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Electric(e)-scooters have emerged as a popular, ubiquitous, and first/last-mile micromobility transportation option within
and across many cities worldwide. With the increasing situation-awareness and on-board computational capability, such
intelligent micromobility has become a critical means of understanding the rider’s interactions with other traffic constituents
(called Rider-to-X Interactions, RXls), such as pedestrians, cars, and other micromobility vehicles, as well as road environments,
including curbs, road infrastructures, and traffic signs. How to interpret these complex, dynamic, and context-dependent
RXls, particularly for the rider-centric understandings across different data modalities — such as visual, behavioral, and
textual data — is essential for enabling safer and more comfortable micromobility riding experience and the greater good of
urban transportation networks.

Under a naturalistic riding setting (i.e., without any unnatural constraint on rider’s decision-making and maneuvering),
we have designed, implemented, and evaluated a pilot Cross-modality E-scooter Naturalistic Riding Understanding System,
namely CENRUS, from a human-centered Al perspective. We have conducted an extensive study with CENRUS in sensing,
analyzing, and understanding the behavioral, visual, and textual annotation data of RXIs during naturalistic riding. We have
also designed a novel, efficient, and usable disentanglement mechanism to conceptualize and understand the e-scooter
naturalistic riding processes, and conducted extensive human-centered Al model studies. We have performed multiple
downstream tasks enabled by the core model within CENRUS to derive the human-centered Al understandings and insights
of complex RXls, showcasing such downstream tasks as efficient information retrieval and scene understanding. CENRUS
can serve as a foundational system for safe and easy-to-use micromobility rider assistance as well as accountable use of
micromobility vehicles.
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1 Introduction

More than 100 years ago, when Mark Twain published the short essay “Taming the Bicycle” regarding his funny
experience of learning to ride a high-wheel bicycle in New England [49], no one would expect, a century later,
another micromobility system, represented by electric(e)-scooters, proliferates within and across many cities in
North America, Europe, and around the globe. Thanks to the ease of maneuverability and the reasonably fast
speed (e.g., 15mph), e-scooters, seemingly easy to be “tamed”, have emerged as an efficient, convenient, and
first/last-mile connectivity, serving as a usable and affordable alternative to many other urban mobility options
like private cars.

Despite the hype and proliferation of shared/private micromobility, particularly e-scooters [24, 64], in the
streets and neighborhoods, there remains an important but largely under-explored question: how does such a new
mobility mode serve as an interesting interface to elicit the essential but often subtle insights on the interactions
between the riders and other traffic participants — such as motorized vehicles, pedestrians, and other e-scooters
or bikes — and infrastructures and environments including stop signs, traffic lights, and road conditions. We call
such interactions Rider-to-X Interactions (RXIs). Fig. 1, assuming an accountable e-scooter rider, illustrates three
typical RXI scenes, i.e., the interactions of rider-to-car (other traffic constituents), rider-to-environment (road
infrastructures), and rider-to-pedestrian. The rider may decelerate when encountering a stop sign, or yield to the
pedestrians who are crossing the street.

l| Pedestrian

Fig. 1. Example RXIs during a naturalistic riding setting: rider-to-car, environment, and pedestrian.

Understanding these RXIs is essential to the various stakeholders, such as e-scooter manufacturers, in designing
and manufacturing interactive micromobility systems, including their brakes and wheel suspension designs [71].
The insights of social-awareness can also benefit planning e-scooter sharing [23] and establishing necessary
policies [19]. In addition, the recent rise of the human-centered AI (HCAI) community [43, 45, 60] can develop and
deploy Al model designs and applications based on the RXI observations and needs of human riders. In particular,
the tangible or foreseeable benefits of understanding RXIs include (1) dissecting the e-scooter rider interactions
during, say, the commutes and recreational rides, through the behavioral analysis [64]; (2) incorporating the
human interpretation (say, rider feedback) toward semantic and interpretable RXI scene understandings for
developing advanced rider assistance [79], including safety and experience enhancement, and future autonomous
personal micromobility systems [61]; and (3) enabling various micromobility rider-centered applications [64],
such as rider behavior data analytics, insurance decisions, and accident cause analysis, as well as rider-to-car
interaction support (e.g., micromobility rider or driver intention prediction) [64].

For RXI understandings with usable and broad implications, we aim to develop a novel micromobility
Riding Understanding System (RUS) to interpret and understand the micromobility (e-scooters in particular)
rider’s maneuver behavior and the decision-making process via an HCAI design. Such an RUS will be based
on the naturalistic riding (NR) settings, i.e., observing and understanding the riders’ natural behaviors from
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the unconstrained riding scenarios such as commutes or recreational rides. We want to gain behavior and
decision insights from a rider-centered RUS pilot study, particularly on the typical RXls when the e-scooter
riders encounter and engage with the tra ic constituents like passing cars, environments like road conditions,
and incoming pedestrians.

Toward such an RUS, we have examined the existing studies and practi6g®4 69 to nd a strong need for
carefully addressing three HCAI challenges as follows.

A. How to incorporate human intelligence to augment post-scene situation-awareness and subse-
quent understanding of RXI scenes: One may consider capturing the rider behaviors and the RXI scenes
through the behavioral sensors, such as inertial measurement units (IMUs) accelerometer and gyroscope
that capture the sequential patterns of human behaviddg][ and visual sensors (say, camera) including video
analysis p5. However, these conventional sensing techniqu8§ b9 or modalities, while largely providing
on-scene situation-awareness (OSSA), may not necessarily convey the causes and outcomes behind the scenes.
They may even lack the human-centered reasoning for the micromobility riders' subtle interactions with the
objects in the RXI scenes, such as the implicit interactions of sign language and eye contacts between the riders
and pedestrians. Textual annotations provided by the human annotators (e.g., the self-re ection from riders
and notes by the observers), on the other hand, can often help incorporate the human intelligence, say, of
these annotators, in understanding and reasoning about the complex RXI scenes beyond the above-mentioned
OSSAIn other words, such a data modality provides further post-scene situation-awareness (PSSA), similar
to the human feedback for Berkeley Deep Drive-34 and Tesla Self-Driving17, 25, but with more subtle
characterization of the interactions with various tra ic participants encountered. A human textual annotation,
the e-scooter rider decelerates as the pedestrian told her to do so, for instance, can elicit insights on the subtle
interaction behaviors (e.g., the intentions expressed by the pedestrian) within an RXI scene. However, the textual
modality, unlike the behavioral and visual modalities, can o en be complicated to model and integrate due
to its heterogeneous formats, structures, and representations. How to incorporate them to constamantic
correspondences between OSSA and PSSA, i.e., meaningful and comprehensible connection across the RXI scenes
and modalities (semantic OSSA-PSSA interactions), is essential for practical RUS development. Such a study,
however, remains largely under-explored.

Fig. 2. Our naturalistic riding setup including user interface (Ul) and e-scooters, data, and the pre-trained foundation task
(PFT) and downstream tasks (DTs).

B. How to extract the semantic correspondences and characterize interactions across real-world
NR data modalities: Deriving human-understandable RXI insights hinges upon extracting the semantic corre-
spondences across the heterogeneous data modalities, i.e., visual, behavioral, and textual ones in our pilot study.
An RUS needs to di erentiate and contrast the feature representations from these input modalities. One may
take into account the conventional representation learning9 64 in order to find the correlations of di erent
modalities. However, our extensive real-world NR data analytics have revealed that these correspondences can
be highly complex, dynamic, and contextually dependent. For instance, in the rider-to-environment interactions,
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