVs and road congestion pricing,
while the worst strategy will be to implement the cordon-based congestion
pricing policy alone. By comparison, from the perspective of improving regional
job accessibility, the effect of introducing SAVs was better than that of road
congestion pricing, while the combination of these two technologies was not

superior to implementing SAVs alone.
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1 Introduction

Shared Autonomous Vehicles (SAVs) will be integrated into people's daily lives in the next ten to twenty
years (Wadud, MacKenzie, & Leiby, 2016; Milakis, Snelder, van Arem, van Wee, & de Almeida Cor-
reia, 2017a; Litman, 2018; Narayanan, Chaniotakis, & Antoniou, 2020). Although SAVs technology
has been developed rapidly, there are still doubts in academia and for policy-makers about whether and
how SAVs contribute to the sustainable development of society. On the one hand, existing research
found that SAVs have potentially positive effects on improving traffic efficiency (Fagnant & Kockelman,
2014; Tian et al., 2015; Li et al., 2016b), road capacity (Talebpour & Mahmassani, 2016), and road
safety (Gong, Shen, & Du, 2016; Li, Wang, Wang, Liu, & Xiang, 2016a). On the other hand, scholars
have pointed out that SAVs could reduce travelers' marginal travel costs and encourage travelers to make
longer and more frequent travel (Heinrichs, 2016). Meanwhile, SAVs will also encourage residents who
are unable to drive independently, e.g., the old, children, and disabled people to travel by cars, which
will generate more induced travel demand, resulting in longer total vehicle miles traveled (Milakis, van
Arem, & van Wee, 2017b). Bischoft and Maciejewski (2016) confirmed this point of view and found
that the total vehicle miles traveled in Berlin, Germany increased by 13% when SAVs are introduced.
The increased total vehicle miles traveled will lead to decentralized and low-density urban growth, which
results in traffic congestion and impedes sustainable urban development. This is similar to the impact
of motorization (large-scale use of private cars) on urban sprawl in the United States. Urban sprawl is a
phenomenon of out-of-control expansion and sprawl in the urbanized areas, which makes the activities
originally concentrated in the central area spread to the periphery of the city. The urban form presents
the characteristics of decentralization, low density, single regional function, and car-dependent travel.

The large-scale implementation of SAVs will inevitably have impacts on various aspects. Clarify-
ing these potential impacts can provide a basis for policy-makers to formulate development strategies
for SAVs more rationally. According to Table 1, the ripple effects of urban land use and transportation
systems caused by SAVs can be divided into three levels, i.e., transportation system, spatial locations of
land use, and society (Milakis et al., 2017b). There are extremely complex interactions and constraints
between urban land use and transportation systems. This relationship constitutes a “spiral” interac-
tion among land use, accessibility, travel costs, and travel demand (Yang, Lu, Cherry, Liu, & Li, 2017;
Zhong & Bushell, 2017b; Sun, Zhang, & Shen, 2018). Specifically, the implementation of SAVs will
first affect residents' travel behaviors and road traffic flow, which is known as the first-order effects. Due
to the improvement of ride comfort, the traveler’s value of time is reduced, which encourages residents
to live far away from their workplace and accept longer commutes; for companies, they will choose the
urban peripheral area with a lower cost to set up factories. This is the second-order effects. In terms of
extensive social impacts (the third-order effects), changes in residents' travel behaviors and spatial loca-
tions will influence the long-term urban accessibility, air quality, energy consumption, and social equity,
and re-influence residents' travel behaviors and traffic flow (Fan & Khattak, 2008; Sun & Ding, 2019).
According to the above mechanism, the various effects of SAVs will interact with each other circularly
until the urban system reaches an equilibrium state.
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Table 1. Ripple effects of SAVs

Classification of the effects of SAVs The time required to exert Description of the effects
influence

First-order effects (effects on transportation Change travelers’ behavior, e.g., travel

system) Short-term frequency, travel time, travel mode,
and travel route; influence road capac-
ity and traffic flow.

Second-order effects (effects on the spatial loca- Influence the locations of residents'

tions of land use) activities, e.g., residences, work-

places, schools, shopping arcades, and
entertainment places; influence the
locations of the companies.

Third-order effects (extensive social effects) Extensive social effects: accessibility,

Long-term
urban sprawl, energy consumption, air

quality, and social equity.

Although the various effects of SAVs interact with each other, most of the existing literature studied
the short-term effects of SAVs on residents' travel behaviors and traffic flow (the first-order effects) (Fag-
nant & Kockelman, 2014; Gong et al., 2016; Talebpour & Mahmassani, 2016; Chen, He, Yin, & Du,
2017), which focused on the effects of SAVs on mobility. The long-term effects (the second-order and
third-order effects) of SAVs have not been explored in-depth (Heinrichs, 2016). Due to the ignorance of
exploring the interactive feedback relationship between urban land use and transportation, it is difficult
to analyze the long-term effects of SAVs on urban sprawl and accessibility (Childress, Nichols, Charlton,
& Coe, 2015; Milakis et al., 2017b). Mobility refers to the ease of movement, while accessibility refers to
the ease of arriving at activities. The former reduces the travel cost per mile of travelers, while the latter
reduces the cost of travelers arriving at each activity (Levine & Garb, 2002; Zhong & Bushell, 2017a).
It has been proved that the improvement of mobility brought by cars does not necessarily improve the
accessibility (Ewing, Schmid, Killingsworth, Zlot, & Raudenbush, 2008). This is confirmed by the
synchronous process of motorization and urban sprawl in the United States. The increased mobility
brought by cars has contributed to the low-density development of American cities, resulting in the
separation of different activities in space and the further commuting distance of residents. Eventually,
accessibility declines significantly.

As a traffic demand management measure to alleviate traffic congestion, road congestion pric-
ing has been successfully applied in many major cities around the world, such as Singapore, London,
Stockholm, Milan, etc. (Zhong, Xiao, Bushell, & Sun, 2017). The purpose of road congestion pricing
is to adjust the traffic flow on the crowded roads during peak hours, so as to reduce road traffic conges-
tion (Pigou, 1920; Yang & Huang, 1998; Zhang & Yang, 2004; de Palma & Lindsey, 2011; Meng,
Liu, & Wang, 2012; Wei & Sun, 2018). The introduction of SAVs has brought new challenges to the
studies of traditional road congestion pricing. First, SAVs will reduce the value of time of travelers who
use SAVs. From the perspective of marginal cost, this will damage the interest of the traveler using tra-
ditional vehicles, because his or her value of time does not change (Simoni, Kockelman, Gurumurthy,
& Bischoff, 2019). Second, SAVs and road congestion pricing will have different effects on short-term
travel behaviors (e.g., travel route, departure time, travel mode, and travel frequency) of different types
of travelers. Finally, and more importantly, SAVs and road congestion pricing also have long-term effects
on the spatial locations of residence, business, and industry (Zhong & Bushell, 2017b). In summary, the
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problem of road congestion pricing becomes more complicated after the introduction of SAVs.

The era of SAVs is coming, following with a series of problems related to mobility and accessibility.
Will SAVs improve accessibility? Or is it just to improve mobility and contribute to the urban sprawl?
Furthermore, to promote job accessibility, which technology is more effective, by introducing SAVs
alone or implementing road congestion pricing alone? Will the combination of SAVs and road conges-
tion pricing lead to better results?

To answer the above questions, from the perspective of land use and transportation integration,
this study examined the long-term effects of SAVs and road congestion pricing on urban land use, trans-
portation, and job accessibility. The contributions of this study are summarized in the following three
aspects. First, to the best of the authors’ knowledge, this study is the first study to explore the long-term
impact of the integration of SAVs and road congestion pricing on regional job accessibility. Second, dif-
ferent from the methods used in the existing studies, this study applied the land use and transportation
integrated model as well as scenario planning to explore the interactive feedback relationship between
land use and transportation to ensure the comprehensiveness and effectiveness of the results. Third, this
study used data mining technology (factor analysis and clustering analysis) to classify the traffic analysis
zones (TAZs) quantitatively, so that we can analyze the spatial heterogeneity of the combined effects of
the two technologies on job accessibility in different regions with different built environment attribuces.

The rest of the paper is organized as follows. Section 2 reviews the existing literature. Section 3
and section 4 introduce the study area and research methodology, respectively. Section 5 analyzes the
long-term effects of SAVs and road congestion pricing on land use, transportation, and regional job ac-
cessibility. Finally, section 6 concludes this study.

2 Literature review

As mentioned before, the existing research focused on the short-term effects of SAVs on residents' travel
behaviors and traffic flow, only a few studies focused on the long-term effects of SAVs on regional ac-
cessibility. Unfortunately, there seems to be no study analyzing the long-term effects of the integration
of SAVs and road congestion pricing on regional job accessibility. Given this, this section reviews the
existing literature from two aspects: the long-term effects of SAVs on regional job accessibility and the
research of road congestion pricing in the environment of SAVs.

2.1 The long-term effect of SAVs on regional accessibility

Due to the complex interactive relationship between land use and transportation, studies on the long-
term effect of SAV's on regional accessibility are rare (see Table 2). From Table 2, it can be seen that the
existing research tends to find out the qualitative relationship between SAVs and regional accessibil-
ity using simplified methods such as expert-based experiment (Milakis, Kroesen, & van Wee, 2018),
scenario planning (Papa & Ferreira, 2018) or a combination of the two methods (Cohen & Cavoli,
2019). The main conclusions of the existing studies are that: the accessibility variation caused by SAVs
are highly uncertain and the travel time and cost savings brought by SAVs may be offset by the induced
trathic demand (Milakis et al., 2018); considering different government decisions will lead to different
effects of SAVs on accessibility, the improperly use of SAVs will increase residents’ dependence on cars
and total vehicle miles traveled, and further lead to traffic congestion (Papa & Ferreira, 2018; Cohen &
Cavoli, 2019).

Although the above studies have found the negative effects of SAVs on accessibility, due to the lack
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of quantitative analysis, it is difficult for policy-makers to accurately identify sensitive areas that are nega-
tively affected by SAVs and take corresponding countermeasures. To this end, some scholars have tried
to use the macroscopic transportation demand model to quantitatively analyze the long-term effect of
SAVs on regional accessibility. For example, using an independent macroscopic transportation demand
model, Meyer, Becker, Bosch, and Axhausen (2017) found that although SAVs can improve the overall
accessibility in Switzerland, especially in the suburbs, it will also cause a decline in accessibility in about
15% of the areas with a maximum decline rate of 29%.

It is worth noting that although the long-term effect of SAVs on regional accessibility can be quan-
titatively analyzed using the macroscopic transportation demand model, there are still great limitations
of the existing research. The existing models and methods are not comprehensive due to the lack of
analysis of the interactive feedback relationship between land use and transportation (Acheampong &
Silva, 2015). More importantly, although the existing studies have found the negative effects of SAVs on
accessibility, the spatial heterogeneity of the effects of SAVs on the accessibility in regions with different
built environment attributes have not been studied.

Table 2. Main research results of the effect of SAVs on regional accessibility

The potential ~ Authors and publi- Model and method Main conclusion
effect of SAVs cation year

. SAVs will increase national accessibility in Switzerland,
‘The macroscopic o o .
] especially in the suburbs, but it will also cause a decline

Meyer et al. (2017) transportation . . ] i
in accessibility in about 15% of the areas with a maxi-

demand model .
mum decline rate of 29%.

One view is that the changes in accessibility caused

by SAVs have great uncertainty. The travel time and
Milakis et al. (2018) Expert-based experi- f:ost savings brought by SAVs may.be offset by the
ment and Q method  induced traffic demand generated in the long-term.

Another view is that SAVs may cause social unfairness

problems.

Different government decisions will lead to different
impacts of SAVs on accessibility. If SAVs are used
Regional Papa and Ferreira
accessibility (2018)

) . improperly, it will increase residents" dependence on
Scenario planning . .
cars, and further exert negative effects on accessibil-

ity, energy consumption, urban environment, and

residents’ health.

If the government does not take any measures, SAVs

will increase the total vehicle miles traveled and traffic
flow, resulting in traffic congestion and reducing the
accessibility of passengers using walking, cycling, and
Cohen and Cavoli Scenario planning  public transportation. They suggest that the govern-
(2019) and experts seminar  ment take interventions in five aspects to avoid the
negative impacts of SAVs on accessibility: land use
planning, policies and regulations, infrastructure and
technology, service provision, and economic instru-

ments.

2.2 Road congestion pricing in the environment of SAVs

Road congestion pricing policy has been widely explored in the literature, but only a few studies ana-
lyzed road congestion pricing problems in the context of SAVs (Salazar, Rossi, Schiffer, Onder, & Pa-
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vone, 2018). Besides, the existing literature mainly focused on the short-term effects of road congestion
pricing on travelers’ travel behaviors (e.g., departure time, travel route, and travel mode) in the environ-
ment of SAVs (Faisal, Yigitcanlar, Kamruzzaman, & Currie, 2019).

Assuming travelers’ destinations remain unchanged, Simoni et al. (2019) studied the effects of dif-
ferent road congestion pricing schemes on travelers’ mode choices, network performance, and welfare
changes in the environment of SAVs using the multi-agent transportation simulation model MAT Sim.
Similarly, using a multinomial logit mode choice model and an agent-based model, Chen and Kockel-
man (2016) explored the influence of different pricing strategies on mode shares of SAVs and found that
network performance can be improved with targeted pricing strategies.

In view of this, some scholars used different models to optimize network performance in the context
of SAVs and road congestion pricing. Leveraging a multi-commodity flow-based optimization model,
Salazar et al. (2018) founded that by designing a pricing scheme, the system can achieve the social opti-
mum under the assumption of selfish travelers. Besides, based on the macroscopic fundamental diagram
theory, Yang, Menendez, and Zheng (2019) proposed a control approach to simultaneously optimize
road congestion pricing and perimeter control in the environment of connected vehicles. Tscharaktsch-
iew and Evangelinos (2019) discussed the relationship between the level of autonomous driving (driving
mode choice) and road congestion pricing.

In summary, research on the short-term effects of SAVs and road congestion pricing on travelers or
transportation system has been extensively studied (de Palma and Lindsey, 2011; Milakis et al., 2017b),
while there is little research on the long-term effects of the integration of SAVs and road congestion
pricing on regional job accessibility. To maximize the benefits brought by the combination of the two
technologies, it is urgent to analyze the above problems in detail from the perspective of land use and
transportation integration.

3 Case study

3.1 Regional development scenarios

This study selected Jiangyin City as the research area. Jiangyin City is located in the south of Jiangsu
Province, China, with a total area of about 988 square kilometers. At the end of 2018, the city's per-
manent population was about 1.65 million. Four regional development scenarios were created in this
study. Table 3 describes the characteristics of the four scenarios, namely the trend development scenario
(Scenario A), the SAVs development scenario (Scenario S), the road congestion pricing scenario (Sce-
nario C), and the integration of SAVs and road congestion pricing scenario (Scenario B). The initial year
of the land use and transportation integrated model of Jiangyin City is 2010. The model runs every 5
years until 2040. The road congestion pricing policy will be implemented in 2020 and SAVs will be
introduced in 2025. In addition, according to Litman's (2018) forecast, the market penetration rate of
SAVs by 2040 is about 40%.
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Table 3. Description of the characteristics of four scenarios

Scenarios Scenario description Initial year Final year
A Trend development scenario 2010 2040
S SAVs development scenario 2025 2040
C Road congestion pricing 2020 2040
scenario
B SAVs and road congestion 2025 2040
pricing scenario
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Figure 1. Map of Jiangyin City and the road congestion pricing area

This study adopted the widely used cordon-based pricing, which charges variable or fixed road tolls
for vehicles entering the pre-defined congested areas during peak hours (Zhang & Yang, 2004). The
tolled area in this study is the downtown area, as shown in Figure 1. All vehicles except public transpor-
tation vehicles, e.g., private cars, SAVs, and trucks, are charged 20 Chinese Yuan (CNY) per time when
they enter the charging area.

3.2 Data sources

There are three types of data required for the land use and transportation integrated model of Jiangyin
City. The first type is the land use data including the land use type, area, price, quantity, population, and
the number of jobs in each TAZ, which is obtained from the comprehensive plan of Jiangyin (Jiangsu
Institute of Urban Planning and Design, 2011) and the Jiangyin statistical yearbook. The second type
is the road and traffic information data, such as road name, type, length, speed limit, capacity, and traf-
fic volume of the main road section during peak hours, which is obtained from the Jiangyin Bureau of
Transportation. The third type is the public transportation data including the running time of buses,
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cost, speed, carrying capacity, average passenger load, average waiting time, and fare, which is obtained
from the Jiangyin Public Transportation Company.

4 Methodology

4.1 Calculation of regional accessibility

This study chooses job accessibility as an indicator to measure regional accessibility. Job accessibility is
defined as the ease of reaching a job at a location by using a range of transportation modes (Geurs & van
Wee, 2004). The indicator consists of two parts, including a weighted variable that describes the number
of jobs in a given area and an impedance variable associated with travel time that measures the difhculty
of reaching a job from a certain location (Zhong & Bushell, 2017a). Generally speaking, the closer the
area to a large number of jobs, the greater the regional job accessibility, and vice versa. In this study, the
calculation of regional job accessibility is formulated as Eq. (1).

JAi :zJj'T(tij) (1)

where JA. is the job accessibility of TAZ i ; J;is the number of jobs in TAZ j; T{(i tl.}.) is an impedance function
related to travel time between TAZ i and TAZ j, as expressed in Eq. (2).

T(@,)=a-e""" 0)

where ¢, is the shortest travel time between TAZ iand TAZ j, which can be achieved by com-
bining different transportation modes; a, B, y are the empirically derived impedance parameters whose

values, in this study, are 0.001, -0.4, -0.15, respectively (Cervero & Kockelman, 1997).

4.2 Parameter settings of SAVs

To analyze the impact of the introduction of SAVs on urban land use and transportation systems, the
market penetration of SAVs in different years and the corresponding changes in road capacity and
travelers’ value of time should be determined first. These factors are the input of the land use and trans-
portation integrated model in the next section. The Society of Automotive Engineers (SAE) classified
autonomous vehicles into five levels (SAE, 2016). This study focuses on the fourth and fifth levels, i.e.,
high driving automation and full driving automation.

4.2.1 Market penetration prediction of SAVs

Like other vehicle technologies, the initial market penetration of SAVs is low due to the high initial cost
of use, but its market penetration would climb with more and more users accepting SAVs due to the
decreasing use cost and the increasing performance of SAVs. This study adopted the market penetration

of SAVs predicted by Litman (2018) (see Table 4).
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4.2.2  Impacts of SAVs on road capacity

Since SAVs have not been widely used, the existing research usually uses simulation analysis and math-
ematical modeling methods to identify the relationship between SAVs and road capacity under differ-
ent scenarios (Acheampong & Silva, 2015; Milakis et al., 2017b; Narayanan et al., 2020). However, it
should be pointed out that the independent results have limitations due to the influences of the selected
research areas, the adopted methodology, the data, and the model assumptions. To this end, this study
used the meta-analysis method to analyze the existing research. Meta-analysis assesses the results of exist-
ing research quantitatively and systematically to derive results about that body of the research (Ewing &
Cervero, 2001). Compared with a single independent study, the main advantage of meta-analysis is that
it summarizes the existing research results on a certain topic, thus, the results are more general (Ewing
& Cervero, 2010). For a detailed introduction to meta-analysis, the readers are referred to Borenstein,
Hedges, Higgins, and Rothstein (2011).

Considering the different perspectives of existing studies and data availability, this study selected
the market penetration of SAVs, the road types, and the automation level of SAVs as the influencing
factors of road capacity. The road capacity under the influence of SAVs based on the meta-regression
model is expressed as Eq. (3).

Capacity, =a, + f, - Penetration+ f3, - Expressway + f3, - Level + ¢ 3)

rate of change

where Capacity, . ofchnge 15 the rate of change in road capacity; @, is a constant; Penetration is the
predicted market penetration of SAVs given by Litman (2018); Expressway is a dummy variable repre-
senting the road type: when Expressway =1, it represents the expressway, when Expressway =0, it repre-
sents other urban roads; Level is a dummy variable: when Level =1, it represents SAVs with automation
level 4 and 5, when Level =0, it represents SAVs with automation level 3 or below; ¢ is an error term;

Bi, By, Biand are the regression coefficients.

423  Impact of SAVs on travelers' value of time
Similarly, the travelers value of time under the influence of SAVs is expressed as Eq. (4).

Vor1i,

rate of change

=a, + p - Penetration + [, - Expressway + ;- Level + &’ (4)

Where V() T Trate of change
is an error term; g/, B, and B; are the regression coefhicients.
Based on the existing research results (Acheampong & Silva, 2015; Milakis et al., 2017b; Naray-

anan et al., 2020), using Eq. (3) and Eq. (4), the impact of SAVs on road capacity and travelers’ value

represents the rate of change in travelers’ value of time; ¢, is a constant; &’

of time in different years are determined and listed in Table 4. It can be found that by 2040, the market
penetration of SAVs will be 40%, the road capacity will increase by 6.78%, and the traveler’s value of
time will decrease by 23.9%. These results are the inputs of the land use and transportation integrated

model, namely the TRANUS model.
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Table 4. The market penetration of SAVs and the corresponding rate of changes in road capacity and travelers’ value of time

in different years

Year Market penetration of Rate of changeinroad  Rate of change in travelers’
SAVs capacity value of time
2030 20.00% 2.04% -13.80%
2035 30.00% 4.41% -18.85%
2040 40.00% 6.78% -23.90%
4.3 Establishment and calibration of the integrated model

4.3.1 Establishment of the Jiangyin integrated model

The Jiang integrated model was established by TRANUS. As a land use and transportation integrated
model, TRANUS is widely used around the world (de la Barra, Pérez, & Vera, 1984; Bandeira, Coelho,
Sé, Tavares, Borrego 2011; Yuan, Song, Hong, & Huang, 2017; Zhong, Wang Jiang, Yu, & Zhang,
2015). Based on random utility theory, TRANUS characterizes a series of behaviors of decision-makers
through discrete choice models (de la Barra et al., 1984; Zhong et al., 2015). It assumes that residents are
completely rational, namely, residents choose their residence, workplace, travel mode, and travel route
according to the principle of maximum expected utility (Zhong et al., 2015). The TRANUS model
consists of the land use subsystem and the transportation subsystem. It mainly includes five sub-models:
location choice, trip generation, trip distribution, mode split, and traffic assignment. For a detailed in-
troduction to the TRANUS model, the readers are referred to de la Barra et al. (1984). The framework
of the Jiangyin integrated model is illustrated in Figure 2.

Land use subsystem. The land use subsystem comprises of two exogenous sectors, i.e., industrial
job and government job, and twelve induced sectors, i.e., retail job, entertainment job, health job,
education job, population, industrial land, commercial land, residential land, office land, health land,
education land, and entertainment land. There is a production-consumption chain relationship between
different sectors, as shown in Figure 2. In a typical production-consumption chain, the industrial or
government jobs in area 7 generate a certain population demand. These demanded population will come
from different regions. The specific population distribution is determined based on maximum expected
utility depending on the distribution of residential land, housing prices, accessibility, and travel cost
between residence and workplace. To meet people's various living needs, the population distributed in
various regions will also generate demand for various services, requiring a certain amount of service jobs,
such as retail jobs, entertainment jobs, health jobs, and education jobs. The service jobs create popula-
tion demand in turn. The above-mentioned processes finally reach an equilibrium state, the results of
which are input into the transportation subsystem.

Transportation subsystem. The production-consumption process between different land use sec-
tors generates two types of trips, commuting trips and service trips. The transportation subsystem in-
cludes six modes of transportation, i.e., walking, cycling, rail transit, bus, SAV, and private car. Travelers
choose their transportation mode with the maximum expected utility according to the use costs of vari-
ous transportation modes. From the origin to the destination, travelers can use one transportation mode
or a combination of several different transportation modes. For example, travelers can first take a SAV
to the bus stop and then take public transportation to the destination.

In summary, the land use subsystem changes the state of the transportation subsystem by affecting
travel demand, and the transportation subsystem, in turn, affects the type and distribution of land use
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through accessibility and travel costs. The two subsystems fed back circularly until they reach an equi-

librium state.
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Figure 2. The framework of the Jiangyin integrated model

432  Calibration of the Jiangyin integrated model

Considering that the relationship between the land use subsystem and the transportation subsystem is

complex and also the integrated model has many parameters, this study adopted the piecewise estima-

tion approach to calibrate the Jiangyin integrated model (Abraham & Hunt, 2000). The specific steps

are as follows:
* First, calibrate the land use subsystem as a stand-alone application;

* Second, the transportation subsystem is then calibrated based on the results obtained from the

land use subsystem;
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* Finally, the correlation parameters of the two subsystems are calibrated using the complete land
use and transportation integrated model.

The base year for the Jiangyin integrated model is 2010. Different parameters were selected as the
convergence evaluation criteria for the land use subsystem and the transportation subsystem.

Calibration results of the land use subsystem. Considering the data availability and accuracy of the
comprehensive planning of Jiangyin City, the layout and scale of industrial land, retail land, and residen-
tial land were selected as the evaluation parameters. After repeated debugging, the convergence accuracy
of each land use sector is within 1%, which meets the calculation accuracy requirement.

Calibration results of the transportation subsystem. The mode share of different transportation
modes and the traffic flow of main road sections were selected as the evaluation parameters. In the basic
year, there are four transportation modes, i.e., walking, non-motorized vehicle, bus, and private car.
Taking into account the division scale of TAZs, walking is regarded as a feeder of other transportation
modes, whose travel volume is not included in the total travel volume. According to the travel survey
of Jiangyin City in 2010, the mode shares of non-motorized vehicle, bus, and private car are 33.5%,
22.1%, and 44.4%, respectively. The corresponding mode shares simulated by the Jiangyin integrated
model are 33.3%, 21.3%, and 45.45%. It can be calculated that the deviations between the survey value
and the simulated value of the mode shares are -0.6%, 3.62%, and 2.25%, respectively. Besides, five
main road sections were selected to observe the peak hour cross-section traffic flow, and the maximum
error of each observation point is within 8%. Therefore, the prediction results of the Jiangyin integrated
model can be considered reliable.

4.4 Classification of traffic analysis zones

The basic analysis unit of this study is TAZ. Considering the size of the study area, the whole area was
divided into 265 TAZs, among which 56 are tolled TAZs and 209 are non-tolled TAZs. The area of the
tolled TAZs is about 13 km?. To analyze the spatial heterogeneity of the effects of the integration of SAVs
and road congestion pricing on the job accessibility in areas with different built environment attributes,
this study used data mining technology, i.e., factor analysis and clustering analysis to quantitatively clas-
sify 265 TAZs (Zhong et al., 2015; Zhang, Sun, Shen, & Zhu, 2017).

To reduce the multicollinearity between different variables and decrease the number of original
variables, factor analysis was adopted to compress the original built environment variables (Child, 2006).
Principal components analysis was used to extract the factors, among which whose characteristic value
greater than 1 was chosen as an effective factor. The varimax orthogonal rotation was used to rotate the
factors. Based on this method, seven basic factors were extracted for 56 tolled TAZs and 209 non-tolled
TAZs, respectively (see Figure 6 and Figure 8).

Taking the basic factors extracted based on factor analysis as input, K-means clustering analysis
was employed to quantitatively classify TAZs within and outside the toll ring. The basic principle of K-
means clustering analysis is to minimize the internal distinctions of each TAZ type, while maximizing
the external dissimilarities to other TAZ types. The purpose of classifying TAZs is to measure and distin-
guish different TAZs more accurately and discover the spatial heterogeneity of the effects of SAVs and
road congestion pricing on the job accessibility in regions with different built environment attributes.
Detailed results for the factor analysis and the clustering analysis can be found in the appendices A and
B, respectively.
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441 Results of clustering analysis of TAZs outside the toll ring

Considering the statistical results and interpretability of clustering analysis, TAZs outside the toll ring
were divided into eight types (See Figure 6). The different colors in Figure 6 represent different built
environment attributes. The higher the value, the better the built environment attribute, and vice versa.
Form Figure 6, we can realize the difference between different types of TAZs. The specific attributes of
different types of TAZs outside the toll ring are summarized as follows:

TAZs of type 1 are close to the city center and have a large amount of population.
TAZs of type 2 are the farthest from the city center and all the built environment attributes are bad.

TAZs of type 3 are the residential center in the suburbs of the city. The street design and bus transporta-
tion conditions are not ideal, but the other built environment attributes are good.

TAZs of type 4 are the industrial center on the outskirts of the city. The street design, bus transportation
condition, and infrastructure accessibility are very good.

TAZs of type 5 are the commercial center close to the road pricing area. The TAZs in this group have
the largest number of retail jobs.

TAZs of type 6 are the administrative center close to the toll zone. The infrastructure accessibility, street
design, and bus transportation condition are good, while these TAZs lack retail jobs, industrial jobs, and
population.

TAZs of type 7 are the industrial center. The built environment attributes except industrial jobs are
poor.

TAZs of type 8 have good infrastructure accessibility, while the rest of the built environment attributes

are bad.

442  Results of clustering analysis of TAZs within the toll ring

Similarly, we divided the TAZs within the toll ring into eight categories. Figure 8 illustrates the differ-
ence between different types of TAZs. The specific attributes of different types of TAZs within the toll
ring are summarized as follows:

TAZs of type 1 have good infrastructure accessibility, but the other built environment attributes are bad.

TAZs of type 2 have good retail job and bus transportation conditions, while the infrastructure acces-
sibility condition is the worst.

TAZs of type 3 have the best street design and infrastructure accessibility conditions. The retail job and
bus transportation conditions are also good.

TAZs of type 4 are the administrative center with the largest number of government jobs.
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TAZs of type 5 are the industrial center with good conditions of retail job and bus transportation.

TAZs of type 6 have good street design and the largest number of industrial jobs, but the retail and bus

conditions are the worst.

TAZs of type 7 have the best conditions of retail and bus transportation. However, the conditions of
population, government jobs, and street design are the worst.

TAZs of type 8 belong to the residential center in the downtown area with the largest amount of popu-

lation.
5 Results analysis
5.1 Land use and transportation systems analysis

There is an interactive feedback relationship between urban land use and transportation systems, but
their response time to each other’s influence is different. Changes in the land use system will have an
immediate impact on the transportation system, but the impact of the transportation system on the land
use system gradually appears over time. In the context of this study, the introduction of road congestion
pricing and SAVs will have an immediate impact on the transportation system, but the impact on the
land use system will lag. As mentioned in section 3.1, road congestion pricing is going to be imple-
mented in 2020 and SAVs will be introduced in 2025. In view of this, this study took the land use and
transportation data in 2040 as the basis for analysis, so the effects of SAVs and road congestion pricing
can be fully presented.

5.1.1  Analysis of population and jobs under different scenarios

Table 4 presents the overall statistics of the population and the number of jobs in the toll ring and
the whole study area for each scenario in 2040. Figure 3 shows the rates of changes in the number of
jobs and population within the toll ring under different scenarios compared with Scenario A. The rate
of changes is calculated using Eq. (5).

a,(»)=[E(») O.(»)]/[E(A) O(A)].i=12 5)

where ¢ () represents the rate of changes in the number of jobs or the number of population in
TAZs within the toll ring under a certain scenario y, i.e., Scenario S, Scenario C, Scenario B, compared
with Scenario A. Note that when the subscript is 1, the variable is associated with the feature of jobs,
while when the subscript is 2, the variable is related to the feature of population. £(») represents the
number of jobs or population in TAZs within the toll ring under a certain scenario y, i.e., Scenario S,
Scenario C, Scenario B. 2(A) represents the number of jobs or population in TAZs within the toll
ring under Scenario A. O, () represents the total number of jobs or population in the whole study area
under a certain scenario y, i.e., Scenario S, Scenario C, Scenario B. O,(A) represents the total number
of jobs or population in the whole study area under Scenario A. According to Table 4 and Figure 3, it

can be found that:
* Overall, it is more convenient for travelers due to the emergence of SAVs (Scenario S). The in-
creased proportion of the number of jobs and population within the toll ring indicates that the
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introduction of SAVs promotes the development of the downtown area. Specifically, compared
with the trend development scenario (Scenario A), the introduction of SAVs makes the rate of
changes in the number of jobs and population within the toll ring increase to 104.06% and

127.35% by 2040, respectively.

* For the road congestion pricing scenario (Scenario C), the number of jobs and population
within the toll ring will decline to some extent due to the increase in travel costs. This indicates
that the road congestion pricing policy makes the region spread outward and inhibits the devel-
opment within the toll ring, which is consistent with the previous research results (Zhong et al.,
2015; Zhong & Bushell, 2017a). Specifically, compared with the trend development scenario
(Scenario A), when the road congestion fee is 20 CNY, the rate of changes in the number of jobs
and population within the toll ring will decline to 97.22% and 80.11% by 2040, respectively.

* From Figure 3, we can sce that the introduction of SAVs can counter the negative impact of
road congestion pricing on the number of jobs and population within the toll ring to a certain
extent. Compared with the trend development scenario (Scenario A), the combination of SAVs
and road congestion pricing (Scenario B) can increase the number of jobs and population
within the toll ring. The combined effect is between the effect of Scenario S and Scenario C.

Table 4. Conditions of jobs and population in 2040 under different scenarios

The total amountin ~ The total amount Percentage of all
the whole study area  within the toll ring
Jobs 159626 88818 5.56%
Scenario A
Population 3468675 283614 8.18%
Jobs 1605130 92420 5.76%
Scenario S
Population 3487946 361195 10.36%
Jobs 1596261 86350 5.41%
Scenario C
Population 3468676 227197 6.55%
Jobs 1605129 91167 5.68%
Scenario B
Population 3487947 336745 9.65%

Note: Percentage of all = The total amount within the toll ring/The total amount in the whole study area.
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Figure 3. Rate of changes in jobs and population within the toll ring in 2040 under different scenarios compare with

Scenario A
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5.1.2  Analysis of average travel time under different scenarios

The travel time between 265 TAZs can be obtained by the land use and transportation integrated model.
Based on this, the average travel time between different TAZs under different scenarios can be calculated

using Eq. (6).
T,=%%1,/k (6)

where 7, is the average travel time between different TAZs in year x under scenario y. #; represents
the shortest travel time between TAZ 7 and TAZ ;. k indicates the number of TAZs.

Figure 4 presents the average travel time between TAZs in different years (2030, 2035, and 2040)
and scenarios. From Figure 4, it can be seen that no matter under which scenario, the average travel
time between TAZs has increased as time goes by. Comparing the four scenarios, from the perspective
of reducing the average travel time between TAZs, Scenarios S (introducing SAVs alone) has the best
positive effect, followed by Scenario B (integration of SAVs and road congestion pricing), while Scenario
C (implementing road congestion pricing alone) has the least positive effect.

14

1.2

m 2030 year
’ m 2035 year
0.4 2040 year
0.
A S C B

Scenarios

=
=] e
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[—]
=)

(5]

<

Figure 4. Average travel time between TAZs in different years and scenarios

5.2 Analysis of job accessibility

This section analyzes the changes in job accessibility under different scenarios and answers the following
questions: (1) Which technology has a better effect on promoting regional job accessibility, the intro-
duction of SAVs or the implementation of road congestion pricing? What is the effect of the combina-
tion of the two technologies? (2) Is there any difference in the impact of the integration of SAVs and
road congestion pricing on the job accessibility in TAZs of different types? Which type of TAZs is more
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negatively affected?

To better understand the effects of the two technologies inside and outside the toll ring, this study
discusses their impacts separately. In addition, to analyze the combined impact of SAVs and road con-
gestion pricing on regional job accessibility, this study introduces the index of the change rate of job
accessibility, as formulated in Eq. (7).

B =[J4, (B)~ Ja, (A)]/ JA, (A) ?)

where /3, is the change rate of job accessibility in TAZs of type £ under Scenario B compared with
Scenario A; JA, (B) is the average job accessibility in TAZ type k under Scenario B; ,]_Ak( A) is the
average job accessibility in TAZ type 4 under Scenario A.

521 Results analysis of TAZs outside the toll ring

Figure 5 shows the changes in job accessibility in different types of TAZs outside the toll ring under
different development scenarios in 2040. Figure 6 presents the classification results of the TAZs outside
the toll ring. Table 5 shows the rate of change in regional job accessibility under Scenario B, compared
to regional job accessibility under Scenario A. The following conclusions can be made from Figure 5
and Table 5:

* Outside the toll ring, if we compare the job accessibility of different scenarios with that of
Scenario A, we can find that Scenario S has the best job accessibility in all types of TAZs except
TAZ type 3, followed by Scenario B, while Scenario C has the worst job accessibility. It can be
seen from the analysis in Section 5.1 that, compared with other scenarios, the implementation
of SAVs technology alone makes the total number of jobs in the region increase the most and
the average travel time decrease the most. According to the regional job accessibility calcula-
tion formula (1), when SAVs are implemented alone, the job accessibility outside the toll ring
increases the most.

* 'The combination of SAVs and road congestion pricing does not generate extra benefits in job
accessibility in TAZs outside the toll ring. Namely, the effect of introducing SAVs alone is better
than that of the combination of the two technologies.

* It can be seen from Table 5 that, compared with the trend development scenario, after the
integrated use of SAVs and road congestion pricing, the change rate of job accessibility in TAZ
type 2 is the highest. According to Figure 6, TAZs of type 2 are the farthest from the city center
and all of the built environment attributes in these TAZs are bad. Therefore, the introduction
of SAVs could greatly improve the convenience of regional transportation of TAZ type 2, and
the regional job accessibility has been improved the most.

* In contrast, compared with the trend development scenario, after the introduction of both
SAVs and road congestion pricing, TAZ type 6 is the only area whose job accessibility has
declined. On the one hand, the area is at the peripheral boundary of the toll ring. Due to the
boundary effect (Banister, 2003), travel time goes up and accessibility goes down. On the other
hand, although the area belongs to the administrative center, the retail job and industrial job
conditions are very bad, which influences the job accessibility in the region.

* For areas outside the toll ring, the impact of road congestion pricing (Scenario C) on regional
job accessibility is affected by the built environment attributes of each TAZ. Besides, the impact
on TAZs with different built environment attributes is not the same, which is consistent with
the results of Zhong and Bushell (2017a).
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Figure 5. Changes in job accessibility in different types of TAZs outside the toll ring under different development scenarios
in 2040
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Table 5. Change rate of job accessibility in different types of TAZs outside the toll ring under Scenario B compared with

Scenario A

TAZ type Rate of change in job accessibility S, (%)
0.45
33.08
12.81
21.25
25.32
-31.37
11.34
8 9.06
Note: The bold values present the most positively affected TAZ types, while the values displayed in dark and bold show the

N Y N S S

most adversely affected TAZ types.

5.2.2  Results analysis of TAZs within the toll ring

The variations of job accessibility in different types of TAZs within the toll ring under different develop-
ment scenarios in 2040 are shown in Figure 7. Figure 8 presents the classification results of the TAZs
within the toll ring. The change rate of job accessibility in TAZs within the toll ring under Scenario B,
compared with that under Scenario A, is listed in Table 6. From Figure 7, the following points can be
concluded:

* Within the toll ring, compared with regional job accessibility of Scenario A, job accessibility in
TAZs of all types except TAZ type 6 has been promoted, no matter under Scenario S, Scenario
C, or Scenario B. The effect of SAVs is better than that of road congestion pricing. According
to the analysis in Section 5.1, compared with other scenarios, the implementation of SAVs
technology has resulted in the largest increase in the number of jobs within the toll ring, and the
largest decrease in the average travel time. Thus, the implementation of SAVs alone makes the
job accessibility within the toll ring increase the most. The results of the effect of road conges-
tion pricing (Scenario C) is in line with the existing study (Zhong & Bushell, 2017a).

* An interesting point to note is that compared with implementing one technology alone, the
combination of introducing SAVs and road congestion pricing makes the job accessibility in
all TAZs reduced, which indicates that the two technologies restrict each other. The possible
reason is that the single implementation of road congestion pricing contributes to the shift of
jobs within the toll ring to the areas outside the toll ring and the decrease of travel time within
the toll ring (Zhong & Bushell, 2017a). However, when SAVs and road congestion pricing are
implemented simultaneously, in addition to the outward shifts of jobs within the toll ring, the
number of vehicles inside the toll ring has increased due to the reduced congestion fee shared
by the users of SAVs, resulting in the increased travel time within the toll ring. Ultimately, the
job accessibility within the road pricing area is decreased.

* The combined effect of SAVs and road congestion pricing on job accessibility is closely related
to the street design and industrial job conditions in the region. The better the street design
(the greater the number of intersections and the higher the street density) and the greater the
number of industrial jobs, the least effective of the combination of SAVs and road congestion
pricing. Otherwise, the worse the street design and the fewer the number of industrial jobs, the
better the positive combined effects of the two technologies.

* For example, from Table 6 and Figure 8, we can see that the street design in TAZ type 3 is good
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so that the combination of SAVs and road congestion pricing does not improve the job acces-
sibility in these areas significantly. Similarly, the job accessibility in TAZ type 6 declines after
the introduction of SAVs and road congestion pricing since these areas have good street design
and the greatest number of industrial jobs. In contrast, although there are a few industrial jobs
in TAZs of type 5 and type 7, the street design is the worst. Therefore, the job accessibility in

these areas goes up greatly.
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Figure 7. Changes in job accessibility in different types of TAZs within the toll ring under different development scenarios in
2040
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Table 6. Change rate of job accessibility in different types of TAZs within the toll ring under Scenario B compared with

Scenario A

TAZ type Rate of change in job accessibility S, (%)
9.30
6.20
1.85
2.83
21.42
-4.14
6.45
8 3.34
Note: The bold values express the most positively affected TAZ types, while the values which are displayed in dark and bold

NS N R WD =

indicate the most adversely affected TAZ types.

6 Conclusion

Most of the existing research on SAVs and road congestion pricing policy explored their short-term
impacts on mobility, such as residents' travel behaviors and traffic flow. However, little attention has
been paid to deeply explore their long-term impact on accessibility. What's more, due to the neglect of
the interactive feedback relationship between urban land use and transportation, the existing research
framework is unable to comprehensively analyze the long-term impact of the combination of the two
technologies on regional accessibility. To fill this research gap, from the perspective of land use and
transportation integration, this study examined the long-term effect of SAVs and cordon-based conges-
tion pricing on land use, transportation, and job accessibility based on the land use and transportation
integrated model, scenario planning, and data mining technology.

The main policy implications of this study are summarized as follows:

First, from the perspective of regional land use, this study found that cordon-based congestion
pricing contributes to the downtown sprawl and inhibits the development within the toll ring. This
conclusion is consistent with Zhong et al. (2015). In contrast, the emergence of SAVs will make it easier
for residents to travel and promote the development of jobs and population in the road congestion pric-
ing area. On the other hand, from the perspective of reducing the average travel time between regions,
the introduction of SAVs has the best positive effect, followed by the combination of SAVs and road
congestion pricing, while the road congestion pricing policy has the worst effect.

Second, in terms of promoting regional job accessibility, the impact of SAVs is better than that of
cordon-based congestion pricing. The combination of the two technologies is not as good as imple-
menting SAVs technology alone. Specifically, for the TAZs outside the toll ring, compared with imple-
menting SAVs alone, the integration of SAVs and road congestion pricing does not generate an extra
positive effect on job accessibility. For the TAZs within the toll ring, compared with the effect of imple-
menting one technology alone, the job accessibility declines when SAVs and road congestion pricing
are implemented simultaneously, which indicates that the effect of these two technologies is restricted
to each other.

Last, there are differences in the impact of the integration of SAVs and cordon-based congestion
pricing on job accessibility in different types of TAZs. The impact is affected by the built environment
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attributes of the region. This study found that the combined effect of the two technologies on job ac-
cessibility in TAZs within the toll ring is closely associated with the street design and the number of
industrial jobs. Specifically, the better the street design (the greater the number of intersections and the
higher the street density) and the greater the number of industrial jobs, the worse the promoting effect
of the integration of SAVs and road congestion pricing on regional job accessibility, and vice versa.
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