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ABSTRACT

In 2010 Volvo cars introduced advanced driver assistance systems (ADAS) designed to detect vulnerable road users
(VRUs) in specific conflict situations. The aim of this study was to evaluate the first generation of the optionally
mounted Pedestrian ADAS, which covers car-to-pedestrian collisions, and Cyclist ADAS, which covers car-to-
cyclist collisions.

Data from collisions in Sweden between passenger cars and pedestrians or cyclists were collected from 2015-2017.
Crashes involving Volvo cars with third-party liability insurance at If P&C Insurance/Volvia were included in the
dataset, and cars with these ADAS were compared to crashes involving cars without the systems. A total exposure
0f 490,000 insured vehicle years was used in the evaluation.

Overall, the number of collisions for cars with the Pedestrian ADAS system was 21% less than the number for cars
without it. When studying straight crossing path crashes only, which accounted for more than half of all car-to-
pedestrian collisions in Sweden, these were reduced by 36%. However, the results are not statistically significant
due to the low number of crashes. For the ADAS, which covers car-to-cyclist collisions, an overview of data
available for retrospective performance evaluation is discussed.

One clear restriction in the evaluation of VRU ADAS at this point in time is the relatively low number of cars
equipped with the system together with the low rates of car-to-cyclist collisions (= 0.0002 per insured vehicle year)
and car-to-pedestrian collisions (= 0.0001 per insured vehicle year).

This study is the first real-world evaluation of the initial generation of VRU ADAS targeting traffic situations
relevant for these technologies. ADAS for avoiding collisions with pedestrians and cyclists have a high traffic-safety
potential; recent and future generations of these systems, cover more conflict situations and are thus expected to
provide increasing safety benefits.

INTRODUCTION

Globally, pedestrians and cyclists represent 26% of all road traffic deaths [1]. There is a big variation in death rates
across regions and countries, with low- and middle-income countries the worst affected. In EU countries,
pedestrians and cyclists comprised around 21% and 8% of all road traffic deaths, respectively, in 2015 [2]; in the US
the corresponding numbers were 16% and 2.2%, in 2016, [3]. In Sweden, in 2017, 15% of the road fatalities were
pedestrians and 8% were cyclists [4, 5]. In many countries, roads still lack separate lanes for cyclists and adequate
pedestrian crossings—and motor vehicle speeds are too high [1].

Infrastructure measures, such as the physical separation of motor-vehicle and VRU paths, have proven to be
effective in preventing VRU crashes. The expansion of walking and cycling paths in Sweden is a good example:
fatal pedestrian and cyclist crashes have decreased from one third of the total road-traffic fatalities in the 1970s to
just over one fifth today [4]. Still, VRUs often share the road with motor vehicles, and crashes occur frequently—
most commonly in urban areas where walking and cycling are common modes of transport [6].

For car-to-VRU collisions, the distribution of conflict situations in crash databases are used to identify frequent or
severe situations to address with traffic safety measures. The majority of crashes are Straight Crossing Path (SCP)
situations, i.e. the car is moving straight forward, and the car and the VRU are crossing each other’s paths.
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Situations in longitudinal traffic, when the car and the VRU are traveling in the same or opposite direction while
sharing the same roadway are not as frequent, but often with more severe injuries for the VRU. Specific situations
for car-to-pedestrians are collisons where the car is reversing hitting a pedestrian, and for car-to-cyclists; the cyclist
riding into a car door that was being opened by the car driver or a passenger, hereafter called dooring [7-11].

As unprotected road users, pedestrians and cyclists are particularly vulnerable to severe or fatal injuries in case of a
crash. One important way to reduce the consequences of a crash is to lower the impact speed [12-14]. To improve
the situation where vulnerable road users and motor vehicles share the road, speed limits have been reduced in
Swedish cities over the last decade (where appropriate) [15]. Additional speed-reducing measures, such as speed
bumps and raised crosswalks and chicanes, have been implemented to achieve better speed compliance [16]. In the
work with the Vision Zero initiative, a key indicator measuring the share of safe walking, bike, and moped passages
was introduced [17, 18].

In the last decade, vehicle manufacturers have developed countermeasures to reduce the consequences of an impact
with VRUs. These involve redesign of the bumper area [19], the hood, windshield, and pillar [20], and introduction
of pedestrian airbags [21], and pop-up bonnets [22].

One of the most promising countermeasures presented by the automotive industry is advanced driver assistance
systems (ADAS) specifically for pedestrian and cyclist situations. One example is the collision warning with full
autobrake and pedestrian and cyclist detection implemented in Volvo car models [23]. Real-world evaluations have
shown that autobrake systems are very effective in avoiding (as well as mitigating) car-to-car crashes in rear-end
situations [24-33], and test institutes and predictive studies estimate that including pedestrian and cyclist detection
will greatly reduce crashes with VRUs [34-38]. In December 2017, HLDI examined pedestrian-related collisions
which showed a reduction in the frequency of bodily injury (BI) liability claims, as a result of analyzing an ADAS
with a pedestrian detection feature. [39].

The aim of this study was to evaluate the first generation of driver support systems which are intended to detect
VRUs, covering car-to-pedestrian- as well as car-to-cyclist collisions, by investigating real-world crashes collected
from traffic situations relevant for these technologies.

DATA & METHOD

In this study we used insurance claims data from car-to-pedestrian collisions involving Volvo models with and
without Pedestrian ADAS (collision warning with full autobrake and pedestrian detection). Also, car-to-cyclist
collisions involving Volvo models with and without Cyclist ADAS (collision warning with full autobrake and
cyclist detection) was studied.

To calculate the exposure, information covering all cars registered in Sweden with third-party liability insurance at
If P&C insurance/Volvia was used. The analysis was performed using accident and exposure data for the years
2015-2017.

Data collection

Data including both car-to-pedestrian collisions and car-to-cyclist collisions in Sweden are continuously coded and
collected in two databases. For cars with third-party liability insurance at If P&C insurance/Volvia, all crashes
involving cyclists and pedestrians were coded using information from the claims. This means that a representative
set of data, ranging from very low-severity crashes to fatal crashes, is available. These data include crashes
sometimes not collected in, e.g. the national crash databases, because they are lower in severity or simply not
included in the collection criteria; however, even these situations can result in injuries for VRUs. Two examples
illustrate this point: the dooring situation, (defined as a single accident in police-reported accidents in Sweden) and
the frequent situation; car reversing hitting a pedestrian, that is not considered at all in official statistics.

In most cases, information about the crash situation was available for both the pre-crash and crash events between
car and pedestrian/cyclist. The pre-crash event was described by the conflict situation classification, if available, the
driver’s estimate of the car’s speed just before the accident; and whether the driver’s view was restricted. The crash
event was described by the point of impact and the impact direction for both the pedestrian/cyclist and the car during
the collision. This information was obtained from the claims form and descriptions by the driver and the
pedestrian/cyclist. To more fully describe each situation, environmental conditions (light and weather conditions and
road status), when (time of day) and where the collision occurred (urban or rural area), and demographics about the
driver and the pedestrian/cyclist were recorded. Personal injuries were coded using the Abbreviated Injury Scale
(AIS) [40].
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Exposure data

Exposure data were calculated for the Volvo car models included in the study, by summing up the number of
insured vehicle years (IVY): one car insured for one year is one insured vehicle year, two cars insured for half a year
each is equal to one insured vehicle year, etc. Crashes involving cars with the optionally mounted VRU ADAS were
identified and compared to crashes involving cars without the systems. For the Pedestrian ADAS detection system,
the total exposure was 490,000 vehicle years and for the Cyclist ADAS detection system it was 420,000 vehicle
years. For detailed information about the number of selected cases, see Tables 1 & 2.

System description: Pedestrian ADAS

The pedestrian detection technology (consisting of collision warning and autobrake system) was included in the
third generation of Volvo Cars’ collision avoidance system, available from 2010 (MY 2011) as an option in the
Volvo models S/V60. From MY 2012 it has been available in the V/XC70 and S80 models, and from MY 2013 in
the V40. Models introduced from 2015 on, starting with the new XC90, are equipped with the next generation of
collision warning and autobrake system as standard. The system uses a combination of a long-range radar and a
forward-sensing wide-angle camera that continuously monitors the area in front of the vehicle. For best
performance, the pedestrian detection needs a clear view of the person’s head, arms, shoulders, legs, and the upper
and lower parts of the body—and the person should be moving normally; Figure 1. If large parts of the pedestrian’s
body are not visible, the system cannot detect it. In the first version of the system, representing all cases included in
the study, the capacity for detecting a pedestrian in darkness was limited, but the version introduced in 2015
represents a great improvement. However, some contrast between the pedestrian’s silhouette and the background is
still needed for detection.

Figure 1. Examples of the clear body contours that the system regards as pedestrians, adapted from [41]

The pedestrian detection system will provide a warning and brake support in some of the situations when there is a
credible risk of an accident. If the driver does not intervene after the warning, and the collision threat becomes
imminent, intervention braking may automatically be applied to help slow down the car. Up to a speed of 80 km/h,
the system may autobrake for a pedestrian, and up to approximately 35 km/h the collision may be avoided
completely. In the most recent version, the system is able to reduce speed in up to 45 km/h in some car-to-pedestrian
critical situations.

System description: Cyclist ADAS

Cyclist ADAS was an available option in Volvo’s collision avoidance system starting in 2012 (MY 2013) in the
S/V60, V/XC70, XC60, S80, and V40 models. Like the pedestrian ADAS, this system has been a standard feature in
models introduced in 2015 and later, starting with the new XC90.
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Figure 2. Examples of clear body and bicycle outlines that the system regards as cyclists, adapted from [41-42]

For Cyclist ADAS, the technology is similar to the Pedestrian ADAS. To be able to recognize a cyclist, the system
will optimally be able to detect clear, distinct body and bicycle outlines; Figure 2. The first version of the system
was able to detect cyclists traveling in the same direction from behind; Figures 2.a & b. In the second generation of
the system, introduced in 2015, cyclists can also be recognized from a side view; Figure 2c.

Crash data

Volvo car models V40, S/V/XC60, V/XC70, S80 and S/V/XC90 were selected from the car-to-pedestrian and car-
to-cyclist crash databases, starting with the date Pedestrian ADAS and cyclist ADAS respectively were available for
these models.

Car-to-pedestrian crash data The car-to-pedestrian crash data contain 12 Pedestrian ADAS cars and 37 non-
Pedestrian ADAS cars, collected in Sweden between 2015 to 2017; Table 1.

Of the 12 car-to-pedestrian collisions in which the car was equipped with the Pedestrian ADAS system, six were
SCP situations (the pedestrian was crossing the road in front of the car, going straight). The other cases represent a
variety of situations: the car turned right as the pedestrian was crossing the road, a young boy was playing beside the
road and rolled out onto the road as the car approached, the car was going straight and the pedestrian was standing
still beside the road, and the pedestrian ran into the side of the car; in two cases, the car drove over the pedestrian’s
foot (one in a parking lot and one in a petrol station). In one case the car was reversing.

For cases with information of pre-crash factors, six occurred in daylight and four in darkness. In nine cases the
weather was clear, nine cases happened in urban areas and two in non-urban areas. There were two seriously injured
pedestrians, the remaining ten have moderate or minor injuries.

Of the 37 collisions with non-Pedestrian ADAS cars, 23 were SCP situations, in four cases the car was turning
before the collision with a pedestrian crossing the road. In one case the car hit a pedestrian standing still beside the
road. In two cases the car was moving forward in a parking lot when hitting the pedestrian, in one case the car
skidded before hitting two pedestrians. One case occurred on a motorway in the night. In four cases the car was
reversing.

Of the known pre-crash factors 19 of the cases occurred in daylight, 15 in darkness. It was clear weather in 24 of the
cases, in two it was raining. The main part, 33 of the collisions, occurred in urban areas. Four of these pedestrian
crashes were fatal, one pedestrian had a serious injury, in 11 of the cases the pedestrian had a moderate injury and
the rest have only minor injuries.

Car-to-cyclist crash data The car-to-cyclist crash data contains 27 cars with Cyclist ADAS and 56 cars without
the system (non-Cyclist ADAS) collected in Sweden between 2015 to 2017, Table2. Of the 27 cars with Cyclist
ADAS, only four cars had the updated version of the system where cyclists can also be recognized from a side view.

Of the 27 collisions involving cars with the Cyclist ADAS system, there were one case where the car and the cyclist
travelled in the same direction: the handlebar of the bicycle and the side of the car made contact. Of the remaining
cases, 19 were SCP situations (the car was going straight when the cyclist crossed the road in front, from either the
left or the right). Two of these cases occurred in a roundabout. In six cases, the car was turning right, and in one case
the car was turning left, and collided with a cyclist crossing the road.
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The majority of the cases occurred in urban areas, during daylight and in clear weather. None of the cyclists were
seriously injured.

Of the 56 collisions with non-Cyclist ADAS cars, three cases were same direction situations. Of these three cases
two occurred in a roundabout; in one case the car was overtaking the cyclist the handlebar of the bicycle touched the
side of the car, in the other case the car was running into the cyclist, diagonally when the cyclist was leaving the
roundabout. 31 of the collisions were SCP situations, 13 were situations where the car turned left or right before
colliding with a cyclist crossing the road. In eight cases, the car was not moving forward, in three of these cases the
car was reversing and five cases were dooring situations. The majority of these 56 crashes occurred in urban areas,
during daylight and in clear weather without seriously injured cyclists.

Statistical methods
The rate of car-to-pedestrian collisions was compared per 10,000 IVYs for cars with and without the Pedestrian
ADAS system.

The rate of car-to-pedestrian collisions for Pedestrian ADAS cars is defined as

RatePedestrian ADAS — (nPedestrian ADAS / IVYPedestrian ADAS) (1)

where n is the number of car-to-pedestrian collisions. The number of claims can be considered using a Poisson
distribution. Exact 95% Poisson confidence limits for the estimated rate were calculated as

Xz XZ
LCL = ZT‘T"‘/Z , UCL = 2(n+1)2, 1-a/2 @

The rate and confidence interval of pedestrian and car crashes for non-Pedestrian ADAS cars were defined
comparably.

To evaluate the effectiveness of the Pedestrian ADAS technology, Poisson regression was used to compare the car-
to-pedestrian collision rates per IVY for Pedestrian ADAS and non-Pedestrian ADAS cars. The calculations were
performed with PROC GENMOD (SAS Institute) [42], using a model with a logarithmic link function. Regression
models were constructed for the total number of pedestrian and car collisions. Rate ratios (RRs) were provided from
the output, together with 95% confidence limits. The system’s effectiveness (the reduction in crashes as a
percentage) was calculated as (1 — RR) * 100.

RESULTS

Car-to-pedestrian collisions:

The crash database contained 12 car-to-pedestrian cases involving Pedestrian ADAS cars and 37 cases with cars
without the system. Six of these cases where car-to-pedestrian straight crossing path (SCP) situations with
Pedestrian ADAS cars, and 23 where cars in SCPs without the system; Table 1.

Table 1.
Number of car-to-pedestrian collisions and insured vehicle years for cars with and without the pedestrian
detection system Pedestrian ADAS.

Number of collisions Number of collisions Insured vehicle years
all SCP
Pedestrian ADAS 12 6 142,627
non-Pedestrian ADAS 37 23 347,661
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The crash rate for car-to-pedestrian collisions per 10,000 IVYs, all conflict situations included, was 0.84 (95%
confidence interval [CI], 0.43, 1.47) for Pedestrian ADAS cars and 1.06 (95% CI, 0.75,1.47) for non-Pedestrian
ADAS cars. The rate was 21% lower (nonsignificant) for the Pedestrian ADAS cars (RR = 0.79, 95% CI, 0.41—
1.51).

When only SCPs were selected, the rate per 10,000 IVYs was 0.42 (95% CI, 0.15, 0.92) for Pedestrian ADAS cars
and 0.66 (95% CI, 0.42, 0.99) for non- Pedestrian ADAS cars. The SCP crash rate was 36% lower (nonsignificant)
for the Pedestrian ADAS cars (RR=0.64, 95% CI, 0.26—-1.57).

Car-to-cyclist collisions:

For car models XC90, S/V90 and S/V60 (introduced in 2015 and after), the system is now standard mounted with
the second generation of the system that is able to recognize cyclists in several conflict situations, see Figure 2. The
crash data contain 27 car-to-cyclist collisions involving Cyclist ADAS cars, of which only four have the second
generation of the system, and 56 collisions involving non-Cyclist ADAS cars; Table 2.

Table 2.
Number of car-to-cyclist collisions and insured vehicle years for cars with and without the cyclist detection
system Cyclist ADAS.

Number of collisions Number of collisions Insured vehicle years
all same-direction
Cyclist ADAS 27 1 133,916
non-Cyclist ADAS 56 1 285,012

The rate for all car-to-cyclist collision situations per 10,000 IVYs was 1.98 (95% CI, 1.58, 2.46).

Given that the same-direction conflict situation, targeted by the first generation of the Cyclist ADAS, accounted for
only 3 % of all car-to-cyclist crashes [10], no difference could be identified for this type of crash when cars with and
without the Cyclist ADAS system were compared.

DISCUSSION

Predictions based on virtual simulations as well as physical testing in specific test scenarios have promised traffic
safety improvements from VRU ADAS technologies [34-38]. The present study describes real-world follow-up
results in car-to-pedestrian collisions, providing preliminary confirmation of these predictions.

These results, although not significant, indicate that cars equipped with Pedestrian ADAS system reduced car-to-
pedestrian collisions by 21% when all types of conflict situations in the data were considered—and by 36% for the
SCP situation specifically. This is in line with a predictive estimation of the system’s performance made in 2010 that
suggested that 30% of the pedestrian crashes could be avoided, and that fatal crashes when the pedestrian is struck
by the front of a passenger car could be reduced by 24% [34]. A similar study predicted a reduction in fatally and
severely injured pedestrians of 40% and 27%, respectively, for a conceptual AEB system [35].

The performance of Cyclist ADAS in car-to-cyclist collisions was not investigated, since the dataset available
mainly covered the first generation of the system only targeting same-direction situations, (Figure 2a-b). This
conflict situation was not frequent in the dataset analyzed, nonetheless, the Cyclist ADAS illustrates one small, but
important, step towards car-to-cyclist crash avoidance functionalities. In the second generation of the Cyclist ADAS
introduced in Volvo car models in 2015, cyclists can also be identified from a side view (Figure 2c¢). Since more
than 40% of all car-to-cyclist collisions in Swedish data [10] are SCP situations, this second generation is expected
to perform substantially better.

This study is based on insurance data, covering all levels of crash severity and including situations — that are not
always covered in other crash databases with other selection criteria [8]. In general, results from performance
estimations depend on the methodology that was applied; how the analysis is implemented, which situations are
considered, and the representativeness of the input data. Thus, specific numbers need to be carefully interpreted. For
example, in this study, only situations where the car was driving forward are relevant and expected to be reduced.
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This is exemplified by the two results presented for Pedestrian ADAS. The overall car-to-pedestrian crash potential
consider all types of conflict situations also including crashes where the car was reversing, and taking this total
sample into account, 21 % of car-to pedestrian collisions were reduced. On the other hand, a specific evaluation of
the SCP situation, one of the target situations of the system, reveals a greater effect (36%), from the Pedestrian
ADAS.

Some limitations in this study should be mentioned. It was not possible to find any significant safety benefits
attributable to the ADAS systems in this study. The number of cars in traffic equipped with this functionality was
low in the first years after its introduction. Further, the accident rates of pedestrian and bicycle crashes with cars are
relatively low in Sweden, so it takes time before there are enough data available to study. As a comparison,
approximately 50 rear-end-frontal collisions occur per 10,000 IVYs—compared to one car-to-pedestrian and two
car-to-cyclist collisions for the same exposure. This was obvious when the collision warning and autobrake systems
were evaluated in 2016; there was only one crash for the cars equipped with the pedestrian detection feature, and no
crashes for the cars equipped with cyclist detection [32]. The possibility of achieving reliable performance
estimations will increase, since the systems are now standard features in all new Volvo models. Given the higher
frequency of VRU crashes in other regions of the world [1], it is suggested that research on the effectiveness of
advanced driver assistance systems also be performed in other countries.

This study did not evaluate a mitigation effect, i.e. when the system was activated and the speed (and thus the crash
severity) was reduced, but the crash was not completely avoided. In car-to-VRU crashes even slight reductions in
impact speeds have a large effect on the injury outcome for pedestrians and cyclists [12], so it is therefore suggested
that crash mitigation be included in future studies.

In this study, we found a clear indication that the first generation of Pedestrian ADAS is effective in reducing car-to-
VRU crashes, and it was suggested that more recent generations of both Pedestrian- and Cyclist ADAS will be even
more efficient in terms of traffic safety improvements for VRUs. Other countermeasures to reduce or mitigate car-
to-VRU injuries have been implemented, including: infrastructure measures [15, 44], consumer rating tests on
vehicles [36, 37], protective gear for cyclists [45], and motor-vehicle measures [19-23]. All of these initiatives
should be considered in order to maximize a long-term decrease in VRU injury rates.

CONCLUSIONS

To our knowledge, this is the first study to analyze real-world crash data in relevant situations to evaluate ADAS
systems targeting car-to-pedestrian and —cyclist collisions. Car-to pedestrian collisions were reduced by 21% when
all conflict situations were considered, and by 36% in the specific straight-crossing path conflict situation, for cars
equipped with Pedestrian ADAS. For Cyclist ADAS, the target situation in the first generation of the system only
cover a low share of car-to-cyclist collisions, and no performance estimation was made. Our results, albeit
nonsignificant, indicate that as more data become available, further improvements are foreseen in crash reduction
and mitigation for the vulnerable road users that share the road with motor vehicles.
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