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Abstract. A significant variable describing the pedestrians’ behavior when in-
teracting with vehicles is gap acceptance, which is the pedestrians’ choice of
temporal and spatial gaps when crossing in front of vehicles. After a review of
relevant approaches to measure gap acceptance used in studies, this paper pre-
sents a novel approach, which is suitable for the usage in field experiments and
allows a natural crossing behavior of subjects. In particular, following a detailed
analysis of forces exerted during human gait, an algorithm was developed that
is capable of identifying the accurate temporal point at which subjects start
crossing as the basis for calculating gap acceptance. Pretest results show the
system’s stability and reliability as well as the gait algorithm’s robustness in de-
termining the correct gap acceptance value. The human gait oriented approach
can serve as a basis for designing interaction processes between pedestrians and
automated vehicles that are a focus of current research efforts.
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1 Introduction

In the European Union, more than 51,000 pedestrians died between 2011 and 2018,
and more than 30,000 pedestrians were seriously injured in 2018 [1]. Due to the fre-
quent interaction between pedestrians and motorized traffic in cities, 70 % of all pe-
destrian deaths in 2017 occurred on urban roads [1]. Pedestrian behavior in interaction
with vehicles has therefore long been a subject of investigation in traffic research [2].
In view of increasing urbanization and the development of automated vehicles, this
research area is once again gaining relevance.

In order to study the interaction between vehicles and pedestrians, different
measures have been developed and applied [3]. Even though perception and attitude
have been shown to be important determinants of people’s behavior and are widely
investigated in pedestrian behavior studies [4], there is a potential discrepancy be-
tween stated perceptions or attitudes and actual behaviors [3, 5]. A significant behav-
ioral variable describing pedestrians’ interaction behavior with vehicles and opera-
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tionalizing the construct of safety is gap acceptance [6]. Gap acceptance is the pedes-
trians’ choice of the temporal and spatial gap when crossing in front of an approach-
ing vehicle [7] and is usually defined and measured by the last acceptable start of
crossing by pedestrians [6].

In this paper, an approach for measuring pedestrians’ gap acceptance is introduced,
which builds on considerations based on an analysis of currently used measurement
approaches and improves them through an orientation on the human gait pattern.

2 Gap Acceptance Measurement Approaches

To measure pedestrians’ gap acceptance, different approaches exist. With regard to
the research environment, some measurement approaches are applied in field experi-
ments, while some others are used in laboratory settings with monitor- and virtual
reality-based representations of the investigated traffic scenario [5]. On the one hand,
measurement approaches used in laboratory settings benefit from the advantages of a
high level of control of confounding factors and test conditions as well as the manipu-
lations of variables as crucial requirements for testing hypotheses and answering for-
mulated research questions [6, 8]. Moreover, these studies enable a simple and cheap
proof-of-concept validation [5]. On the other hand, with implications for gap ac-
ceptance, some studies show significant differences between human judgments, cross-
ing decisions and strategies in real and virtual environments [9]. The different field of
view, ambient noise as well as embodied perception in real life seem to influence the
subjects’ decision [6]. While virtual representations of robots are sufficient and eco-
logically valid when perceptions and attitudes are of main interest, physically embod-
ied robots are required if affective or behavioral outcomes are of primary concern
[10]. Furthermore, since crossing in laboratory studies ensures subjects’ safety and
therefore does not pose any risks in terms of physical harm, subjects might behave in
a more risk-taking manner compared to real life situations reducing the ecological
validity of evaluations [9]. Given the literature’s postulated need for real-world inter-
actions in behavioral research [5], testing under controllable but more naturalistic
conditions with a physically embodied presentation of the vehicle that allows for di-
rect interaction and live observation is needed to validate the gap acceptance results.
Moreover, the measurement approaches require subjects to perform different tasks
with movements corresponding to varying degrees to the natural behavior of crossing
pedestrians. In some of those approaches, subjects are instructed to indicate gap ac-
ceptance by verbal expression, e.g. shouting [11, 12]. Studies show that actual cross-
ing behavior differs from a verbally expressed crossing intention and people appear to
distinguish between a vision for perceptual purposes and a vision for action [9, 13,
14]. Therefore, purely verbal judgments might not be appropriate to replace action-
based evaluations in street crossing tests [9, 14]. Some other approaches require sub-
jects’” upper extremity motion by pressing a defined key or a button on a handheld
device [6, 15]. However, this requires subjects to perform an additional atypical upper
extremity motion not necessarily performed during real road crossings. With regard to
the subjects’ stationary position, studies note that merely standing still had negative



effects as natural and intuitive body movements are an integral part of the perceptual
process [13—15]. This shortcoming is overcome by approaches that rely on lower
extremity movements, such as walking forward or backward [8, 9, 11, 12, 16]. Yet,
instructing subjects to step back as soon as they no longer feel safe requires subjects
to move in a direction opposite to their natural path when crossing [9]. The procedure
of instructing subjects to indicate their crossing decision by taking two steps towards
the curb suffers from a perceptual bias because subjects judge the traffic situation
from a location several steps away from the usual place for crossing [11, 12]. Moreo-
ver, user-worn hardware components to capture movements of subjects, such as the
head-mounted display or the motion-capture suit in virtual reality studies, could cause
discomfort and limit perceived freedom of natural movement, thus affecting user
performance [9, 17]. Hence, there is the need for a gap acceptance measurement ap-
proach that allows for pedestrians’ usual perceptual perspective of the traffic situation
and builds on pedestrians’ natural motion for crossing initiation not constrained by
hardware components.

Furthermore, the comparability of the gap acceptance values captured by the dif-
ferent measurement approaches is hampered by the use of different trigger points for
measurement start and by different levels of automatic recording. Even though obser-
vation is a data collection method widely used in pedestrian behavior studies and also
for measuring the pedestrians’ gap acceptance, this approach suffers from an observer
bias and a variability in the recording [3]. In order to prevent a possible influence of a
third person, subjects are equipped with an input device (e.g. handheld device or key-
board) [6, 15] or sensors are installed that capture a subject’s movement execution
(e.g. photoelectric barrier, invisible virtual plane, force sensors) [8, 9, 16]. However,
because the execution of the different tasks required from subjects by the different
measurement approaches takes different amounts of time, the gap acceptance values
may differ. In particular, by building on subjects’ movement execution, the approach-
es use different moments in movement execution as algorithmic trigger points of sen-
sors. Since gap acceptance is defined as pedestrians’ decision for a gap, an observer-
independent, more detailed measurement approach is needed that captures the time
point when pedestrians have completed decision making and are physically activated
to begin crossing, which is then used for calculating the chosen gap.

3 Human Gait Oriented Measurement Approach

The measurement approach of gap acceptance presented in this paper takes into ac-
count the aforementioned design considerations. Thereby, the concept invented by
Faas et al. [8, 16] served as a basis, which only requires subjects to perform the natu-
ral behavior of a step forward on the road to indicate crossing initiation and uses force
sensors installed on the ground at the subjects’ start position that allow a detailed
analysis of the force exerted by each foot. An accurate measurement in accordance
with the targeted behavioral variable of gap acceptance requires an algorithm oriented
to the vertical forces of the feet during human gait. The gait cycle based on a double
step describing the sequence of walking from the first ground contact of one foot to



the renewed ground contact of the same foot is divided into a stance phase and a
swing phase [18]. The swing phase is the period during which the foot is not in con-
tact with the ground [18]. The stance phase is the period during which the foot is in
contact with the ground [18]. However, in case of pedestrians deciding whether and
when to cross in front of approaching vehicles, they usually first observe the traffic
situation while standing on both feet and then start crossing by moving one foot for-
ward. With both feet in contact with the ground in the beginning, the so-called double
stance phase [19] is enclosed within the time stamps t; and t; in Fig. 1. At the begin-
ning of the double stance phase (t;) both feet are on the ground corresponding to the
situation of a pedestrian observing and evaluating the traffic situation in order to make
a crossing decision. Once the decision to cross is made, the pedestrian initiates the
crossing by moving forward with one foot (in the following called “moving foot”) and
shifting body weight from this foot to the other foot, which thereby exerts increasing-
ly more force on the ground (in the following called “power foot”). Thus, the force of
the power foot increases while the force of the moving foot decreases. The double
stance phase is completed (t2) when the moving foot swings, i.c., has no contact with
the ground at all and therefore exerts a force of zero, while the power foot reaches the
maximum force exerted on the ground.
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Fig. 1. Vertical forces of moving and power foot in the process of stepping on (ton) and off
(torr) the force sensors, i.e., start position. Start and end of the double stance phase are marked
with the time stamps t1 and t2. The calculated time point of crossing initiation is marked with t".

Therefore, the time point when subjects start to step forward, i.e., to leave the force
sensors, corresponds to the last local maximum before the recorded force of the mov-
ing foot decreases respectively the last local minimum before the recorded force of
the power foot increases and is used in the approach followed here (t*). In contrast,
the algorithm by Faas et al. [8, 16] uses the time point when one foot was removed
completely from respectively a zero force of either foot was registered by the force
sensors to measure gap acceptance (t). Corresponding to the end of the double stance



phase, this implies some delay with respect to the time point of crossing initiation. To
also avoid the error of this measurement system reporting a crossing even though a
subject only lifted one foot and put it down again while remaining in the same place,
the algorithm developed here does not start identifying the last force peak respectively
valley until the sum of the recorded forces by both feet is zero (torr).

To calculate the gap acceptance variable as the remaining time or distance between
the pedestrian and the approaching vehicle, for the absolute time point of crossing
initiation as determined by the algorithm, the associated distance of the vehicle must
be identified. With the respective vehicle speed, the distance accepted by the pedestri-
an can then also be specified in time units. So far, the measurement approach of Faas
et al. [8, 16] has only been designed for video-based studies. In order to capture the
gap acceptance variable by subjects interacting with a physically embodied represen-
tation of the vehicle in field experiments, the distance between the subject and the
approaching vehicle as a function of time can be measured by using a LIDAR sensor,
for example.

4 Pretest Study and Results

A pretest was conducted in a field experiment to check the measurement system’s
stability and reliability as well as to verify the robustness of the gait algorithm to de-
termine the gap acceptance value. After hardware and software were implemented,
the system’s performance was tested with movements that deviate from the actual
instructed behavior, but could well be exhibited by subjects. In the present scope of
investigation, subjects are instructed to cross the street in front of an approaching
vehicle at the last time when they still feel safe by taking a step forward. However, in
the decision-making process, they may hesitate which could be expressed, for exam-
ple, in a shift of weight causing them to lift one heel without ultimately taking a step.
Thus, extreme tests simulating four different possible behaviors of the subjects were
used: 1) one foot up and down - the other foot does not move; 2) one foot forward and
back - the other foot does not move (see Fig. 2); 3) lift one heel - the other foot does
not move; 4) lift and lower both heels. With continuous data plots of the force sensors
with smooth curves and no jumps mapping the predefined leg movements, the pretest
results indicate good stability and reliability of the force sensors’ data recording. Most
importantly, the implemented algorithm proves to not misclassify a deviant behavior
of the subjects as a crossing initiation, but to start determining the time point of cross-
ing initiation backwards only when the sum of the recorded forces of both feet is zero,
i.e., the crossing initiation is successfully completed.
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Fig. 2. Force curves of the pretest scenario “one foot forward (tr) and back (ts) - the other foot
does not move”. The algorithm does not start calculating the time point of crossing initiation
before the subject has stepped fully forward and the sum of the recorded forces by both feet is
zero (torr). The calculated time point of crossing initiation is marked with red squares (t).

5 Discussion and Conclusion

In this paper a gap acceptance measurement approach was presented that identifies
the accurate temporal or spatial point at which pedestrians initiate crossing in front of
an approaching vehicle through an algorithm analyzing the human gait pattern. Once
the subject has stepped completely forward and the sum of forces of both feet detect-
ed by sensors installed on the ground at the subject’s start position is zero, the algo-
rithm calculates backwards the time point when the recorded force of the moving
respectively power foot starts to decrease respectively increase. This time point is
then used for calculating the remaining gap between pedestrian and vehicle. Other
approaches, such as taking a recorded force of zero of one foot as a basis for calculat-
ing the gap acceptance value, lead to a heuristic approximation because lifting of one
foot is an insufficient indication of crossing initiation and it takes on average 0.537 s
[20] for a foot to fully leave the force sensors. At a driving speed of 20 kim/h this time
interval results in an error of approximately 2.983 m. Thus, the algorithm proposed
here provides gap acceptance values that are more accurate. Moreover, since the
measurement approach is built on pedestrians’ natural crossing behavior and can be
used not only in laboratory but also in natural yet controllable research settings, the
results derived from this measurement setting can be seen as highly representative for
the actual crossing behavior of pedestrians. Thus, these accurate and representative
gap acceptance values can serve as input for further research, such as deriving driving
strategy algorithms (e.g. communication initiation) for automated vehicles.

However, despite an accurate operation on the software side, unavoidable frequen-
cy and accuracy errors in the hardware structure should be mentioned. Further, by
asking subjects to step forward at the last moment when they still feel safe, crossing is



initiated from a standing position after having observed the traffic [21]. In contrast,
crossing decisions are made daily while walking and without prolonged observation
of approaching vehicles. In addition, the measurement approach presented here only
captures a single choice in form of the smallest gap that pedestrians just accept.

With the qualitative comparison of existing gap acceptance measurement solutions
and an exemplary demonstration of quantitative deviations, this paper draws attention
to differences of the measurement approaches and resulting gap acceptance measures.
In order to drive standardization efforts for measuring the behavioral variable gap
acceptance, based on a systematic literature review, available methods should be sys-
tematically and quantitatively compared. Since automated vehicles enter our daily and
working lives not only for passenger transportation but also as working machines, the
detailed analysis of variables measuring the behavior of humans interacting with ve-
hicles, such as the gap acceptance measure considered here, becomes increasingly
important for the development of human-centered algorithms for automated vehicles.
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