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Abstract
This paper presents the Spatial Nudging framework – a theory-based framework that maps out
nudging strategies in the mobility domain and refines its existing definitions. We link these strategies
by highlighting the role of perceived affordances across physical and digital interventions based on the
Nudge Theory and the Theory of Affordances. Furthermore, we propose to use graph representation
techniques as a supportive methodology to better align perceived and actual environments, thereby
enhancing the intervention strategies’ effectiveness. We illustrate the applicability of the Spatial
Nudging framework and the supportive methodology in the context of an E-bike City vision. This
paper lays the foundation for future research on theoretically integrating physical and digital
interventions to promote sustainable mobility.
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1 Introduction

Promoting sustainable mobility, particularly cycling, is crucial for combating climate
change [5] and enhancing overall well-being [10]. Various strategies exist, oscillating between
hard measures such as policies or infrastructure planning [3], and soft measures such as
Mobility as a Service (MaaS) offerings [48], or digital tools supporting societally desirable or
personalized travel goals [46]. Jensen et al. [28] refer to the combination of these strategies
as Mobilities design emphasizing its behavioral goal-oriented nature.

Creating safe and comfortable bike lanes through infrastructure changes is widely rec-
ognized as a highly effective intervention strategy [32], with behavioral change evidence
from multiple empirical studies [60, 20]. Despite this, persuasive technologies such as mobile
applications that use nudging strategies, i.e., subtle interventions that aimed at predictably
influencing travel habits, gained the attention of policymakers as well as location-based
service providers [50, 46]. In a recent review, such applications were found to reduce car use
by approximately 7%, illustrating that digital communication strategies and targeted infor-
mational campaigns influence travel behavior [51]. A nudge is a subtle change in how choices
are presented or organized within the choice environment [53]. The choice environment is the
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setting where decisions are made, including physical spaces, digital interfaces, or augmented
reality (AR) [31]. According to Thaler and Sunstein [56], these choice environments inherently
influence decision-making and are unavoidable.

However, goal-oriented design elements or persuasive applications in physical and digital
environments face challenges in shaping our travel choices. In the context of physical
interventions, research has identified a cognitive mismatch between the objective (observable)
properties of the physical environment shaped by planners and the subjective perceptions
of users [58]. Similarly, digital nudges promoting cycling must resonate with these user
perceptions to be effective [51]. In turn, accurately anticipating how users perceive physical
environments or react to digital nudges is challenging, posing a major obstacle to effective
interventions. Furthermore, the theoretical links between these choice environments remain
fragmented. For example, views differ on whether infrastructure design itself constitutes
a nudge [20] or merely provides context information for the nudge design [32]. Moreover,
while interventions informed by the psychological theories are hypothesized to show greater
efficacy [33], the multitude of existing theories complicates choosing when and how to apply
them in daily planning tasks [13].

To ground nudging more cohesively in the mobility domain as a multifaceted behavioral
change strategy, there is a need to develop a clear and unified definition of nudging strategies
across choice environments. Additionally, supporting methodologies are essential to better
anticipate how physical environments influence subjective perceptions and responses to
nudges, thereby increasing the effectiveness of these strategies. Our approach begins with
a thorough overview of various nudging strategies for sustainable mobility and leveraging
relevant theories, such as the Nudge Theory [56] and the Theory of Affordances [22] to identify
the role of the physical environment in these strategies. Secondly, we evaluate methodologies
that enable the analysis of the impact of people’s perceptions on travel behavior. Graph
representation stands out as a feasible solution for our needs, with its proven effectiveness
across urban informatics [57], urban planning [52], and cognitive studies [62].

This paper introduces the Spatial Nudging framework which maps out nudging strategies
in the mobility domain by highlighting the role of perceived affordances across physical and
digital interventions based on related behavioral theories. We propose a novel concept called
Spatial Nudging – an integrated nudging strategy that utilizes multiple choice environments,
nudging techniques and spatial information to design an intervention for behavior change,
thereby extending the scope of existing nudging strategies. Furthermore, we present initial
steps for a supportive methodology to align perceived and objective environments of cycling
routes, specifically in a route recommendation task. We illustrate the applicability of the
Spatial Nudging framework and the supportive methodology in the context of the E-bike
City project [3].

The paper is structured as follows: section 2 covers nudging and related behavioral
theories, cognitive mismatches, and current graph-based methods for analyzing travel behavior.
Section 3 elaborates on the Spatial Nudging framework, the initial conceptualization for
the supportive methodology, and an illustrative use case. Section 4 concludes with the key
contributions and directions for future research.

2 Background

In this section, we discuss the existing theoretical underpinnings used to conceptualize nudges
across physical and digital interventions for sustainable mobility behavior, particularly cycling.
Then, we delve into the difference between how physical environments are perceived versus
their objective characteristics and how these environments affect nudging efforts. Finally, we
explore graph-based methods’ potential to anticipate this mismatch better.
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2.1 Nudging and Related Behavioral Theories
Human decision-making related to mobility is not always rational and often relies on mental
shortcuts and habits that can be influenced through changes in choice environments [63].
Nudging refers to the practice of subtly steering individuals towards better options by
strategically organizing and delivering information in these choice environments [53, 16]. The
nudge concept is rooted in Nudge Theory, which asserts that (1) the choice environment
notably influences how people make choices, (2) choice architecture is unavoidable, and (3) it
is possible to nudge while preserving freedom of choice [56].

Different nudging conceptualizations have emerged, such as Hummel’s morphological
box [27], suggesting multiple perspectives on how nudges are defined across domains. In
Table 1, we present an overview of such attempts to structure and characterize nudges based on
where, how, and what nudges target. This overview reveals overlapping, complimentary, yet
contrasting descriptions of nudges, illustrating fragmented and often ambiguous distinctions
between different strategies, particularly regarding the role of the physical environment.
For instance, many consider physical interventions, such as strategic placement of items
and signifiers or bike infrastructure design, as forms of nudging [31, 20]. Meanwhile, in the
development of persuasive technologies, spatial characteristics are primarily interpreted as
the contextual background information for designing more effective digital nudges [32].

Travel behavior change strategies, including nudging, draw upon various behavioral
theories [30, 45, 67]. For example, the Mobility design paradigm [28] mentioned earlier is
based on the Theory of Affordances, initially introduced by Gibson [22] and later elaborated
by Norman [42] who emphasized the relation between perception and affordances. The Theory
of Affordances examines the psychological interactions between humans and designed objects.
Affordances represent perceived potential actions available to a user and are integral to an
object’s design. Sunstein [54] extensively references design examples described by Norman,
while Lehner et al. [31] frame nudging tools as valuable design principles, highlighting a close
link between nudges and design intent. In the mobility domain, the theory highlights how
individuals engage with the physical elements, including infrastructures, as well as digital
tools like smartphones with GPS services that are brought along on everyday journeys [28].
These examples illustrate how nudging can be framed as a strategic design effort to shape
perceived affordances within physical and digital choice environments, potentially offering a
foundation for a design-based perspective on existing nudging definitions.

2.2 The Mismatch of the Objective and Perceived Environments
The effectiveness of strategies – goal-oriented design interventions or nudging – that encourage
cycling partly depends on people’s perceptions, as perceptions are known to influence travel
behavior [34]. The intervention strategies discussed below showcase two perspectives on
perception: one focuses on its influence in universal interventions that target everyone and is
typically associated with the physical choice environment, while the other emphasizes its
role in personalized interventions and is more common across digital choice environments.

Research on the effect of physical interventions for cycling reveals a cognitive mismatch
between planners’ objective evaluations and users’ subjective perceptions [58]. This mismatch
has been explored in aspects such as cycling speed [41], travel time [44], and infrastructure
design [37]. The mismatch originates from complex cognitive processes where an individual’s
sensory inputs (experienced trip utility) are translated into a cognitive representation of
the environment (recalled trip utility) [17]. Many factors, such as physical activity [38],
demographics [34], local culture [1], as well as attitudes [18], habits [49], and cognitive
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Table 1 Showcases existing nudging categorizations relevant to the mobility domain based on
where, how, and what nudges target to change travel behavior.

Category / Key Elements Description
What nudges target

1. Cognitive System
- Cognitive System 1
- Cognitive System 2

Nudges target System 1, exploiting cognitive biases, or
System 2 that aims to encourage rational thinking. This
differentiation stems from the dual process theory [29].

2. Decision-making System
- Decision structure
- Decision information
- Decision assistance

Nudges can target the decision structure (how choices are
organized), decision information (details about the choice
options), or decision assistance (supporting behavioral
intentions). Interventions focusing on the decision struc-
ture typically have a stronger effect [40].

3. Stage of Behavioral Change
- Pre-contemplation
- Contemplation
- Preparation
- Action and Maintenance

Nudges target behavior at different stages of the behav-
ioral change process [12]. Nudges in the pre-contemplation
stage aim to boost awareness. Nudges that target con-
templation assist self-assessment. During the preparation
stage, they reinforce self-commitment and further educate
about alternatives. Nudges targeting action and mainte-
nance reward positive behaviors and build social support.

4. Goals
- Sustainability

Nudges target different goals. For instance, green nudges
encourage sustainability in energy conservation, mobility
behavior, or food consumption [69].

5. Choice Environment
- Properties
- Placement

Nudges can change the properties of the choice environ-
ment, placements within, or both [26].

Where nudges target

6. Choice Environment Nudges target travel behavior in different choice environ-
ments, including digital or physical [31, 27].

- Physical environment Physical nudges guide decision-making in physical choice
environments. While minor alterations such as signage or
road markings are prime examples, larger-scale modifica-
tions have also been called nudges [8, 20].

- Digital environment Digital nudges guide decision-making in digital environ-
ments and have been associated with digital user interfaces
[69]. Examples include persuasive elements in mobile or
web-based applications [12].

How nudges target

7. Level of Obtrusiveness
- Invite
- Seduce
- Challenge

Nudges vary in their level of obtrusiveness. Nudges that
invite are highly open and voluntary, while seductive
nudges lure with appealing offers. Nudges that challenge
engage people’s competitive nature. However, creating
barriers is too intrusive to be considered a nudge [59].
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Table 1 Showcases existing nudging categorizations relevant to the mobility domain based on
where, how, and what nudges target to change travel behavior.

Category / Key elements Description

8. Strategy
- Educative
- Social
- Environmental
- Incentive

Nudging can be defined by the overall strategy [4]. Ed-
ucative nudges inform individuals about their decisions.
Social nudges leverage social comparison and incen-
tive nudges involve offering rewards. Environmental
nudges modify the needed effort for the behavior by
changing the choice order or visibility.

- Gamification Nudges use game elements in non-gaming contexts and
leverage common game mechanics such as competition,
cooperation, quests, points, or badges. [11, 33].

9. Personalization Nudges vary from universal approaches targeting wide
audiences to personalized interventions designed for
individual preferences. While universal interventions
may neglect unique individual situations, personaliza-
tion can limit shared experiences important for policy
transparency and identity development [39].

- Universal Generic digital nudges or physical interventions that
target behavior universally across broad user groups
are prime examples of universal nudging [8].

- Personalized
- Delivery Personalization
- Choice Personalization

Nudges utilize diverse data to personalize the choice
by customizing outcomes (choice personalization), or
the method of nudge (delivery personalization) [39].

- Context Awareness Context-aware nudges use location-based services to
determine the individual context, e.g., demograph-
ics, built environment, weather, or public transport
schedules, to inform nudging strategies [32, 11]. This
approach addresses criticisms of digital nudging, which
often reuses generic nudges without considering local
contexts [33].

- Location-based
- Suggestive
- Disclosure

Nudging varies based on the beneficiaries, influenced
by the design of location-based services. Suggestive
nudges benefit only individuals to achieve their goals.
In contrast, Disclosure nudges, which push for sharing
location data to improve navigation, can limit free
decision-making by over-relying on GPS and exposing
personal data to service providers [25].

10. Tool or Technique Various common nudging tools exist: feedback, self-
monitoring, prompting, reminders, tailoring, framing,
simplification, priming, changes in physical environ-
ment, visibility or accessibility, social comparison, so-
cial norms, saliency, signifiers, defaults, goal-setting,
anchoring, rewards [31, 21, 33, 32, 50, 53]. Notably,
the conceptual links and hierarchies across these tech-
niques are ambiguous.

COSIT 2024
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biases [21] can affect how physical environments are perceived. Therefore, accounting for
these factors contributing to the aforementioned mismatch is vital for successful physical
interventions.

Perception also plays a role in designing and determining the success of digital interven-
tions such as persuasive mobile applications aimed to influence travel choices [64]. These
applications engage with perception in two ways: 1) their effectiveness heavily relies on the
perceived physical environment, and 2) they often target human heuristics to influence per-
ceived affordances and nudge individuals towards more desirable travel choices. Specifically,
for digital nudges to effectively promote active mobility, they need to align with positive
users’ perceptions of their physical environment such as weather, cycling infrastructure, or
presence of greenery [32, 51]. This highlights the importance of the physical environment in
digital strategies and the need to understand user perceptions, particularly among diverse
user groups, to design effective digital nudges [50].

2.3 The Role of Graphs in Travel Behavior Analysis
Various methodologies help to understand, analyze, and predict travel behavior and the
underlying reasons [46]. A significant trend in the existing literature is the use of mathe-
matical graph representations in cognitive studies related to spatial knowledge [62], urban
planning [52], and individual mobility analytics [65]. Despite the extensive research within
individual domains, studies that derive combined insights for the mentioned applications of
graph data structures are absent, presenting an opportunity to explore potential synergies.
However, these applications of graphs vary across scales, granularity, and levels of abstraction,
requiring comprehensive alignment.

Spatial knowledge and potential movement actions can be represented using graph-like
elements [66]. For instance, supported by multiple empirical studies, the Cognitive Graph
hypothesis proposes using a labeled graph with local metric information embedded in graph
nodes and edges to represent spatial knowledge, akin to cognitive maps [62, 6]. Recent studies
show that graph-based models incorporating spatial biases and heuristics can generate realistic
movement trajectories [19, 35]. In a related stream of work, the Space Syntax community
typically uses standard graph-based measures to reveal psychological responses to urban
form, also seen in studies for planning bike networks and analyzing cyclist behavior [52].
Urban planners have a long tradition of using this approach for its predictive ability and
easy translation to policies for promoting active mobility [68].

Urban analytics and trajectory data mining are key for studying travel behavior [61] and
testing assumptions about human mobility heuristics at scale [55, 9]. Topological (graph-like)
representations of movement data are argued to offer additional structural information about
human mobility [65]. For example, researchers use graph representation and standard graph
measures to recommend personalized routes [57]. Martin et al. [36] propose compact and
privacy-preserving location graphs to profile trajectory data across multiple datasets. In
a related study, Wiedemann et al. [65] leverage such location graphs with social network
science methods to reveal structural patterns in individual human mobility. Bongiorno et
al. [9] use a vector-based method, revealing heuristics such as detour percentage in pedestrian
route choices at scale.

3 Spatial Nudging Framework

This section introduces the Spatial Nudging framework to unify the fragmented understanding
of nudging strategies and their characteristics in the mobility domain across different choice
environments. We further outline a graph-based method to support (nudge) route choices, an
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essential travel choice task, by potentially aligning perceived and actual environments better
– an essential factor for the success of these strategies. Finally, we present an illustrative use
case for its applicability in the context of Zurich.

3.1 Rationale and Framework Development
Based on the literature overview in section 2, we provide a rationale for theoretically
integrating the fragmented nudging strategies and affordances of different choice environments.
Our approach considers the varying perspectives on the role of physical environments across
different interventions.

First, we scrutinize the common contrasting notion that nudging is used to bypass
the challenges associated with physical interventions, such as regulatory complexities and
high costs. Our literature review illustrates that nudging and physical interventions are
not mutually exclusive and multiple underlying techniques share similarities. For example,
visible bike lane markings, arguably a physical intervention, could be viewed as a nudging
technique that increases bike lane saliency, i.e., it modifies the properties of the choice
environment (see Table 1, Category 4.). Furthermore, the assumption that nudging is a
cost-effective and straightforward alternative for behavioral change overlooks the extensive
processes required to develop effective nudges, including designing, testing, aligning nudges
with existing preferences, and finally implementing it [16].

Second, we examine the reasons behind differing views on whether a physical intervention
qualifies as a nudge, and more broadly, the role of choice environments across interventions.
The literature review reveals that these differing views often map to specific disciplinary
domains. Arguably, the domain’s ability to target perceived affordances is bound to different
choice environments, expertise, timelines, and methods. For example, experts who create
digital tools to assist travel decisions typically view the physical environment as unchangeable,
while planners consider it malleable due to their expertise. Context-aware persuasive
technologies serve as a unique nudging case in this divide. They intertwine physical and
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Figure 1 Illustrates the interaction between choice environments, perceived affordances, and
users across discussed nudging interventions, demonstrating how each type of intervention reflects
Spatial Nudging to different extents.
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digital choice environments by leveraging information from the physical environment to
design more tailored digital nudges [32]. Although current examples do utilize contextual
information, they often do not consider the physical environment’s ability to influence
perceived affordances – a crucial aspect of its design according to the Theory of Affordances.
Despite this, context-aware nudging offers a useful starting point for integrating behavioral
change efforts across both choice environments.

��� ����� What

������������

D
eg

re
e 

of
 

Pe
rs

on
al

iz
at

io
n

�
��
��
��
��

��
��
��

��

�
��
��
��
��
��

��
��
��

��
�
��
��
��
��
��
��
��
��
�

�
��

�
��
��
��
��
��
�
��
�
�

��
��
��

��
��
��


	
��
��

��
��
��

��
��
�

�
��
��
��
�


�
��
��

�
��

��
��

��
�

��
��

���
�

�
�

��

	�
��

��
		

�

��

�
��

�����������

��
��
��

�
��

��
��

��
��




��
��

�

��
��

��
	

��

�

��

��
�
�

��
��

��

�
��

�	
��
��
�
��

��
�

��
	

��

��
��
��

��
��
��
��

��

�	
��
��
��

�
��
���

�


	
��

��
���

��
��
��
�
��

�

	

��
��

���
��
��
��

��
��
�

��
��
��
��

��
��
���

��
��

��
�

��
��
�

��
��
��
���

��
�
� 

��
��
��
��
�


	
��
��
��

�
��

�
��

��
��
��

��
��
��

��
�
��

��
��

��
��
��
�


�
��
��

��
��
��
�

��
��

��
��
��
�

��
���

��
��

��
�
��
��
��

��
��

��
��
�
��

���
��
��

��
��

��
�

��
��

��
�

��
��

��
��

��
��
�
��

��
�
��
��
��
���

�

�
��

��
���

�

��
���

��
�

��
��

��
��

�	
��

��
���

��
��
��
��

�
��

��
��
��

�
��

��
�

��
��
��

��
�
��

��
��
�

��
���

��
��

��
�
�
���

��
�

��
�
��
��
�

�
��
�	

�
��

�

��
�
��

���
��
�

��
�
��
��

�

��
��

��
��
�

��
�	

��
��
�

Figure 2 Illustrates how common nudging categories can describe three hypothetical examples of
nudging interventions discussed in this paper. Although these examples are hypothetical nudging
interventions, the mapping could be similarly applied to existing ones. Pink lines describe context-
aware nudging, e.g., a mobile app displaying trip CO2 emissions. Green lines refer to a physical
nudging, e.g., a strategic placement of a new bike lane. Blue lines refer to digital nudging, e.g., a
mobile app with gamification and reward strategy for traveling sustainably.

Therefore, we propose the Spatial Nudging framework, which explicitly outlines the links
between the physical and digital choice environments and different nudging interventions
to promote active mobility. Drawing on multiple examples from Table 1 that support the
idea of nudges functioning as design principles, we propose four distinct nudge strategies
by linking choice environments, perceived affordances, and design intent. Figure 1 and
the descriptions below outline these strategies: physical, digital, context-aware, and spatial
nudging. The figure also highlights findings from existing literature, suggesting that nudges
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in the digital choice environment must align with the perceived physical environment to be
effective. However, our review of related active mobility research found no evidence that
digital tools need to alter perceptions of the physical environment for physical interventions
to be effective. While we focus on nudging within physical or digital choice environments,
as they are predominantly used in current behavioral change strategies to promote cycling,
AR could serve as a potential choice environment that would allow for testing whether an
overlay of virtual information changes perceived physical cycling affordances. Similarly, this
study does not cover the influence of social networks, local culture, or regulatory systems as
potential choice environments.

Physical Nudging: refers to interventions in the physical choice environment. Examples
include the strategic placement of signs and increasing visibility of bike lanes or parking
markings with vibrant colors.
Digital Nudging: is embedded in a digital choice environment and communicated via
digital interfaces. Examples include motivational prompts or gamification techniques in
mobile applications that promote sustainable mobility.
Context-Aware Nudging: is embedded in the digital choice environment but utilizes
contextual data to match nudges with individual context and expectations better. Exam-
ples include mobile trip planners leveraging weather conditions, traffic updates, or air
quality indices.
Spatial Nudging: refers to strategies that simultaneously utilize several choice en-
vironments, with spatial information linking these environments. Examples include
dynamically allocating road space and enhancing communication about the current state
or prioritizing physical interventions according to the most popular routes suggested by
digital trip planners.

Additionally, we provide a comprehensive and refined nudge categorization, summarizing
the key nudge categories based on Table 1 and considering where, how, and what nudges
target. It can be argued that every nudge intervention presented in this study should
have a mapping in each key category. Notably, while some of the identified categories can
function independently, others show more interdependence. For instance, the physical choice
environment typically targets everyone universally, illustrating interdependence between
choice environments and degree of personalization. Similarly, individual nudging techniques
are more likely to be leveraged in specific strategies. For instance, gamification often uses
rewards, social comparison, or goal-setting techniques. Figure 2 provides a semi-hierarchical
overview of these categories and three hypothetical examples of the discussed nudging
intervention types mapped out across these categories.

3.2 Cognitive Graphs for Nudging Strategies as Supportive Methodology
As discussed in section 2, graph representation could be leveraged to anticipate better the
subjective perceptions of physical environments and the reactions to nudging strategies,
a necessity for successful interventions. Route choice is arguably one of the key tasks of
determining travel behavior, influenced by the perceived affordances of route characteristics.
Therefore, given its frequent targeting by physical and digital interventions, we focus our
proposed supportive methodology on the route choice task. For an initial conceptualization
towards a robust solution, we adopt a workflow by Dubey et al. [19] that proposes the
Dynamic Hierarchical Cognitive Graph (DHCG), originally designed to generate realistic
pedestrian trajectories while accounting for spatial memory biases and hierarchical nature of
spatial knowledge. The DHCG dynamically encodes decision points, such as landmarks or

COSIT 2024
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road intersections, as a hierarchical abstract graph, used to search for the shortest network
path to the destination (given an edge weight function) at each step of the route planning
task. We argue that this approach is also suited for modeling spatial knowledge along
constrained cycling routes. By modeling cycling routes dynamically, we can have a step-wise
representation of perceived affordances along that route and can create a mapping between
a particular decision point in the route and the associated perceived affordances. The
methodology could suggest salient routes in mobile route planners, and capturing perceived
affordances along the routes could be leveraged in many urban modeling and planning
applications.
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Figure 3 Illustrates the adapted workflow steps for creating cognitive routes. Components in
green are customized and tailored for our cycling routing application, and components in blue are
direct adoptions from [19].

The adapted workflow for generating realistic cycling routes consists of eight steps,
summarized below and in Figure 3. Notably, steps 1-4 and 8 are novel cycling-specific steps
that we introduced, while steps 5-7 are implemented according to the original workflow
proposed by Dubey et al. [19]. Next, we describe individual steps.
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First, we match existing cycling trajectories using Open Street Routing Machine (OSRM)
API [43] (1) with a simplified graph-based road network (2). We create a feasible subgraph
from the network for every trajectory by sampling unique network nodes and edges common
to all possible paths that are up to 15% longer than the shortest path between the origin-
destination (OD) pair of our cycling trajectory data as movement trajectories rarely follow
the shortest possible path (3). The exact value for detour ratio is based on the research by
Bongiorno et al. [9], and similar, albeit more heterogeneous, findings for cycling detours
[7, 14]. Next, each node in the subgraph is enriched with metric attributes commonly used
as cycling determinants to evaluate bike networks, such as traffic volume, slope, presence of
bike lanes, and so forth (4.1). While Grisiute et al. [24] describe bike network evaluation
metrics in detail, in this workflow, we only use a selection of metrics based on their frequency
in the related literature. We define a pairwise similarity matrix for all nodes, where lower
values map to higher similarity (4.2), and construct a cycling saliency value for every node.

Next, following the steps in the original workflow by Dubey et al., we cluster network
nodes based on the similarity matrix using an Agglomerative Hierarchical Clustering (AHC)
with the complete linkage method (defines the similarity of any two clusters based on the
similarity of their most dissimilar pair) (5). The resulting dendrogram is truncated at specific
heights to discern a three-tier hierarchy of clusters mirroring human spatial memory [35] as
abstract cluster nodes later used in the route planning task. Notably, the first level (L1) is
defined by the physical nodes in the subgraph. The subsequent levels, L2 and L3, are derived
from the square roots of the number of clusters at the previous level. According to the authors
of the original workflow, this approach aims to minimize the average size of the potential
abstract graph, reducing the cost of path planning. Further, we integrate two models for
spatial memory distortions (Category Adjustment (CA) and Sequence Order Effects (SE))
to adjust the locations of every cluster node (6). We then employ the Fine-To-Coarse (FTC)
wayfinding heuristic for path planning [66], which uses a detailed mental representation of
the immediate environment (L1 nodes) and gradually transitions to a coarser mental map
of the environment (L2 and L3 cluster nodes). This mental representation is constructed
dynamically as an abstract graph between the node at the current location and the destination
node at every step (7). The movement cost between nodes, used to determine the next step in
the abstract graph, is defined as a function equally balancing shortest-path distance and the
physical or abstract node saliency value (by default, each weighting equally). Lastly, using
different distance measures, we extend the original workflow with a pairwise comparison
between the generated cycling route, the original trajectory, and the shortest path (8).

Ultimately, this workflow overview aims not to discuss individual steps in great detail
but to provide an initial outline for one method to model perceived affordances dynamically.
It aims to support the Spatial Nudging framework regarding route choice, a common target
of physical and digital nudging interventions, which we illustrate next. To compare our
workflow adoptions for cycling with the original workflow, please refer to the paper by [19]
and Figure 3, where the parts in the green background represent our contributions, while
those in grey depict the steps directly adopted from the original workflow.

3.3 Illustrative Demonstrator – E-bike City
The E-bike City project [3] is a significant initiative to promote cycling and reshape Zurich’s
transportation landscape by reallocating appr. 30% of road space to bike lanes, consequently
reducing the number of car lanes. While the current strategy is infrastructure planning,
one must also consider the influence of digital tools accompanying travelers and related
nudging strategies on travel behavior. The stage of ongoing design is an ideal opportunity to
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Table 3 Shows selected common bike network evaluation metrics and associated qualitative
criteria for evaluating and designing bike networks. The metrics describing linear facilities (network
edges), such as lane count, have been aggregated on nodes based on incoming edges. Public space
significance and destination density are based on data from the City of Zurich and the Swiss Mobility
and Transport Microcensus (MTMC).

Feature Weight Metric Type Criteria Source
Node degree 0.1 Graph Coherence OSM
Public space significance 0.1 Contextual Attractiveness City of Zurich
Destination density 0.2 Contextual Attractiveness MTMC
Slope 0.2 Morphological Comfort OSM
Incoming bike lanes 0.2 Infrastructural Comfort OSM/Planned
No. of car lanes 0.1 Infrastructural Safety OSM/Planned
Avg. speed limit 0.1 Modal Safety OSM

conceptualize and link prospects for different interventions from the outset. Utilizing the
outlined workflow to generate realistic cycling paths enables us to 1) suggest salient routes for
mobile route planners, and 2) compare how the newly proposed network dynamically affects
the saliency values, perceived affordances, and potential route choice for existing trajectories.

To test the workflow, we utilized existing cycling trajectory data collected in Zurich in
2017 (users=36, trips=145). Notably, from the original dataset we excluded trips under
500 meters (i.e., OD pair is within 500 meters), circular trips, and trajectories in areas
with low network density due to the limited choice alternatives such a network prescribes.
Table 4 provides an overview of the resulting dataset composition. Despite the dataset’s
significant underrepresentation of females, other characteristics remain relatively similar
across sub-groups. We sampled a representative trajectory for every remaining user in the
filtered trajectory dataset (n=27) since routine trips with the same trajectories are common
in this dataset.

For steps 1-4 of our workflow, we used a simplified existing road network graph for Zurich,
generated from the Open Street Map (OSM) network with the SNMan Python toolkit which
essentially simplifies the OSM network to represent intersections, and road segments as single
nodes and edges [2]. We enriched the graph nodes (intersections) with metrics (see Table 3),
mirroring criteria, and weighting ratios widely used to design and evaluate bike networks
[15, 24]. Using the same metrics, we determined a cycling saliency value. Next, we performed
steps 5-8 of the proposed workflow to generate corresponding cognitive routes and perform
pairwise comparisons for every trajectory. We use the cognitive route term to refer to the
generated trajectories based on DHCG and cycling saliency values.

Table 4 A descriptive overview of the initial cyclist trajectory dataset in Zurich. We consider
peak hours to be between 7-9 am and 4-6 pm.

Attribute Total Female Male
Trip (n=) 145 9 135
Cyclist (n=) 36 5 31
Duration (avg.), minute 7.19 (±5.10) 5.13 (±2.62) 7.32 (±5.20)
Length (avg.), meter 2766.52 (±982.18) 2815.61 (±830.31) 2763.27 (±993.96)
Age (avg.), years 45.80 (±7.33) 44.88 (±10.61) 45.86 (±7.11)
Peak Hour trips (n=) 40 4 36
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The results summarized in Table 5 show that cognitive routes resemble the original
trajectories more closely than the shortest routes without further calibration for individual
variations. Notably, although optimizing the criteria weights for individual users to generate
the most accurate results across trajectories is necessary, it falls outside the scope of this study.
As a proof of concept, these results illustrate that our approach dynamically captures the
perceived affordances for cycling and could be transferred into mobile trip planners to suggest
more salient routes, acting as a digital nudge. Additionally, we compared the generated
cognitive routes of the same trajectory for the existing and planned network scenarios. Figure
4 shows the differences in the cognitive routes and the corresponding cycling saliency values
along each route. As a proof of concept, these results demonstrate that when applied at scale,
this workflow could inform about the changes in perceived affordances created by physical
interventions, i.e., a physical nudge. Both examples illustrate that this methodology can
better capture the perceived affordances of the physical environment, potentially supporting
physical and digital nudging strategies.

4 Discussion and Conclusions

In this study, we present the Spatial Nudging framework to theoretically unify the fragmented
understanding of nudging strategies in the mobility domain. Consequently, the framework
links nudging within interrelated domains such as transportation, urban planning, design,
and location-based services, laying the groundwork for holistically integrating individual
interventions for promoting cycling. Next, we present the key contributions of this study.

First, the Spatial Nudging framework summarizes existing but fragmented perspectives
to describe nudges in a structured way, as shown in Figure 2, and links existing nudging
strategies by introducing a novel concept – Spatial Nudging (refer to Figure 2). The key
Spatial Nudging framework characteristic is the role of spatial elements and information
within individual nudge strategies. Second, we clarified the role of the physical environment
in nudging by highlighting the interaction between perceived affordances, design intent,
and choice environments based on links between the Nudge Theory and the Theory of
Affordances (refer to Figure 1). Specifically, the framework reinforces the idea that physical
interventions designed with a behavioral goal in mind qualify as nudges, advocating for
nudging as a deliberate design principle to enhance intervention effectiveness [54]. Third,
we have introduced a methodology to support nudges in route choice tasks (see Section 3).
This methodology illustrates how graph representation can be used to align both physical
infrastructure and digital tools with users’ cognitive expectations. We also showcase a novel
application of the Cognitive Graph hypothesis in cycling, which is, to our knowledge, the
first such case. Finally, although we focus the framework on cycling, it is important to note
that it could be adjusted to support sustainable food or energy consumption interventions as
they share sustainability goals, require behavioral change, and can be targeted in physical
and digital choice environments [31].

Table 5 Shows pairwise distance measures for a sample of trajectories (n=27) in Zurich, comparing
the cognitive route (cr) with the trajectory (tr) and the shortest path (sp). The distance measures
used include Edit distance, Jaccard distance, and the Longest Common Subsequence (LCS).

Route Pair Edit distance (±) Jaccard distance (±) LCS distance (±)
tr-sp 0.659 (±0.141) 0.716 (±0.14) 0.642 (±0.166)
tr-cr 0.512 (±0.217) 0.522 (±0.231) 0.583 (±0.207)
cr-sp 0.584 (±0.226) 0.666 (±0.201) 0.693 (±0.180)
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Figure 4 Compares an example trajectory with the generated cognitive route and the shortest
path regarding the overall cycling saliency values along each route for the existing and planned bike
network scenarios.

We acknowledge several limitations. First, although we have demonstrated how the
proposed supportive methodology could advance nudging strategies, it is only the initial
conceptualization. We still need to refine and validate each step of the proposed workflow
for cycling. This includes comparing cognitive graph generation between different cyclist
typologies and between cyclists and pedestrians more generally. Similarly, testing the
methodology with a larger set of cycling data across cities of varying sizes and urban
morphologies would further validate our initial findings. It is essential to gain empirical
evidence from real-world use cases across a range of urban geographies, potentially derived
from long-term studies that combine physical and digital interventions, to validate the
Spatial Nudging framework. Second, the presented workflow only partially aligns perceived
and objective environments in our nudging strategies. This is because we did not consider
demographics, attitudes, cycling culture, or city-wide mobility patterns (e.g., peak and off-
peak hours) in the proposed workflow. Although we dynamically model perceived affordances
at each step of the route planning task, factors like time of day, trip purpose, and level of
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familiarity certainly influence the internal reasoning behind route choices, warranting further
research. Third, while our study focuses on perceived affordances within the primary choice
environments (physical and digital) that impact sustainable mobility choices, it also needs to
consider other types of affordances, such as motivational, functional, and social-institutional
affordances [47], as well as other potential choice environments for active mobility planning
like AR. These limitations highlight multiple directions for future research.

Future Work Directions
We see two main future research directions: workflow validation and theoretical framework
extension. To validate the cognitive route generation workflow, we will apply it in cities
with varying levels of cycling activity, different urban morphologies, and diverse bike network
qualities. This approach will enable us to assess the robustness of the workflow across a
range of contexts. Integrating physiological data and personalized saliency definitions based
on analyzing cyclist-related data can further confirm the metric selection and saliency values.
Other known cognitive biases, such as the longest first trip leg or minimal angular deviation,
could be integrated and tested with our proposed workflow.

The Spatial Nudging framework can be further extended. For instance, the nudging
categories summarized in Figure 2 could be expanded to include who the nudges target,
such as different types of cyclists. Additionally, while we have illustrated the framework
with a use case for the route choice task, further research is required for other critical travel
choices, such as mode choice. Furthermore, although many examples exist of AR support in
decision-making for tourism and air transport, its potential to nudge toward active mobility
has not been explored. Therefore, examining the use of AR (and immersive technologies more
generally) to alter the perceived affordances of the physical environment for cycling could
expand the range of nudging strategies and choice environments discussed in the framework.
Finally, implementing a comprehensive test case that merges physical interventions (such as
a new bike lane) with persuasive technologies (mobile trip planner recommendations) could
provide concrete validation for our framework.

Conclusions
We present the Spatial Nudging framework that provides a more integrated perspective on
nudging in the mobility domain and grounds it as a multifaceted behavioral change strategy.
We refine the definition of nudging strategies across physical and digital choice environments
by linking behavioral theories related to perception. Furthermore, this paper advocates
nudging as a deliberate design principle to enhance the effectiveness of physical or digital
interventions. Additionally, we introduce initial steps towards utilizing a graph representation
for aligning perceived and objective environments of cycling routes. Through a use case,
we demonstrate how the Spatial Nudging framework and the supportive methodology can
support nudging interventions to promote sustainable mobility cohesively.
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