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Figure 1: Evaluated design concepts for smartphone-assisted street crossing. From left to right: Bars, Traffic Light andMap.

ABSTRACT
Using a smartphone while walking in urban traffic is dangerous.
Pedestrians might become distracted and have to split their atten-
tion between traffic, walking and using the mobile device. The
increasing level of automation in vehicles introduces novel chal-
lenges and opportunities for pedestrian-vehicle interaction, e.g
external displays attached to automated vehicles. However, these
approaches are hardly scalable and fail to provide clear information
in a multi-user environment. We investigate whether a smartphone
app could provide individual guidance to enhance pedestrian safety
in future traffic. To this end, we tested three app concepts in a
user study (N=24) and found that on-screen guidance increases the
frequency of successful crossing decisions significantly. In addition,
all participants indicated that they would use the proposed system,
preferably with an unobtrusive colored bar indicating the safest
crossing decision in real-time. Integrating smartphones into the
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interaction between vehicles and pedestrians could increase situa-
tional awareness while crossing roads, solve the scalability problem
and thus foster pedestrian safety in future traffic scenarios.
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1 INTRODUCTION
Pedestrians are not protected against collisions with motorized
vehicles, thus they are among the most vulnerable road users in
traffic [71]. In 2019, the National Roads and Motorists’ Association
(NRMA) observed that 36% of pedestrians walked and crossed roads
while actively using a smartphone or headphones [59]. The Amer-
ican Academy of Orthopaedic Surgeons (AAOS) found that 28% of
more than 2000 respondents used their smartphone for reading
tasks, texting, playing or taking selfies while walking [52].
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Using smartphones while walking divides attention and increases
reaction times [27, 53] as well as risky behavior [30, 42, 49, 66]. In
prior investigations, pedestrians using their phone failed to notice
a unicycling clown [36], someone in need of help [53] or money
attached to a tree [35] due to inattentional blindness. Furthermore,
Chen and Pai [10] observed that 22% of pedestrians playing Poke-
mon Go, an augmented reality game meant to be played while
moving around outdoors [38], failed to observe tra�c prior to step-
ping on the road. Recently, a collision of a motor cyclist and a boy
who was focused on the game ended deadly [60]. Smartphone us-
age also causes people to walk slower, stagger or change direction
more often [10, 36]. The nickname for people with these symptoms
of divided attention is "Smartphone Zombies", or "Smombies" for
short, and the consequences of engaging in such behaviors can be
injuries or even death [48].

In the future, we might also see automated vehicles displaying
explicit messages or cues, for example via projections [8, 12, 51],
displays [11, 22, 32] or light bands [5, 6, 26]. Such external human
machine interfaces (eHMIs) present information about a vehicle's
intentions towards pedestrians in order to enable safe crossing de-
cisions [57]. However, external vehicle interfaces have an inherent
scalability problem. Future tra�c interactions are very likely to
include multiple vehicles at di�erent stages of automation and mul-
tiple pedestrians. Thus, an eHMI could be seen by many pedestrians
waiting on the road side while the signaled information addresses
one person exclusively.

Such a mixed tra�c scenario combined with di�erent eHMI
concepts is a risky ground for unwanted accidents, especially if
inattentive pedestrians face increasingly complex tra�c situations
with various levels of vehicle automation. Therefore, we explore
how to safely overcome the scalability problem and protect pedes-
trians by targeting them individually via their smartphone, the very
source of their potential distraction. Our proposed solution aims to
present mobile tra�c guidance in a transparent manner directly on
the screen of a personal device. We therefore named our protoype
SmomDewhich is short forSmombie Defender.

In a lab study (N=24), we analyzed the crossing behavior of par-
ticipants with video recordings. Participants continuously updated
their willingness to cross while browsing images on a smartphone.
Our results show that guidance bySmomDelead to a signi�cantly
higher success rate and more successful runs. A run is considered
successful if the input given by the participant would result in a
safe crossing decision in reality. Furthermore,SmomDereduces
mental workload and all participants stated that they would use
such an application. We conclude that integrating pedestrian guid-
ance on smartphones could bene�t overall tra�c safety, reduce the
negative e�ects of smartphone usage while walking and increase
the acceptance of automated driving.

From a technical standpoint, Galileo (GNSS) [13] navigation and
5G cellular networks [54] will provide novel opportunities for a
smart and connected infrastructure. We envision a future including
automated vehicles, car-to-x communication and ubiquitous digital
mobile devices. A result could be that city infrastructure changes
fundamentally. For example, tra�c signals might extend from their
current �xed positions onto mobile devices. Our proposed concept
could inspire future applications for such a scenario and integrate
seamlessly into smart city concepts.

Contribution Statement: Given the two observations above
(distracted pedestrians, ine�ective eHMIs), we propose to address
both problems at the same time by integrating a smartphone app
into tra�c communication. We developed three concepts for a
smartphone app calledSmomDeand veri�ed their validity in a user
study. We also contribute �ve precise design recommendations
concerning user interfaces for mobile app-assisted street crossing.

2 RELATED WORK
Our prototype builds on understanding pedestrians' crossing de-
cisions, as well as aspects of digitally supported street crossing
approaches. The novelty of our work lies in the design of the user
interface.

2.1 Pedestrian Crossing Decisions
Crossing decisions of pedestrians are mainly based on implicit ve-
hicle signals [17, 47, 55, 61], such as motion [46, 56], braking [4] or
the gap size between vehicles [67, 74]. Further in�uencing factors
are the time of day and age [1, 43] as well as physical and mental
states [19]. Unaccompanied children have a 177% higher risk of
an accident in comparison to adults [73]. Drivers' braking deci-
sions are often based on pedestrians' movement patterns [58]. This
shows that mutual awareness between drivers and pedestrians is
essential for safe crossings. We thus propose a warning system for
pedestrians which could be implemented for drivers as well.

2.2 Digitally Supported Street Crossing
A major challenge for pedestrian guidance on mobile devices is
reliable positioning data. Hwang and Jeong [34] introduceSANA,
which calculates the probability of a safety-critical situation based
on GPS data.SANAshows a collision warning for both, drivers and
pedestrians on mobile devices. However, Jain et al. [40] state that
GPS does not provide su�cient precision to support pedestrian
safety. According to the authors, GPS includes large errors and
delays, leading to many false-positive warnings. Their proposed
solution is to combine smartphones, inertial sensor data, pedestri-
ans' movement patterns and GPS data to create a more accurate
position estimation. A concept presented byOKI adds dedicated
short range communication (DSRC) wireless modules to vehicles
and mobile devices. If two entities equipped with DSRC sensors get
close to each other, a warning is issued.

Other approaches do not rely on positioning data: Wang et
al. [70] presentWalkSafe, which uses the back facing camera to
detect vehicles with a machine-learning-based image recognition
algorithm.WalkSafeis supposed to protect pedestrians talking on
the phone while participating in tra�c and indicates warnings via
vibrations and sound. An application calledViziblezoneincludes
a proprietary communication protocol and works independently
of a cellular network connection [75]. The application needs to be
installed on the phone as well as in the car and targets drivers rather
than pedestrians. Available concepts aiming at pedestrians speci�-
cally include see-through displays utilizing the smartphone cam-
era [44] or expanding infrastructure with LED-panels [50]. Pave-
ment lights illuminate the ground in front of pedestrian crossings,
enabling people to recognize the currently displayed tra�c light
color without looking up from their phones. Schartmüller et al. [63]
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introduced directional warnings on a mobile device and highlight
that (over)trust is a crucial aspect of pedestrian guidance.

The �ndings of prior work inspired us to consider directional
warnings, sound and tactile feedback for our concept. We have not
found any related work reporting an iterative user-centered design
approach for a mobile pedestrian guidance user interface.

3 RESEARCH QUESTION & HYPOTHESES
We aim to create a smartphone application which displays impor-
tant guidance information while pedestrians may use any other
application simultaneously. The main research question behind our
work is whether a smartphone app can increase pedestrians' aware-
ness of oncoming tra�c and therefore prevent dangerous crossing
behavior. This question implies the challenge of an appropriate user
interface design. Thus, we set up a prototypical application in a
user-centered approach. The app combines visual stimuli and tactile
feedback, and runs simultaneously with any other function on a
smartphone. We investigated the following hypotheses in regards
to the SmomDeprototype:

� H1: UsingSmomDeincreases the success rate in crossing
decisions over a baseline without the application.

� H2: UsingSmomDeresults in a lower mental workload than
the baseline condition.

We evaluated four user interface design concepts as guidance meth-
ods:Bars, Tra�c Light , MapandNotify. To this end, we analyzed
corresponding user behavior, subjective ratings, acceptance and
mental workload.

4 PROTOTYPE DESIGN
Our initial idea was to transfer explicit vehicle signals and tra�c
lights to mobile devices, since pedestrians might bene�t from being
actively addressed. [9]. On-screen guidance should furthermore
be scalable and work in urban tra�c scenarios, given that a ma-
jority of pedestrian-related accidents happen in urban areas [73]
and pedestrians tend to be less patient in bigger cities [14]. We cre-
ated several design sketches and evaluated them in a focus group
with four human-computer interaction experts (all male, 25 to 32
years, mean: 29.25 years, SD: 2.98). The main outcome was that the
application should feature: (1) recognizable warnings even if the
mobile phone remains in the pocket or the display is turned o�, (2)
tactile feedback and sound, (3) an on-screen overlay independent
of running applications and (4) colors inspired by tra�c lights (red
and green). Furthermore, each pedestrian and vehicle would be
assigned to a safety-area depending on the corresponding speed
and movement direction (see Figure 2). If safety-areas overlap, in-
volved entities receive a warning. The focus group's discussions
resulted in four visual design concepts, which are described below.
All concepts use sound and tactile feedback with built-in native
smartphone hardware.

Bars: the Barsguidance method displays a green or red colored
vertical border on the side of a smartphones' screen (see Figure 1
left). If a vehicle is approaching from the right side, a colored bar
is visible on the right side of the screen and vice versa. It is also
possible for both screen borders to be active simultaneously. The
bars are colored red, when the user has to stop. Otherwise they

Figure 2: Concept of safety areas for pedestrians and vehi-
cles, depending on speed and direction of each entity. The
hue of an area intensi�es according to its potential danger.

Figure 3: Sliced screenshots of the Notify concept.

are green, indicating that no danger is nearby or all approaching
entities will yield.

Tra�c Light: theTra�c Light concept is inspired by pedestrian
tra�c lights. If it is safe to cross, this concept shows a green sign
on the lower part of a rectangular gray background (see Figure 1
middle). Otherwise, it shows a red light on the upper part of the
rectangle. Users can adjust the size and position of the visualization
at any time, in order to omit occluding a �xed area on the screen.

Map: the Mapguidance is based on Google Maps [45] and fea-
tures a mini-map. It can be dragged around the screen by the user to
avoid occupying a speci�c screen area. The map dynamically shows
the user's position (pedestrian icon) together with the location of
nearby vehicles (colored circles, see Figure 1 right) in real time.
Each circle moving towards the users' location is displayed in red
or green, depending on the right-of-way decision. If a vehicle is
going to yield the circle is green, otherwise it is red.

Notify: the Notify concept uses standard noti�cations which
pop up from the top of the screen and include a text and an icon
(a red or green tra�c light symbol), accompanied by a correspond-
ing 'WALK' or 'STOP' text. This was inspired by explicit vehicles'
signals investigated in the work of Fridman et al. [22] (see Figure 3).

4.1 Pilot Study
We conducted a think-aloud pilot user-study (N=8, 2 female, 6 male,
24 to 42 years, mean age: 32.25 years, SD: 5.88) to collect early user
feedback as the �rst iteration of a user-centered design process [20,
31]. The order of visual concepts was counterbalanced throughout
the experiment. Participants used the image applicationImgur [62]
for several minutes together with theSmomDeprototype while the
experimenter changed the status (safe to cross / not safe to cross)
�ve times for each of the guidance concepts.Imgur is a popular
image-based application with more than 10.000.000 installations (as
of January 2020) and can be used while walking. Each noti�cation
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method was tested with di�erent modalities: multiple vibrations,
vibrations and sound or visual only. The pilot study included a
semi-structured interview and a questionnaire to evaluate users'
perceptions of the di�erent methods. The questionnaire included a
ranking of the guidance methods with a �ve point Likert scale [41]
(see Figure 4). The most relevant �ndings from the pilot study are:

� TheBarsconcept was ranked �rst by four out of eight par-
ticipants. Participants valued that it indicates the direction
of potential dangers and its unobtrusiveness.

� TheTra�c Light method was ranked �rst by two participants
and described as the most intuitive and easy to understand
concept.

� Six out of eight participants put theNotify concept in the
last place. It was perceived as annoying and seven people
reported that they are very likely to ignore it due to an
overload of incoming noti�cations caused by other apps
(e.g., messengers, games or calendars).

� All participants mentioned that sound is not needed as an
additive cue, since tactile feedback would be su�cient even
if the smartphone is not actively used.

� The implemented vibration pattern was perceived as �too
aggressive� by two participants (P2 and P7).

As a result, we decided to not further investigate theNotify method
in the main study and omitted auditory stimuli for the �nal pro-
totype. The vibration pattern was shortened to a single 200 ms
vibration at full force, generated only when a change from safe to
unsafe situations occurred.

5 EVALUATION & USER STUDY
We measured the following dependent variables: mental workload
to asses how much attention each guidance method demands via
the raw NASA-TLX (short version) questionnaire [29]; the willing-
ness to cross measured with a slider in real time (Crossbox); and a
subjective rating ranging from 1 (very good) to 5 (not su�cient)
where each of the ratings was unique. Therefore, it was not possible
to rank two guidance methods with the same score. In addition,
participants were encouraged to express their personal preferences,
perceived acceptance and possible improvements regarding the
di�erent guidance methods in a concluding interview.

5.1 Crossbox
In order to measure participants' willingness to cross in real time,
we built theCrossbox, based on a research tool introduced by Walker
et al. [69]. The Crossboxis a wooden box with an Arduino Mega
2560 [3] connected to a 10k
 sliding potentiometer (see Figure 5).
A Bluetooth module (HC-05) connects it to the smartphone. We
recorded the slider position via Processing [23] together with a
timestamp for mapping measured values to recorded video frames.
The slider values were converted to a corresponding percentage.
For evaluating user behavior and the success of a run, we calculated
� -slider positions for each trial by comparing participants' input to
a �xed ideal crossing behavior set by the experimenter. We decided
to use theCrossboxover a binary yes/no button to get a more
�ne-grained estimation of participants' situation assessment.

Figure 4: Ranking of concepts evaluated in a pilot study. 5 =
very bad; 4 = bad; 3 = neutral; 2 = good; 1 = very good; (mean
= dashed purple line; median = solid red line).

Figure 5: Crossbox based on theFeeling-of-Safety Slider[69].
(1) circuit board; (2) Bluetooth module; (3) Arduino; (4) LED-
status lights; (5) slider and knob; (6) on-o� button.

5.2 Videos
To ensure the safety of our participants, we could not allow them to
cross a real road while using a smartphone. Instead, we recorded six
videos on a local road with a speed limit of 30km/h. The videos were
�lmed using a GoPro Hero 7 Black [24] with activated linear �lming
mode, to counter the built-in wide-angle distortion. The camera
was mounted on a tripod at a height of 156cm, which corresponds
to the average human eye height [37]. The position of the camera
mimicked the �eld of view of a pedestrian to create the e�ect of an
ego-perspective.

In each video, all vehicles (driven in reality by colleagues) ap-
proach from the left side at a distance of 300m with a speed of
30km/h and either yield the way for pedestrians or continue driv-
ing. Yielding vehicles start to brake gently at a distance of 20m until
reaching a full stop 5m away from the pedestrian, resulting in a
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