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Abstract: Small-format mobility services have been introduced in many cities to promote sustain-
able urban development. In some cities, these services are primarily seen as entertainment rather
than significant transport modes. Research has studied the roles of experiential/hedonic and func-
tional/instrumental motivations in users’ adoption intent for such services. However, there is still a
limited understanding of how actual spatial experiences of mobility travels shape travel behaviors.
This study explores the role of spatial experience in mobility travels. Specifically, the research question
revolves around whether better spatial knowledge leads to better spatial experiences, thereby satisfy-
ing users’ functional/instrumental and experiential/hedonic values for mobility trips. Additionally,
we examine how spatial knowledge affects travel behaviors regarding trip chaining and vehicle
charging. To assess road users’ spatial knowledge, we use sketch maps to examine changes after
three months of using battery-sharing two-wheelers. A mixed-methods approach and multiple data
sources are employed to provide deeper insights, including sketch maps, questionnaire surveys
on attitudes, and a panel data analysis on activity-travel patterns. The results indicate that spatial
experience significantly influences perceived values and, consequently, travel behaviors. Improved
knowledge leads to greater satisfaction with mobility travel. Furthermore, an interaction effect is
found between cognitive distance and cognitive direction concerning users’ satisfaction with the
driving range and charging issues of electric vehicles.

Keywords: sustainable mobility; electric vehicle; spatial cognition; cognitive map; travel behavior

1. Introduction

Spatial cognition plays a crucial role in travel behaviors, encompassing aspects such
as wayfinding, navigation, and route selection [1,2]. Individuals’ spatial cognition both
influences and is influenced by their spatial experiences, collectively shaping how they
perceive and interact with their environment. The majority of research in transportation
studies has focused on car drivers, given the dominant role of automobiles in cities [3].
Comprehending the role of spatial cognition is vital for predicting urban traffic flow. De-
spite some attempts to integrate human cognitive factors into transportation modeling,
the understanding of the impact of spatial experience and varying levels of spatial knowl-
edge remains limited [4–6]. It is regarded that a more thorough comprehension of how
mode experiences shape individual spatial cognition could improve transport modeling
significantly by creating fundamentally different matrices of activity opportunities [3].
Moreover, studies have examined the impact of different transport modes on travelers’
spatial knowledge [7]. Integrating a comprehensive understanding of how mode experi-
ences shape individuals’ “cognitive maps” can enhance transport modeling by generating
distinct matrices of activity opportunities [3]. Cognitive maps, as mental representations of
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experienced external environments, shape how people interact with and navigate through
their surroundings, making them essential in studying spatial cognition in travel behavior.

In recent years, the emergence of small electric vehicles (SEVs) has been facilitated by
advancements in energy-charging services. An SEV offers an affordable and sustainable
transport alternative that can contribute to urban sustainability, ecofriendly landscapes,
and the mitigation of traffic congestion. It bridges the flexibility gap between private
and public transportation modes, adapting to dynamic changes in demand and mobility
preferences [8]. Urban administrators have encouraged the use of SEVs as an effective and
a sustainable means of transport, providing a viable substitute for personal car trips [9].

SEV serves a role akin to active modes, fostering connectivity between travelers
and their environment while promoting social and cultural cohesion [10]. Meanwhile, it
offers the flexibility of a motorized vehicle for spatial exploration. Studies on user inten-
tions toward new mobility services have explored functional/instrumental and experien-
tial/hedonic values [11,12]. In certain developed urban contexts, an SEV is viewed more as
entertainment than a significant transportation mode [13]. Although experiential/hedonic
values are known to influence user adoption [14], the impact of spatial experiences on
urban travel remains unclear.

Spatial abilities for navigation and wayfinding are particularly important for SEV
users, especially with the emergence of battery-swapping solutions to address charging
concerns and limited EV range [15,16]. The mechanism of battery sharing is expected to
reshape EV users’ urban travel patterns, which are closely tied to their cognitive urban form
and charging demand. Users’ spatial cognition affects their behaviors, including knowledge
acquisition, route planning, and their perception of distance to manage residual power
before reaching the next charging spot. Consequently, concerns about residual power may
restrict users’ travel range despite the increased mobility provided by SEVs. It is worth
noting that while technologies like GPS have improved city navigation, cognitive maps
play a role in predicting access to potential opportunities when making travel decisions [2].
In other words, individuals’ decisions to travel or stay are influenced by their perception of
distances to destinations [17].

Despite few discussions in the current literature, this study argues that SEV users
may perceive the environment and behave differently compared to conventional private
transport users, such as car drivers, cyclists, and walkers. Active-mode travelers, which
commonly refer to cyclists and pedestrians, have a distinct perception of the environment
due to their exposure to it, unlike car drivers, whose sensory inputs are blocked. This
study attempts to conduct empirical research to explore the role of spatial experience in
SEV users’ urban travels. Specifically, this paper aims to examine how the experiences of
traveling by SEV affect users’ spatial knowledge, how different levels of spatial knowledge
affect users’ satisfaction with their mobility travels, and how spatial knowledge shapes
their urban travel behaviors.

To address the research gap, this study provides a theoretical background on spatial
knowledge development, focusing on (1) theories related to spatial knowledge acquisition
in large-scale environments, (2) the role of spatial experience in urban travels, and (3) tech-
niques for investigating cognitive maps. The insights gained from the literature review
inform the methodology, which includes analyzing roads users’ spatial knowledge, explor-
ing user attitudes, and examining travel patterns. The data for this study were collected
from participants involved in a pilot project of battery-sharing electric two-wheelers (BSET)
in Osaka, Japan.

2. Theorical Background
2.1. Spatial Knowledge Acquisition

Cognitive mapping is closely intertwined with spatial knowledge acquisition. It refers
to the mental process through which individuals acquire, store, recall, and manipulate
information about the attributes and relative locations of their spatial environment [18]. As
individuals interact with and receive information from their surroundings, they develop
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spatial knowledge by understanding the relationships and features of the environment [19].
There has been extensive research on spatial knowledge acquisition, including several
review articles [20–22].

Previous research has focused on how people remember and represent medium-scale and
large-scale environments (i.e., neighborhood and city scales) [19,23–27]. Lynch’s influential
work identified five elements—nodes, paths, districts, landmarks, and edges—that shape
individuals’ mental representation of a city [19], providing a framework for understanding
the structure of cognitive maps. Appleyard examined the influence of social meanings on
the cognitive representations of neighborhoods and cities, finding that visibility, personal
use, and the significance of physical characteristics affect inhabitants’ perceptions [24,25].
He also addressed the role of symbolism in the environment, emphasizing the importance
of environmental meaning and symbolism in human experience [28,29]. According to
Moore (1979), developmental changes occur in perceiving large-scale environments, shift-
ing from social and physical conceptions to symbolic ones [27]. Building on Appleyard’s
communications model of environmental action [28], this study introduces the concept of
cognitive affordance and cognitive mapping to explore dynamic cognitive processes in
situated environments.

2.1.1. Affordance and Cognitive Mapping

Physical environments exert a profound influence on human behavior through the con-
cept of affordance, originally introduced by perception psychologist James J. Gibson [30,31].
Affordance refers to the opportunities and possibilities that the environment offers to indi-
viduals. Lazarus (1991) explored the link between an animal’s needs and the environment,
highlighting the preconscious appraisal of affordance [32]. In the domain of architecture,
affordance is a framework for understanding the relationship between environment and
its occupants, particularly in terms of form and function [33]. Cognitive affordance plays
a starring role in interaction design, particularly for users with limited experience, by
supporting thinking and learning processes [34].

Marcus, Giusti, and Barthel (2016) extended the concept to urban design, suggesting
its relevance to sustainable urbanism and emphasizing the constant interaction between
individuals and their situated cognition [35]. The everyday environment was regarded
as playing the role of the interface in which a person learns when personal abilities are
enabled by situational opportunities (i.e., affordances). In the dynamic interaction between
a person and the built environment, the designed features may have varying social mean-
ings for different users. In the context of road environments, road users progressively
develop spatial abilities to actualize the potential affordances of the environment through
their everyday experiences. These potential affordances can be obtained from road space
(e.g., traffic conditions, infrastructure design), surrounding architectural features, natural
sights, etc.

2.1.2. Spatial Learning

The acquisition of spatial knowledge, named spatial learning, involves three stages:
landmark, route, and survey [26,36]. Landmarks are prominent features of cognitive maps,
providing basic location information. Route knowledge allows individuals to link locations
during travel but lacks an overall understanding of spatial organization. At the survey
level, individuals acquire a comprehensive understanding of the environment, recognizing
relative directions and distances among multiple locations. Individual spatial experiences,
particularly within their activity space, influence spatial knowledge. The anchor-point
theory suggests that people have the most extensive knowledge of areas around their
homes and workplaces [37]. To obtain comprehensive knowledge, the anchor points have
active roles in organizing spatial relations in cognitive maps [38]. Spatial learning leads to
the development of a survey map that recognizes relative directions and distances among
multiple locations, resulting in both quantitative and qualitative improvements in spatial
knowledge [22,39].
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2.2. Spatial Experience and Urban Travels

The relationship between spatial experience and transport users’ attitudes has received
limited attention in the literature. However, insights from architectural research suggest
that the design of space, particularly in small-scale environments, conveys different social
symbols and influences spatial behaviors [40,41]. For large-scale environments, studies have
explored the effects of visual design and the presence of vegetation on spatial memory [42].
Furthermore, research has highlighted the connection between road users’ perception of
the built environment and their travel motivations. Mirzaei et al. (2018) found that the
characteristics of the built environment influenced utilitarian and hedonic walking, with
pedestrians’ perceived value impacting their walking behaviors [43]. In the context of
SEVs, which share similarities with active transport modes, understanding the hedonic
motivations underlying mobility trips is crucial, as they may differ significantly from
motivations associated with car driving. Additionally, in terms of travelers’ instrumental
attitudes, having better spatial knowledge can support EV users in navigating charging
spots and effectively managing battery power by accurately perceiving distances.

Planning a trip involves consulting cognitive maps of large-scale environments to
facilitate movement and navigation, leading to trip plans that minimize travel time or
utilize shortcuts and alternative routes [1,44]. Previous research has examined the influence
of spatial knowledge on various aspects of trip planning, including trip purposes, routes’
complexity, and destination diversity. Spatial knowledge assists in considering route and
activity choices, shaping the activity-travel level. Studies on cyclists have indicated the
stabilization of spatial learning after multiple trips, which is related to activity patterns and
route dynamics [45]. Comparative studies among car drivers, cyclists, and walkers have
revealed differences in trip-chaining behaviors and daily activity patterns, highlighting the
role of higher mobility and spatial knowledge in enabling individuals to plan and execute
complex trips involving multiple destinations [46,47]. However, the specific trip-chaining
behavior with SEVs is understudied. Investigating how SEV users engage in trip chaining,
considering the sequence and purpose of multiple stops, is crucial for understanding their
travel behaviors. Moreover, the trip-chaining behavior is influenced by the residual power
of EVs, which imposes constraints on the duration and sequence of stops. Therefore,
understanding the interaction between users’ spatial cognition and the constraints posed
by EVs in trip chaining is vital for comprehending users’ activity-travel patterns.

2.3. Techniques for Investigating Cognitive Maps

Various methods have been employed to study human spatial knowledge, including
traditional approaches such as sketch maps, route descriptions, and distance estimates [48,49].
In the field of cognitive psychology, multidimensional scaling (MDS) and Pathfinder
networks have been widely applied to quantify similarity judgements [50,51], with MDS
being particularly prevalent for distance or direction judgements [52–54].

Previous studies have evaluated the accuracy of MDS-derived maps compared to
sketch maps [55–57], demonstrating that sketch maps can generate accurate representations
of spatial relations similar to MDS in familiar environments. Sketch maps provide a flexible
means for respondents to express their unique perspectives and knowledge of specific
environments, encompassing landmarks, routes, and points of interest. In contrast, as
a technique for generating coordinate spaces from distance data, MDS must assign a
set of landmarks (i.e., reference points) to compare the accuracy of MDS-derived maps
among individuals. However, as previously discussed, the assigned landmarks could have
different social meanings among individuals, potentially influencing map accuracy [24,25].
Considering these points, this study utilizes sketch maps for examining cognitive maps,
acknowledging the need for innovative methods to access and analyze them.

Relevant Methods to Analyze Sketch Maps

Lynch’s (1960) key elements have been widely used when studying cognitive maps
for structuring large-scale spaces [58–60]. Techniques have been developed to aid in
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accurately representing spatial properties in mental maps and enhancing the recall of
spatial layouts [61,62]. Sketch maps can be analyzed qualitatively or quantitatively. A
qualitative analysis involves identifying clusters of features or paths, interpreting the
meanings of depicted features, and considering context to investigate whether there are
shared meanings of symbols among the participants. Recent qualitative research has
examined the relationship between socioeconomic status and the scale of sketch maps [63],
the effects of transport modes and GPS usage on city images [64], and the utilization of
location-based media (LBM) for spatial experience [65]. On the other hand, a quantitative
analysis often employs statistical methods to examine spatial patterns and relationships,
such as measuring distances between landmarks, calculating the landmark density, or
identifying clusters of similar features [66–68]. However, a potential limitation arises in
terms of the amount of information that respondents intend to present, making quantitative
information incomparable between different periods and among individuals.

To address this restriction, this study attempts to enhance the developed quantitative
indicators to adapt to the evaluation of sketch maps. Previous research has assessed indi-
viduals’ distance and direction knowledge as a means to interpret their spatial ability [69],
mainly in small-scale environments. Commonly used indicators include the accuracy of
the route distance and absolute angular errors between objects [70,71]. Previous studies
have utilized in-person surveys [3] or conducted indoor spatial tasks [71] to access and
evaluate spatial knowledge using distance and direction indicators.

The absence of quantitative indicators in understanding individual spatial experiences
in large-scale environments represents a significant research gap. This limitation hinders
broader applications and impedes the development of knowledge regarding the influence
of spatial cognition on travelers’ activity-travel patterns. To address this gap, the present
study investigates individual changes in spatial knowledge using a quantitative evaluation
of sketch maps depicting respondents’ everyday road environment. By applying the devel-
oped quantitative indicators to sketch maps of urban images, this study seeks to examine
the role of spatial experience in shaping the attitudes and urban travels of micromobility
users, specifically in relation to activity-travel patterns and battery-swapping behaviors.
This research seeks to fill a critical void and contribute to a deeper understanding of the
interplay between spatial experience, travel behavior, and SEV usage.

3. Materials and Methods
3.1. Research Questions

From the perspective of environmental affordances, individuals with improved spatial
knowledge possess a greater understanding of the available environment, enabling them
to identify ways to fulfill their needs. Therefore, the research question revolves around
whether a deeper understanding of the environment leads to a more satisfying user experi-
ence, meeting their expectations and ultimately enhancing their satisfaction with mobility
travel. To investigate this, the study aims to address the following questions:

(1) To what extent does spatial experience enhance spatial knowledge?
(2) To what extent does an improved spatial knowledge of distance and direction correlate

with increased travel satisfaction?
(3) To what extent does an improved spatial knowledge of distance and direction correlate

with efficient battery-swapping behaviors and complex travel patterns?

Figure 1 depicts the conceptual framework of this study. Prior to engaging with
a new mobility service, users possess existing knowledge of the road space and urban
environment. Both spatial knowledge and travel activity patterns are expected to change
throughout their spatial and temporal mobility experiences.
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Figure 1. Conceptual idea of this study.

3.2. Analytical Framework

Figure 2 presents an overview of the analytical framework employed in this study,
addressing specific research questions. The study employed a mixed-methods approach,
incorporating spatial knowledge analysis, user attitude exploration, and travel pattern
analysis within the context of a new mobility service. Data were sourced from three main
channels: sketch maps for spatial knowledge investigation, questionnaire surveys for user
attitude exploration, and vehicle tracking data for travel pattern analysis, with a particular
focus on mobility users’ trip-chaining behaviors.
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Figure 2. Analytical framework of this study.

To address the first research question, an evaluation method was developed to quan-
tify road users’ spatial knowledge by measuring their accuracy in perceiving relative
distance and direction between landmarks. Changes in users’ sketch maps before and
after participating in the pilot service were analyzed. Spatial learning in this study en-
compassed considerations of on-road experiences prior to the pilot project, travel distance,
number of trips, and the diverse trip-chaining behaviors during mobility travels within the
pilot project.

To tackle the second research question, a correlation analysis was initially applied to
explore the relationships between user expectations, satisfaction with the electric mobility
system, and users’ levels of spatial knowledge. Additionally, a two-way ANOVA was
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employed to compare group performance and investigate the interaction effect between
cognitive distance and cognitive direction on user attitudes.

To address the third research question, an initial correlation analysis was used to
examine the relationship between spatial knowledge and travel patterns, utilizing indicators
such as the total number of trip chains, travel distances, number of battery swaps, and
residual power. Trip-chaining behaviors were further analyzed, defining a trip chain as a
sequence of trips starting and ending at home. A principal component analysis (PCA) and
cluster analysis were employed to extract meaningful insights from the complex dataset.
In particular, a cluster analysis was conducted using a finite mixture model [72], a robust
statistical framework that determines the number of clusters and their validity [73].

Drawing upon the insights garnered from the analyses of correlation, a two-way
ANOVA, and travel patterns, a comprehensive analysis was undertaken using structural
equation modeling (SEM). The purpose of this analysis was to investigate the direct and
indirect effects of cognitive direction and cognitive distance on user attitudes and behaviors
pertaining to service adoption. SEM allows for the examination of intricate relationships
and provides evidence beyond what a simple correlation analysis can offer, thereby con-
tributing additional insights into all three research questions.

Statistical analyses employed standardized values to account for measurement scale
differences. Levene’s test [74] was performed to assess the homogeneity of variances,
ensuring data suitability for further analysis. Statistical analyses were conducted using
SPSS version 25.0.0.2 and R version 4.0.3 (R Foundation, Vienna, Austria). Section 3.3
provides further details on the data collection method, while Sections 3.4–3.6 elaborate on
the specific methods employed for the three data sources.

3.3. Data Collection
3.3.1. Study Site and Context

Osaka Prefecture, located on the main island of Japan, has a population of approxi-
mately 8790 thousand (as of 1 August 2022) and covers an area of 1905 square kilometers.
It serves as the central hub of the Keihanshin metropolitan area, the second most populated
urban region in Japan after Greater Tokyo. The public transportation system in Osaka
Prefecture is extensive, comprising an advanced urban rail network, buses, monorails, and
trams. In terms of modal share, public transportation accounts for 26.3% (24.2% railways,
2.1% buses), while motor vehicles make up 26.9% (23.5% cars, 3.4% powered two-wheelers).
Walking and cycling are more prevalent in Osaka compared to many other cities, with
cycling at 22.5% and walking at 23.9% [75].

The “e-Yan Osaka” pilot project aimed to demonstrate how BSET could transform ur-
ban transportation by addressing concerns related to EV range, charge time, and recharging
infrastructure. The project was a collaboration between the Japan Automobile Manufactur-
ers Association, four leading Japanese motorcycle companies, Osaka Prefecture, and Osaka
University. The pilot project consisted of 6 phases, each lasting 3 months, and ran from 27
September 2020 until the end of March 2022. The authors, as core members of the project,
were responsible for the data collection, analysis, and evaluation.

The pilot service was designed as a community-based mobility system. Electric
two-wheelers were provided to Osaka University students with shared batteries set up on
the 2 university campuses and at 10 convenience stores. Participants were able to swap
batteries free of charge at the 12 designated locations. The service area primarily covered
7 cities in the Hokusetsu region, located on the northern edge of Osaka Prefecture. This
region is characterized by hilly terrain and has a relatively lower public transportation
modal share of 23.4%, with cycling accounting for 20.6% and walking for 26.5% [76].
The higher modal share for powered two-wheelers (4.5%) indicates a relatively higher
awareness of such mobility.
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3.3.2. Participants

The pilot project was conducted over a long period, divided into six phases with
new participants recruited for each phase. A total of 53 participants joined from early July
2021 to the end of March 2022. Data collection included pre- and postsurveys, as well as
vehicle tracking. The pre- and postsurveys consisted of online questionnaires to assess
user attitudes and sketch map surveys using A3 map sheets. The questionnaires were sent
to participants via university emails, while the map sheets were handed in person. The
surveys were conducted on the first and final days of each phase. For the participants who
participated in several phases, only data from the initial phase were used for the analysis
to prevent biases.

Pretest surveys and interviews were conducted twice to assess the validity of the
questionnaires and to ensure that participants correctly understood the survey items and
map instructions. None of the participants had prior experience riding BSET before joining
the pilot project, as it was the first system of its kind in Japan. Online seminars were held to
introduce the purposes of the pilot project, show how to use the battery swapping system,
and explain the data collection process. The valid sample size for analysis and discussion
was 41 participants. Despite the limited sample size, a mixed-methods approach, along
with multiple data sources, was employed to provide deeper insights.

Table 1 summarizes the participant profiles, indicating that 34.1% held a driving
license for two-wheelers, while others obtained a car license for moped riding permission.
A significant portion of participants had limited riding experience, with 29.3% having no
experience and 31.7% riding less than once a month. Mandatory training for safe riding
was provided to all participants before using the vehicles.

Table 1. Description of participants.

Characteristics Category Sample Size Percentage (%)

Gender Male 36 87.8
Female 5 12.2

Education Undergraduate 25 61.0
Master’s student 12 29.3
Doctoral student 4 9.8

Car driving license Yes 38 92.7
No 3 7.3

Driving frequency 3–5 times a week 3 7.3
1–2 times a week 5 12.2

1–4 times a month 17 41.5
Less than 1 time a month 13 31.7

License for two-wheelers * Moped (≤50 cc) 9 22.0
Small (≤125 cc) 1 2.4

General (≤400 cc) 5 12.2
Large (>400) 3 7.3

No 27 65.9

Riding frequency 6–7 times a week 5 12.2
3–5 times a week 5 12.2
1–2 times a week 3 7.3
1–4 time a month 3 7.3

Less than 1 time a month 13 31.7
No experience 12 29.3
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Table 1. Cont.

Characteristics Category Sample Size Percentage (%)

Main way to commute to Rail transit 4 9.8
school * Bus 2 4.9

Two-wheelers 5 12.2
Electric bicycle 5 12.2

Bicycle 30 73.2
Walk 8 19.5

* Participants were asked multiple-choice questions.

3.4. Sketch Map Survey
3.4.1. Survey Design

The map sheet was a white landscape A3 paper with the following instructions:
Suppose a friend asks you about the ways from your home to the station you often

use and the university campus you belong to. Please draw the following (1) and (2) paths
on one map. Please read carefully and follow instructions (i) to (iv).

(1) The road from your home to the station you use most (either a railway or monorail
station).

(2) The road to the university campus, assuming you are heading from your home by a
motorcycle or a car.

(i) Please draw without looking at a map such as Google Maps.
(ii) Please mark (you may draw or write) the intersections and landmarks (e.g.,

buildings and facilities) on the route as much as possible.
(iii) It is recommended that you first fill in the origin (i.e., your home) and destina-

tions (i.e., the campus and station) so that they can fit within the paper sheet.
(iv) The response time is about 25 min.

To aid respondents in understanding the instructions, an example of a painted map
was provided on the map sheet (Figure 3). To ensure comparability, the instructions on the
map sheets remained consistent in both the pre- and postsurveys.
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Figure 3. The given example on the survey sheet. The provided information was intentionally blurred
to avoid including additional spatial details that might bias respondents.

3.4.2. Evaluation of Sketch Maps

To objectively quantify road users’ sense of distance and direction, the key step is
to set common landmarks for individuals to draw their map. This study adopted the
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anchor-point theory [37] and designated the home and work locations (i.e., the university
campus in this study) as reference points in the sketch maps. To start the illustration of
the map data analysis, Figure 4 presents the painted map images and corresponding real
map data.

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 27 
 

in this study) as reference points in the sketch maps. To start the illustration of the map 

data analysis, Figure 4 presents the painted map images and corresponding real map data. 

 

Figure 4. Illustration of the measures used to evaluate spatial abilities related to the sense of dis-

tances and directions between landmarks. 

Setting the home, university, and transit station as the common reference points, the 

accuracy of cognitive distance (𝜌𝑑𝑖𝑠𝑡) was presented as:  

𝜌𝑑𝑖𝑠𝑡 = 1 −
|(𝑙𝑢 𝑙𝑡⁄ −𝐿𝑢 𝐿𝑡)⁄ |

𝐿𝑢 𝐿𝑡⁄
  (1) 

where 𝐿𝑢 is the actual linear distance between a respondent’s home and the university, 

while 𝐿𝑡 is the linear distance from home to the transit station. The variables 𝑙𝑢 and 𝑙𝑡 

present the length of lines that link home–university and home–transit, respectively, and 

are measured from a drawn map. The 𝑙𝑢/𝑙𝑡 ratio indicates the relative cognitive distance 

presented in the respondents’ sketch maps. 

Next, the accuracy of cognitive direction (𝜃𝑑𝑖𝑟) was evaluated based on angular error, 

which expresses the difference between the cognitive and actual relative directions among 

set reference points. 

𝜃𝑑𝑖𝑟 = 1 −
|𝜃𝑐−𝜃𝑟|

𝜃𝑟
.

𝜃𝑟

180
= 1 −

|𝜃𝑐−𝜃𝑟|

180
, (2) 

Here, 𝜃𝑟  was set up as the angle (in degrees) between the two intersecting lines, 

which linked the respondent’s home to the university and home to the transit station. The 

data were based on Google Maps. 𝜃𝑐 presents the painted angle on a sketch map. A cor-

rection factor 𝜃𝑟/180 multiplied by the angular error ratio was applied to correct the sys-

tematic errors caused by a small value of 𝜃𝑟. Thereby, the accuracy of the cognitive direc-

tion described the correctness of the painted interior angle. The division by 180 normal-

ized the angular error and scaled it proportionally to the reference angle. Considering that 

the maximum value of the angle between the three reference points (campus–home–

transit) was 180 degrees, this normalization reflected the accuracy of the cognitive direc-

tion relative to the actual direction. The quantified measures enabled a comparison be-

tween participants’ changes in spatial abilities, as well as a further analysis of the relation-

ships among user attitudes and travel patterns. 

3.5. Questionnaire Surveys 

The surveys were conducted in Japanese, using everyday language to ensure clarity 

and avoid ambiguity. Rating scales, either 4-point Likert scales or 5-point Likert scales, 

were employed to measure the questions. Constructs capturing different aspects of user 

Figure 4. Illustration of the measures used to evaluate spatial abilities related to the sense of distances
and directions between landmarks.

Setting the home, university, and transit station as the common reference points, the
accuracy of cognitive distance (ρdist) was presented as:

ρdist = 1− |(l u/lt − Lu/ Lt)|
Lu/Lt

(1)

where Lu is the actual linear distance between a respondent’s home and the university,
while Lt is the linear distance from home to the transit station. The variables lu and lt
present the length of lines that link home–university and home–transit, respectively, and
are measured from a drawn map. The lu/lt ratio indicates the relative cognitive distance
presented in the respondents’ sketch maps.

Next, the accuracy of cognitive direction (θdir) was evaluated based on angular error,
which expresses the difference between the cognitive and actual relative directions among
set reference points.

θdir = 1− |θc − θr|
θr

.
θr

180
= 1− |θc − θr|

180
, (2)

Here, θr was set up as the angle (in degrees) between the two intersecting lines, which
linked the respondent’s home to the university and home to the transit station. The data
were based on Google Maps. θc presents the painted angle on a sketch map. A correction
factor θr/180 multiplied by the angular error ratio was applied to correct the systematic
errors caused by a small value of θr. Thereby, the accuracy of the cognitive direction
described the correctness of the painted interior angle. The division by 180 normalized
the angular error and scaled it proportionally to the reference angle. Considering that the
maximum value of the angle between the three reference points (campus–home–transit)
was 180 degrees, this normalization reflected the accuracy of the cognitive direction relative
to the actual direction. The quantified measures enabled a comparison between participants’
changes in spatial abilities, as well as a further analysis of the relationships among user
attitudes and travel patterns.
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3.5. Questionnaire Surveys

The surveys were conducted in Japanese, using everyday language to ensure clarity
and avoid ambiguity. Rating scales, either 4-point Likert scales or 5-point Likert scales,
were employed to measure the questions. Constructs capturing different aspects of user
values were defined based on the concept of value creation in marketing [77]. Func-
tional/instrumental value assessed the extent to which the new mobility fulfilled travelers’
desired goals, such as travel efficiency. Experiential/hedonic value focused on the creation
of positive emotional experiences, such as increased interest and pleasure when driving.

The presurvey investigated participants’ motivations for joining the BSET pilot project.
It consisted of 8 questions, including functional/instrumental (4 items) and experien-
tial/hedonic (4 items) motivations. The rating scale statements corresponded to the item
descriptions. For example, the questions asked functional/instrumental motivations by “In
terms of convenience and comfort for battery-swappable two-wheelers, please select the
option for each question that best applies to your expectations”. The items typically used
phrases like “Through riding E2W, I can. . .” (1 = “no expect” to 4 = “strongly expect”). On
the other hand, the experiential/hedonic motivations were asked as follows: “Please tell
us your motivations for participating in this experiment. Select the option most closely
matches your thoughts in the following questions”. The item descriptions were typically
set as “I join in this experiment because it offers me opportunities to. . .” (1 = “disagree” to
4 = “strongly agree”).

The postquestionnaire had two parts. The first part evaluated users’ functional/
instrumental and experiential/hedonic satisfaction, incorporating corresponding items
from the prequestionnaire. The second part assessed satisfaction with the BSET (4 items),
lifestyle changes (3 items), and concerns about road safety (1 item) and battery charging
issues (1 item). Detailed item descriptions and measurements are provided in Section 4.2.1
descriptive statistics.

3.6. Vehicle Tracking Data

GPS trackers were installed in each vehicle to track participants’ routes and record
their positions. A dataset was generated, including information on origin and destination
locations, travel time, travel distance, residual power, and battery identification numbers
for each trip. The descriptive statistics in Table 2 provide an overview of these features
across individuals. To capture the diverse activity-travel patterns, this study analyzed users’
trip-chaining behaviors. A total of 2422 trip chains were generated from 40 participants,
with an average of 62 home-to-home trip chains per participant over a 3-month period. The
total travel distance amounted to 800.20 km, and the maximum number of trip chains by a
single user was 361, indicating more than 4 home-to-home journeys per day. The average
travel distance per trip chain was 12.91 km. Participants swapped batteries an average of
22 times, with a residual power of approximately 47%. The range of residual power (from
22.7% to 77.3%) indicated variations in swapping behaviors and charging concerns among
EV users.

Table 2. Descriptive statistics of individual travel patterns with the BSET.

Total Distances (km) Trip Chains Swapping Times Residual Power (%)

Mean 800.20 62.0 22.9 47.23
Min 63.4 7 3 22.7
Max 5512.0 361 70 77.3
S.D. 1065.16 72.03 15.30 11.39

Analysis of Trip-Chaining Behaviors

Trip-chaining behaviors were investigated, defining a trip chain as a sequence of
trips that start and end at home. Eleven estimated indicators, derived from the geometric
and temporal information of each trip, were generated. These indicators were adapted
from Ohba and Kishimoto [78]. To illustrate the indicators, Figure 5 presents a convex
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hull formed by a home-to-home trip chain. (1) The number of vertices within the convex
hull indicates the number of destinations, while (2) the area represents the range of travel.
Additionally, (3) the total travel distance of a chain is determined by summing the travel
distances of each trip.
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The straight distance from home to the stop with the longest stay is defined as (4) the
distance to the main destination. As shown in Figure 6, (5) the width based on the main
destination, represented by the cross line with the largest length from the straight line con-
necting home and the main destination, indicates the degree of freedom for stopovers. Sim-
ilarly, using the indicator of (6) distance to the farthest destination, we can obtain the width
based on the farthest destination, which reflects the extended range of activity patterns.
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Figure 6. Illustration to give the definitions of the proposed indicators for the main destination (left
side) and the farthest destination (right side).

Furthermore, we calculated (8) the ratio of the width to the distance of the main
destination and (9) the ratio of the width to the distance of the farthest destination. These
ratios illustrate the “slenderness” of trip chaining. A small ratio suggests that the locations
of stops are likely to be close to the routes from home to the main/farthest destination,
indicating a tendency to travel along the same axis and lower freedom of movement.
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Conversely, a larger ratio indicates a higher tendency to travel across the city. In addition to
spatial indicators, the remaining indicators captured the temporal features of a trip chain,
including (10) the staying duration at the main destination and (11) the subdestination.

4. Results
4.1. Changes in Sketch Maps

Figures 7–10 provides examples of pre- and post-sketch-maps, illustrating the designed
measures with auxiliary lines connecting the reference points (i.e., home, university, and
transit). The examples compare the pre- and postmaps, while the designed measures
evaluate the accuracy of the drawn maps compared to the actual map data according to the
cognitive distance and direction. Specific spatial information in the examples was blurred
to prevent privacy concerns, including the exact location of respondents’ homes.
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The examples show participants with different trends of changes concerning dis-
tance and direction knowledge. Figure 7 demonstrates improvements in both aspects,
with a presurvey accuracy of cognitive distance of ρdist = 0.751 and cognitive direction
of θdir = 0.894, which increased to ρdist = 0.921 and θdir = 1.000 in the postsurvey. In
Figure 8, there is an improvement in cognitive distance (pre-ρdist = 0.699, post-ρdist = 0.847),
while cognitive direction remains almost unchanged (pre-θdir = 0.750, post-θdir = 0.739).
In contrast, Figure 9 shows no improvement in cognitive distance (pre-ρdist = 0.190,
post-ρdist = 0.166) but a noticeable change in direction (pre-θdir = 0.371, post-θdir = 0.961).
There were also some participants showing no improvement in either cognitive distance or
direction (see an example in Figure 10). However, it is worth noting that these participants
had excellent prior performance in cognitive direction (pre-ρdist = 0.717, post-ρdist = 0.643;
pre-θdir = 1.000, post-θdir = 0.983).
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These given examples highlight four different trends of changes based on the combina-
tion of “improve in cognitive distance or not” and “improve in cognitive direction or not”.
The subsequent sections focus on the different interaction effects of these two indicators.

Table 3 present the results of Spearman correlations between variables obtained from
sketch maps. Significant positive correlations were found between the pre- and postsurvey
results, indicating consistent performance among respondents. However, there were
no significant relationships between a respondent’s level of spatial ability in perceiving
distance and direction.

Table 3. Descriptive statistics and correlation matrix of spatial knowledge indicators and the linear
distances between participants’ home, university, and transit station.

pre-ρdist post-ρdist pre-θdir post-θdir
Home–Uni.

(m)
Home–Trans.

(m)

Descriptive statistics (N = 41)
Mean 0.648 0.725 0.894 0.886 2264.1 925.2
Min 0.130 0.166 0.372 0.589 50 113
Max 1.000 0.998 1.000 1.000 10,100 2740
S.D. 0.260 0.260 0.114 0.087 2012.42 708.89

Correlation matrix
pre-ρdist 1.000
post-ρdist 0.525 ** 1.000
pre-θdir 0.153 −0.007 1.000
post-θdir 0.121 0.078 0.324 * 1.000

home–uni. −0.563 ** −0.322 * −0.198 −0.141 1.000
home–trans. 0.364 * 0.418 ** −0.188 −0.013 0.049 1.000

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.

Participants who lived farther from the university or transit drew maps with smaller
scales. To examine whether spatial knowledge varied among users drawing different map
scales, Spearman correlations were conducted. The results, shown in Table 3, revealed
insights into the spatial distribution of participants’ homes, transits, and the university, as
indicated by the linear distances in reality (measured in meters). The maximum distance
from the participants’ home to university was about 10 km, while the nearest one was just
50 m. The average distance between home to transit was 925.2 m, with a maximum value of
2740 m. The significant negative relationships showed that participants who lived farther
from the university tended to draw maps with smaller scales, resulting in a lower accuracy
in perceiving relative distances. Conversely, there were significant positive relationships
between the accuracy of relative distances and the distance from home to transit.

Spatial Knowledge and On-Road Experience

Tests were conducted to examine whether there were group differences based on socio-
demographic factors prior to participating in the project. Specifically, the study investigated
whether the level of spatial knowledge varied depending on participants’ prior on-road
experiences. An independent sample t-test was conducted between participants who drove
cars more than once a month (n = 24) and participants with no or infrequent driving
experience (n = 17). While the results did not reach statistical significance, there was a
noticeable trend for group differences, as depicted in Figure 11. In the presurvey, the
group with more on-road experience exhibited a higher accuracy in both cognitive distance
(t(39) = 1.149, p = 0.257) and cognitive direction (t(39) = 1.886, p = 0.067). In the
postsurvey, both groups showed an increase in cognitive distance accuracy, with the group
having more on-road experience showing better performance. The t-test results for the
accuracy of cognitive distance were t(39) = 0.667, p = 0.508 and for the accuracy of
cognitive direction were t(39) = 1.588, p = 0.120.
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4.2. Relationships between User Attitudes and Spatial Knowledge
4.2.1. Descriptive Statistics

Table 4 presents the descriptive statistics, including mean and standard deviation for
the items regarding user motivations. Table 5 presents the results for postsurvey items
regarding users’ satisfaction, lifestyle changes, and concerns.

Table 4. Presurvey on motivations to adopt to an electric mobility vehicle.

Items (N = 41) Mean S.D.

Functional/instrumental motivations (1 = no expect to 4 = strongly expect)
IM1 Through riding an E2W, I can move freely and smoothly on the roads 3.39 0.628
IM2 I am able to travel over a larger area than before using an E2W 3.07 1.058
IM3 Through riding an E2W, I am able to move faster 2.98 1.151
IM4 Because the batteries are swappable, there is no need to wait for recharge 3.15 0.910

Experiential/hedonic motivations (1 = disagree to 4 = strongly agree)
HM1 I join in this project because I am interested in powered two-wheelers 3.41 0.774
HM2 I join in this project because I am interested in electric two-wheelers 3.17 0.803
HM3 I join in this project because I am interested in the battery-swapping mechanism 3.00 0.866
HM4 I join in this project because I like riding two-wheelers 3.27 0.923

Table 5. Post-survey on satisfactions, changes in lifestyles, and concerns.

Items (N = 40) Mean S.D.

Functional/instrumental satisfaction (1 = dissatisfied to 5 = satisfied)
IS1 Through riding an E2W, I have been able to move freely and smoothly on the roads 4.68 0.694
IS2 I have been able to travel over a larger area than before using an E2W 4.40 0.928
IS3 Through riding an E2W, I have been able to move faster 4.43 1.035
IS4 Because the batteries are swappable, there is no need to wait for recharge 4.58 0.813

Experiential/Hedonic satisfaction (1 = decreased to 5 = increased)
HS1 Interests in powered two-wheelers 4.50 0.784
HS2 Interests in electric two-wheelers 4.33 0.859
HS3 Interests in battery swapping mechanism 4.35 0.700
HS4 Interests in riding two-wheelers 4.47 0.877

Satisfactions regarding the battery-swappable mobility (1 = dissatisfied to 5 = satisfied)
BS1 Driving range of a fully charged E2W 2.25 1.104
BS2 Driving range when considering battery-swapping services 2.95 1.085
BS3 Time spent on swapping the batteries 4.55 0.815
BS4 Battery-swappable E2W fits to my lifestyle 4.05 1.085
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Table 5. Cont.

Items (N = 40) Mean S.D.

Lifestyle changes (1 = disagree to 4 = strongly agree)
LS1 Expanded range of daily activities 2.83 1.010
LS2 Increased visits to nearby café and commercial facilities 2.42 1.059
LS3 Increased interests in electric mobility in addition to E2W 3.00 1.013

Concerns (1 = not concerned to 4 = strongly concerned)
CN1 Increased likelihood of being involved in a traffic accident 2.50 0.987
CN2 Battery charge runs out while driving 2.93 1.095

Note: E2W refers to electric two-wheelers.

4.2.2. Correlations between Presurvey Items and Spatial Knowledge

Table 6 presents the Spearman correlations for each item in the prequestionnaire. The
results indicated significant relationships between users’ functional/instrumental motiva-
tions and their prior spatial knowledge. Participants with a higher accuracy in cognitive
distance exhibited higher expectations of traveling over a larger area (IM2: r = 0.316,
p < 0.05). Furthermore, a correlation analysis was conducted to investigate whether users’
prior attitudes influenced their perception of the environment, as reflected in the postmaps.
The analysis revealed significant relationships between the accuracy of cognitive direction
and the item related to experiential/hedonic motivation. This suggests that participants
with a greater personal interest in electric two-wheelers prior to joining the pilot project
tended to develop a higher level of cognitive direction after using the mobility (HM2:
r = 0.373, p < 0.05).

Table 6. Spearman correlations between motivations and spatial knowledge.

Items Presurvey Postsurvey

pre-ρdist pre-θdir post-ρdist post-θdir

IM1 Move freely and smoothly 0.073 0.052 −0.029 0.262
IM2 Travel a larger area 0.316 * 0.091 0.168 0.249
IM3 Move faster 0.217 0.106 0.181 0.207
IM4 No need to wait for recharge −0.033 0.224 0.039 0.071
HM1 Interest in powered two-wheelers 0.173 0.030 0.111 0.262
HM2 Interest in electric two-wheelers 0.061 0.283 −0.185 0.373 *
HM3 Interest in battery swapping −0.172 0.238 −0.272 0.012
HM4 Like riding two-wheelers 0.144 0.029 −0.083 0.281

* Correlation is significant at the 0.05 level.

4.2.3. Correlations between Postsurvey Items and Spatial Knowledge

Table 7 presents the correlations between user attitudes and respondents’ postsurvey
and changes in spatial knowledge. The variable “changes in spatial knowledge” was the
differences between the values of pre- and postsurveys, quantifying the number of changes
in participants’ cognitive distance and direction. The higher positive values of changes
indicated more improvements after the mobility travels.

Significant relationships were found between cognitive distance and user satisfaction
with the charging service. A better cognitive distance was associated with a higher satis-
faction regarding battery-swapping time (BS3: r = 0.344, p < 0.05) and a lower concern
about battery charge running out while driving (CN2: r = −0.414, p < 0.01). Regarding
cognitive direction, participants with better direction knowledge reported higher experien-
tial/hedonic satisfactions. They showed increased interests in the electric two-wheelers
(HS2: r = 0.456, p < 0.01), the battery-swapping mechanism (HS3: r = 0.341, p < 0.05),
and other electric mobility options (LS3: r = 0.423, p < 0.05). Additionally, participants
with more improvements in cognitive direction experienced positive changes in daily
activity patterns, including an expanded range of daily activities (LS1: r = 0.452, p < 0.01)
and increased visits to nearby café and commercial facilities (LS2: r = 0.359, p < 0.05).
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However, they expressed lower satisfaction with the charging time of the battery-swapping
system (BS3: r = −0.430, p < 0.01).

Table 7. Spearman correlations between satisfactions and changes in spatial knowledge.

Items Postsurvey Changes in Spatial Knowledge

post-ρdist post-θdir ρdist_change θdir_change

IS1 Move freely and smoothly −0.210 −0.064 −0.193 −0.095
IS2 Travel a larger area 0.162 0.122 0.004 0.134
IS3 Move faster 0.052 0.122 −0.127 0.108
IS4 No need to wait for recharge −0.079 −0.034 −0.217 −0.258
HS1 Interest in powered two-wheelers −0.002 0.181 −0.035 0.115
HS2 Interest in electric two-wheelers −0.033 0.456 ** 0.079 0.271
HS3 Interest in battery swapping −0.031 0.341 * 0.057 0.188
HS4 Like riding two-wheelers −0.063 0.167 −0.212 0.260
BS1 Driving range of a fully charged EV −0.105 0.099 −0.258 −0.044
BS2 Driving range with battery swapping −0.045 0.302 −0.196 0.171
BS3 Time spent on battery swapping 0.344 * −0.259 0.109 −0.430 **
BS4 E2W fits lifestyle 0.230 0.266 0.054 0.036
LS1 Expanded daily activity range 0.000 0.218 0.000 0.452 **
LS2 Increased leisure trips (e.g., café, shops) 0.011 0.251 0.026 0.359 *
LS3 Increased interests in other mobility options −0.084 0.423 ** 0.094 0.225
CN1 Concerns about traffic accidents 0.008 0.258 0.106 0.205
CN2 Concerns about battery depletion −0.414 ** 0.009 −0.173 0.083

** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.

These findings highlight the impact of spatial knowledge on user attitudes toward
the electric mobility system. Participants with different cognitive abilities displayed vari-
ations in satisfaction levels and concerns, specifically regarding the driving range and
charging issues.

4.2.4. Two-Way ANOVA Results

A two-way ANOVA was conducted to examine the interaction effect between cog-
nitive distance and cognitive direction on user attitudes. The dependent variables were
satisfaction with the driving range of fully charged electric two-wheelers (BS1) and the
driving range when considering battery-swapping services (BS2). Participants were cat-
egorized based on their improvement in cognitive distance and cognitive direction in
the postsurvey.

Figure 12 plots the mean satisfaction scores for each combination of groups. A signifi-
cant interaction effect was found for satisfaction with the driving range of a fully charged
vehicle with F(1, 36) = 4.973 and p < 0.05. The results suggested that the participants
with an improved cognitive distance had a lower satisfaction with the driving range in case
they had improved in cognitive direction. This finding aligned with the correlation results,
where participants with better cognitive distance had higher expectations of traveling over
a larger area and were less concerned about battery charge running out while driving. In
contrast, participants with a better cognitive direction expressed a higher interest in the
mobility options and reported positive lifestyle changes, including an expanded travel
area and increased activity frequency. This suggests that the effects of cognitive distance
may vary depending on a user’s desire for mobility trips, which is strongly correlated with
cognitive direction.

Regarding satisfaction with the driving range when considering battery-swapping
services, there was no significant interaction effect (F(1, 36) = 1.339, p = 0.255). However,
the simple main-effects analysis indicated that cognitive direction had a significant effect
on satisfaction with the driving range (p < 0.05). It is worth noting that the battery-sharing
mechanism could enhance users’ satisfaction by fulfilling their desire to travel over a larger
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area, particularly for those who had improved in both cognitive distance and direction. The
average satisfaction score increased from 1.64 to 2.64 when considering the shared batteries.
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range of BSET.

4.3. Relationships between Spatial Knowledge and Urban Travel Behaviors

This study examined participants’ travel patterns with vehicle tracking data. Table 8
summarizes the results of correlation tests. Significant negative relationships were found
between the accuracy of cognitive direction and residual power, indicating that participants
with either a better postcognitive direction (r = −0.356, p < 0.05) or who gained more
improvements in direction knowledge (r = −0.340, p < 0.05) swapped the batteries at a
lower level of residual power.

Table 8. Spearman correlations between spatial knowledge measures and travel patterns.

Indicators Postsurvey Changes in Spatial Knowledge

post-ρdist post-θdir ρdist_change θdir_change

Trip chains −0.032 0.301 −0.025 0.157
Total distances −0.187 0.202 −0.009 0.088

Battery-swapping times −0.091 0.114 0.121 −0.017
Residual power −0.063 −0.356 * −0.274 −0.340 *

* Correlation is significant at the 0.05 level.

Trip-Chaining Behaviors

During the 3-month study period, a total of 2422 trip chains were analyzed from
40 participants. A principal component analysis (PCA) was conducted to capture the key
features of users’ activity-travel patterns, resulting in three principal components that
explained 72.8% of the variance. These components met established criteria, including
eigenvalues greater than 1.0, factor loadings larger than 5%, and a cumulative proportion
exceeding 60% [79] (Table 9). Following the PCA, a cluster analysis was performed on the
principal component scores, leading to the identification of four clusters (A to D) consisting
of 955, 369, 549, and 549 trip chains, respectively. Table 10 presents the cluster means of the
three principal components and the mean values of travel pattern indicators, providing
insights into the characteristics of each cluster.

Clusters A and C represented trip chains with smaller travel ranges (i.e., a shorter
travel distance and smaller convex hull). Cluster A featured fewer destinations, a short
travel distance, and a shorter stay time at destinations, presenting users’ need to make a
quick and short trip. In contrast, cluster C had a higher tendency for making stops. With an
average value of 2.7 stops and 82 min staying at a subdestination, cluster C demonstrated a
flexible usage of BSET for various purposes within a short trip.



Sustainability 2023, 15, 15171 20 of 27

Table 9. PCA results using 11 indicators of trip-chaining behaviors.

PC 1 PC 2 PC 3

Eigenvalues 4.8872 1.7609 1.3544
Proportion of variance 0.4443 0.1601 0.1231
Cumulative proportion 0.4443 0.6044 0.7275

variables
Number of destinations −0.756 0.237 0.157

Distance to the main destination −0.434 −0.809 0.093
Width on the basis of main destination −0.825 0.205 −0.179

Ratio of width to distance of main destination −0.164 0.250 0.360
Distance to the farthest destination −0.737 −0.613 0.140

Width on the basis of farthest destination −0.876 0.205 −0.337
Ratio of width to distance of farthest destination −0.574 0.507 −0.373

Convex hull (m2) −0.862 −0.013 −0.245
Total travel distance −0.875 −0.303 0.143

Staying duration at the main destination −0.220 0.248 0.696
Staying duration at the subdestination −0.472 0.345 0.568

Table 10. Mean values of principle component scores of each cluster and travel pattern indicators.

Cluster A B C D

Number of chains
(Proportion)

955
(39.4%)

369
(15.2%)

549
(22.7%)

549
(22.7%)

PC 1 1.560 0.080 0.200 −2.968
PC 2 0.159 −1.358 0.967 −0.332
PC 3 −0.062 0.354 −0.421 0.292

Mean value
Number of destinations 1.3 2.0 2.7 4.4

Distance to the main destination (km) 1.71 5.59 1.74 5.40
Distance to the farthest destination (km) 1.65 5.59 2.13 7.22

Total travel distance (km) 5.60 16.73 9.06 26.91
Staying duration at main destination (hour) 4.5 5.8 6.8 14.3

Staying duration at subdestination (min) 6 41 82 298

On the other hand, clusters B and D involved longer travel distances. Cluster B was
associated with commuting patterns, featuring a limited number of destinations and shorter
stay times at subdestinations. Cluster D, despite potential concerns about driving range,
encompassed longer trips with multiple stops and longer stay times at both main and
subdestinations, highlighting the potential of BSET for fulfilling diverse purposes during
extended journeys.

The distribution of trip chains across clusters confirmed the ability of SEVs to support
users’ daily travel needs, providing a greater freedom of movement. Specifically, 62.1% of
trip chains (clusters A and C) were categorized as shorter journeys, while 45.3% (clusters
C and D) represented trips with multiple purposes. Overall, the analysis of trip-chaining
behaviors revealed distinct patterns in users’ travel preferences, shedding light on the
potential of battery-sharing system to accommodate various travel needs.

The descriptive statistics in Figure 13 explore whether participants’ changes in spatial
knowledge varied based on their trip-chaining behaviors. Participants were divided into
groups based on improvements in cognitive distance and cognitive direction. Independent
sample t-tests revealed no significant differences in participants’ trip-chaining behaviors
between the two groups for both independent variables.
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4.4. Results of Structural Relationship Analysis

The SEM analysis aimed to explore the different roles of cognitive direction and cogni-
tive distance, and their direct and indirect effects in mobility adoption concerning travel
range and EV charge issues. Figure 14 shows the estimated model with the standardized
path coefficients and significant levels. The estimated model showed an acceptable fit
on the sample data according to X2/df = 1.37, CFI = 0.94, TLI = 0.91, GFI = 0.86, and
RMSEA = 0.06 [80].

Sustainability 2023, 15, x FOR PEER REVIEW 22 of 27 
 

highlighting an issue related to user satisfaction with the battery-swapping system, as 

spatial cognition improved through accumulating spatial experiences.  

 

Figure 14. SEM analysis results. Factors colored in yellow are regarding experiential/hedonic values, 

and factors in blue are related to functional/instrumental satisfaction. 

5. Discussion and Conclusions 

This study assessed spatial knowledge by quantifying sketch maps, providing a flex-

ible approach for measuring spatial knowledge in large-scale environments. The pro-

posed indicators enabled a quantitative analysis, including hypothesis testing, group 

comparisons, and the evaluation of travel patterns. Addressing the challenge of connect-

ing spatial cognition to spatial behavior, this study empirically evaluated the impact of 

spatial experiences on user intention and the adoption of a battery-sharing mobility sys-

tem. The study strived to provide valuable insights for service providers and urban de-

signers through research findings. The key findings of this study can be summarized as 

follows in relation to each research question. 

Firstly, the results confirm that the accumulation of spatial experience enhances spa-

tial knowledge, thereby supporting the first research question. The group with more driv-

ing experiences prior to participating in the pilot project had a better spatial ability to rec-

ognize distances and directions correctly. After traveling with the BSET for three months, 

a significant improvement was shown in participants’ accuracy of cognitive distance. The 

findings from the analysis of vehicle tracking data further support this research question. 

It was verified that participants who made more trips showed significant improvements 

and a higher accuracy in perceiving direction. 

Secondly, the study reveals distinct effects of cognitive distance and cognitive direc-

tion on user motivation and satisfaction, addressing the second research question. Users 

with a better cognitive distance had higher expectations of traveling over larger areas and 

expressed fewer concerns about charging issues, resulting in a greater satisfaction. Previ-

ous research has shown that psychological distance can influence perceived control, with 

people perceiving higher control for psychological proximity [81]. Users with a better un-

derstanding of cognitive distance may have a more accurate perception of the proximity 

and availability of charging stations, reducing concerns about battery depletion and in-

creasing satisfaction. 

Figure 14. SEM analysis results. Factors colored in yellow are regarding experiential/hedonic values,
and factors in blue are related to functional/instrumental satisfaction.

Both cognitive direction and distance positively affected the satisfaction of users’
functional/instrumental purposes. The postlevels of accuracy in perceiving direction
(β = 0.40, p < 0.01) and distance (β = 0.38, p < 0.01) positively affected user satisfaction
concerning the time spent on battery swapping. Satisfaction with time spent on charging
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had a significant positive effect on traveling over a larger area with the mobility options
(β = 0.56, p < 0.001) and further affected the overall satisfaction, including stating that
the BSET fitted their lifestyle (β = 0.66, p < 0.001) and an expanded range of daily activity
patterns (β = 0.41, p < 0.01).

In addition to the positive correlation with users’ functional/instrumental value, the
cognitive direction strongly affected users’ hedonic experiences. The postlevel accuracy
in perceiving direction significantly affected the interest in riding two-wheelers (β = 0.68,
p < 0.001) and further increased the interest in other electric mobility services (β = 0.40,
p < 0.01). The results corroborated and verified the hypotheses discussed in the two-way
ANOVA section that cognitive distance and direction could have an interaction effect on
satisfying urban users’ desire to make more trips and traveling across broader areas.

There was a significant positive correlation between a survey item concerning lifestyle
change of an expanded range of daily activity and the number of total trip chains obtained
from the vehicle tracking data. It is noted that the total number of trip chains positively
affected changes in the accuracy of perceiving direction (β = 0.58, p < 0.001) and a higher
level of knowledge in the postsurvey (β = 0.31, p < 0.05). Users who experienced more
significant improvements in cognitive direction through their spatial experiences demon-
strated a significant negative effect on their satisfaction with the time spent on charging
(β = −0.33, p < 0.01). This result aligns with the two-way ANOVA results, highlighting an
issue related to user satisfaction with the battery-swapping system, as spatial cognition
improved through accumulating spatial experiences.

5. Discussion and Conclusions

This study assessed spatial knowledge by quantifying sketch maps, providing a
flexible approach for measuring spatial knowledge in large-scale environments. The
proposed indicators enabled a quantitative analysis, including hypothesis testing, group
comparisons, and the evaluation of travel patterns. Addressing the challenge of connecting
spatial cognition to spatial behavior, this study empirically evaluated the impact of spatial
experiences on user intention and the adoption of a battery-sharing mobility system. The
study strived to provide valuable insights for service providers and urban designers
through research findings. The key findings of this study can be summarized as follows in
relation to each research question.

Firstly, the results confirm that the accumulation of spatial experience enhances spatial
knowledge, thereby supporting the first research question. The group with more driving
experiences prior to participating in the pilot project had a better spatial ability to recognize
distances and directions correctly. After traveling with the BSET for three months, a
significant improvement was shown in participants’ accuracy of cognitive distance. The
findings from the analysis of vehicle tracking data further support this research question. It
was verified that participants who made more trips showed significant improvements and
a higher accuracy in perceiving direction.

Secondly, the study reveals distinct effects of cognitive distance and cognitive direction
on user motivation and satisfaction, addressing the second research question. Users
with a better cognitive distance had higher expectations of traveling over larger areas
and expressed fewer concerns about charging issues, resulting in a greater satisfaction.
Previous research has shown that psychological distance can influence perceived control,
with people perceiving higher control for psychological proximity [81]. Users with a
better understanding of cognitive distance may have a more accurate perception of the
proximity and availability of charging stations, reducing concerns about battery depletion
and increasing satisfaction.

Another noteworthy finding suggests that improved cognitive direction enhances the
enjoyment of mobility travels. Users with better cognitive direction had a stronger spatial
orientation and navigational ability, making them more open to exploring different mobility
options and places. Previous research has shown a connection between increased regional
mobility, which is characterized by frequent trips and extensive travel areas, and improved
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navigational performance [82]. However, the impact of personality, emotions, and cognitive
differences on spatial exploration tendencies remains relatively unexplored [83]. The
findings of this study provide empirical clues that enhanced navigational abilities in a city-
scale environment increase users’ interests in mobility and spatial exploration. From the
perspective of environmental affordance, a better understanding of the environment enables
travelers to perceive ways that fulfill their needs. This study shows that users with a better
spatial knowledge reported a higher satisfaction with the battery-sharing system, positive
changes in daily activity patterns, and a greater interest in mobility travels. Additionally,
users with enhanced directional knowledge engaged in more efficient swapping behaviors.

The two-way ANOVA analysis revealed an interaction effect between distance and
direction knowledge. The results suggest that participants with an improved cognitive
distance show a lower satisfaction with the driving range of the vehicle when their cognitive
direction also improves. This tendency indicates a treadmill effect in which heightened
user aspirations lead to reduced satisfaction [84,85], highlighting the need for more flexible
support to accommodate diverse travel needs. The analysis further confirms the efficacy
of the battery-sharing mechanism in mitigating concerns about long charging times and
limited EV range.

To address the third research question, this study analyzed users’ travel patterns by
home-based trip chains. The results of the correlation analysis indicate that users with
a better direction knowledge exhibit a greater control over the battery residual power.
However, no significant difference was found in participants’ trip-chaining behaviors based
on their improvements in spatial knowledge. The analysis applied in this study is useful for
understanding users’ daily activity-travel patterns, whereas it is lacking any consideration
of users’ battery swapping behaviors. Without obtaining significant results from the point
of view of home-to-home trip chains, future research can study users’ diverse activity-travel
patterns based on a recharge cycle.

This study offers practical insights by highlighting the need to support SEV users in
developing a comprehensive urban image for better urban navigation, efficient activities,
and enjoyable travel experiences. Service providers and vehicle designers can address
user concerns about battery depletion by enhancing distance knowledge. This could
involve integrating information on residual power and remaining travel distance into
vehicle dashboards or mobile applications. Additionally, for urban planners and public
administrators, this study underscores the importance of improving the spatial legibility
of urban environments to enhance urban navigation (i.e., cognitive direction), especially
with regard to available resources such as recharging sites and popular destinations like
commercial and leisure facilities.

A limitation of this study is the absence of a control group and a large sample size
due to the study context, which limits definitive conclusions about the impact of mobility
travel on spatial knowledge. However, the mode choices of our respondents, such as only
5 out of 41 having access to motorized vehicles for longer distances before using the pilot
mobility service, provide some partial insights. Future research could address this by
including a control group, expanding sample sizes to control variables, and investigating
intervention mechanisms and generalizability to other populations or settings. This study
contributes valuable evidence regarding the different roles and interaction effects between
road users’ cognitive distance and cognitive direction, which are highly relevant to the
perceived control abilities of using a BEV and urban navigation. Subsequent studies could
further expand this research by examining the effects of information provision on user
experiences and the travel performance of BEVs.

Conclusions

In recent years, the evolution of virtual power plants, coupled with clean energy
sources, has significantly elevated the role of EVs. The concept of vehicle–grid integration
(VGI) presents a pragmatic and cost-effective approach to enhance energy sustainability
while catering to end-users [86]. While technical advancements in this field have demon-
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strated the capacity of EVs for stationary applications, the vehicle-to-vehicle (V2V) wireless
charging system introduces a versatile and rapid energy exchange method for EV charging,
eliminating the necessity for a dense coverage of traditional charging stations [87]. In typi-
cal V2V charging systems, energy transfer is provided from a battery electric vehicle (BEV)
to charge the energy storage unit of another BEV [88]. The ongoing development and inno-
vation of battery-sharing EVs play a crucial role in addressing the charging infrastructure
challenges and further advancing the adoption of electric mobility.

In this study, university students involved in the pilot mobility service assumed a dual
role as both service users and engaged community members within the community-based
BEV service framework. The study’s findings highlight a coevolutionary link between the
transition from SEVs to battery-sharing EVs and the enrichment of users’ spatial experiences
and cognitive knowledge. At an individual level, heightened spatial knowledge and
experiences contribute to the enjoyment of urban travels, fostering increased interest and
intentions for mobility usage. This supports social acceptance and user adoption when
introducing new mobility services to promote BEV as a sustainable mobility option. For
sustainable community and neighborhood development, this research underscores the
importance of nurturing a virtuous cycle. With their enriched spatial experiences and
improved spatial knowledge, community members, who are also service users, are inspired
to actively contribute to the improvement of local streets, roads, and urban spaces. This
collaborative effort, in turn, yields manifold benefits for road users and fosters sustainable
enhancements within the local neighborhood.
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88. İnci, M.; Büyük, M.; Özbek, N.S. Sliding mode control for fuel cell supported battery charger in vehicle-to-vehicle interaction.
Fuel Cells 2022, 22, 212–226. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.city.toyonaka.osaka.jp/machi/kotsuanzen/keikaku/koutuukeikaku.files/koukyoukoutuukaizennkneikaku.pdf
https://www.city.toyonaka.osaka.jp/machi/kotsuanzen/keikaku/koutuukeikaku.files/koukyoukoutuukaizennkneikaku.pdf
https://doi.org/10.2753/MTP1069-6679150101
http://wwwnew.cpij.or.jp/com/iac/sympo/13/ISCP2013-98.pdf
http://wwwnew.cpij.or.jp/com/iac/sympo/13/ISCP2013-98.pdf
https://doi.org/10.1016/j.ajsl.2018.06.006
https://doi.org/10.3389/fpsyg.2022.975417
https://www.ncbi.nlm.nih.gov/pubmed/36793363
https://doi.org/10.1111/tops.12602
https://doi.org/10.1007/s12110-021-09388-7
https://doi.org/10.1016/j.socec.2005.11.040
https://doi.org/10.1016/j.est.2022.105579
https://doi.org/10.1002/fuce.202200105

	Introduction 
	Theorical Background 
	Spatial Knowledge Acquisition 
	Affordance and Cognitive Mapping 
	Spatial Learning 

	Spatial Experience and Urban Travels 
	Techniques for Investigating Cognitive Maps 

	Materials and Methods 
	Research Questions 
	Analytical Framework 
	Data Collection 
	Study Site and Context 
	Participants 

	Sketch Map Survey 
	Survey Design 
	Evaluation of Sketch Maps 

	Questionnaire Surveys 
	Vehicle Tracking Data 

	Results 
	Changes in Sketch Maps 
	Relationships between User Attitudes and Spatial Knowledge 
	Descriptive Statistics 
	Correlations between Presurvey Items and Spatial Knowledge 
	Correlations between Postsurvey Items and Spatial Knowledge 
	Two-Way ANOVA Results 

	Relationships between Spatial Knowledge and Urban Travel Behaviors 
	Results of Structural Relationship Analysis 

	Discussion and Conclusions 
	References

