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Abstract

The aim of this study was to describe the position of pedestrians and pedal cyclists
relative to the striking vehicle in the three seconds before impact. This information is
essential for the development of effective autonomous emergency braking systems and
relevant test conditions for consumer ratings. The UK RAIDS-OTS study provided
175 pedestrian and 127 pedal-cycle cases based on in-depth, at-scene investigations
of a representative sample of accidents in 2000–2010. Pedal cyclists were scattered
laterally more widely than pedestrians (90% of cyclists within around ±80 degrees
compared to ±20 degrees for pedestrians), however their distance from the striking
vehicle in the seconds before impact was no greater (90% of cyclists within 42 metres
at three seconds compared to 50 metres for pedestrians). This data is consistent with a
greater involvement of slow moving vehicles in cycle accidents. The implication of the
results is that AEB systems for cyclists require almost complete 180 degree side-to-side
vision but do not need a longer distance range than for pedestrians.

Keywords: time-to-collision, pedestrian, pedal cycle, autonomous emergency
braking, AEB sensors, pre-impact location

1. Introduction

According to the World Health Organisation pedestrians and cyclists account for
30% of road traffic fatalities in Europe [1]. With the further encouragement for a modal
shift towards cycling and walking, the protection of vulnerable road users remains a
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key road safety objective. To this end, autonomous emergency braking (AEB) systems
are under continuous development. These are designed to take action on behalf of the
driver when the likelihood of an interaction with a cyclist or pedestrian is detected. It
is important that such systems are able to perform adequately in a range of scenarios
where conflict occurs between a passenger car and a cyclist or pedestrian.

A number of previous studies used real-world data to describe common accident
scenarios for cyclist collisions with passenger cars, however these did not report on
the relative positioning of the vehicle and vulnerable road user in the moments before
impact [2, 3, 4]. An analysis of German in-depth accident data found that half of all
pedestrians were detectable three seconds before the accident but for those considered
obscured, the time fell to below one second [5]. This study raised the question whether
time-to-collision (TTC), vehicle speed or both should be varied in AEB test procedures.
A Swedish review of 243 pedestrian accidents in the same German database found
that all but one of the 57 serious and fatal casualties were within a field of view of
40 degrees (±20 degrees) and a range of 20 metres [6]. In another study analysing
approach patterns, it was concluded that the time-to-collision for car-to-bicycle near-
miss events was significantly longer than that for car-to-pedestrian events [7].

A recent large-scale naturalistic driving study conducted in Europe gathered in-
formation of safety-critical events involving passenger cars and pedal cycles [8]. Of
36 incidents flagged by a forward collision warning system, only three were found on
review to be genuine near-crashes, each a head-on scenario. Compounding the low
sample size, the use of a forward-looking system necessarily precluded the detection
of lateral incidents.

The general purpose of the present study was to add to this real-world knowledge
base and thereby contribute to the further development of effective AEB systems and
relevant test conditions [9]. The circumstances of real accidents are described, in
particular the requirement on the sensing system to detect pedestrians and pedal cycles
at their distance and angle relative to the striking vehicle in the seconds immediately
before impact, including when the driver’s line of sight may have been obstructed by
intervening vehicles or fixed objects. The specific aim of the paper was to specify the
position of pedestrians and pedal cyclists relative to the striking vehicle at one, two and
three seconds before impact based on in-depth accident data from Great Britain.

2. Material and methods

The results presented in this paper were based on the On-the-Spot module of the
Road Accident In-depth Studies project (RAIDS-OTS) commissioned by the UK De-
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Table 1: Accident severity level for pedestrians and pedal cycles.
Pedestrian Pedal cycle

n % n %
Fatal 10 6 1 1
Serious 54 31 30 24
Slight 108 62 83 65
No injury 3 2 12 9
Total 175 100 127 100

partment for Transport and the Highways Agency from 2000 to 2010 [10, 11, 12]. The
RAIDS-OTS database contains detailed information from at-scene investigations of a
random sample of road traffic accidents reported to the police. The information was
collected by two research institutes whose teams operated rotating eight-hour shifts
seven days per week in two sample regions, South Nottinghamshire and Thames Valley,
and attended the scene of accidents along with the police and emergency services. Each
team aimed for 250 accidents per year, ultimately completing 4,744 cases. The sample
regions were designed to be nationally representative and the On-the-Spot study was
the primary source of in-depth information on accident causation used by the Depart-
ment for Transport to guide national policy-making during this period. Data collection
was suspended in 2010 for a period of restructuring and progressively resumed from
2012 to 2016.

The RAIDS-OTS study sampled accidents involving all types of vehicles. The
analysis in this paper focussed on collisions between passenger cars and two classes
of vulnerable road users: pedestrians and pedal cyclists. The selection criteria for the
inclusion of cases were (a) the vulnerable road user was struck by a passenger car, (b)
the car was moving forwards at impact, (c) initial contact was to the front or side of the
car and (d) the car was not out of control due to a preceding impact. Some cases with
inadequate documentation were excluded from the final analysis, e.g. minor incidents
where the accident scene was entirely cleared before arrival of the emergency services
and research team. This filtering process yielded 175 pedestrians and 127 pedal cyclists
from the 4,744 accidents on file; of these, 64 pedestrians (37%) and 31 cyclists (25%)
were killed or seriously injured (Table 1).

The observations and measurements taken at the scene of the accident by the spe-
cialist research teams were supplemented where possible by interviews with involved
parties and relevant extracts of police and medical reports. The case files for the
selected accidents were reviewed in detail to ensure a consistent methodology with full
exploitation of the source material. The paths of the road users involved (passenger
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Table 2: Age-sex grouping of pedestrians and pedal cyclists as proxy for target size.
Pedestrian Pedal cycle

n % n %
0–7 years 23 13 1 1
8–15 years 47 27 39 31
Adult female 41 23 13 10
Adult male 64 37 67 53
Unknown 0 0 7 6
Total 175 100 127 100

cars, pedal cycles and pedestrians) in the seconds before impact were generally well
documented. The vehicle speed recorded on the database prior to impact or emergency
action (if applicable) was extrapolated backwards in time for up to three seconds
using constant-acceleration kinematics, i.e. steady braking, constant speed or steady
acceleration, consistent with eye-witness reports and traffic conditions at the time and
place of the accident. The location of the vulnerable road user relative to the striking
vehicle was recorded in a supplementary dataset using a co-ordinate system based
on the longitudinal and lateral axes of the striking vehicle. The methodology was
harmonised with previous studies as far as could be ascertained [13, 6].

The collection, handling and storage of data in the RAIDS project were subject
to strict, high-level ethical and security provisions, exceeding those specified by the
UK Data Protection Act 1998, the Cabinet Office’s Mandatory Minimum Guidelines
and Section 251 of the NHS Act 2006. These were established in liason with security
consultants and regularly tested by independent auditors during data collection. In
essence only anonymised information was taken from police premises, hospitals and
coroners; all information recorded at the site of accident and vehicle examinations was
also anonymised during processing of the case and any residual material physically
destroyed. These ethical and information governance measures, which have been
described in further detail [14, 10], protected the right to confidentiality and constituted
a precondition to undertaking this type of empirical study.

3. Results

A grouping by age and sex for the samples of pedestrians and cyclists is shown
in Table 2. These age-sex categories were used as a proxy for target size in the lead-
up to the introduction of the EuroNCAP AEB pedestrian test [15, 16]. This table
suggests that cyclists as a whole present a larger target for vehicle-mounted AEB
sensors than pedestrians: a lower proportion of cyclists were in the smallest group,
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Table 3: Vehicle manoeuvre in pedestrian accidents.
Vehicle n %
Straight ahead 152 87
Turning 23 13
Total 175 100

Figure 1: Position of pedestrian relative to car at TTC = 3 s.

young children 0–7 years old (one cyclist compared to 13% of pedestrians), and a
higher proportion were in the largest group, adult males (53% of cyclists compared to
37% of pedestrians).

Most vehicles in pedestrian accidents (87%) were travelling straight ahead rather
than turning at an intersection (Table 3). This was determined prior to the introduction
by EuroNCAP of straight-line test conditions for pedestrian AEB.

The location of the 175 pedestrians relative to the striking vehicle in the three
seconds before impact is shown in Figures 1–3. Cases in which the driver had a clear
view of the pedestrian at that moment of time are distinguished from those in which the
driver’s line of sight was thought to be obstructed, typically by a vehicle or roadside
object. The scale of the X and Y axes varies in these three figures to accommodate the
diminishing range of values for lower times to collision. The number of cases in each
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Figure 2: Position of pedestrian relative to car at TTC = 2 s.

cell (10 m by 30 deg) marked out by the radial guidelines are detailed in Tables 5–7
(Appendix).

In order to provide an overall impression of the paths of individual pedestrians
relative to the striking vehicle in the three seconds before impact, Figure 4 shows the
points in Figures 1–3 joined by lines. It can be seen that most paths lie entirely within
thirty degrees (each side) of the longitudinal axis of the striking vehicle. The density
of lines is inevitably very high when so many cases are presented in a single figure,
particularly close to the origin (point of impact); for this reason an animated version of
Figure 4 is also provided in which each path is individually highlighted (Supplementary
Materials).

Turning to pedal-cycle accidents, Table 4 details the path of the bicycle relative
to the path of the car before impact or emergency braking. In 25 cases (20%) they
were travelling in the same direction; in most of these (18) the vehicle was travelling
straight ahead, i.e. overtaking. There were 19 cases (15%) in which the car and bicycle
approached from opposite directions; in most of these (15) the car turned across the
path of the cyclist. There were 76 cases (60%) in which the car and bicycle were on
cross-intersection paths before impact; in a high number of these (67) the cyclist was
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Figure 3: Position of pedestrian relative to car at TTC = 1 s.

Figure 4: Position of pedestrian relative to car at TTC = 3, 2, 1 s.
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Table 4: Orientation of bicycle travel direction relative to car before impact.
Bicycle ↑ Car ⇑ Paths n %
Same direction ↑ ⇑ 25 20
Opposite direction ⇑ ↓ 19 15
Bicycle from left → ⇑ 34 27
Bicycle from right ⇑ ← 42 33
Other 7 6
Total 127 100

on a straight-line course and the car driver intended to proceed ahead (39) or turn (28).
The location of the 127 pedal cyclists relative to the striking vehicle in the three

seconds before impact is shown in Figures 5–7. As for the pedestrians above, cases
are distinguished according to whether the driver’s line of sight to the cyclist was clear
or obstructed and the scale of the X and Y axes is decreased as the time to collision
decreases. Likewise, the number of cases in each cell (10 m by 30 deg) marked out by
the radial guidelines are enumerated in Tables 8–10 (Appendix).

It is apparent that the pedal cycles were scattered across a wider range of angles
than the pedestrians, i.e. not so highly concentrated alongside the longitudinal axis of
the striking vehicle, as shown in Figure 8 where the path of each cyclist is formed by
lines between the points in Figures 5–7. An animated version of Figure 8 highlights
the bicycle paths individually (Supplementary Materials).

The extent to which the pedestrians and pedal cyclists were located at angles away
from the longitudinal axis of the striking vehicle is quantified in Figure 9 in the form of
empirical (non-idealised) cumulative distribution curves derived directly from the data
presented in Figures 1–3 and Figures 5–7. No distinction is made between angles left
or right of the longitudinal axis, i.e. the plot is based on the absolute value of the angle
of the vulnerable road user. The figure shows that while 90% of pedestrians were well
within ±25 degrees of the longitudinal axis, this range only encompassed about 50%
of pedal cyclists; 75% of cyclists were within around 50–60 degrees while 90% were
within around 75–85 degrees, an almost complete side-to-side lateral distribution.

Figure 10 presents empirical cumulative distribution curves for pedestrians and
pedal cyclists aggregated across time-to-collision (TTC=1–3 s) but disaggregated ac-
cording to whether the driver’s line of sight to the vulnerable road user was clear
or obstructed. For pedestrians, the curves are almost identical, indicating that the
distribution of obscured pedestrians as a function of angle was the same as for visible
pedestrians. For cyclists, 50% of visible cases were within 20 degrees of the vehicle’s
longitudinal axis compared to 30 degrees for obscured cases, 75% of both visible and
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Figure 5: Position of bicycle relative to car at TTC = 3 s.

Figure 6: Position of bicycle relative to car at TTC = 2 s.
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Figure 7: Position of bicycle relative to car at TTC = 1 s.

Figure 8: Position of bicycle relative to car at TTC = 3, 2, 1 s.
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Figure 9: Angle of pedestrians and pedal cycles relative to car.

obscured cases were within around 55 degrees, while the 90th percentile was around 70
degrees for obscured cases and 80 degrees for visible cases. According to this crossover
of the curves, obstructed cyclists were relatively more concentrated than visible cyclists
at mid-range angles, around 30–60 degrees.

Figure 11 presents the distance of pedestrians and pedal cyclists away from the
striking vehicle in the seconds before impact in the same manner that Figure 9 presents
angle. For each group, as could be anticipated, longer time-to-collision is associated
with greater distance: for example the median (50th percentile) distances for pedestri-
ans were 11, 23 and 35 metres at 1, 2 and 3 seconds respectively while for pedal cycles
the distances were 8, 15 and 22 metres. Similarly at the 75th percentile the distances
were 13, 26 and 39 metres for pedestrians and 10, 21 and 32 metres for cyclists, while at
the 90th percentile it was 16, 32 and 50 metres and 14, 27 and 42 metres for pedestrians
and cyclists respectively. The aspect of these results that was not predictable a priori is
that pedal cyclists were generally closer to the striking vehicle than pedestrians at each
given time-to-collision, as the numbers just cited confirm, i.e. in Figure 11 each curve
for pedal cycles lies entirely to the left of the corresponding curve for pedestrians at the
same time-to-collision.
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Figure 10: Angle of pedestrians and pedal cycles relative to car according to whether the driver’s line of sight
was clear or obstructed.
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Figure 11: Distance of pedestrians and pedal cycles from car.

4. Discussion

The vehicle safety ratings provider EuroNCAP introduced an AEB test for pedes-
trians and can be expected to enhance this with a cyclist test in the future [17]. The
pedestrian test features vehicle speeds of 20–60 km/h and (lateral) pedestrian speeds
of 5 km/h and 8 km/h, including scenarios where the line of sight to the pedestrian
is obstructed. The combination of the highest speeds, 60 km/h and 8 km/h, produces
the greatest distance between car and pedestrian in the seconds before impact, namely
17, 34 and 50 metres for 1, 2 and 3 seconds respectively. The most lateral angle is
22 degrees, produced by the lowest vehicle speed and the highest pedestrian speed,
20 km/h and 8 km/h respectively. Comparison with Figure 9 and Figure 10 reveals
that these distances and angle are close to the 90th percentile for pedestrians. The
pedestrian test is therefore quite demanding relative to the accident data considered in
this study. To achieve the same level of coverage for pedal cyclists in a future test, the
accident data—based on 90th percentile distances of 14, 27 and 42 metres at 1, 2 and
3 seconds before impact in Figure 11—suggests a closing speed of around 14 m/s and
a detection angle of 75-85 degrees from the longitudinal axis of the car.

The range and field of view for pedestrians observed in this study was consistent
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Figure 12: Examples of advanced safety and driver assistance systems in contemporary passenger cars.

with that reported on German in-depth data [6] judging, in the absence of percentile
values, on a published graphical presentation of pedestrian location points. Less in-
formation is available for bicycle accidents. A review of severe cyclist casualties in
eight European countries found England at the top end of male involvement in the
range 55–83% and identified intersections as the site in 31–61% of cases [18]. The in-
depth sample in this study was consistent with the male involvement and featured 60%
cross-intersections. It is possible that severe and fatal incidents may be more highly
associated with head-on and rear-end impacts.

For the proportion of cases where the pedal cycle was located at an angle of around
40–50 degrees or more from the longitudinal axis of the car, it can be inferred that
the speed of the car was comparable to or less than the speed of the bicycle. Many of
these accidents were at cross intersections where the car had slowed down which is also
consistent with the overall lower distance between cars and pedal cyclists (compared to
pedestrians) described in the Results section. This was a point of dissimilarity between
the two classes of vulnerable road users: unlike cyclists, pedestrians do not generally
enter the intersecting area of two roadways. The length of pedal cycles along with
their delicate state of balance and higher speeds are further points of dissimilarity that
help explain why relatively slow moving cars played a role in a higher proportion of
accidents.

The wide lateral scatter of pedal cycles raises the question of how technologically
challenging it is to detect them. The advanced safety and driver assistance functions
fitted to contemporary vehicles, some of which are illustrated in Figure 12, already
provide a degree of surround vision. Technological developments in this area are
proceeding very rapidly, not least by the drive towards autonomous vehicles which
scan a full 360 degrees using a variety of short- and long-range sensors, including
ultrasound, camera, radar and laser. A cyclist detection system [19] widely promoted
in 2013 as the first production exemplar of its type employed a camera for image
recognition and radar for distance assessment, similar to the detection of pedestrians
and other vehicles. It cannot be forecast confidently whether extending the lateral field
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of view will involve additional sensors, modified (wide-angle) sensors, or different
types of sensors. It is however clear that thinking about systems in isolation will make
increasingly less sense: manufacturers are certain to integrate the advanced sensing
technologies fitted to their vehicles and exploit their combined performance capability
to achieve multiple safety and assistance functions.

The intention of this research was to contribute to the development and optimisation
of effective AEB tests and in-vehicle systems for the protection of vulnerable road
users. The circumstances of accidents involving pedestrians and pedal cycles vary from
land to land according to many factors, including the density of these road users, the
infrastructure provided for them to interact with powered road vehicles, local driving
and road use culture, and characteristics of the on-road vehicle fleet. The results in this
paper reflect the UK experience and are most likely to be transferable to countries or
regions similar to the UK in relevant respects.

5. Conclusions

According to the in-depth, at-scene accident data considered in this report, the
sensors used in autonomous emergency braking systems need to cover a much greater
range of lateral angles for pedal cycles than for pedestrians, almost a full 180 degrees
at 2–3 seconds before impact. On the other hand, despite the generally higher travel
speed of cyclists compared to pedestrians, the detection range (distance) of the sensors
that is appropriate for pedestrians should also suffice for pedal cycles.
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Table 5: Position of pedestrian relative to car at TTC = 3 s (cf. Figure 1).
0–9 10–19 20–29 30–39 40–49 50–100 Behind Total

90–180 0
60–89 0
30–59 1 1 2
0–29 1 4 24 52 16 10 107
1–29 2 16 34 8 5 65
30–59 1 1
60–89 0
90–179 0
Total 2 8 40 86 24 15 0 175
With obstruction of view
90–180 0
60–89 0
30–59 0 1 1
0–29 0 1 16 28 10 6 61
1–29 0 5 18 2 2 27
30–59 1 1
60–89 0
90–179 0
Total 0 3 21 46 12 8 0 90

Table 6: Position of pedestrian relative to car at TTC = 2 s (cf. Figure 2).
0–9 10–19 20–29 30–39 40–49 50–100 Behind Total

90–180 0
60–89 0
30–59 1 1
0–29 5 27 61 10 5 108
1–29 17 39 5 3 64
30–59 2 2
60–89 0
90–179 0
Total 5 47 100 15 5 3 0 175
With obstruction of view
90–180 0
60–89 0
30–59 0 0
0–29 4 13 25 1 2 45
1–29 5 13 2 0 20
30–59 1 1
60–89 0
90–179 0
Total 4 19 38 3 2 0 0 66
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Table 7: Position of pedestrian relative to car at TTC = 1 s (cf. Figure 3).
0–9 10–19 20–29 30–39 40–49 50–100 Behind Total

90–180 0
60–89 0
30–59 1 1
0–29 40 63 5 108
1–29 24 38 3 65
30–59 1 1
60–89 0
90–179 0
Total 66 101 8 0 0 0 0 175
With obstruction of view
90–180 0
60–89 0
30–59 0 0
0–29 5 10 0 15
1–29 5 5 0 10
30–59 0 0
60–89 0
90–179 0
Total 10 15 0 0 0 0 0 25

Table 8: Position of bicycle relative to car at TTC = 3 s (cf. Figure 5).
0–9 10–19 20–29 30–39 40–49 50–100 Behind Total

90–180 3 3
60–89 3 2 1 1 7
30–59 2 7 4 2 1 16
0–29 2 5 10 8 7 3 35
1–29 1 5 11 8 2 4 31
30–59 2 8 5 15
60–89 10 7 1 18
90–179 2 2
Total 10 37 38 19 11 7 5 127
With obstruction of view
90–180 1 1
60–89 0 1 1 0 2
30–59 1 4 2 2 0 9
0–29 0 1 2 3 1 0 7
1–29 0 1 4 3 1 1 10
30–59 0 2 3 5
60–89 4 0 0 4
90–179 0 0
Total 1 13 12 8 2 1 1 38
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Table 9: Position of bicycle relative to car at TTC = 2 s (cf. Figure 6).
0–9 10–19 20–29 30–39 40–49 50–100 Behind Total

90–180 2 2
60–89 4 3 1 8
30–59 7 4 2 1 14
0–29 3 19 14 2 1 39
1–29 3 13 9 3 2 1 31
30–59 7 8 15
60–89 5 10 1 16
90–179 2 2
Total 29 57 27 6 3 1 4 127
With obstruction of view
90–180 1 1
60–89 0 1 0 1
30–59 3 2 2 0 7
0–29 0 5 3 0 0 8
1–29 0 3 3 0 0 0 6
30–59 1 3 4
60–89 1 3 0 4
90–179 0 0
Total 5 17 8 0 0 0 1 31

Table 10: Position of bicycle relative to car at TTC = 1 s (cf. Figure 7).
0–9 10–19 20–29 30–39 40–49 50–100 Behind Total

90–180 0
60–89 7 7
30–59 13 4 17
0–29 29 14 1 44
1–29 17 10 2 1 30
30–59 13 13
60–89 12 1 13
90–179 3 3
Total 91 29 3 1 0 0 3 127
With obstruction of view
90–180 0
60–89 1 1
30–59 4 2 6
0–29 4 1 0 5
1–29 2 1 0 0 3
30–59 3 3
60–89 1 0 1
90–179 0 0
Total 15 4 0 0 0 0 0 19
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