www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Travel efficiency in urban space: the
role of built environment in shaping
excess travel distance across
transport modes

Sangwan Lee®?, Kuk Cho?*” & Yonghyen Jeon?

This study examines the relationships between three built environment factors (i.e., urban density,
transportation accessibility, and neighborhood design) and excess travel distance across three
transportation modes: private vehicles (CAR), public transportation (PT), and active transportation
(AT) in Gunsan, a medium-sized city in South Korea. Utilizing mobile phone-based mobility data,

the analysis integrates Explanatory Factor Analysis, Multilevel Regression, and Extreme Gradient
Boosting with Partial Dependence Plots to identify mode-specific and context-dependent patterns in
travel inefficiencies. The findings indicate that increased density at both trip origins and destinations
is generally associated with reduced excess travel distance, particularly for PT and AT users;
however, extremely high density levels may induce inefficiencies for CAR and PT modes. Accessibility
demonstrates a counterintuitive effect, where higher accessibility correlates with greater excess
travel across all modes. In terms of urban design, a U-shaped relationship emerges for PT and AT
modes: excess travel initially decreases at lower levels of design quality, increases at moderate levels
(e.g., mid-range compactness and POI diversity), and then declines again at higher levels. This study
contributes to offering (1) a more comprehensive understanding of how urban form influences travel
efficiency, and (2) implications for enhancing urban efficiency and sustainability.

Keywords Travel inefficiency, Excess travel distance, Built environment, Mobile phone-based mobility data,
Interpretable machine learning

As cities continue to grow and evolve, urbanization has emerged as both a driver of innovation'~* economic
development?® and a source of persistent challenges in spatial planning and mobility management’°. Among
the pressing concerns in cities is the design and operation of mobility systems that balance efficiency, equity,
and sustainability!*-12. Mobility systems are not merely logistical infrastructures to move people and goods;
they can fundamentally shape environmental quality, economic productivity, and social equity'>~1°. Accordingly,
understanding and mitigating inefficiencies in travel behavior is essential to improving the overall functionality
and livability of urban areas.

Amongthese inefficiencies, excess travel, defined as travel that exceeds the minimum distance required to fulfill
essential mobility needs'®poses multifaceted challenges!”'8. These inefficiencies manifest in multiple domains:
environmentally, they increase greenhouse gas emissions, energy consumption, and pollution; economically,
they raise transportation expenditures and reduce productivity; and socially, they exacerbate spatial inequities,
disproportionately affecting vulnerable populations, such as low-income households and those without access to
private vehicles who often face longer and less efficient commutes'*~2>. More importantly, excess travel reflects
deeper structural dysfunctions embedded in urban systems, including poor land-use allocation, fragmented
transportation networks, and unequal access to opportunities?2>,

From the land use planning perspective, addressing the burdens associated with excess travel is crucial for
fostering sustainable, equitable, and livable urban environments®. It is imperative to identify the structural
determinants that shape inefficient mobility patterns to address the excess travel. Existing literature recognizes
the significance of socioeconomic factors and built environment attributes, particularly urban density,
transportation accessibility, and neighborhood design features, in influencing travel behavior?>-%’. These
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elements of the built environment govern not only the spatial logic of travel routes but also the availability
and attractiveness of modal options, ultimately conditioning both the demand and efficiency of urban travel.
For instance, Fan et al.?® demonstrated that relocating households to areas with higher density, diverse land
use, and improved street connectivity can substantially reduce excess travel distances. Such findings underscore
the interdependence between urban form and mobility outcomes, and highlight the potential of urban design
interventions to reduce travel inefficiencies?.

Despite growing recognition of this relationship, research gaps persist in the empirical understanding of excess
travel, particularly in medium-sized cities. Much of the existing research is concentrated in large metropolitan
contexts, such as Seoul or New York, where high-capacity transit systems and compact urban forms are already
well-developed®. Medium-sized cities, which often exhibit distinct urban morphologies and mobility patterns,
have received far less attention despite their growing importance in regional development strategies®!. Also, there
remains limited understanding of how excess travel varies across transportation modes, such as private vehicles,
public transportation, and active transportation, each of which presents unique behavioral, infrastructural, and
spatial constraints®***. Moreover, few studies explicitly consider the role of built environment characteristics
at both the trip origin and destination. Lastly, most prior studies rely on traditional travel surveys and linear
modeling techniques, which may be ill-suited to capture the non-linear, context-specific dynamics between built
environment attributes and travel behavior?®*4-3,

This study addresses these gaps by analyzing how built environment factors contribute to the travel
inefficiencies across CAR, PT, and AT in Gunsan, a medium-sized city in South Korea. The analysis focuses
on three core dimensions of the built environment (i.e., urban density, transportation accessibility, and
neighborhood design) measured at both trip origins and destinations to reflect the bidirectional nature of travel.
Methodologically, the study integrates Explanatory Factor Analysis (EFA) to reduce dimensionality among built
environment features, Multilevel Regression (MLR) to account for hierarchical data structures, and Extreme
Gradient Boosting (XGBoost) with Partial Dependence Plots (PDPs) to capture non-linear and threshold effects.
Also, this research uses high-resolution mobile phone-based mobility data to enable a mode-specific analysis of
individual excess travel behavior. This study contributes to a deeper understanding of how spatial form interacts
with mobility behavior, reinforcing the importance of built environment interventions as levers for enhancing
transportation efficiency, equity, and sustainability.

Literature review

The concept of excess travel, defined as the additional travel time or distance incurred due to suboptimal spatial
configurations between origins and destinations, has long been a subject of inquiry in urban transportation
research!®. The seminal work of Hamilton®” critically challenged the assumptions of the monocentric urban model,
which posits that commuting behavior is governed by a rational trade-off between housing and transportation
costs®®. According to this classical framework, individuals are expected to minimize their commuting burdens by
optimizing the spatial proximity between residential and workplace locations***0. However, Hamilton®” revealed
substantial gaps between actual commuting distances and the theoretical minimum, suggesting that real-world
travel behavior is shaped by factors beyond mere cost-minimization, such as residential preferences, job quality,
and socio-spatial constraints'®. These findings represented a pivotal turning point in urban economic theory,
as they exposed the limitations of overly simplistic spatial models and catalyzed a more nuanced, empirically
grounded investigation into the complexities of excess travel.

Since then, a substantial body of literature has evolved, examining excess travel from multiple perspectives,
including: (1) the spatial patterns of excess commuting and (2) its environmental and societal impacts'®. First, the
majority of research has concentrated on excess commuting, often operationalized as the ratio between observed
commuting distances and the theoretical minimum derived from spatial interaction models?. The longitudinal
analysis of excess commuting in U.S. metropolitan areas by Liu and Quan*'for instance, identified a temporal
trend characterized by increasing excess commuting during the 1990s, followed by a decline in the subsequent
decade. This trajectory was attributed to intensified spatial mismatches between housing and employment
opportunities, driven by the neoliberal restructuring of housing and labor markets. While excess commutin
has been extensively studied, non-commute-related excess travel has gained attention in recent years!”2442,
For example, Cheng and Chen*® studied school commutes in Xian, China, revealed that over half of school-
related travel distances were excessive, primarily due to residential relocation, preferences for higher-quality
educational institutions, and increased accessibility to motorized transport. Their findings underscore the role
of institutional factors, such as the school district system, in mitigating travel inefficiencies. The phenomenon
of voluntary excess travel is also evident in non-work-related trip purposes, reflecting the multifaceted nature of
travel behavior that extends beyond economic rationality.

Second, the societal implications of excess travel are profound, particularly regarding environmental
externalities. Wadud et al. 18 examined high-mileage car users in England and found that the top 5% of
travelers disproportionately contributed to greenhouse gas emissions, highlighting the unequal distribution of
environmental burdens. Their study proposed policy interventions such as mileage rationing schemes to target
excessive travel behavior among high-mileage users, aligning with broader goals of sustainable transportation and
emissions reduction. Such excess travel behavior exacerbates urban congestion and undermines transportation
system efficiency, imposing significant social costs that necessitate strategic policy responses. Furthermore,
a body of literature incorporates equity considerations into excess travel research, often employing spatial
equity frameworks to examine the distributional and spatial consequences of transportation inefficiencies. For
instance, a previous study in Seoul revealed that areas with limited transit accessibility and poor jobs-housing
balance exhibited disproportionately high levels of excess commuting*®. The application of equity perspective
in transportation research has revealed the uneven spatial impacts of excess travel, particularly in regions with
stark disparities in urban form and infrastructure provision.
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Furthermore, a growing body of research has
demonstrated that attributes such as urban density,

travel distances and mode choices*>~%°. For instance, a research of Fan et a

North Carolina quantified the potential reductions i

Similarly, an analysis of suburbanization and urban

with fragmented urban development. Cervero and

explored the built environment effects and consistently
land-use diversity, and street design significantly influence
in the Research Triangle Area of
n travel distances achievable through residential relocation
to higher-density, mixed-use neighborhoods with enhanced street connectivity. However, their findings
also highlighted trade-offs with other locational attributes, such as safety and access to high-quality schools.
decentralization by Yang™ revealed that excess commuting
often exacerbate spatial mismatches and increase commute distances, reflecting the inefficiencies associated
Kockelman®! found local-scale built environment factors

1.28

associated with excess commuting are density, diversity, and design.

Recent studies in the area have expanded the scope of inquiry by (1) integrating advanced metrics of urban
and job-housing balance measures, and (2) using advanced
methodological approaches, such as Interpretable Machine Learning (IML), and detailed data sets, such Mobile
Phone-based Mobility Data?>>2 For instance, Ha et al.*® examined the effect of proximity to employment center
commuting distances in Los Angeles was associated with
imated four indices on sprawl, polycentricity, job-housing
dispersal, and central city dominance, and explored their associations with excess commuting in 206 U.S.
metropolitan areas. They demonstrated that greater polycentricity tends to intensify cross-commuting, while
higher central city dominance alleviates excess commuting. Their findings confirmed the detrimental impacts of
urban sprawl and job-housing dispersal on commuting efficiency. Additionally, research by Zhang and Wang™*
highlighted the significance of achieving a high job-household balance ratio to minimize excess commuting,
while Hu et al.>® documented the inefficiencies arising from sprawling urban fabrics in major U.S. cities such as

form?°such as sprawl indices, polycentricity indices,

on commuting distance, and found that increased
increasing the distance to the center. Ha et al.>® est

Atlanta and Los Angeles.

Despite the body of literature, there are several research gaps that remain insufficiently explored. Although
the link between urban form and travel inefficiency has been widely acknowledged, empirical investigations into
excess travel, particularly within medium-sized urban contexts, are still limited. Moreover, only a limited number
differ across various transportation modes, including CAR,
distinct spatial, infrastructural, and behavioral dynamics.
to examine built environment characteristics solely at either
the origin or the destination of trips, neglecting the combined influence of both points, despite the inherently
bidirectional nature of most travel. Lastly, few studies capture the non-linear interactions and context-dependent

of studies have explored how excess travel behaviors
PT, and AT, even though each mode is shaped by
Another limitation in prior research is the tendency

patterns that define the relationship between built environment features and excess travel behaviors.

Materials and methods

The methodological framework of this study includes three components, as illustrated in Fig. 1. (1)
estimating excess travel distance for CAR, PT, and AT using mobile phone-based floating population data, (2)
both origin and destination using EFA, and (3) using MLR

operationalizing density, accessibility, and design at
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Fig. 1. Methodological Framework of this Study.
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Fig. 2. Study Area Description (The map was generated using ArcGIS Pro 3.3).
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Fig. 3. Origin-destination matrix (The map was generated using Kepler, at https://kepler.gl).

and PDP to explore relationships how the three built environment features are associated with the excess travel
distance in Gunsan.

Study area

Gunsan, a medium-sized coastal city in southwestern South Korea, is the focus of this study. With a population of
approximately 265,160 in 2022 and covering 377.7 square kilometers, the city features a mixed urban, industrial,
and rural landscape (Fig. 2). Historically, Gunsan grew rapidly after the development of its port, becoming a
key economic hub. However, national industrialization policies from the 1970s onward shifted focus to other
regions, resulting in economic stagnation and a reduced role in spatial structure of South Korea®®. In recent
years, a government-led regeneration initiative has aimed to revitalize the declining downtown, create jobs,
improve living conditions, and foster social integration”.

Estimating excess travel distance

We estimate excess travel distance by following a multi-step analytical framework. First, we construct an origin-
destination (OD) matrix for Gunsan using GPS signals and base-station connection logs (see Fig. 3). OD
captures intra-city travel flows between H3 cells over a five-day study period (October 16-20, 2024), with each
OD pair containing metadata on departure and arrival times, estimated routes, and travel distances. Second,
we incorporate mode-specific, trip-level information derived from multi-sensor fusion algorithms applied to
smartphone telemetry data. These algorithms classify each trip into one of three transportation modes, CAR,
PT, and AT, based on movement speed, spatial trajectory, and proximity to known transit facilities. Third, we
quantify excess travel distance by comparing the observed travel distance with the shortest feasible network
distance between the origin and destination H3 cells.

The mobility data utilized in this study are sourced from SK Telecom (SKT), a major South Korean
telecommunications provider, and are fully anonymized and aggregated under a formal research agreement. The
dataset comprises high-resolution, spatiotemporally tagged mobility records, structured using the H3 hierarchical
hexagonal spatial indexing system, which ensures consistent spatial granularity across the urban landscape. This
data source addresses several limitations of conventional datasets®®*. Unlike static and often outdated census or
survey data, mobile phone-based data enable near real-time monitoring of population dynamics and mobility
flows®®5L, Prior research has demonstrated its utility in modeling transportation demand and in calibrating
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key transportation metrics, including trip generation, distribution, and modal split®2. Moreover, the fine spatial
resolution, characterized by H3 cells with side lengths under 500 m, enables detailed insights into intra-urban
mobility patterns, facilitating the identification of localized traffic dynamics and mobility hotspots.

The classification into three transportation modes, as shown in Table 1, is grounded in both methodological
considerations and planning relevance. First, the dataset used in this study provides moderate to high-resolution
spatiotemporal trajectories derived from GPS signals and base-station logs. While sufficient for identifying
general travel patterns and speeds, the data lack the granularity required to reliably distinguish between
sub-modes (e.g., bus vs. subway, or walking vs. micromobility). As such, broader modal categories enhance
classification reliability and align with the resolution of the data. Second, this classification is consistent with
established frameworks in transportation planning®capturing key differences in infrastructure use, travel
behavior, and environmental impact. It offers a policy-relevant lens for interpreting excess travel and informing
targeted interventions. Therefore, the three-mode framework represents a methodologically sound and context-
appropriate approach that balances analytical rigor with the constraints of the dataset.

Several assumptions underlie our use of this dataset. First, it assumes that the sample of mobile phone users
is broadly representative of the general population of Gunsan in terms of travel behavior, spatial distribution,
and modal preferences. Second, the five-day study window is presumed to reflect typical weekday mobility
conditions, although it may not capture long-term seasonal or event-driven variations. Third, we limit our
analysis to inland travel, excluding maritime trips under the assumption that they fall outside the scope of urban
mobility inefficiencies. Fourth, we assume that the spatial and temporal quality of the location data, including
GPS accuracy and base-station density, is sufficiently consistent across the study area. Finally, the classification
of transportation modes is assumed to be robust, based on well-established movement indicators, though we
acknowledge the possibility of minor misclassification in some cases.

Operationalizing density, accessibility, and design

To operationalize the three built environment dimensions, we apply EFA to reduce the dimensionality of
eight spatial variables collected at both trip origins and destinations. We choose the eight built environment
factors based on their theoretical relevance?* and empirical significance in shaping urban mobility patterns,
spatial accessibility, and functional characteristics of urban environments**¢4%°, These variables include: (1)
distance to the nearest bus stop, (2) distance to downtown, (3) distance to the nearest elementary school, (4)
population density, (5) average building height, (6) average site area, (7) point-of-interest (POI) diversity, and
(8) compactness index (i.e., total floor area within a 500 m x 500 m grid). There are several reasons to use EFA in
this study. First, the use of EFA addresses multicollinearity concerns among the original variables, which could
otherwise bias regression estimates and reduce model interpretability*>°¢”. Also, by summarizing the variance
of correlated indicators into distinct, uncorrelated factors, EFA improves the robustness and interpretability of
our MLR and PDP models%-7°.

To extract latent dimensions from the selected built environment variables, we first compile these variables
into a unified dataset and conduct EFA. A varimax rotation is applied to improve the interpretability of factor
loadings by enhancing variable differentiation across components. The scree plot of eigenvalues indicates that
three or four factors may be appropriate for retention. Based on both statistical evidence and the conceptual
coherence of the factor loadings*>*®we retain three latent constructs, as presented in Table 2. This decision aligns
with established practices in dimensionality reduction and supports the theoretical framework underlying our
categorization of density, accessibility, and design®>7! (see Table 3).

Exploring relationships between excess travel distance and built environment

We explore relationship between excess travel distance and built environment factors by using MLR to analyze
hierarchically nested data with two spatial dimensions: the H3 cell level and the route level. The need for MLR in
this study is further underscored by its role in the preliminary analysis before applying PDP in IML. We choose
MLR over ordinary least squares regression models (OLS) for the following reasons. Observations within the
same spatial unit (such as an H3 cell or route) may share common characteristics, and these dependencies must
be accounted for to avoid biased estimates’. OLS assumes independence between observations, which becomes
problematic when data exhibits spatial or group-level correlations’®. When properties within the same spatial
unit are more similar to each other than to those in other units, OLS regression can underestimate standard
errors, inflating statistical significance and leading to inaccurate conclusions. In contrast, MLR accounts for
these nested structures, incorporating variability at each spatial level and providing more reliable estimates of
relationships between property characteristics and dependent variables”’.

To further investigate the non-linear and threshold effects of built environment factors on excess travel
distances for the three transportation modes, we employ XGBoost, which is a highly effective machine learning
algorithm, renowned for its capability to model complex, non-linear relationships and variable interactions’®”.
Unlike linear models such as MLR, which assume a linear relationship between dependent and independent
variables, XGBoost allows for the flexible modeling of intricate dependencies without requiring pre-specified
functional forms®®8!. XGBoost operates through an ensemble of decision trees, where each successive tree

Transportation Modes | CAR PT AT
Count 417,390 | 188,514 | 237,103
Proportion 0.50 0.22 0.28

Table 1. Factor loading for built environment variables.
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Origin Destination

Factor 1 | Factor 2 Factor 3 | Factor 1 | Factor 2 Factor 3

Density | Accessibility | Design | Density | Accessibility | Design
X1 | -0.013 0.967 0.191 0.010 0.971 0.189
X2 10.022 0.447 0.375 0.017 0.448 0.369
X3 | 0.005 0.965 0.033 0.004 0.961 0.033
X4 | 0.850 0.001 0.032 0.857 0.002 0.027
X5 | 0.886 0.012 0.113 0.891 0.012 0.108
X6 | 1.038 0.013 0.160 1.036 0.012 0.157
X7 | 0.087 0.092 0.991 0.087 0.093 0.993
X8 | 0.101 0.033 0.645 0.102 0.033 0.643

Table 2. Factor loading for built environment variables. Variables: Network distance from the centroid of an
H3 cell to the nearest bus stop, measured in meters (X1), Network distance from the centroid of an H3 cell
to downtown (City Hall), measured in meters (X2), Network distance from the centroid of an H3 cell to the
nearest elementary school, measured in meters (X3), Population density within a 100 m x 100 m grid (X4),
Average building heights within a 100 m x 100 m grid (X5), Average site area within a 100 m x 100 m grid
(X6), Number of land use categories of Points of Interest (POI) within a 500 m x 500 m grid (X7), Total floor
area within a 500 m x 500 m grid (X8). Source: National Geographic Information Institute (NGII)

Variables

Conceptual Framework

Density

Density captures the concentration of people and structures, represented by variables such as population density and building heights. This factor
reflects the intensity of land use and urban congestion, which are critical for understanding the scale of urban areas 72

Accessibility

Accessibility pertains to the ease with which individuals can reach key destinations, services, and amenities. This dimension is often quantified
using metrics such as the distance to bus stops, city centers, and essential services like elementary schools. Accessibility reflects the quality and
reach of transportation infrastructure and the spatial arrangement of land uses 7.

Design

Design refers to the spatial configuration, organization, and diversity of urban elements within the built environment. Key indicators include the
diversity of Points of Interest (POI) and compactness indices, which capture the arrangement and functional mix of land uses and compactness 7*.

Table 3. Conceptual frameworks of the three factors from explanatory factor analysis.

10-Fold Cross
Grid Search Validation
R-Squared
Model | Parameters Training Set | Test Set
CAR Learning rate: 0.1; max depth: 10; number of estimators: 200; subsample: 0.8; all other parameters set to default. | 0.926 0.939
PT Learning rate: 0.2; max depth: 5; number of estimators: 200; subsample: 0.8; all other parameters set to default. | 0.922 0.938
AT Learning rate: 0.2; max depth: 5; number of estimators: 200; subsample: 1.0; all other parameters set to default. | 0.934 0.942

Table 4. Results of grid search and cross validation.

corrects the errors of its predecessors, resulting in a robust predictive model®2. To ensure optimal performance
of the XGBoost models, we apply a parameter tuning using a grid search process®*®validated using cross-
validation®%° to assess model performance on the data (see Table 4). For the IML technique, we utilize PDP
to interpret the results of the XGBoost models, which provide insights into the marginal effects of individual
variables or pairs of variables on the predicted outcomes®**”. PDPs are particularly effective for visualizing non-
linear and threshold effects, which are often challenging to identify using regression methods like MLRS8.

Variables

We analyze three dependent variables, each representing the excess travel distance associated with one of the
three transportation modes (see Table 5). Figure 4 illustrates the spatial distribution of excess travel distances
across trip origins and destinations for each mode, while Fig. 5 presents the results of a hot spot analysis
identifying statistically significant clusters of high and low excess travel using ArcGIS Pro 3.3. The figures reveal
that central urban areas (e.g., downtown districts and industrial zones) exhibit relatively higher levels of excess
travel distance across all transportation modes, whereas rural and peripheral areas are associated with lower
excess travel distances. This pattern may be attributed to several structural and functional characteristics. First,
the concentration of economic activities and employment opportunities in central and industrial areas likely
generates more complex and circuitous travel patterns, as individuals from dispersed residential locations
converge on these hubs. Second, land-use intensity along wit inadequate transport infrastructure may increase
congestion and reduce route efficiency, particularly for motorized and public transit modes. Third, for PT and
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Descriptive Statistics
(N=150,121)

Variables Description Mean ‘ S.D. ‘ Min ‘ Max
Dependent Variables
Difference between actual and minimum travel distances for car trips (in kilometers)
CAR Note: Dependent variable of Model 1 66 73 <001 500
Difference between actual and minimum travel distances for public transportation trips (e.g., bus and transit, in kilometers)
PT . 53 7.0 <0.01 | 49.0
Note: Dependent variable of Model 2
Difference between actual and minimum travel distances for active transportation trips (e.g., walking and biking, in
AT kilometers) 5.7 7.0 |<0.01 |50.0
Note: Dependent variable of Model 3
Independent Variables
Origin
Density gi;ts?tryl of origin derived from EFA, represents urban density, where a higher density indicator corresponds to greater urban <001 | 11 110 |94
Accessibility Factor 2 of origin derived from EFA, represents transportation accessibility, where a higher accessibility indicator is associated <001 | 1.1 2091 |280
with greater distances to downtown, bus stops, and schools
Design ggctor' 3 of origin derived from EFA, represents urban design, where a higher design indicator reflects greater land-use <001 | 11 340 |89
iversity and a higher compactness index
Destination
Density Factor 1 of destination derived from EFA <0.01 | 1.1 -1.10 | 9.2
Accessibility | Factor 2 of destination derived from EFA <0.01 | 1.1 -0.87 | 28.0
Design Factor 3 of destination derived from EFA <0.01 [ 1.1 |-3.30 [9.0
Route Characteristics
Time Average travel time of a route (in minutes) 37.0 28.0 | 1.0 297
Distance Straight-line distance of a route (in kilometers) 5.7 5.8 0.3 69
Volume Total traffic volume across all transportation modes for a route 8.4 82 1.0 6,930

Spatial-tempo.

ral Variables

Weekend Indicates whether the travel occurs on a weekend (1 if yes, 0 otherwise)
H3_0 H3 indicators of the origin of a route
H3_D H3 indicators of the destination of a route

Table 5. Description and descriptive statistics of variables. Data Source: SKT Telecom (SK), National
Geographic Information Institute (NGII). Note: The same variables listed in this table are utilized in MLR,

XGBoost, and PDP analyses.
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Fig. 4. Spatial distribution of excess travel by transportation modes and origin/destination.
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Fig. 5. Hot spot analysis on excess travel by transportation modes and origin/destination.

AT users, first- and last-mile challenges, along with indirect routing through transit networks, may further
contribute to excess distance when traveling to or from central locations.

The independent variables include (1) the three built environment factors and (2) control factors, such as
route characteristic and spatial-temporal factors (see Table 5). The core variables, Density, Accessibility, and
Design, are derived through EFA, representing foundational dimensions of the built environment*®. These factors
are examined at trip origin and destination points, thereby accounting for the inherently bidirectional nature
of travel behavior®. To evaluate potential interdependencies among built environment variables, particularly in
light of the use in the MLR and PDP analysis, we conducted a Variance Inflation Factor (VIF) assessment using
an OLS model. All variables exhibited VIF values below 5, indicating that multicollinearity is not a significant
concern in the present dataset. However, we recognize that the built environment operates through complex,
interrelated mechanisms®-*°.

To capture additional determinants of travel inefficiencies, we incorporate a set of route-specific variables,
including travel time, straight-line distance, and traffic volume (see Table 5). They are central to mobility
patterns’*?influencing perceived travel costs, convenience, and ultimately mode selection. In addition, spatial-
temporal variables are included to capture fluctuations in travel behavior across different days and time periods®.
For instance, weekend travel behavior often exhibits a greater reliance on private vehicles and a reduced use
of public transit. Incorporating temporal variation enables a more accurate reflection of real-world travel
dynamics®. Furthermore, H3 spatial identifiers are employed for both origins and destinations to control for
localized variations in land use, urban form, and transportation infrastructure, allowing the model to account
for spatial heterogeneity in excess travel.

Result

Preliminary analysis results

Table 6 presents the results of four MLR models for total trips, disaggregated by transportation mode: CAR, PT,
and AT. The results reveal that higher density at both trip origins and destinations is associated with reduced
excess travel distance. Negative coeflicients for density (-0.70 at origins and —0.91 at destinations) reflect the
principles of compact urbanism, where densification reduces the need for excess travel by promoting spatial
proximity. This effect is particularly strong for PT users (-1.02 at origins and — 1.28 at destinations), emphasizing
the density-dependent efficiency of transit-oriented development (TOD) networks. Interestingly, even for car
users, density coeflicients (-0.77 for origin and —0.81 for destination) suggest that dense urban morphologies
improve accessibility by facilitating shorter trip generation distances.

Accessibility, defined as the ease of reaching opportunities, shows a positive relationship with excess travel
distance, with coefficients of 0.21 at origins and 0.25 at destinations. Here, a higher accessibility indicator
indicates greater distances to downtown, bus stops, and schools. This finding suggests that better accessibility
encourages shorter trips, reflecting the mobility-oriented perspective on accessibility. The effect is particularly
strong for CAR users (0.25 at origins and 0.30 at destinations), who benefit from greater trip-making freedom.
For PT and AT trips, the effects are positive but less significant, reflecting their more localized travel ranges
despite improved accessibility.

The design factor, operationalized as compact and diverse land-use configurations, demonstrate significant
negative effects on excess travel distance (-0.07 for origins and —0.08 for destinations). These findings indicate
that well-designed urban environments enhance trip efficiency by promoting direct routing and reducing spatial
detours. PT users show the greatest sensitivity to design (-0.26 for origins and — 0.28 for destinations), highlighting
the reliance of transit systems on integrated land-use planning. Similarly, AT users benefit significantly from
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Variables TOTAL CAR PT AT

Intercept -39.91 (0.17) *** | -56.02 (0.27) *** | -51.09 (0.40) *** | -38.55 (0.35) ***
Built Environment

Origin

Density -0.52 (0.08) *** | -0.77 (0.10) *** | -0.26 (0.09) ** -0.55 (0.10) ***
Accessibility 0.21 (0.03) *** 0.25 (0.04) *** 0.35 (0.09) *** 0.14 (0.08)
Design -0.79 (0.06) *** | -1.00 (0.08) ** | -0.40 (0.07) *** | -0.92 (0.09) ***
Destination

Density -0.57 (0.09) *** | -0.81 (0.11) *** | -0.28 (0.09) *** | -0.70 (0.13) ***
Accessibility 0.39 (0.04) *** 0.37 (0.04) *** 0.18 (0.07) * 0.58 (0.08) ***
Design -0.85 (0.07) *** | -1.04 (0.09) *** | -0.37 (0.07) *** | -1.07 (0.10) ***
Route Characteristics

Travel Time 2.95 (0.03) *** 2.48 (0.04) *** 3.28 (0.06) *** 1.90 (0.08) ***
Travel Volume 0.46 (0.01) ** | 1.04 (0.02) ** | 0.27 (0.03) *** | 0.32 (0.02) ***
Travel Distance 4.03 (0.02) *** 5.89 (0.03) *** 5.07 (0.06) *** 4.35 (0.06) ***
Weekend (ref. No) 0.15 (0.03) *** 0.25 (0.04) *** 0.07 (0.05) 0.16 (0.06) **
Random Effect

?/Oal;'ll;?rf; 0.81 137 0.87 128

Variance (Destination) | 0.98 1.57 0.79 1.95

zﬁ‘g‘i‘gﬁzl) 22,54 20.84 20.85 19.43

Model Performance

Sample Size 150,121 73,161 37,876 26,876

AIC 896,055.64 432,076.82 223,609.46 157,491.55
BIC 896,194.51 432,205.63 223,729.05 157,606.33
Log Likelihood -448,013.82 -216,024.41 -111,790.73 -78,731.77
R-squared of OLS 0.542 0.578 0.563 0.574

Table 6. Multilevel regression model results. Note: *** p<0.001; ** p<0.01; * p <0.05. Dependent variables:
excess travel distance for total, CAR, PT, and AT trips.

compact urban forms (-0.10 for origins and —0.12 for destinations), which improve walkability and bikeability
through better first- and last-mile connectivity.

Control covariates provide additional insights. Travel time (coefficient: 2.95) and traffic volume (coefficient:
0.42) are positively associated with excess travel distance, corroborating findings in previous studies on
congestion-induced inefficiencies®!. As expected, straight-line trip distance (coefficient: 5.89) is strongly
correlated with excess travel distance, and weekend trips (coefficient: 0.25) are associated with slightly higher
inefficiencies, likely due to discretionary trip purposes. Additionally, the random effects analysis reveals
significant heterogeneity at both the trip origin and destination levels.

Non-linear effects of built environment on excess travel

PDPs visualize the marginal effect of the independent variable, in this case, density derived from EFA, on
the dependent variables: excess travel distance for (a) CAR, (b) PT, and (c) AT trips. They are also illustrated
separately for origin (1) and destination (2) densities. The red lines in PDPs represent the smoothed overall
trends between independent variable and the excess travel distance.

First, the PDPs on the density effect in Fig. 6 reveal non-linear and fluctuating patterns that suggest varying
impacts in different density ranges, which extends previous findings. For car trips, increasing origin density
initially reduces excess travel distance, indicating improved accessibility and shorter trips. However, at very
high densities, excess travel distance begins to rise in the medium-sized city, likely due to congestion, limited
parking, or network inefficiencies. Similarly, destination density reduces excess travel distance at moderate levels
but shows a slight increase at very high densities, reflecting challenges in hyper-dense urban areas. For PT
trips, excess travel distance declines significantly as density increases, reaching a minimum at moderate levels
before rising slightly at higher densities. This suggests that moderate densities optimize transit coverage and
access but that very high densities may induce inefficiencies, such as overcrowding or transit saturation. For AT
trips, increasing density consistently reduces excess travel distance, particularly at mid-to-high-density ranges,
emphasizing the strong correlation between density and active transportation efficiency.

Regarding accessibility, Fig. 7 reveals that excess travel distance for the three transportation modes decreases
as accessibility indicators increase (i.e., in less accessible areas). One possible explanation is that in less accessible
areas (with higher accessibility indicators), drivers may consolidate trips or optimize routes more effectively,
especially when destinations are farther apart, thus reducing excess travel distance in medium-sized cities.
Additionally, transit networks in these areas may feature fewer but more direct routes, resulting in shorter trips
despite greater distances to key locations. This suggests that PT efficiency is not solely determined by spatial
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Fig. 6. Partial dependence plots of density effects on excess travel distance.
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Fig. 7. Partial dependence plots of accessibility effects on excess travel distance.

accessibility but also by network design and operational characteristics. A similar trend is observed for AT trips,
where excess travel distance decreases as accessibility indicators increase. A potential explanation is that AT
users in less accessible areas may strategically plan their trips or select destinations within a manageable range,
leading to more efficient travel behavior despite lower accessibility.

Lastly, the design effect of Fig. 8 demonstrates that design improvements (i.e., greater land-use diversity and
higher compactness) consistently reduce excess travel distance for PT and AT trips. More specifically, excess
travel distance for CAR initially increases with higher design indicators at the destination, consistent with
potential challenges such as congestion, parking limitations, or navigation complexity in well-designed urban
areas. However, this trend reverses when design indicators reach significantly high levels, leading to a reduction
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Fig. 8. Partial dependence plots of design effects on excess travel distance.

in excess travel distance. For PT trips, excess travel distance initially increases with higher design indicators
at both origin and destination, potentially due to transit inefficiencies in compact and diverse land-use areas,
such as longer access times to stops or increased passenger demand. However, as design indicators reach higher
levels, excess travel distance begins to decline, suggesting that well-planned, highly integrated transit systems
can eventually overcome initial inefficiencies. Lastly, AT trips reveal a similar U-shaped relationship between the
design indicator and excess travel distance in both origin and destination contexts. At significantly higher levels
of urban design, excess travel distance declines significantly, suggesting that well-planned, highly walkable or
bikeable environments with seamless connectivity and adequate infrastructure can mitigate initial inefficiencies
and promote efficient travel.

Discussions

Major findings

Our MLR model reveals that the built environment factors, density, accessibility, and design, exhibit significant
associations with excess travel distance across all modes in the medium-sized city. These findings are largely
consistent with those of previous studies?>*. In addition to the linear relationships, the analysis identifies non-
linear patterns and threshold effects associated with the built environment characteristics. Specifically, higher
density at both origins and destinations is associated with reduced excess travel distance, in line with the
principles of compact urbanism”2. PT users show the greatest sensitivity to density, highlighting the efficiency
of dense, transit-oriented networks. However, a U-shaped relationship emerges, where excess travel distance
decreases at moderate densities but increases at very high densities.

Moreover, accessibility effects show that excess travel distance decreases across all three transportation modes
as accessibility indicators rise (i.e., less accessible areas to public transportation, downtown, and school in this
study). This finding contrasts with the conventional assumption that proximity to key destinations reduces travel
inefficiencies®®¢. One explanation is that in areas with higher accessibility indicators, drivers may consolidate
trips or optimize routes more effectively, particularly when destinations are further apart, resulting in shorter
excess travel distances in medium-sized cities. Additionally, transit systems in these areas might have fewer but
more direct routes, which can shorten trip lengths even if key destinations are farther away. A similar pattern
is observed for AT trips. This may be due to AT users in less accessible areas carefully planning their trips
or choosing destinations within a manageable distance, leading to more efficient travel despite lower overall
accessibility.

The findings also reveal that urban design improvements, such as increased land-use diversity and
compactness (i.e., total floor area within a 500 m x 500 m grid), reduce excess travel distance for PT and AT trips,
which is largely aligns with previous studies®"*>. For CAR trips, excess travel distance initially rises with higher
design indicators due to factors like congestion and parking limitations but decreases once design indicators
reach high levels. For PT trips, excess travel distance increases at first, likely due to transit inefficiencies, but
decreases as design quality improves. Similarly, AT trips exhibit a U-shaped relationship, with excess travel
distance declining significantly at higher levels of urban design, highlighting the importance of well-planned,
integrated, and accessible environments for efficient travel.
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Policy implications

The findings offer several important implications. First, the fluctuating effects of density on travel distance
emphasize the importance of achieving an optimal density balance in medium-sized cities. While moderate
density at both origins and destinations can reduce excess travel distance by improving accessibility and
minimizing congestion, very high densities may lead to inefficiencies, such as congestion, parking limitations,
and transit saturation. Policymakers should focus on identifying and maintaining density thresholds that balance
the benefits of compact urbanism with the potential drawbacks of hyper-density, ensuring that density is tailored
to the specific needs and capacities of each urban area.

Second, the study reveals that in less accessible areas, travel distance can be reduced through improved
accessibility indicators, challenging the conventional view that proximity to key destinations always minimizes
travel inefficiencies. For car users, policies should focus on improving network efficiency, such as through trip
consolidation or route optimization, especially in areas with lower accessibility. For PT and AT, enhancing
accessibility by integrating more direct routes, improving first- and last-mile connectivity, and ensuring well-
designed infrastructure in less accessible areas can lead to more efficient travel behavior, even in areas with lower
proximity to key destinations. The findings imply that the transportation policies and urban design strategies
that work in large, dense cities may not be directly transferable to medium-sized cities.

Lastly, the findings suggest that urban design plays a critical role in reducing excess travel distance, especially
for PT and AT trips. Well-designed urban areas with greater land-use diversity and higher compactness (i.e.,
total floor area) can significantly reduce travel inefficiencies. However, the study also indicates that excessively
compact or diverse environments may initially introduce inefficiencies due to factors such as longer access times
to transit stops or increased passenger demand. Therefore, urban policies should aim to strike a balance in
design, ensuring that transit and active transportation systems are well-integrated, with seamless connectivity
and sufficient capacity to handle demand. In the case of CAR trips, policymakers should focus on reducing
congestion and improving navigation in densely designed areas, while also ensuring that land-use diversity
supports efficient car travel.

Limitations of this study

While this study offers significant contributions to the field, it is essential to acknowledge several limitations
that constrain its scope and generalizability. First and foremost, the conceptual framework utilized in this study
to assess excess travel provides valuable insights but falls short of fully capturing the complexities associated
with commuting inefficiencies. Accurately determining true excess commuting requires separating unavoidable
commuting distances from those arising from discretionary choices. While excess travel is often viewed as
inefficient, it can also reflect individual or societal priorities, such as seeking better educational opportunities,
improved employment prospects, or safer living environments. This indicates that excess travel is not solely
a measure of inefliciency but rather a reflection of the intricate balance between personal preferences and
structural factors. However, this study could not delve into these aspects due to data limitations. Future research
should employ mixed-method approaches, including qualitative analyses, to more comprehensively explore the
multifaceted nature of excess travel and its broader implications for urban planning and policy development.

Furthermore, the use of mobile phone-based mobility data, although invaluable for capturing large-scale,
spatiotemporal movement patterns, presents inherent limitations. Key drawbacks include sampling bias due to
unequal mobile device ownership and usage; the significant preprocessing required to clean, filter, and aggregate
raw data; dependency on the spatial distribution of cell towers, which can introduce locational inaccuracies in
underrepresented areas; assumptions about the uniform distribution of population within grid cells; and privacy
concerns associated with tracking individual movements, even if anonymized®>?’. Specifically, mobile phone
data may exhibit sampling biases due to disparities in mobile phone ownership and usage patterns, potentially
excluding certain demographic groups (e.g., individuals without smartphones or those with limited mobility).
Also, the dataset, collected during specific time period, reflects a static snapshot of mobility patterns rather than
evolving dynamics. These biases necessitate caution in interpreting the results and call for the integration of
complementary datasets, such as travel surveys, to enhance the robustness of the analyses.

There are additional limitations to acknowledge. For instance, the cross-sectional nature of the data employed
restricts the ability to capture temporal variations or longitudinal trends in travel behavior and urban form.
Moreover, the geographic focus on Gunsan inherently limits the generalizability of the findings to other urban
contexts, particularly cities with distinct socioeconomic, cultural, and spatial characteristics. Additionally, while
this research emphasizes key built environment attributes, it does not account for additional contextual variables,
such as individual socioeconomic characteristics, trip purposes, or the influence of land-use policies, that may
significantly affect travel behavior. Future studies need to address the issues to expand our understanding of the
relationships.

Conclusion

This study provides empirical insights into the ways in which built environment attributes, specifically density,
accessibility, and urban design, influence excess travel distances across three transportation modes (i.e., CAR,
PT, and AT) in the context of Gunsan, a medium-sized city in South Korea. By integrating EFA, MLR, XGBoost,
and PDP with mobile phone-based mobility data, the study captures the non-linear and threshold effects of built
environment factors on mode-specific travel inefficiencies. This study contributes to the broader understanding
of how urban form shapes travel behavior and offers actionable insights for planners and policymakers seeking
to reduce excess travel, promote efficient transportation systems, and enhance urban livability. Also, this
work expands the academic discourse on excess travel by focusing on medium-sized cities, which are often
underrepresented in transportation research. The last contribution of this research lies in its multi-dimensional
and data-driven approach to understanding excess travel. It moves beyond traditional linear frameworks by
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using high-resolution, smartphone-based mobility data and advanced modeling techniques to reveal mode-
sensitive and context-dependent relationships.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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