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ENHANCING ROAD SAFETY FOR VULNERABLE ROAD USERS –  
THE ROLE OF AUTONOMOUS EMERGENCY BRAKING SYSTEMS 

 
Summary. Vulnerable road users are the largest group of road accident victims in the 

world. At the same time, it should be noted that most road accidents are caused by the 
motor vehicle driver. An opportunity to increase the level of road safety is emergency 
braking systems installed in vehicles. Their task is to detect the risk of a collision with 
another object, issue a warning to the driver and, in the absence of reaction, perform 
emergency braking. The publication presents the results of research conducted by the 
Motor Transport Institute as part of the PEDICRASH project. As part of the work, a series 
of tests of the autonomous emergency braking system were carried out to check unusual 
but probable cases of events in which it should work. The tests were carried out in a closed 
area using a few selected models of popular passenger car brands. An additional data 
acquisition system and dummies imitating vulnerable road users: pedestrians and cyclists 
were used. The constructions represent the silhouette of an adult person and meet the 
requirements of the Euro NCAP AEB Protocol. The time of the collision at the time of 
issuing a warning to the driver was analyzed. Assuming that the vehicle was moving 
uniformly, the distance from the obstacle was calculated at the time of issuing the warning 
and after the driver's reaction time (0.7 s and 1 s were assumed) from this signal. The 
deceleration necessary to brake the vehicle was calculated and it was determined whether 
the driver would have a chance to brake the vehicle before a pedestrian or a cyclist in a 
given situation. For cases in which the driver would not be able to brake in time, the speed 
of the vehicle with which it would hit the vulnerable road users was calculated. Possible 
injuries and accident costs were then estimated. 

 
 

1. INTRODUCTION 
 

The World Health Organization estimates that, each year more than 1.3 million people worldwide 
are killed in road traffic accidents. The number of injured people ranges between 20 and 50 million [1]. 
There are fewer accidents in the European Union than in other countries. Nevertheless, according to a 
European Eurostat report, 757,566 crashes resulting in injuries or death in the EU, UK, and EFTA 
countries were reported in 2020 [2]. This represents a decrease of 22% compared to 2010, which is still 
unsatisfactory to the goal that was assumed: “halving the overall number of road deaths in the European 
Union by 2020 starting from 2010 and moving as close as possible to zero fatalities in road transport by 
2050.” 

Long-term changes in the number of road fatalities in the EU 27 countries and three EFTA countries 
show a 37% decrease in 2020 compared to 2010. Despite this fact, in the European Union, 19,823 people 
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lost their lives on roads in 2021 [2]. Regardless of a decrease in the number of accidents causing injuries 
and fatalities of 39% in 2020 compared to 2010 [1], Poland is still at the top of the countries with the 
highest number of road accidents and their victims in Europe. It should also be noted that the significant 
decrease in the number of accidents and people injured in recent years was affected by the pandemic, 
which caused a reduction in the number of trips. 

On average, about 3,000 people die on Polish roads each year. About 40% of the victims are 
vulnerable road users (including pedestrians, cyclists, and motorcyclists). In 2021, 22,816 road accidents 
were reported to the police, in which 2,245 people died and 26,415 were injured (8,276 seriously) [3]. 
In Germany, Italy, and France, the numbers of road fatalities were higher than in Poland. However, these 
countries have much larger populations, and consequently, the number of fatalities per million 
inhabitants is much lower than in Poland. The values of this coefficient in Italy and France are very 
close to the EU average; in Germany, it is almost 30% lower. The number of fatalities per million 
inhabitants in Poland is 1.5 times higher than the average in the European Union [3]. 

Vulnerable road users account for a high proportion of victims across Europe. According to an ETSC 
[1] report, more than 51,300 pedestrians lost their lives on EU roads over the period from 2010 to 2018. 
The report indicates 19,450 cyclist victims in the same period. In 2018, 5180 pedestrians and 2160 
cyclists died in road accidents. This constitutes approximately 30% of all accident victims. It can be 
observed that the most common cause of death among pedestrians (99%) and cyclists (83%) was a 
collision with motor vehicles. In both groups, the largest number of victims were reported in cases of 
collisions with passenger cars and heavy goods transport vehicles.  

In 2021, 4755 accidents involving pedestrians were recorded in Poland (20.8% of the total), in which 
527 pedestrians died (23.5% of the total) and 4304 were injured (16.3% of the total). Events involving 
them are mainly classified as "running over a pedestrian." Other events in which a pedestrian was injured 
include, for example, a collision of two vehicles, driving the vehicle onto the sidewalk, driving into the 
shelter of a public transport stop, hitting a pole or a sign that overturned and hit the pedestrian, or the 
pedestrian contributed to a road accident without sustaining a bodily injury. 

Drivers of passenger cars are responsible for the largest number of accidents and fatalities in 
accidents involving vulnerable road users. Among accidents in which pedestrians were victims, the most 
common causes of accidents were failure to give way to pedestrians on pedestrian crossings (2,086 
accidents, 62.7% of all accidents involving pedestrians), in which 131 people died (50.4%) and 2029 
(63.8%) were injured. Other reasons include "failure to give way to a pedestrian when turning in other 
circumstances" (382 accidents, 11.5%) and incorrect reversing [3]. 

It can be noticed that most often accidents involving vulnerable road users occurred in built-up areas. 
However, the consequences of accidents taking place in non-built-up areas were more severe. Outside 
the built-up areas, pedestrians are less visible, especially in bad weather due to a lack of road 
illumination, and the speed of involved vehicles is typically higher. In addition, built-up areas are 
characterized by shorter travel times for emergency services, which is of key importance for the severity 
of accidents. The following paper presents research on the potential benefits of autonomous emergency 
braking (AEB) systems to the safety of vulnerable road users. The capability of such a system to detect 
vulnerable road users and react was verified. Also, it was checked if the system is capable of informing 
the driver giving the appropriate time-span for reaction. 

The human capabilities of reaction and the assumptions of vehicle physical processes of deceleration 
were described in Chapter 2, providing general background to the analysis performed in the next 
chapters. Chapter 3 introduces the methodology of the experiment and the main results. In Chapters 4 
and 5, the results and conclusions of the study are presented. 

 
 

2. HUMAN FACTORS IN ROAD ACCIDENTS 
 

2.1. Driver reaction time 
 

Driver reaction time is a key factor influencing traffic situations, especially accidents, and is 
responsible for part of the time it takes the car to stop. It has a critical significance for the consequences 
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of an accident while determining the vehicle speed of impact. Reaction time is defined as “the time 
during which the system or object (another participant of the traffic) responds to the transmitted signal 
(the time that passes from the activation of the stimulus to the moment of motion initiation)”. 

Taking into account the fact that accidents are most often caused by drivers, an important factor to 
be analyzed is the driver's reaction time. Reaction time is the time it takes for a system or object to 
respond to a given signal. Each of the processes related to perception and executive activities (reaction) 
takes place at a specific time. Thus, the reaction time consists of five partial times. 

The reaction time in traffic can be divided into several factors: 
• Reaction time. 
• The time of arousal in the receptor, which depends primarily on the concentration of attention 

and the ability to see peripherally. 
• The time of transferring the arousal to the central nervous system, which is related to the speed 

of sensory nerve conduction. 
• The duration of the arousal through the nerve centers and the formation of the executive signal. 

It depends primarily on the mobility of nervous processes and is the longest and most diverse 
parameter determining the reaction time. It largely depends on the degree of automation of the 
reaction habit, as well as its plasticity. Training, a high degree of mastering the technique of 
driving a vehicle, and good coordination of movements contribute to the reduction of this 
indicator. Thus, through exercise, it is possible to shorten the time. 

• The time of the transmission of the signal from the central nervous system to the muscle, which 
is related to the speed of conduction in the motor fibers. 

• The time of muscle stimulation, which leads to a change in its tension and the initiation of 
movement, is associated with, among others, the strength of muscle groups, as well as 
movement coordination, the ability to relax muscles not participating in movement. By 
practicing, it is possible to shorten this reaction time as well. 

In traffic psychology, one may find different distinctions in reaction time phases. According to the 
work of Bałaban [4] the reaction time might be divided into three phases. The work describes results 
from experimental studies given for 85–95% of the population and analyzing individual phases 
separately: 

• Perception time, which is associated with the perception of the stimulus. Perception time varies 
due to several sub-factors like the position of the object in the driver’s field of view which in 
traffic might be another participant of the traffic or an obstacle, the contrast between the object 
and the background, and the relative movement of this object. Perception time ranges from  
0–0.7 s. 

• The time required to recognize the object and make a decision, which is affected by the 
performance of other activities (regardless of whether they are driving- or non-driving-related). 
This time ranges from 0.2–0.6 s.  

• Physical reaction, also known as motoric time, which is the interval from the initiation of 
movement to its end [5]. The start point the moment of initiation of a physical reaction is taken 
into account, which might occur as a change of tension or muscle stimulation. It differs largely 
due to a characteristic of the maneuver to be performed but was evaluated from 0.25–0.7 s for 
braking maneuvers, and 0.2 s for turning. 

Basic reaction time may be preceded by peripheral perception time when an obstacle appears beyond 
the driver's line of sight. When assessing solutions dedicated to protecting vulnerable road users, the 
benefits and costs associated with installing devices to detect pedestrians and braking autonomously are 
estimated in order to prevent or reduce speed in the event of a collision with a pedestrian. This aspect 
was addressed by Edwards et al. [6]. 

Reaction time depends also on the expectations of the driver and his/her attentiveness. Reaction time 
is assumed to be 0.5–0.8 s if the driver expects danger and 0.7–0.9 s if they do not expect the danger but 
drive attentively. Reaction times rise to 1.4–1.9 s [4] if the driver drives the vehicle carelessly. It is 
generally assumed that the average driver’s reaction time to the sudden appearance of an obstacle or 
object on the road is 0.7–1.0 s, which is based on the results of experimental studies. People with special 
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mental predispositions, when well-rested and concentrated on the task, can shorten this time by about 
0.3 s in repeatable measurements. 

Table 1 
Driver reaction times when braking, depending on the location of the object in the driver's field of 

vision (concentration) [7] 
 

 Reaction time [s] 
 For 2% of population Mean For 98% of population 

An obstacle in the field 
of concentration 0.47 0.84 1.34 

The deviation from the 
central field is 5° 0.79 1.32 0.89 

At a deviation of more 
than 5° 0.88 1.45 2.04 

 
The driver's reaction time also depends on the degree of surprise of the situation (appearance of the 

stimulus). For 85–95% of the population, the average reaction time values are in the following ranges 
[5]: 

• 0.7–0.9 s in case of a simple event, 
• 1.0–1.2 s in case of an expected event, 
• 1.3–1.5 s in case of an unexpected event. 

As the vehicle speed increases, the share of the reaction time in the total stopping time of the vehicle 
decreases. Still, at a speed of 130 km/h, it constitutes more than 1/4 (26.6%) of this time. At lower 
speeds, this share is more significant; at a speed of 40 km/h, it is half of the stopping time. An important 
element from a psychophysiological point of view that affects reaction time is the efficiency of the 
nervous system. It enables the reception of stimuli coming from the environment and the transfer of the 
appropriate response to them. 

According to the expected reaction times, the safety systems designed to issue a warning to the driver 
should provide enough time for a reaction. Otherwise, their use would not provide the expected benefits. 
The verification of this capability is one of the goals of this article. 
 
2.2. Vehicle deceleration level 
 

In addition to the driver's reaction time, an important factor influencing braking distance is the 
achievable deceleration level of the vehicle. Different values of this variable can be found in the 
literature, depending on whether braking is assisted by an emergency braking system or AEB. The 
research by Nils Lubbe [8] determined the values of drivers' reaction times and the values of drivers' 
braking coefficients after issuing a warning about a collision with a pedestrian. The publication 
compares different types of messages (audio-visual, audio-visual-haptic, heads-up display). A driving 
simulator was used for the tests. The scenario involved driving in city traffic at a constant speed of  
30 km/h. In addition, the drivers were given tasks that distracted them significantly. Most of the drivers 
(90%) exceeded a maximum deceleration of 3.6 m/s2 and a jerk of 5.3 m/s3 [8]. 

In the publication of Anderson et al., 104 accidents were reconstructed to determine the potential 
effectiveness of the emergency braking system. The results show that when the driver starts braking 
after receiving a warning, the system increases the braking intensity to the maximum value. The 
experiment determined the value of the driver's braking intensity at the level of 0.7 g and 0.8 g when 
braking is assisted by the system [9]. Some manufacturers provide maximum braking up to 1.0 g [10]. 
The constant g is the acceleration due to gravity, which is 9.81 m/s2. 

Some literature items assume a vehicle deceleration of about 6 m/s2. This value is used, for example, 
in tests conducted by NCAP [11]. The NHTSA study [12] presents the results of research conducted on 
100 drivers. It was shown that the highest value of the driver’s braking deceleration was 0.74 g  
(7.26 m/s2) for near-collision situations. For 58% of the tested drivers in this situation, the deceleration 
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level was 0.7 g (6.87 m/s2). Taking into account the analysis of the above sources, in this paper, 
calculations were made for two boundary values of the braking intensity: 0.61 g (6 m/s2) and 0.7 g. 

In the literature, a vehicle deceleration of about 6 m/s2 may also be found. This value is used, for 
example, in tests conducted by NCAP [13]. The NHTSA study [12] presents the results of research 
conducted on 100 drivers. It was shown that the highest value of the driver's braking deceleration was 
0.74 g (7.26 m/s2) for near-collision situations. For 58% of the tested drivers in this situation, the 
deceleration level was 0.7 g (6.87 m/s2). 

Taking into account the analysis of the above sources, in this paper calculations were made for two 
boundary values of the braking intensity: 0.61g (6m/s2) and 0.7g. 

 
2.3. Opportunities to increase the level of safety of vulnerable road users – Autonomous 

emergency braking 
 

Edwards et al. [14] conducted a study to assess the potential benefits of advanced emergency braking 
systems for pedestrian safety in Europe, specifically focusing on the UK and Germany as representative 
cases. The analysis covered fatalities as well as severely and minor injured victims. The methodology 
involved analyzing the impact velocity distribution in pedestrian-car accidents and estimating the 
potential reduction in fatalities and injuries with the implementation of various types of AEB systems. 
These systems ranged from currently available ones to future performance-enhanced versions, as well 
as a reference system representing the best technically feasible option. 

In both the UK and Germany, the estimated annual benefits varied depending on the type of AEB 
system installed, ranging from £119 million to £385 million for the UK and from €63 million to €216 
million for Germany. Sensitivity analyses indicated that these estimates could fluctuate significantly 
based on factors like nighttime operation and assumed road friction, potentially doubling or halving the 
nominal benefits. By extrapolating these findings to the broader European context, the study estimated 
that implementing pedestrian AEB systems across all cars in Europe could yield annual benefits ranging 
from approximately €1 billion to €3.5 billion, depending on the sophistication of the system. To ensure 
cost-effectiveness, the study suggested that the cost per car for implementing such systems should 
ideally be less than €80–280 based on the number of new passenger cars registered in Europe each year. 

 
2.4. Accident costs in Poland 

 
When addressing vulnerable road users’ safety the main outcome is commonly a decrease in the 

number of caused fatalities or accidents. A second important factor that is frequently undervalued is a 
decrease in the severity of the accident. There is no worldwide standard method for measuring the 
severity of crashes, but in the literature, the Abbreviated Injury Scale (AIS) [15] is frequently used to 
objectively describe the probability of the effects of accidents in terms of injuries. The AIS provides an 
internationally accepted tool for ranking injury severity that classifies an individual injury by body 
region according to its relative severity on a 6-point scale (1 = minor and 6 = maximal). In traffic 
accidents analysis, the “3+” AIS score (injuries scored from 3 to 6) is normally used to describe severe 
injuries, which is incorporated in examples in road safety strategies [16] as a reference for injuries in 
traffic incidents. Some publications provide more in-depth analyses [17] but are not of common use in 
traffic accident analysis.  

AIS3+ is used in several publications [18, 19, 20] to determine the probability model of accident 
severity depending on the vehicle speed. Besides deficiencies of the impact speed–fatality probability 
relationships model described in the work of Jurewicz et al. [21], it is broadly accepted and used as a 
valid model for the simulation of accident effects [22, 23, 24, 25, 26]. The results of some studies show 
that three factors affect actual accident severity: the impact speed [eg. 27], properties of pedestrians 
[28,29], and properties of vehicles [30]. However, when modeling the problem, these are commonly 
generalized to the effect of impact speed. In this chapter, the authors use the AIS3+ model described by 
Wramborg [16] to assess the potential reduction of accident societal costs due to the use of collision 
warning systems analyzed in field studies. 
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In Poland, AIS classification is not commonly used, and there are no sources that refer to injury 
severity in terms of societal costs of accidents. In line with Polish regulations, and according to 
commonly accepted methodology, the costs of accidents in Poland are assessed with the willingness-to-
pay method applied by Jaździk-Osmólska [31]. A recent report from 2021 assessed individual costs on: 

• Fatal – 2.6 mln PLN – ca. 554,000 EUR 
• Severely injured – 3.5 mln PLN – ca. 764,000 EUR 
• Lightly injured – 51,300 PLN – ca. 11,000 EUR 
• Material losses – 4700 PLN – ca. 1000 EUR 
In further analyses, it is assumed that severely injured in an accident is adequate to AIS3+ while 

definitions in both scales are close to each other. 
 
 

3. EVALUATION OF AEB EFFECTIVENESS 
 

3.1. Method 
 

Studies conducted by the institute on the effectiveness of the AEB system in the context of vulnerable 
road users are described in the publication by Ucińska and Pełka [32]. This article also includes a 
detailed description of the system's operation and limitations, as well as an analysis of the research so 
far. It should be noted that the current level of technological advancement mostly provides support for 
the driver in performing individual steering activities.  

The task of the system is to warn the driver of impending danger and to apply the brakes only in a 
critical situation. This article presents the results of the analyses carried out in the context of the driver's 
reaction possibilities in the event of not noticing the danger and receiving a warning from the system.  

The research was conducted in a closed test track. Several selected models of popular passenger cars 
offering integrated driver assistance systems in the field of reducing the consequences of incidents 
involving vulnerable road users were used. The vehicles in this study were anonymized due to the 
conditions of the project. The vehicles were equipped with an additional data acquisition system, 
enabling registration of events (recording of visual and audible warnings inside the cabin) and 
measurement of vehicle parameters such as speed and exact position. The test runs took place on an 
asphalt surface with a total length of 5 km. Horizontal and vertical markings were placed on one of the 
1400-m-long and 15-m-wide segments. 

For the proper performance of the tests, it was necessary to provide high-class mock-ups imitating 
people. For this purpose, a pedestrian dummy and a cyclist dummy were purchased. Both designs 
represent an adult person and meet the requirements of the Euro NCAP AEB Protocol [11]. Mock-ups 
are made of light, foam construction together with the pneumatic elements of all components of the set, 
minimizing the risk of damage to the car body in the event of incorrect operation of the safety system 
[33, 34, 12].  

Based on the theoretical implications, the following research hypotheses were formulated:  
1. The emergency braking system should detect the risk of a collision with a vulnerable road user 

and warn the driver  
2. An appropriate message (sound, visual) should be issued in time allowing the driver to react. 
The AEB system was subjected to a series of tests. Two research scenarios were prepared, differing 

in terms of the location of the obstacle (reaction to obstacles located in a collision with the vehicle and 
the type of obstacle): (1) a static pedestrian dummy and (2) a cyclist dummy. In both experiments, the 
dummies were situated in front of an approaching vehicle, in the middle of the 3.5-m-wide lane. The 
dummies were static. In the experiment on the test track, the driving tests were conducted by two trained 
test drivers whose task was to perform strictly defined maneuvers (repeatably in subsequent vehicles) 
according to previously prepared research scenarios. The drivers performed the tests in a range of 
permissible traffic speeds, following strict procedures of vehicle speed and driving direction 
stabilization to guarantee comparability. The tests were performed in the daytime during good lighting 
conditions and without any circumstances that might affect system performance.  
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The tests carried out for the AEB included the following: 
Scenario 1: Straight road, static pedestrian mockup standing on the road (collision-causing)  
Scenario 2: Straight road, static cyclist mockup standing on the road (collision-causing) 
 

 
Fig. 1. Test situations for Scenarios 1 and 2 

 
The scenario was repeated several times for each of the selected vehicles. Due to the differences in 

the operation of the AEB system, each time the driver changed the vehicle, the test run began with 
covering the initiating section lasting at least two minutes of driving. This was the time needed to 
stabilize the track and speed. During tests, the drivers stabilized the vehicle speed and lane position on 
the straight section of about 500 m that preceded the dummy position. The position of the dummy was 
planned to activate the AEB system in the vehicle during each passing.  

 
3.2. Results 

 
In performing further analysis, the exact speed and position of the vehicle were taken into account 

based on the GPS-RTK measurement unit. The distance from the obstacle was calculated at the moment 
of issuing the warning assuming that the vehicle was moving at a constant speed equal to the speed when 
the audible warning was issued. Also, the calculation of distance after 0.7 and 1 s from this signal was 
made on this basis. First, the calculations were made for the tests in which the time to the collision was 
greater than or equal to the shortest reaction time of the driver (i.e., 0.7 s). Then, it was assumed that 
after the reaction time elapsed, the driver would brake. The values of the achievable inhibition 
coefficients were adopted based on the literature analysis. Two cases were considered: braking intensity 
at the level of 6 m/s2 and 6.87 m/s2. On this basis, it was calculated whether the driver would have a 
chance to brake the vehicle and avoid a collision with a vulnerable road user. If the driver did not manage 
to brake in time, the collision speed was calculated. 

For Scenario 1, full data was obtained from 16 trials. In 12 of them, an audible warning was 
generated, which means that a threat was recognized. It should be noted that the driver’s alert generation 
times varied significantly from one vehicle to another. According to the results presented in Table 2, 
assuming that the driver's reaction time was 0.7 s and the maximum possible deceleration level was  
6 m/s2, only in three out of 12 (25%) cases would the driver have a chance to brake completely in front 
of a pedestrian. With a deceleration of 6.87 m/s2, the collision would not have occurred in four out of 
12 attempts (33.33%). In other cases, there would have been a collision with a pedestrian. Depending 
on the time left for the reaction, the impact speed ranged from 0.32 m/s (1.15 km/h) to even 4.31 m/s  
(15.52 km/h). For the assumed reaction time of 1 s, only in one case, with the assumed deceleration of 
0.7 g (6.87 m/s2), would the driver be able to brake in front of the pedestrian. In other situations, for 
both values of deceleration, there would be a collision with a pedestrian. Impact velocities ranged from 
0.08 m/s to 4.81 m/s (17.32 km/h). 

Tables 4 and 5 show the results for Scenario 2. 
In Scenario 2, 13 trials were obtained. In 12 of them, an audible warning was obtained. The results 

of 12 runs were analyzed. As in Scenario 1, for eight attempts, the time to collision at the moment of 
the warning occurrence was longer than 1 s, which gave the driver a chance to react. The results of the 
conducted analyses, therefore, show that the majority of vehicles correctly recognized the pedestrian 
dummy and took the correct reactions, in line with the driver's expectations. 
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       Table 2 
Results for Scenario 1 – Reaction time: 0.7 s  

 

V
eh

ic
le

 

M
es

sa
ge

 ty
pe

 

V
1 

[k
m

/h
]  

V
1 

[m
/s]

 

D
ist

an
ce

 [m
] 

Ti
m

e 
to

 
co

lli
sio

n 
[s

] 

D
ist

an
ce

 to
 

co
lli

sio
n 

af
te

r 
0,

7s
 [m

] 

D
ec

el
er

at
io

n 
[m

/s^
2]

 

C
ol

lis
io

n 
sp

ee
d 

fo
r 

re
ac

tio
n 

tim
e 

1s
 [m

/s
]  

D
ec

el
er

at
io

n 
[m

/s^
2]

 

C
ol

lis
io

n 
sp

ee
d 

fo
r 

re
ac

tio
n 

tim
e 

0,
7s

 [m
/s

] 

A Auditory 14.2 3.94 4.4 1.1 1.64 6 1.54 6.87 1.20 

B 
Auditory 8 2.22 1 0.5 Collision - 2.22 6.87 2.22 

Auditory 10.9 3.03 3.9 1.3 1.78 6 Collision 
avoided 6.87 Collision 

avoided 

C 

Auditory 9.9 2.75 BD BD BD BD BD 6.87 2.75 

Auditory 14.1 3.92 5.2 1.3 2.46 6 0.32 6.87 Collision 
avoided 

Auditory 18.6 5.17 7.4 1.4 3.78 6 0.97 6.87 0.36 

D 

Auditory 7.1 1.97 0.4 0.2 Collision - 1.97 1.97 1.97 
Auditory 9.6 2.67 BD BD BD - BD 6.87 2.67 
Auditory 17.3 4.81 3.7 0.8 0.34 6 4.21 6.87 4.21 
Auditory 15.5 4.31 3.1 0.7 0.00 - 4.31 6.87 4.31 

E 

Auditory 9.1 2.53 3.1 1.2 1.33 6 Collision 
avoided 6.87 Collision 

avoided 

Auditory 15.4 4.28 7.1 1.7 4.11 6 Collision 
avoided 6.87 Collision 

avoided 
Auditory 15.6 4.33 4.4 1 1.37 6 2.53 6.87 2.27 
Auditory 24.7 6.86 9.9 1.4 5.10 6 2.66 6.87 2.05 

 
Table 3 

Results for Scenario 1 – Response time: 1 s  
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A Auditory 14.2 3.94 4.4 1.1 0.46 6 3.34 6.87 3.26 

B 
Auditory 8 2.22 1 0.5  6 2.22 6.87 2.22 

Auditory 10.9 3.03 3.9 1.3 0.87 6 1.23 6.87 0.97 

C 

Auditory 9.9 2.75 BD BD BD 6  6.87  

Auditory 14.1 3.92 5.2 1.3 1.28 6 2.12 6.87 1.86 

Auditory 18.6 5.17 7.4 1.4 2.23 6 2.77 6.87 2.42 

D 

Auditory 7.1 1.97 0.4 0.2  6 1.97 6.87 1.97 
Auditory 9.6 2.67 BD BD BD 6  6.87 2.67 
Auditory 17.3 4.81 3.7 0.8  6 4.81 6.87 4.81 
Auditory 15.5 4.31 3.1 0.7  6 4.31 6.87 4.31 

E 

Auditory 9.1 2.53 3.1 1.2 0.57 6 1.33 6.87 1.15 

Auditory 15.4 4.28 7.1 1.7 2.82 6 0.08 6.87 Collision 
avoided 

Auditory 15.6 4.33 4.4 1 0.00 6 4.33 6.87 4.33 
Auditory 24.7 6.86 9.9 1.4 3.04 6 4.46 6.87 4.11 
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Table 4 
Results for Scenario 2 – reaction time: 0,7 s  
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A Auditory 14.7 4.08 4.6 1.1 1.74 6 1.68 6.87 1.34 

B 
Auditory 9.3 2.58 3.1 1.2 1.29 6 Collision 

avoided 6.87 Collision 
avoided 

Auditory 15.5 4.31 5.1 1.2 2.09 6 1.31 6.87 0.87 
Auditory 22.1 6.14 7.4 1.2 3.10 6 3.14 6.87 2.70 

C Auditory 12.4 3.44 3.6 1 1.19 6 1.64 6.87 1.38 
Auditory 26.5 7.36 9.9 1.3 4.75 6 3.76 6.87 3.24 

D 
Auditory 9.3 2.58 1.8 0.7   2.58  2.58 
Auditory 12.5 3.47 2.1 0.6   3.47  3.47 
Auditory 19.3 5.36 3 0.6   5.36  5.36 

E 

Auditory 10.3 2.86 4.3 1.5 2.30 6 Collision 
avoided 6.87 Collision 

avoided 

Auditory 15 4.17 6.6 1.6 3.68 6 Collision 
avoided 6.87 Collision 

avoided 
Auditory 24.6 6.83 10.7 1.6 5.92 6 1.43 6.87 0.65 

 
Table 5 

Results for Scenario 2 – reaction time: 1 s  
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A Auditory 14.7 4.08 4.6 1.1 0.52 6 3.48 6.87 3.40 

B 

Auditory 9.3 2.58 3.1 1.2 0.52 6 1.38 6.87 1.21 

Auditory 15.5 4.31 5.1 1.2 0.79 6 3.11 6.87 2.93 

Auditory 22.1 6.14 7.4 1.2 1.26 6 4.94 6.87 4.76 

C 
Auditory 12.4 3.44 3.6 1 0.16 6 3.44 6.87 3.44 

Auditory 26.5 7.36 9.9 1.3 2.54 6 5.56 6.87 5.30 

D 
Auditory 9.3 2.58 1.8 0.7  6 2.58 6.87 2.58 
Auditory 12.5 3.47 2.1 0.6  6 3.47 6.87 3.47 
Auditory 19.3 5.36 3 0.6  6 5.36 6.87 5.36 

E 

Auditory 10.3 2.86 4.3 1.5 1.44 6 Collision 
avoided 6.87 Collision 

avoided 

Auditory 15 4.17 6.6 1.6 2.43 6 0.57 6.87 0.04 

Auditory 24.6 6.83 10.7 1.6 3.87 6 3.23 6.87 2.71 
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However, special attention should be paid to the time to collision in which warnings are generated. 
Despite the very low speeds of about 9–25 km/h, in the absence of braking from the AEB system, in 
most cases, the driver would not have a chance to stop in front of a pedestrian. For a reaction time of 
0.7 s, only four out of 12 (33.33%) cases would avoid a collision. With a reaction time of 1 s, avoiding 
a collision would be possible only in one case. 

The dataset was analyzed for three variants: (1) when the driver has a reaction time of 1 s, (2) when 
the driver has a reaction time of 0.7s, and (3) when the system reacts imminently itself.  

The results show that for 1 s driver reaction time, 35.7% of samples do not change the result of the 
incident. For 0.7 s driver reaction time, 28.6% of samples do not give a chance for reaction. For 1 s 
reaction time, the mean reduction of accident cost is 10,650 EUR, while for 0.7 s it is 27,300 EUR. For 
the automatic braking system, it is 72,600 EUR.  

On the basis of these results, the calculation of the possible impact on the cost of the accidents was 
calculated. The calculation was made taking into account a possible model of the changes in the 
characteristic of damage depending on the vehicle speed. For calculations, the unit costs for different 
events were calculated with the possible probability of their occurrence based on the Polish unit costs 
of accidents presented in Chapter 2. The results were analyzed for all cases taken in both scenarios, 
dividing into cases with the 0.7-s reaction time of the driver, and with the 1-s reaction time. Additionally, 
the case in which the system would not provide the warning but would automatically start braking was 
calculated. The results of the calculations are presented in Fig. 2. 

 

 
 
Fig. 2. Comparison of calculations of accident costs for braking intensities of 6.00 m/s2 and 6.87 m/s2 

 
The results show the potential change in accident costs due to the use of a collision warning system. 

The conducted estimations indicate the possibility of reducing the effects—and, thus, the costs—of 
accidents by 12–16% in the case of the driver's reaction within 1 s, respectively, for the braking 
intensities of 6.00 m/s2 and 6.87 m/s2 and 32–36% in the case of a reaction within 0.7s. This indicates 
the possibility of obtaining measurable system benefits from the introduction of systems warning about 
a possible collision. It should be noted, however, that the greatest benefits—between 86 and 89%—
would come from automatically braking the vehicle instead of alerting the driver. In near-collision 
situations, the driver's reaction time is an extremely important factor, which significantly reduces the 
potential benefits of using the system. 
 
3.3. Results discussion 

 
The following research hypotheses were verified in the publication: 

• The emergency braking system should detect the risk of a collision with a vulnerable road 
user and warn the driver. 

• An appropriate message (sound, visual) should be issued in time for the driver to react. 
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The results show that Hypothesis 1 was supported. In most cases (12/16 in Scenario 1 and 12/13 in 
Scenario 2), vehicles detected a vulnerable road user and generated a warning. 

Hypothesis 2 was rejected. In most cases, the warnings appeared so late that the driver would not be 
able to brake the vehicle completely. 

 
 

4. CONCLUSIONS 
 

Despite technological developments, the human factor, including the driver's reaction time and the 
achievable braking intensity, remain key aspects of the level of road safety. Despite manufacturers' 
declarations and marketing materials, advanced driver assistance systems do not relieve the driver of 
their responsibilities. The driver remains responsible for all vehicle controls and road safety. The 
research findings show that the AEB system did not activate the warning in some cases, which will 
result in an accident without driver vigilance. 

Additionally, despite similar trade names and purposes of usage, the way the systems operate, their 
sensitivity, and the timing of the driver alert varies significantly from manufacturer to manufacturer. All 
vehicles were tested in the same conditions, so the influence of weather and road conditions on the test 
results should be excluded. For this reason, it seems necessary to have broad access to information and 
sensitize potential users to the way systems operate and their limitations depending on the manufacturer. 
Currently, most users assume the same operation of systems with similar functionality. Another solution 
to this issue might be the broad standardization of systems, especially in aspects of the human-machine 
interface to provide effective and unambiguous communication and minimal circumstances of use (the 
so-called operational domain). Standardization guarantees the reliable use of systems in predefined 
conditions that will be understandable to users.  

Although the results show significant benefits due to using warning systems and the potential 
reduction of accident costs of 14–34%, depending on possible driver reaction times on the current state 
of the advancement, further development of these systems should be provided to maximize these 
benefits. In the case of autonomous braking, the potential for reductions in accident costs (as well as the 
overall number of accidents and victims) is much higher (more than 85%). Continuous research and 
development of vulnerable road users-focused safety systems is also necessary regarding the potential 
use of fully autonomous vehicles, which will need to perform accordingly in similar traffic situations.  

Therefore, currently, only the conscious and safe use of driver assistance systems can reduce the 
number of road accident victims, especially those involving vulnerable road users. The analyses 
presented in this publication show that the use of systems detecting vulnerable road users on a large 
scale will contribute to a significant reduction in the costs of road accidents. Further tests and 
developments of autonomous braking systems regarding vulnerable road users are necessary to improve 
their effectiveness and to provide a sufficient level of reliability for automated vehicle use.  

 
 

References 
 

1. PIN Flash Report. How safe is walking and cycling in Europe? 2020. Available at: 
https://www.who.int/data/gho/data/themes/road-safety. 

2. European Road Safety Observatory. Road safety targets monitoring report 2021. Reporting period 
2010-2020. 2021. Available at: https://road-safety.transport.ec.europa.eu/statistics-and-
analysis/data-and-analysis/annual-statistical-report_en. 

3. Wypadki drogowe w Polsce w 2021 roku. Komenda Główna Policji, Biuro Ruchu Drogowego. 
2022. [In Polish: Road accidents in Poland in 2021. National Police Headquarters, Road Prevention 
and Traffic Office, Road Traffic Department. 2022]. 

4. Bałaban, W. Czas reakcji i czas motoryczny w ruchach sportowca. 2009. Available at: 
http://www.nbuv.gov.ua/portal/soc_gum/ppmb/texts/2009_10/09bowtam.pdf [In Polish: Bałaban, 
W. Reaction time and motor time in sportsman's movements. 2009]. 

https://www.who.int/data/gho/data/themes/road-safety
https://road-safety.transport.ec.europa.eu/statistics-and-analysis/data-and-analysis/annual-statistical-report_en
https://road-safety.transport.ec.europa.eu/statistics-and-analysis/data-and-analysis/annual-statistical-report_en
http://www.nbuv.gov.ua/portal/soc_gum/ppmb/texts/2009_10/09bowtam.pdf


106                                                                                                 M. Pełka, M. Ucińska, M. Kruszewski 
 
5. Unarski, J. Wypadki w warunkach ograniczonej widoczności. W: Wypadki drogowe. Vademecum 

biegłego sądowego. Wierciński, J. & Reza, A. (red.). Kraków: Wydawnictwo Instytutu Ekspertyz 
Sądowych. 2002. [In Polish: Unarski, J. Accidents in conditions of limited visibility. In: Road 
accidents. Forensic expert handbook. Wierciński, J. & Reza, A. (eds.). Kraków: Publishing House 
of the Institute of Forensic Expertise. 2002]. 

6. Edwards, M. & Nathanson, A. & Wisch, M. Estimate of potential benefit for Europe of fitting 
Autonomous Emergency Braking (AEB) systems for pedestrian protection to passenger cars. 
Traffic injury prevention. 2014. No. 15. P. 173-182. 

7. Unarski. J. Wypadki drogowe. Vademecum biegłego sądowego. Instytut Ekspertyz Sądowych. 
Kraków. P. 480-481. [In Polish: Unarski J. Road accidents. Handbook of a forensic expert. Institute 
of Forensic Expertise. Cracow. P. 480-481]. 

8. Lubbe, N. Brake reactions of distracted drivers to pedestrian Forward Collision Warning systems. 
Journal of Safety Research. 2017. Vol. 6(1). P. 23-32. 

9. Anderson, S. & Doecke, J. & Mackenzie G.P. Potential benefits of autonomous emergency 
breaking based on in-depth crash reconstruction and simulation. NHTSA. Available at: 
https://www-esv.nhtsa.dot.gov/proceedings/23/files/23ESV-000152.PDF. 

10. Jeppsson, H. & Östling, M. Real life safety benefits of increasing brake deceleration in car-to-
pedestrian accidents: Simulation of Vacuum Emergency Braking Author links open overlay panel. 
Accident Analysis & Prevention. 2018. Vol. 111. P. 311-320. 

11. Euro NCAP. Test protocol – AEB VRU systems. Version 3.0.3. 2020. Available at: 
https://cdn.euroncap.com/media/58226/euro-ncap-aeb-vru-test-protocol-v303.pdf. 

12. NHTSA, Analyses of Rear-End Crashes and Near-Crashes in the 100-Car Naturalistic Driving 
Study to Support Rear-Signaling Countermeasure Development. 2007. Available at: 
https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/analyses20of20rear-end20crashes20and20near-
crashes20dot20hs2081020846.pdf. 

13. Euro NCAP. Test protocol – AEB systems. 2017. Available at: 
https://cdn.euroncap.com/media/26996/euro-ncap-aeb-c2c-test-protocol-v20.pdf.  

14. Edwards, M. & Nathanson, A. & Wisch, M. Estimate of potential benefit for Europe of fitting 
Autonomous Emergency Braking (AEB) systems for pedestrian protection to passenger cars. 
Traffic Inj Prev. 2014. Vol. 15. Suppl 1. P. 173-182. DOI: 10.1080/15389588.2014.931579. 

15. Association for the advencement of automotive medicine. Abbreviated Injury Scale. 2015. AAAM. 
Des Plaines, IL, USA. 

16. Wramborg, P. A new approach to a safe and sustainable road structure and street design for urban 
areas. Swedish National Road and Transport Research Institute (VTI) on Road safety on four 
continents conference. 2005. 12 p. 

17. Martin, J. & Lardy, A. & Laumon, B. Pedestrian injury patterns according to car and casualty 
characteristics in France. Ann Adv Automot Med. 2011. Vol. 55. P. 137-146. PMCID: PMC3256841 
PMID: 22105391. 

18. MONASH University Policy Paper. Pedestrian crash risk and injury outcomes and their 
relationship with vehicle design. 2011. Available at: https://www.monash.edu/__ 
data/assets/pdf_file/0016/1045222/Pedestrian-crash-risk-and-injury-outcomes-relationship-with-
vehicle-design.pdf. 

19. Rosén, E. & Stigson, H. & Sander, U. Literature review of pedestrian fatality risk as a function of 
car impact speed. Accident Analysis & Prevention. 2011. Vol. 43. No. 1. P. 25-33. 

20. Tefft, B.C. Impact speed and a pedestrian’s risk of severe injury or death. Accident Analysis & 
Prevention. 2011. Vol. 50. No. 1. P. 871-878. 

21. Jurewicz, Ch. & Sobhani, A. & Woolley, J. & Dutschke, J. & Corben, B. Exploration of vehicle 
impact speed – injury severity relationships for application in safer road design. Transportation 
Research Procedia. 2016. Vol. 14. P. 4247-4256.  

22. Anderson, R.W.G. & McLean, A.J. & Farmer, M.J.B. & Lee, B.H. & Brooks, C.G. Vehicle travel 
speeds and the incidence of fatal pedestrian crashes. Accident analysis and Prevention. 1997. 
Vol. 29. P. 667-674. 

https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/analyses20of20rear-end20crashes20and20near-crashes20dot20hs2081020846.pdf
https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/analyses20of20rear-end20crashes20and20near-crashes20dot20hs2081020846.pdf
https://cdn.euroncap.com/media/26996/euro-ncap-aeb-c2c-test-protocol-v20.pdf
https://www.monash.edu/__


Enhancing road safety for vulnerable road users…                                                                              107 
 
23. Richards, D.C. Relationship between speed and risk of fatal injury: pedestrians and car occupants. 

Road Safety Web Publication. Transport Research Laboratory. 2010. No. 16. Available at: 
https://nacto.org/docs/usdg/relationship_between_speed_risk_fatal_injury_pedestrians_and_car_o
ccupants_richards.pdf 

24. Davis, G.A. Relating severity of pedestrian injury to impact speed in vehicle pedestrian crashes. 
Transportation Research Record. 2001. No. 1773. P. 108-113. 

25. Pasanen, E. Driving Speeds and Pedestrian Safety. A Mathematical Model. Helsinki University of 
Technology, Transport Engineering. 1992. 

26. Rosén, E. & Sander, U. Pedestrian fatality risk as a function of car impact speed. Accident Analysis 
and Prevention. 2009. Vol. 41. P. 536-542. European Transport Safety Council. Ranking EU 
progress on road safety. 14th Road Safety Performance Index. 2020. Available at: 
https://etsc.eu/14th-annual-road-safety-performance-index-pin-report/. 

27. Kroyer, R.G. Is 30 km/h a ‘safe’ speed? Injury severity of pedestrians struck by a vehicle and the 
relation to travel speed and age. IATSS Research. 2015. Vol. 39. No. 1. P. 42-50. 

28. Simms, C.K. & Wood, D.P. Effects of pre-impact pedestrian position and motion on kinematics and 
injuries from vehicle and ground contact. Int. J. Crashworthiness. 2006. Vol. 11(4). P. 345-355. 

29. Wood, D.P. & Simms, C.K. & Walsh, D.G. Vehicle–pedestrian collisions: validated models for 
pedestrian impact and projection. Proc. IMechE D J. Automob. Eng. 2005. Vol. 219(2). P. 183-
195. 

30. Roudsari, B.S. & Mock, C.N. & Kaufman, R. An evaluation of the association between vehicle type 
and the source and severity of pedestrian injuries. Traffic Inj. Prev. 2005. Vol. 6(2). P. 185-192. 

31. Jaździk-Osmólska, A. Metodologia i wycena kosztów wypadków drogowych na sieci dróg w Polsce na 
koniec roku 2011. 2012. [In Polish: Jaździk-Osmólska A. Methodology and valuation of the costs of 
road accidents on the road network in Poland at the end of 2011. 2012]. 

32. Ucińska, M. & Pełka, M. The effectiveness of the AEB system in the context of the safety of 
vulnerable road users. Open Engineering. 2021. Vol. 11. P. 977-993. 

33. European Automobile Manufacturers Association, Bicyclist target ACEA specifications Version 
1.0. 2018, Available at: https://www.acea.auto/uploads/publications/Bicyclist_target-ACEA_ 
specifications.pdf. 

34. European Automobile Manufacturers Association. Articulated Pedestrian Target Specifications. 
Version 1.0. Available at: https://www.acea.auto/files/Articulated_Pedestrian_Target_ 
Specifications_-_Version_1.0.pdf. 

 
 
Received 27.11.2022; accepted in revised form 10.06.2024 
 


