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ABSTRACT

In a world where reducing the carbon footprint is crucial, riding carbon-neutral vehicles such as bicycles or pedelecs
is a sustainable and thus desired way of transport. Since motorized and unmotorized bicycles are missing any
protective body, their riders are part of the vulnerable road users (VRUs). In order to increase the attractivity of
transport by bicycle and pedelec, providing traffic safety for this group must be ensured.

To get a better understanding of cycle crashes, this paper’s objective is to deduce the most important crash types of
collisions of cyclists with passenger cars. By obtaining the characteristic details of these crashes, strategies for crash
avoidance can be derived.

The data source used for the results presented in this paper is GIDAS (German In-Depth Accident Study). GIDAS is
a unique database as the input data is provided by experts on crash reconstruction who join the police at the crash site
and record the crash in great detail. 8497 relevant crashes involving bicycles, captured from 2000-2021, were
evaluated.

The methodology consists of the evaluation of the two most common crash types regarding speed distributions and
contact points of the crash opponents, street layout, driver intent, traffic density, and visual conditions.

The results show that the most common crashes are two crossing crash types accounting for nearly a third of all
crashes between cyclists and drivers of motorized vehicles. Both of these crash types are characterized by the cyclist
riding on the designated cycling infrastructure, while in the more common one, the cyclist goes against the expected
direction for the crash opponent.

For the selected crash types, the results also show that more than half of crashes occur at junctions, predominantly
where the driver has to yield. Most crashes occur during turning right maneuvers at low traffic densities and speeds
below 13 kph. The evaluation of the car driver’s maneuvers performed in the last second before the crash indicates a
black spot in driving-off situations. In more than 70 % of the cases, the contact point with the cyclist is at the front.
The data, analyzed in detail in the discussion, points towards the theory that drivers tend to “fail to look™ at cyclists
coming from the right and ~look but fail to see” cyclists from the left. Furthermore, cyclists crossing from the right
might not be expected in right-hand traffic.

A general limitation of official crash data sources based on police reports is a high underreporting rate of bicycle
crashes. Using the German crash database, also certain bias towards countries with similar traffic infrastructure must
also be assumed. This is further analyzed in the discussion.

The conclusions drawn from this study show that cycling infrastructure remains of the highest importance and needs
to be designed in accordance with the human factor in traffic. Also, communication between involved parties can
contribute largely to tackling the most dominating crossing crash types, i.e., virtually enhancing the cyclist’s visibility
for other traffic participants.
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INTRODUCTION

In a world where reducing the carbon footprint is crucial, riding carbon-neutral vehicles such as bicycles or pedelecs
is a sustainable and thus desired way of transport. Going by bike or pedelec also helps reduce traffic congestion in
urban areas. Cycling in road traffic, however, involves dangers not present in other kinds of transport: crashes often
lead to severe injuries due to the marginal to non-existing structural protection in collisions. As a consequence,
cyclists are classified with the so-called vulnerable road users (VRUs) [1]. Due to the high crash risk, cyclists often
tend to avoid certain routes or journey times [2].

Hence, preventing crashes and making cycling safer is an important step towards inclusive mobility. To prevent
crashes, detailed knowledge about collisions and their causes is necessary. For example, to develop advanced driving
assistance systems (ADASs) targeting crashes with VRUs, information about the expected speed of said VRU and the
vehicle speed before impact is required.

Related Works

For a while, in crash research, car-cyclist collisions became a focus of attention, for example;

Summala et al. investigated car-cyclist crashes in Helsinki and found that the most dominant ones are those where the
driver had to cross a cycle path while turning right and collided with a cyclist coming from the right [3]. They also
showed that drivers turning right are focused on traffic from the left and fail to perceive cyclists coming from the
right.

Car-cyclist crashes from the driver’s perspective have also been investigated by Gohl et al. within the EU-funded
PROSPECT project [4]. The authors defined use cases by analyzing the prevalent GIDAS crash types and ranked
these based on frequency and injury severance. They identified the right turn subsets of two specific crash types,
UTYP 341 & 342, as the fifth and first most relevant crashes. Referencing previous works (e.g., Summala et al.), they
postulated that in crashes where the cyclist came from the right, the driver “failed to look”, whereas in crashes where
the cyclist came from the left, the driver "looked but failed to see” the cyclist.

The analysis of car-cyclist crashes for autonomous emergency braking (AEB) testing has been the subject of the
CATS project. Within the project, Op den Camp et al. researched the main crash scenarios and demonstrated that the
crossing scenarios are dominant throughout several European countries [5]. Uittenbogaard et al. later researched the
crash parameters built on the selected crossing scenarios, showing, amongst others, that vehicle speed contributes to
crash severity while cyclist speed does not [6].

During the European SAFE-UP project, Balint et al. determined safety-critical scenarios for VRUs in road traffic
using the German In-depth Accident Study (GIDAS) pre-crash matrix (PCM) dataset [7]. The work contains an
analysis of the last seconds of car-cyclist collisions, especially under the aspect of adverse weather conditions. They
also identified the scenarios with cyclist crossing from the left and the right while the car approaches a junction as the
most relevant.

Further studies outside of Europe are addressing the relevance of cyclist crossing crashes: E.g., MacAlister and Zuby
demonstrated that straight-crossing crashes account for the highest number of car-cyclist crashes and the second
highest number of fatalities in the USA [8]. Beck et al. analyzed cyclist crashes in Victoria, Australia, and found that
crossing-path crashes are the second most common car-cyclist collision, just after crashes where both parties traveled
in opposing directions [9].

Contribution

This work ties in with previous efforts to obtain more details about car-cyclist crashes. We aim to explore the most
common crash scenarios between cyclists and cars using data from the GIDAS to be able to parametrize safety
functions in later works. As already revealed in previous works, collisions where the car driver had to give way to a
cyclist crossing on a cycleway are dominant in car-cyclist crashes: crashes where the cyclist came from the left (the
far side in right-hand traffic) constitute 8 %, and crashes, where the cyclist came from the right 20.9 % of all
collisions, making these the two most frequent crash scenarios.

In the following study, we focus on these two most common scenarios to not dilute the crash situation’s
characteristics with those of other scenarios. Yet, we differentiate the direction the cyclist is coming from as well as
crash severity. In particular, we center on outlining the specifics of the “typical” crash, which occurs at junctions, in
great detail to derive exact scenarios for developing and testing new ADASs. We reveal the similarities of car-cyclist
crashes, for example, that most occur during the car turning right and into light traffic. We demonstrate that collisions
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occur at relatively low speeds and that the car’s speed increases the chance of severe injuries. Eventually, in
accordance with previous works, we assume that drivers in turning maneuvers “fail to look™ at cyclists coming from
the right but “’look but fail to see” cyclists from the left.

This work was inspired and influenced by the analysis of crashes in Europe performed within the SECUR project
[10]. The SECUR publication focuses on identifying the main crash scenarios, aggregating similar crash types into
groups, and analyzing characteristics of the identified scenarios, including but not limited to car-cyclist crashes. With
the focus on describing the most common car-crash scenario for safety function development, we briefly share the
methodology for identifying the characteristics of the relevant scenarios before focusing on a very particular subset of
the car-cyclist crashes, the crash types UTYP 341 and UTYP 342. The present work is, therefore, an extension of the
SECUR study to provide further insights into two distinct and prevalent types of cyclist crashes and the differences
between them.

The structure of the paper continues with Methodology, which contains a description of the GIDAS data set we used
and the methodology we applied. Subsequently, in Results, we present the findings of our study. We discuss
similarities and differences between the crashes as well as the applied methodology in Discussion. In Conclusions,
we summarize our contribution and give an outlook on our follow-up research.

METHODOLOGY

The aim of the work is to sketch the “typical crash” between cars and cyclists as mentioned in Introduction. In the
first step, we selected the most common crash scenario as described in Data source and scenario selection. Based on
the selected subset, we analyzed the specifics of the most common crash scenario as described in Evaluation of
selected crash cases. By fixating the analysis on a sole scenario instead of summarizing similar scenarios in groups,
we aim to receive more precise results for the selected scenario. Since the study aims to get more insights into
crashes for the development of novel safety functions, we mainly focused the evaluation on the car’s perspective.

Data source and scenario selection

The analysis is based on the GIDAS database, containing a representative set of injury crashes in Germany since
1999 [11]. Experts who join the police at the crash site record extensive data about the crashes and reconstruct the
course of events. Subsequently, the record containing up to 3500 data fields, including information about the crash
type, vehicles, injuries, and environment, is saved in the database. For example, the crash type (GIDAS field UTYP)
denotes the situational circumstances that led to the crash [12]. The level of detail in this database is considered
unique in the world.

For our study, we focused on 8497 relevant crashes between 2000 and 2021, where the first collision of a passenger
car, delivery van, or mini bus occurred with a cyclist (see also table 1). The crash types were then attributed to crash
scenarios, combining collisions with a similar course of events. A first evaluation of the frequencies of the
aforementioned scenarios showed that two very similar crash types are the most common: the collisions between cars
in front of a junction that had to yield for crossing traffic with cyclists crossing on a cycleway (see also table 2). With
a frequency of 1776 crashes (20.9 %), the cyclist coming from the right (UTYP 342) is the more common, while in
682 crashes (8 %), the cyclist comes from the left (UTYP 341) (compare fig. 1). In both cases, the cyclist has the right
of way. Together, these account for 28.9 % of all car-cyclist injury crashes. Sorting instead by the highest share of
crashes with killed and severely injured (KSI), UTYP 342 also ranks 1% with 269 (14.6 %) out of 1837 KSI crashes,
whereas UTYP 341 ranks 40 with 127 (6.9 %) crashes.

Table 1.
Selected GIDAS crashes
Subset Count % of car-cyclist crashes
Car-Cyclist crashes 8497 100 %
... thereof UTYP 341 & 342 2458 28.9 %
... thereof urban crashes 2426 28.6 %
... thereof KSI crashes 392 4.6 %
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Table 2.
Frequency distribution of the five most common car-cyclist crash scenarios

Rank Rank KSI  Scenario included UTYPEs Count Count KSI

1% 1 before junction / car has to yield / 342 1776 275
cyclist from the right (on cycleway)

and 4t before junction / car has to yield / 341 682 127
cyclist from the left (on cycleway)

3rd 10t junction / turning right / cyclist in 243, 285! 560 61
same direction on cycleway

4th 7th junction / car has to yield / cyclist 301-303, 311, 312, 352 474 91
from left (on road)

5th ond junction / car has right of way / cy- 261, 271, 321, 322, 331, 332, 353, 355 416 142

clist from the left (on road)
I Cyclist hit on left side

P I &

C C

1 @ is

Figure 1. Schematic drawing of UTYP 341 and 342 as defined in [12]. C marks the cycleway and W marks that
the car has to give priority to the crossing traffic.

Due to the similar nature of the crash scenarios UTYP 341 and UTYP 342, we centered the following analyses on
both types. Since 2426 or 98.7 % out of the 2458 crashes of the selected type and a predominant part of cyclist
crashes, in general, occur in urban areas, we considered solely urban crashes in our evaluation.

Evaluation of selected crash cases

To get more details about the situational circumstances at the crash site, we performed a frequency analysis of the
GIDAS data fields depicted in table 3 in RStudio [13] using the subset of cyclist crashes described in Data source and
scenario selection. In each evaluation, non-applicable values or entries where no data was encoded were filtered out,
reducing the size of the dataset. Furthermore, among the crash reconstruction data (REKO), we utilized the fields
describing the speed over time in the last seconds before the crash (see also table 3). The data are split into sequences
that denote a single action of one of the participants involved in the crash. For this, we linearly reconstructed the
speed over time for each segment. After that, we attributed the labels Accelerating (Accel.), Braking (Brake.),
Constant speed (Const.), and Standstill (Stand.) to each sequence, depending on the difference in speed of the last
segment to the current segment. A speed below 3 kph is considered as Standstill. The sequences were then
normalized so that they range from t = —4s to the point of time of the crash, 7y = Os. Finally, we split the normalized
sequences into intervals of 0.1 s duration.

We also considered using GIDAS PCM records which already provide time-sampled data for each road user involved
in the crash. As we compared these to our reconstruction of speed profiles using the REKO record, it turned out that
the speed profiles of the REKO data are a good approximation of the PCM data, so there is no benefit of using the
PCM data instead. On the contrary, since there are more than twice as many records available in REKO, we gain
better insights into the crash occurrence by using this source instead.

The fields BRPX and BRPY were used to reconstruct the collision points between cyclist and car.
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Table 3.
Evaluated GIDAS data fields

Records Name Description
BEFRAG  ABSICHT Intention of action before crash
ANTSCH Share of fault for the crash
BETEIL URSAMT1 Official cause of the crash
STRASSE SICHTBV  Presence of permanent or non-permanent visual obstructions
SICHTV Kind of visual obstruction if present
STFUHO Crash location
TZEIT Time of day regarding light conditions
UMWELT VKREG Traffic regulation at crash site
VSTUFE Traffic density at time of crash
gﬁgi Point of first contact of both opponents
SEQT Duration of the sequence
REKO TREAKTV Time in sequence until reaction
TSYNC Start of sequence regarding to global time
VO Speed at begin of the sequence
VK Speed at the end of the sequence / the collision

RESULTS

The first subsection of this chapter, Environmental circumstances, contains the analysis results using the records
BEFRAG, BETEIL, STRASSE, and UMWELT, as introduced in Evaluation of selected crash cases. Subsequently,
Collision speeds concentrate on the speeds at the time of the collision and the seconds before. Contact points finally
addresses the point where the cyclist collided with the car.

Environmental circumstances

The analysis of the crash location, depicted in fig. 2, shows that more than half of the crashes occur at junctions:
with 52.7 %, the share of these crashes is just slightly higher for UTYP 341 crashes than the 51.6 % corresponding to
UTYP 342 crashes. The same applies to KSI crashes, with 53.9 % and 51.5 %. The difference in crashes at crossings
and property entrances is more notable: 30.6 % (KSI: 32.0 %) of the crashes where the cyclist came from the left
occurred at crossings, as opposed to 24.1 % (KSI: 24.6 %) of cases where the cyclist came from the right. In contrast,
13.9 % (KSI: 10.2 %) of the UTYP 341 and 21.7 % (KSI: 21.7 %) of the UTYP 342 crashes occurred at property exits.

Crash Location

100%

° 341 (n=725)
80% 341 KSI (n=128)
60% B 342 (1=1749)

342 KSI (n=272)
40%
ol 0 0 DY
0%——= . - :
junction crossing property parking straight others roundabout curve
entrance

Figure 2. Frequency distribution of the crash location.

Fig. 3 shows the frequencies of rules of the road at the crash site. With 74.5 % of crashes with the cyclist coming
from the left (UTYP 341) and 68.5 % with the cyclist coming from the right (UTYP 342), in the majority of the
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crashes, the car driver had to give way. The frequencies for UTYP 341 and 342 KSI crashes differ slightly

(74.2 %/64.9 %). 10.6 % (cyclist from left) and 13.3 % (cyclist from right) of the crashes occurred at property entries
and exits with no significant difference in KSI crashes (9.7 %/13.5 %). Stop signs were present in 6.3 % and 9.9 %,
respectively, of the crashes or 4.8 % and 11.6 %, respectively, of the KSI crashes. Traffic lights were present at 4.9 %
and 4.3 % for crashes of all severities and 7.3 % and 5.4 % for KSI crashes.

Rules of the Road
100%

° 341 (n=654)
80% 341 KSI (n=124)
60% B 342 (n1=1690)

342 KSI (n=259)
40%
20%
0% - . ——— . .
give way property Stop traffic lights others zebra crossing priority to
entrance/exit the right

Figure 3. Frequency distribution of rules of the road at the crash site. Categories with a frequency of < 1% are
not shown.

The intent of the car driver is depicted in fig. 4 for situations where the cyclist intented to go straight over the
crossing. For other intents of cyclists, there are less than 1 % of cases for each UTYP 341 and UTYP 342.

In most of the crashes and regardless of the UTYP, the car driver wanted to turn right: this was the car driver’s intent
in 66.8 % of the collisions with the cyclist coming from the left. This intent is even more pronounced for the
collisions with the cyclist coming from the right, with 89.0 %. The KSI crashes’ frequencies are distributed similarly
(61.7 %/87.6 %). Turning left was the second most common intent of the driver with 21.0 % and 7.5 %, respectively,
of all crashes and also 26.7 % and 9.0 %, respectively, of the KSI crashes. The car driver wanted to go straight in
11.9 % (KSI: 10.0 %) of the UTYP 341 crashes and 3.4 % (KSI: 3.4 %) of the UTYP 342 crashes. In a single KSI
crash with the cyclist from the left (0.3 % of all; 1.7 % of KSI), the driver was parking.

Intent of Car Driver

100%
’ B 341 (n=310)

80% 341 KSI (n=60)
B 342 (@=611)
342 KSI (n=89)

60%

40%

=
0% — | -
turning right turning left straight ahead was parking

Figure 4. Frequency distribution of the intent of the car driver before the crash when the cyclist intended to go
straight ahead. Intents with a frequency of < 1% are not shown.

The evaluation of the traffic density at the time of the collision, as depicted in fig. 5, shows that most crashes occur
in light traffic, with 42.4 9% (UTYP 341) and 44.4 % (UTYP 342) of the crashes of any given severity. The numbers
for KSI crashes are even slightly higher, with 45.4 % and 46.4 %. In 35.6 % of the collisions with the cyclist coming
from the left and 35.1 % of the collisions with the cyclist coming from the right, there were cars on the street just
occasionally. For KSI crashes, these numbers are slightly lower (32.8 % and 31.8 %). In 20.3 % (KSI: 21.0 %) of the
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UTYP 341 and 19.0 % (KSI: 19.7 %) of the UTYP 342 collisions, while there was dense traffic on the road, it was still
possible to drive the maximum allowed speed. Collisions between cyclists and cars were rare when there was
slow-moving traffic or traffic jam (all below 2 % each).

Traffic Density
100%

o B 341 (n=637)
80% 341 KSI (n=119)
60% 342 (n=1627)

342 KSI (n=239)
40%
20%
0% . . —— ; :
occasional light traffic dense traffic slow-moving traffic jam
cars (reg. speed) traffic

Figure 5. Frequency distribution of the traffic density at the time of the collision.

As shown in fig. 6, most crashes between cyclists and cars occur during daylight, as the analysis of daylight
conditions at the time of the crash indicates. While 76.1 % of UTYP 341 crashes and 71.4 % of KSI crashes occurred
during daylight, the percentage of these collisions is even higher within the UTYP 342 scenario, with 88.5 % of
crashes and 91.0 % of KSI crashes. A fraction of 15.9 % (KSI: 19.0 %) of UTYP 341 crashes occurred at night,
whereas only 5.7 % (KSI: 3.0 %) of UTYP 342 crashes occurred without any daylight. Twilight conditions were
present in 8.0 % of UTYP 341 crashes and 5.8 % of UTYP 342 crashes of any severity, and 9.5 % and 6.0 %,
respectively, of KSI crashes.

Daylight Conditions
100%

’ B 341 (=674)
80% 341 KSI (n=126)
60% B 3421n=1752)

(V]

342 KSI (n=266)
40%
20%
0% - E— I E—
day night twilight

Figure 6. Frequency distribution of daylight conditions at the time of the collision.

The evaluation of visual obstructions from the driver’s perspective (depicted in fig. 7) shows that, in most cases,
there was no obstruction in the line of sight. The fraction of crashes without obstruction is higher for those with the
cyclist coming from the left (72.0 %) than for those with the cyclist coming from the right (62.1 %) and higher for all
crashes than for KSI crashes only (64.5 % and 55.8 %, respectively). In the cases where the view was obstructed, the
most common issues were structural circumstances, e.g., buildings, vegetation, or hills, with 19.0 % of collisions with
the cyclist coming from the left and significantly more collisions with the cyclist coming from the right (32.3 %). In
KSI crashes, these were present in 21.5 % and 35.1 % of the cases. Parking vehicles play a role in 4.4 % of UTYP 341
and 4.0 % of UTYP 342 injury crashes, as well as 5.4 % and 7.1 % of KSI crashes. Other circumstances are not of
significant matter.
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Visual Obstructions (POV: Car)

100% u

341 (n=479)
80% 341 KSI (n=93)
60% 342 (n=1077)
342 KSI (n=154)
40%
20%
0% . " - - P
no structural parking waiting or others own vehicle driving
circumstances vehicles starting veh. vehicles

Figure 7. Frequency distribution of visual obstructions seen from the perspective of the driver.

The analysis of the share of fault for the crash (depicted in fig. 8) shows that in 87.2 % of crashes of UTYP 341, the
cyclist had no responsibility for the crash. In contrast, in UTYP 342 crashes, the cyclist was not even partially at fault
in 35.6 % of crashes. The KSI crashes show similar numbers, with 91.7 % and 29.4 %. In only 10.0 %, the cyclist
coming from the left was partially at fault for the crash, but in 60.2 %, the cyclist coming from the right was partially
responsible. For the KSI crashes, again, the numbers are alike at 5.6 % and 65.2 %. When coming from the right, the
cyclist was determined to be at the main fault in 3.2 % of crashes of all severities and 4.5 % of KSI crashes. Other
constellations were present in less than 2 % each.

Subsequently, an analysis of the official cause of the crash yields further details: considering only the collisions
where the cyclist’s share of responsibility was not labeled as “not at fault” or no data was encoded, leaving only
crashes where the cyclist was to blame partially, in 82.1 % of the UTYP 342 collisions, the cyclist was wrongfully
riding on the road or cycleway, e.g., riding in the wrong direction (not depicted). For UTYP 341 crashes, in only

24.5 %, the cyclist was riding illegally on the road/cycleway.

Cyclist's Fault for Crash

1009
% B 341 (n=562)
80% 341 KSI (n=108)
0% B 342 (0=1369)
0
342 KSI (n=201)
40%
0% - - — —
no fault partial fault main fault sole fault

Figure 8. Frequency distribution of the cyclist’s share of the fault for the crash.

Collision speeds

Fig. 9 shows the distribution of the cars’ speeds at impact. More than half of the cars have a speed between 3 kph
and 13 kph at the time of collision with the cyclist. In 95.9 % of the UTYP 341 and 98.3 % of the UTYP 342 crashes,
the speed was 28 kph or less. Considering KSI crashes only, the speed was equal to or below 28 kph in 91.7 % and
95.5 % of the collisions, respectively.
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Car Collision Speeds

40%
B 341 (n=594)
30% 341 KSI (n=122)
342 (n=1512)
20% 342 KSI (n=245)
10%
0% — —
(-1,3]  (3,8] (8,13] (13,18] (18,23] (23,28] (28,33] (33,38] (38,43] (43,48] (48,53] (33,58]

kph

Figure 9. Frequency distribution of the cars’ speeds at the time of the collision. One UTYP 341 and one UTYP
341 KSI crash each in bin [78, 83) are not shown.

In comparison, fig. 10 represents the distribution of the cyclists’ speeds at impact. Compared to cars, the speed of
cyclists is higher at the time of the collision: More than 60 % of the cyclists had a speed of 8 kph to 18 kph just before
the collision. Above 90 % of cyclists were riding with a 23 kph maximum, and more than 97 % with a 28 kph
maximum, both including the KSI cases. It is noticeable that the higher collision speeds are primarily present when
the cyclist was riding along the usual driving direction: In ca. 26 % of UTYP 341 crashes, the cyclist was going

18 kph to 28 kph, whereas in less than 13 % of UTYP 342 crashes the cyclist was going this speed. The collision
speeds of KSI crashes are similarly distributed as all injury crashes.

Cyclist Collision Speeds

40%
B 341 0=594)
30% 341 KSI (n=122)
341 (n=1512)
20% 342 KSI (n=245)
10%
0%

(-1,31 (3,81 (8, 13] (13,18] (18,23] (23,28] (28,33] (33,38] (38,43] (43,48] (48,53] (53,58]
kph

Figure 10. Frequency distribution of the cyclist speed at the time of the collision.

Fig. 11 shows the distribution of maneuvers conducted by the driver in the last four seconds before the collision.
The data originates from the crash reconstruction and subsequent assignment in intervals, as described in Evaluation
of selected crash cases. If data was unavailable for this interval, the related interval is marked as “unknown”. There is
good data availability for the last 0.9 s before the impact: data could be reconstructed in more than 80 % of cases.
Two seconds before the impact, not more than 40 % is available. For the UTYP 342 crashes, only one fifth of the
crashes had data recorded at t = —3.9 s.

With 39.5 %, more drivers in UTYP 342 crashes were accelerating in the last tenth of a second compared to the

33.2 % of UTYP 341 participants. In contrast, more drivers were braking before colliding with the cyclist from the
left (27.0 %) compared to crashes with the cyclist coming from the right (21.0 %). In both crash types, a rise in
braking maneuvers can be seen in the last 0.5 s before impact. In UTYP 342 crashes, more drivers stood still once in
the last seconds before impact compared with UTYP 341 crashes, with a maximum of 20.6 % vs. 13.7 % at

t =—1.5s. Att =0 s, the constant velocity driving maneuver is slightly more frequent in UTYP 341 crashes (33.6 %)
than in UTYP 342 crashes (30.6 %). The distribution of maneuvers of KSI crashes is similar to the distribution of all
injury crashes except for more constant driving and less acceleration maneuvers in UTYP 341 crashes.
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Car Maneuver before Impact

341 (n=467) 342 (n=1093)
100%
’ 7 Accel
Const.
0,
0/_,_ HEEEERE B  Brake.
0,
20/ M stand.
0%
341 KSI (n=94) 342 KSI (n=159)
100%
| I |||||||||
60%
40%
-3 -2 -1 0
S s

Figure 11. Frequency distribution of the cars’ maneuvers in the last four seconds before the collision.

Due to the declining availability of reconstructed speed for t <= —1 s, the focus during the following analysis lies
only on the last second before the collision. Fig. 12 depicts the analysis of the cars’ speeds during the last second
before the impact, clustered into the three maneuvers accelerating, constant speed drive, and braking.

For UTYP 341 crashes where the car was accelerating in the actual interval, the median speed was 5.78 kph (Q1:
4.48 kph, Q3: 9.24 kph) at one second before the impact and 10.0 kph (Q1: 8.0 kph, Q3: 15.0 kph) at impact. Median
speeds for UTYP 342 are similar, while quartiles are lower with 5.33 kph (Q1: 4.0kph, Q3: 7.13kph) atf = —1 s and
10.0kph (Q1: 7.0 kph, Q3: 12.0kph) att = 0 s. There is no significant difference for acceleration crashes in speeds
between KSI and all injury crashes.

In the group of the cluster of braking intervals before the crash, speeds are higher: the median for the interval at

t =—1sis 17.76 kph (Q1: 14.54 kph, Q3: 21.74 kph) for UTYP 341 and 17.1 kph (Q1: 12.03 kph, Q3: 21.5 kph) for
UTYP 342 crashes. Att =0 s, the medians for intervals are 12.0 kph (Q1: 7.0kph, Q3: 17.0kph) for UTYP 341 and
10.0kph (Q1: 7.0 kph, Q3: 15.0 kph) for UTYP 342. KSI crashes show higher speeds over the last second before the
impact: for UTYP 341 collisions, especially at t = —0.7 s, the speed is notably higher with 19.8 kph (Q1: 14.98 kph,
Q3: 28.62 kph) compared to 16.4 kph (Q1: 12.6 kph, Q3: 22.4 kph) for all injury crashes. UTYP 342 KSI crashes
have similar speeds to all injury crashes.

The intervals with constant speed have the following properties: The reconstructed speed intervals of 341 crashes
are slightly higher than for 342 crashes. For example, the speed at t = —1 s is 15.0kph (Q1: 10.0kph, Q3: 22.0 kph)
compared to 12.0 kph (Q1: 9.0kph, Q3: 20.0kph) and the speed at # = 0 s is 13.0kph (Q1: 8.0 kph, Q3: 20.0 kph)
compared to 10.0kph (Q1: 8.0kph, Q3: 15.0kph). The speeds for the KSI crashes exceed the speeds of their
respective crashes of all injuries as well.
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Figure 12. Box plots of the cars’ speeds in the last second before the collision, grouped by maneuver performed in
the particular interval.

Contact points

Fig. 13 represents the first contact points between cyclist and car for UTYP 341 & 342 collisions. These are
measured in centimeters from the point at the very front of the vehicle’s longitudinal axis. Compared to the
predominantly centered contact point in UTYP 342 collisions, the majority of contacts in UTYP 341 crashes are
located more to the left with a maximum at —70 cm, which is where the headlight is located. Additionally, with

27.4 %, significantly more cyclists collided with the side of the car compared to 14.0 % in UTYP 341 crashes. Most
collisions into the side were recorded right at the front of the vehicle for UTYP 342 crashes, but around 50 cm to the
rear for UTYP 341 crashes. KSI crashes occurred under very similar conditions regarding all aforementioned aspects.
Only the share of contacts at the vehicle’s side is slightly shifted towards the front.
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Collision points
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Figure 13. Distribution of first contact points of the cyclist at the car. Two UTYP 341 collisions at the rear not
displayed.

DISCUSSION

Discussion of results

Summarizing the findings in Results, we can draw a picture of the “typical crash” between cars and crossing cyclists
at junctions with similarities, as well as notable differences between the collisions with the cyclist coming from the
left (UTYP 341) and the right (UTYP 342):

Similarities between crashes More than half of the crashes occur at junctions. Next to that, for UTYP 341
crashes, the share of crashes at crossings is more than twice as high for collisions at property entrances. However,
UTYP 342 crashes occur nearly as often at crossings as at property entrances.

?’Give way” is the most dominant of the rules of the road at the crash site, with two thirds to three quarters of the
collisions. Property entrances/exits, stop signs, traffic lights, and others play a minor role in these crashes. Between
the UTYP 341 and UTYP 342 crashes, there is only little difference in the distribution. A slight shift toward more
crashes at stop signs and property exits can be noticed for UTYP 342 collisions.

Most crashes are turning right crashes: In nearly 90 % of the cases with the cyclist coming from the right, the car
driver wanted to turn right at the junction. Other actions, therefore, only constitute slightly more than 10 % of the
crashes. With the cyclist coming from the opposite side, the most common intent of the car driver is turning right as
well, but here, in one third of the crashes, the driver intended to turn left or go straight ahead.

Nearly all crashes occur at low traffic densities: In about 4 out of 5 collisions, there was light traffic or only
occasional cars on the road at the time of the crash, similarly distributed for crashes with the cyclist coming from left
and right.

The crashes are mostly daylight crashes: While nearly 9 out of 10 UTYP 342 crashes occur during daylight, the
number for UTYP 341 crashes is moderately lower, with 3 out of 4 crashes.

Visual obstructions are present in one third of collisions: In most crashes, no visual obstructions were on site. Yet,
if there was an obstruction present, it is more likely to be in the crashes with the cyclist coming from the right than
from the left, more likely for KSI crashes, and more likely to be a structural circumstance than a temporary obstacle
such as a parking or waiting vehicle.

Collisions occur at relatively low speeds and while the car is accelerating: more than half of the crashes show a
car’s speed of 13 kph or below, and in more than 90 % of the cases, the speed is 28 kph or less. However, the analysis
of the maneuvers performed in the last second before the collision shows that accelerating was the most common
action.
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Cyclists are most often hit by the car’s front bumper: in 70.4 % of the UTYP 341 and 85.2 % of the UTYP 342
crashes, the collision point between cyclist and car was recorded at the car’s front. In crashes where the cyclist came
from the right, the share of impacts to the side of the vehicle is comparatively lower, and the contact point is more
centered at the front bumper — both facts indicate that the car reached the cyclist at a later point in time compared to
the crashes where the cyclist came from the left.

Differences between crashes Crashes where the cyclist comes from the right are more frequent: compared to
the crash type UTYP 341, the related UTYP 342 crash occurs 2.6 times more frequently.

The cyclist coming from the right might not be expected on this side: as shown in Environmental circumstances,
in more than 60 % of the collisions, the cyclist was ruled to be at least partially responsible for the crash. In over

80 %, the reason was the wrongful use of the cycleway against the prescribed driving direction, meaning that the
driver of the car could not have expected the cyclist to come from this direction.

Drivers “fail to look” at cyclists coming from the right and ’look but fail to see” cyclists from the left: crashes,
where data shows that reduced visibility could play a role, are more present in the UTYP 341 group. For example, as
seen in fig. 6, the collision ratio at night is nearly three times as high as in the UTYP 342 crashes. It is also notable
that UTYP 342 crashes are almost entirely turning-right crashes. When the driver wanted to turn left or go straight
over the crossing and therefore had to also look for traffic coming from the right, notably fewer crashes occur when
the cyclist comes from the right. Following the work of Summala et al., we assume that once the driver is forced to
look right to avoid collisions with other cars, the cyclist is perceived as well [3]. Visual obstructions are also more
present in UTYP 342 crashes, thus blocking the chance of seeing the cyclist coming from the right in time.

Crashes with the cyclist coming from the right occur at lower speeds: in UTYP 342 crashes, the (collision) speed
of the cyclist is lower compared to the opposite crash scenario. We suppose that cyclists might drive slower,
purposely knowing that they are not expected by the cars’ drivers when coming from that direction. The speed of the
cars is also lower before and at the time of the collision, and drivers are more often accelerating again after standing
still. The share of crashes at stop signs is higher compared to UTYP 341 crashes, indicating that the driver had
stopped or was about to stop before the collision. Additional time gained by slower maneuvers could have prevented
the crash by decreasing the chance of overlooking the cyclist coming from the left, while in UTYP 342 crashes, the
two participants still collided, backing the thesis that the cyclist from the right is not seen at all due to visual
obstructions or the drivers’ omission to look right.

The cyclist’s speed at the time of the collision does not affect the severity. In contrast, the car’s speed does: A
comparison of the speeds of both cyclist and car with the speeds for KSI crashes shows that there were not
significantly more severe injuries or deaths when the collision speed of the cyclist was higher. However, the
distribution of the collision speed of the car is visibly shifted to higher speeds for KSI crashes compared to all injury
crashes.

Comparison to related works

As mentioned in Related Works, this work shares its methodology to some extent with the SECUR publication [10].
However, it focuses on a subset of a certain type of cyclists crashes within the group of crashes in the SECUR
so-called “accident scenarios” Straight Crossing Path — Left & Right Direction Bicyclist (SCP-LD-BC &
SCP-RD-BC). It is obvious to compare the characteristics of the UTYP 341 and UTYP 342 crashes with these
accident scenarios. Since the SECUR publication focuses on KSI crashes, only these are considered in the following
comparison:

Compared to 50 % of the crashes in the SCP-LD-BC group and 55 % of crashes in the SCP-RD-BC group, in 74.2 %
of the UTYP 341 and 64.9 % of the UTYP 342 KSI collisions, the car driver had to yield. Structural visual
obstructions were present in 17 % (30 % presence of obstructions times 57 % structural obstructions) for SCP-LD-BC
and 24 % (35 % times 69 %) for SCP-RD-BC compared to 21.5 % and 35.1 % in our analysis. Reported traffic
densities were similar (sporadic or light traffic was present in 80 % for both SCP-LD-BC and SCP-RD-BC vs. 78.2 %
and 78.2 %), as well as daylight conditions (80 % and 87 % vs. 71.4 % and 91.0 % crashes during daylight.) This
indicates that the UTYP 341 & 342 crashes are especially prone to visual obstructions in comparison to the larger
group of crashes in similar constellations, and required yielding by the car driver is more common than other forms
of rules of the road, such as stop signs or traffic lights.

The work’s results align with the results of Summala et al., who analyzed car-cyclist crashes from 1987 to 1989 in
Helsinki and found that the prevalent crash type is one where the cyclist came from the right and the car driver
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wanted to turn right [3]. The crashes studied also showed low traffic densities. The authors also assumed that
measures reducing the speed at the intersection and, thus, providing the driver more time increases the chance to see
the cyclist and hence avoid the collision.

Gohl et al. state that in crashes where the cyclist came from the right, the driver "failed to look™ into the cyclist’s
direction, whereas in crashes where the cyclist came from the left, the driver "looked but failed to see” the cyclist [4].
Our findings, for example, the high share of right-turning maneuvers in UTYP 342 crashes and the comparatively
higher proportion of visual obstacles confirm their statements. Their finding that drivers pay less attention when they
expect the other party to comply with traffic regulations also backs up our result that the cyclist riding on the wrong
lane and, therefore, crossing the car’s path from the right might not be expected.

Using the data from several European countries, Uittenbogaard et al. highlighted that whether a cyclist is severely
injured or killed is influenced by the car’s speed at the time of impact, not by the cyclist’s speed [6]. Our data also
revealed similar results but for severe versus slight injuries.

Limitations of this study

In the present study, we solely used the famous GIDAS dataset as the basis for our evaluation. This data, collected in
two cities in Germany, is as representative as possible of German crashes according to the data’s providers due to
sampling and weighting mechanisms [14]. Yet, the results cannot be projected directly onto other nations’ crash
occurrences. Especially the frequency of the selected crash scenarios, UTYP 341 & 342 presumably differs from
country to country, e.g., due to other road infrastructure, traffic rules, or driver education. Other works proved that,
e.g., in Hungary, the most common crash scenarios are those in the longitudinal direction [15]. Though, there is also
a high relevance of crossing scenarios in France, Italy, the Netherlands, Sweden, the UK [5], Australia [9], and the
USA [8], as previous works have demonstrated. We, hence, suppose that the underlying principles of these crashes
are similar in other countries. For example, it can be assumed that drivers turning right often focus on traffic from the
left; therefore, cyclists from the right are not noticed. This has also been shown by similar works in Finland [3].
Since records are only added to GIDAS if the crash is rated as an injury crash, we do not have any information about
the milder crashes without injuries. Also, due to the significant underreporting of crashes with cyclists [16, 17], data
might be skewed toward the crashes that are reported. This includes especially crashes with low injury severity, while
in contrast, crashes with pedelecs are relatively more often reported [2].

CONCLUSIONS

This work’s goal lies in exploring the most common crash scenario between cars and cyclists and its characteristics.
Therefore, using the GIDAS database, we first identified the crashes where the car collided with a crossing cyclist
riding on a cycleway as the most significant crashes with a share of 28.9 % of all car-cyclist collisions. In the
subsequent analysis, we then focused on these crashes but discriminated between the cases where the cyclist came
from the left and the cases where the cyclist came from the right, as well as between crashes with all levels of injuries
and crashes with killed and severely injured (KSI).

The most common crashes between cyclists and cars, as recorded in the GIDAS data set, can be described as crashes
with light injuries at junctions where the car driver disregarded the right of way of the crossing cyclist. The car driver
intended to turn right and merge into light traffic while the rules of the road required yielding. In the significantly
more common case, the cyclist came from the right and was partially to blame for the crash for riding in the wrong
direction. Most of the collisions occurred in daylight and without visual obstructions. The car’s speed was less than
or equal to 13 kph, and the cyclist’s speed was less than or equal to 18 kph. In the last second before the collision, the
car was accelerating or driving with nearly constant velocity. At the collision, the cyclist made first contact with the
front of the car.

‘We demonstrate that besides similarities in environment and course of events of the crash, there are few features
distinguishing the collisions with the cyclist coming from the left and the right: for instance, we assume that, in
right-hand traffic, the driver “fails to look™ at the cyclist from the right and ”looks but fails to see” the cyclist from the
left. The circumstance that a cyclist coming from the right might not be expected could contribute to these collisions.
It is noticeable that comparatively fewer crashes occur in a situation where the driver had to look right, i.e., turning
left or driving straight over a crossing. Our work also shows that the cyclist’s severity of injuries is only influenced by
the car’s, not the cyclist’s speed.
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The present results highlight the need for measures reducing crashes with cyclists, especially in crossing situations.
This includes well-designed traffic infrastructure protecting cyclists at junctions and crossings or avoiding crossing
situations of these parties at all, but also novel in-vehicle safety applications making the driver aware of cyclists and,
in general, VRUs in critical situations. Since Vehicle-to-everything (V2X) communication does not require
line-of-sight conditions, systems based on this technology could support creating awareness of VRUSs in the near
future [18].

By means of the results presented, our follow-up work will consist of developing these novel safety applications
based on vehicle-to-everything communication to avoid these types of crashes. The results will help us to understand
the crash occurrence between cars and cyclists and allow us to determine requirements and derive parameters for
aforementioned applications.
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