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Abstract 

Road fatalities are a major concern in modern society. The increase in the amount of 
road vehicles on public roads exposes more people to the dangers that come with road 
traffic. On highways, higher speeds are the cause of more serious crashes. To tackle 
this issue, active safety systems work in cooperation with passive safety systems to 
improve the occupants’ safety. In the assessment of new active safety systems, the 
availability of crashes for computer simulation is limited. This work is therefore 
aimed first at using lead-vehicle-braking events from the highD naturalistic driving 
dataset as a basis for creating “what-if” crashes. These crashes were compared with 
real crashes from an in-depth crash database (GIDAS) and an AEB algorithm was 
assessed on both the datasets. The assessment was done using a common simulation 
framework, developed in this work, and the results of crash avoidance and mitigation 
were compared. Both datasets were collected on German highways. The results 
showed comparable trends for the relative velocities involved in crashes from both 
datasets, when comparing crashes where there was no reaction by the driver of the 
following vehicle. The AEB assessment didn’t show clear similarities in crash 
avoidance and mitigation. 
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1 Introduction  
 
Transportation by means of road vehicles has seen an increase of the motorization rate 
(number of vehicles / 1000 inhabitants) from 2005 to 2015 of 27% worldwide, with 
the total number of vehicles on the road reaching over 1.2 billion units (OICA, 2018). 
Traffic crashes are the 8th most common cause of death worldwide and the first cause 
of death for young people aged between 5 and 29 (WHO, 2018). The number of killed 
world-wide in traffic in 2016 was estimated to 1.35 million people. In Europe in 2015 
25,651 people died in a car crash, resulting in a decrease of road fatalities of -1.8% 
compared to the previous year (ERSO, 2018a). Within the fatal road crashes in 2016, 
8% happened on the motorway showing a decrease of -2.2% of the fatalities 
compared to the previous year in this scenario (ERSO, 2018b). 
 Although the number of vehicles on the road is increasing worldwide, the 
number of deaths for every 100,000 vehicles decreased by more than 50% in the 
period from 2000 to 2016 (WHO, 2018). This result shows how occupant protection 
systems, law enforcement and rescue actions improved in the last decades. For 
occupant protection systems, passive safety systems are aimed at protecting the 
occupants from the consequences of a crash (ERSO, 2018c). Active safety systems 
are instead aimed at avoiding or mitigating road crashes by actively monitoring the 
surroundings of the vehicles, trying to reduce the situations in which passive safety 
systems would need to deploy (Hamid, 2007). Avoiding or mitigating crashes using 
active safety systems can be performed deriving metrics of the surroundings and by 
means of threat assessment algorithms performing actions on the systems on a 
vehicle. Active safety systems act on different level, differentiating in warning only 
systems and intervention systems (SAE, 2015). Warning-only active safety systems 
inform the driver about potential hazardous situations. Examples include Forward 
Collision Warning (FCW), warning the driver when a collision is imminent (but can 
be avoided by braking) and Lane Departure Warning (LDW) when a steering action is 
required to avoid road a departure. Intervention active safety systems involve the 
actuation of vehicle systems without necessarily requiring an action from the driver, 
e.g. Automated Emergency Braking (AEB), Automated Emergency Steering (AES) 
and Lane Keeping Assist (LKA), in which brake and steering inputs are automatically 
given to the vehicle to avoid imminent crashes, or, for LKA just steering to keep the 
vehicle in the current lane.  

Rear-end collisions are among the most common types of crashes for which 
intervention strategies of collision avoidance or mitigation have been proposed. 
Brännström et al. (2008) proposed a collision avoidance system working both on the 
longitudinal control (braking) and the lateral control (steering) of the vehicle. In this 
paper, the Brake Threat Number (BTN) and the Steering Threat Number (STN) were 
values computed based on vehicles positions, speeds and accelerations, to set a 
threshold for the intervention of the vehicle systems. This is the threat-based 
approach, that uses the required deceleration/lateral offset needed to avoid the crash. 
The BTN (see Section 2.3.2) is computed as the ratio between the required 
acceleration to avoid the collision and the maximum deceleration that the vehicle can 
reach. The STN (see Section 2.3.2) is instead the ratio between required lateral 
acceleration to avoid the crash, function of the lateral offset and the Time to collision 
(TTC), and the maximum lateral acceleration reachable by the vehicle. The work was 
continued by proposing an improved version of the algorithm (Brännström et al., 
2010), that included a study of the capacity of drivers performing evasive manoeuvre, 
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to decrease false interventions of the system. Collision avoidance by steering was also 
proposed by Eidehall et al. (2007) and by Hac, Dickinson (2006). 

The assessment of effectiveness of safety systems can be obtained with 
computer simulation starting from real crash scenarios and applying to them the active 
safety system (Kusano and Gabler, 2012). The safety assessments of AEB algorithms 
in simulated environment does not require real vehicles and test tracks, so their use 
can be more convenient than a real experiment as more simulations can be run in 
different scenarios, especially at an early stage of the system development. A 
comprehensive review of the active safety system assessments methods was presented 
by the P.E.A.R.S. (Prospective Effectiveness Assessment for Road Safety) consortium 
(Alvarez et al., 2017). They proposed a summary of the research questions and of the 
relevant metrics used when assessing active safety systems. They also proposed a 
framework that started with a reference situation (i.e., without the safety system), 
followed by the application of the system. By comparing the relevant metrics obtained 
as outcomes from the system implementation, (e.g. the amount of crash avoided or the 
mitigation of the crashes and of the crash related injuries) between the reference and 
system simulations, the benefit of a system can be estimated. General research 
questions and relevant metrics for the assessment criteria, combined with more 
specific simulations of systems (Erbsmehl, 2009) form the basic concept for the 
development of a framework for the simulation-based assessment of active safety 
system. The results from these types of assessments can have different consequences 
at different levels. From metrics related to single crashes, such as crash avoidance or 
mitigation, the immediate benefits of a systems on the single crashes can be studied. 
More long-term analysis, related to the impact of systems on the society, can lead 
instead to analysis for long-term safety benefits, lives saved and economic impact. 
Types of assessments can also be divided in the retrospective and prospective 
approaches (Alvarez et al., 2017). The retrospective approach can be performed on a 
system that is already available on the market by analysing real data of vehicles on the 
road with and without the safety system. The prospective approach consists instead in 
making predictions about the future effectiveness of an under-development safety 
system using virtual simulations.  
As it might be difficult to reach a market penetration that is meaningful for an 
analysis before a long time from the introduction of the system (Sander, 2018), 
(Sander, Lubbe, 2018a), a proactive approach could be preferred.  

A method used in the virtual assessment of active safety system is what-
if/counterfactual simulations. What-if/counterfactual simulations use a part of the real 
data available and modify selected conditions, allowing for example an inclusion of 
an active safety system. The performances and effects of an active safety system can 
be therefore evaluated in a simulated environment, using data from real crashes or 
near-crashes (Kusano and Gabler, 2012; McLaughlin et al., 2008; Bärgman et al., 
2015). Virtual simulation environments allow for the use of different types of 
datasets. Real crash datasets and Naturalistic Driving Datasets (NDD) are two 
examples of datasets, each having their advantages and disadvantages (Sander, 2018; 
McLaughlin et al., 2008, Bärgman et al., 2015). The main difference between the two 
types of datasets is that real crash datasets only contain crashes really happened on the 
road, whereas NDDs contain scenes of everyday driving scenarios. For this reason 
NDD seldom include crashes, and they require an additional step that consists in the 
generation of crashes, before the actual safety system implementation can be 
performed (Bärgman et al., 2017; Woodrooffe et al., 2012). In this way it is 
potentially possible to obtain several new crashes to test from the more common near-
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crash situations that are present in NDD. However, care must be taken with the 
generalizability of the results when using generated crashes, because validation 
should be performed (Bärgman et al., 2015). The application of driver models to 
counterfactual simulations has also to be taken into account to have better fidelity 
with respect to real crashes when active safety systems are assessed (Bärgman et al., 
2017). Nevertheless such driver models are more useful when the driver is active 
during the functioning of an active safety system, that is not the case in an AEB 
implementation as the vehicle performs all the evasive manoeuvre excluding the 
driver completely. 

The selection of the data used in the assessment of an active safety system is 
therefore of key importance. To be able to replicate crashes in a simulated 
environment, a detailed description of the kinematics of a crash is needed. Police 
reported crashes are often not sufficiently accurate and consistent in the classification 
of the crash severity and the crash contributing factors are not sufficiently detailed 
(Otte et al., 2003; Imprialou, Quddus, 2017). Moreover, crashes without severe 
injuries are underreported (Abay, 2015; Imprialou, Quddus, 2017). In the year 2000 
21% of the injuries occurred in crashes that were not reported by the police (Blincoe 
et al., 2002). A more detailed description of crashes can be found in the so-called in-
depth crash databases. In-depth crash databases give more information about a crash 
than a police report (Otte et al., 2003). A team of experts is sent on the crash scene 
where it is possible to take measurements and understand the causes of the crash and 
the kinematics of the vehicles involved in the instants before the crash. The German 
In-Depth investigation Accident Study (GIDAS) is the data collection project active 
in Germany. The measurements taken at the crash scene include among others the 
environmental conditions, crash information and vehicle deformation state (Otte et al., 
2013). With such information the crash can be more understandable and therefore 
more usable in the assessment of active safety systems. A subset of GIDAS is the Pre-
Crash Matrix (PCM). PCM contains the description of the pre-crash phase up to 5 
seconds before the collision (Schubert et al., 2013). The pre-crash phase is the phase 
that precedes the collision, in which active safety systems can be applied to avoid or 
mitigate a collision, therefore PCM from GIDAS was chosen as one of the datasets 
used in this study. The PCM is divided in different files, each one containing different 
information: 

 Global data: it includes the case number and the number of 
participants; 

 Participant data: it includes the geometry and measures of the 
involved vehicles (every crash in PCM only has two vehicles); 

 Dynamics: it includes time-varying parameters of the vehicles in the 
pre-crash phase, like position, speed, acceleration and yaw angle; 

 Traffic infrastructure: it includes the description of the surroundings 
for road geometry, marks on the road and objects around the crash 
scene (trees, poles, etc.). 

 
If in-depth studies direct the attention only to crashes, another approach in the 

collection of data is found in NDDs. NDDs consist in the study of everyday traffic by 
directly observing the driving behaviour of drivers without a particular experiment in 
act (Van Schagen, Sagberg, 2012). NDDs measurements can be performed by using 
in-vehicle recording sensors or by using a site-based approach (Van Schagen, 
Sagberg, 2012; Van Nes et al., 2013; Krajewski et al., 2018). Compared to in-depth 
crash databases, NDDs have the advantage of avoiding the trend of the underreporting 
of police records. In this way minor crashes and near crashes, usually not found in 
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police reports, can be available in NDSs, being recorded with the same importance as 
the more relevant crashes (Van Schagen, Sagberg, 2012). Nevertheless this approach 
to data acquisition brings the downside of having rare situations of near-crashes of 
crashes. In the USA, the National Highway Traffic Safety Administration (NHTSA) 
100-Car Naturalistic Driving Study was the first study aimed at collecting data from 
everyday driving condition by equipping vehicles with sensors and cameras (Neale et 
al., 2005; Dingus et al., 2006). In the study 100 drivers were monitored for one year 
for a total of 43,000 hours of data, from which crashes and near-crashes were 
extracted. Another example of naturalistic driving study available is the SHRP2. This 
study included more than 3,000 people during a 3-year period. It included 
measurements about the vehicle state and recordings of the surroundings and of the 
drivers (Campbell, 2012; Victor et al., 2015).  

Site-based studies can instead use cameras that record vehicle behaviour in a 
specific intersection or road section and they have been proven to be useful when 
studying the position of vehicles on the road and their relative position with the 
surrounding environment, including pedestrians and cyclists (Van Nes et al., 2013). A 
site-based NDS from the U.S. is the Next Generation Simulation (NGSIM) (Kovvali 
et al., 2007). It includes recordings from fixed cameras placed in strategic position 
aimed at recording the traffic and at computing the trajectories of the vehicles. Studies 
showed, however, issues in NGSIM with respect to consistency with the precision of 
the vehicle detection and the computation of the trajectories (Coifman, Li, 2017). This 
led to unavoidable problems when the dataset was used in traffic safety system 
assessment. 

A recent site, or rather drone, based data collection was conducted in 
Germany. This dataset is called highD and was collected using a drone flying over 
German highways and recording vehicles in everyday driving conditions (Krajewski 
et al., 2018). The dataset quality, compared to other site-based NDDs like NGSIM, 
was found to be reliable and robust. In a total of 16.5 hours of recording, through 
image processing 110,000 vehicles with the relative time-varying parameters like 
position, space and acceleration were extracted. The dataset includes information 
about the recording time and location, the vehicles dimensions and about the time-
varying parameters like position, speed and accelerations. highD is the second dataset 
used in this study. GIDAS PCM and highD are two of the largest and highest-quality 
datasets available to researchers currently, but collected from quite different 
perspectives and for different purposes, the former being a crash database and the 
latter an NDD. 
 The aim of this work is to, using a common simulation framework, study the 
possibility for highD naturalistic data to be a complement to in-depth reconstructed 
crash data (here the GIDAS PCM). This was done by means of what-if/counterfactual 
simulations, assessing AEB on both the datasets. 
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2 Method 
In this chapter the method used throughout the work will be explained in detail. 
Section 2.1 describes to how the highD naturalistic driving dataset was used and how 
crashes were generated from it. Section 2.2 describes how GIDAS PCM was 
processed and how relevant metrics for the AEB implementation were extracted from 
it. Section 2.3 explains the AEB implementation, including a description of the 
framework used to simulate the AEB system to the crashes. Section 2.4 is finally 
dedicated to the explanation of the methods used in the analysis of the results.   

2.1 highD data processing 
The highD dataset for its nature of naturalistic driving dataset contains mainly normal 
highway cruising conditions, with a low criticality level in terms of Time to Collision 
(TTC) or Time Headway (THW) between vehicles. TTC is the time that a vehicle, 
called following vehicle (FV), has before it crashes into another vehicle, here called 
leading vehicle (LV), considering the initial position, velocity and acceleration of 
both the vehicles. THW is defined as the amount of time for a vehicle (FV) to cover a 
space equal to its distance from another vehicle (LV) that precedes it, keeping a 
constant speed.  

In this dataset these manoeuvres were observed: 
- normal highway cruising: the vehicle is driving roughly at a constant speed or 

slightly accelerating, without other vehicles in close proximity; 
- braking manoeuvre: the vehicle detects a possible danger and the driver 

applies the brakes; 
- lane change: the vehicle changes lane to overtake or to be overtaken by an 

oncoming vehicle. 
In this study only the cases in which two vehicles are following each other in the same 
lane have been taken into consideration. 

A substantial part of this work was to find critical events in the dataset and to 
modify the kinematics to obtain crashes, to be compared with the reconstructed 
crashes in GIDAS. highD, has previously been found to be more reliable and robust 
than other site-based NDDs, such as NGSIM (Krajewski et al., 2018), as a result of 
better quality recordings and more advanced image processing. In Sections 2.1.1 to 
2.1.3 the process of organization of the data, assessment of critical scenarios and crash 
generation will be described, in turn. 

2.1.1 Master clock synchronization 

The first step processing highD data was to organize them from a chronological point 
of view. As the data were collected using a drone recording with high-quality videos, 
the time-varying metrics were organized based on the number of frames and the frame 
rate of the recording. The information from each vehicle included only the frame 
number of the first and last frame in which it could be found in the recording. 
Consequently a master clock was needed to relate vehicles one to each other and to 
synchronize the kinematics (e.g. the braking manoeuvres and the reaction times). A 
graphical representation of the process is shown in Figure 1.In particular, the process 
started with the time conversion of the overall recording from frame numbers to 
seconds. After that, the same conversion was performed with the initial and final 
frame of appearance for each vehicle. The expression used is the following: 

                                                        𝑡 =  (1) 
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where 𝑡  is the time corresponding to the 𝑖  number of frame 𝑓  and 𝑓  is the frame 
rate. After that, two equally spaced vector, with spaces of 1/𝑓 , were created from the 
first to the last moment of appearance of both vehicles. Thus the intersection between 
these two vectors represented the moments in which both vehicles were in the same 
section of the highway and so it was the final synchronization vector. With this time 
vector is was the possible to cut and align all the other vectors containing the vehicle 
kinematics.  
 

 

Figure 1 Time reconstruction: from the overall recording the part containing LV 
and FV is extracted. The time vector is created from the first to the last 
moment in which both LV and FV are in the section of the highway. 

2.1.2 Assessment of critical scenarios 

The second step of the highD data processing was to identify the critical events 
potentially useful in the generation of crashes. The criticality of the events has been 
defined based on parameters such as level of deceleration and THW. A scenario was 
defined as critical or potentially critical when the LV performed a braking manoeuvre 
that required a reaction from the driver of the FV. 

The identification of critical scenarios started with the detection of the 
maximum level of deceleration of each vehicle, over the data available. Once 
obtained, the cases in which two vehicles were following each other were extracted. 
Based on this, for each of the cases involving two vehicles the THW at the instant of 
time in which the maximum deceleration occurred was obtained. In Figure 2 the 
distribution of the combination of acceleration and THW is shown for the THW less 
than 5 𝑠 and discarding the cases in which the LV was accelerating.  
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Figure 2 Contour map of the total amount of scenarios based on the acceleration 
and the THW. The potential criticality of the scenario increases moving 
down and towards the left.  

The upper limit for the braking level was set to −3 𝑚/𝑠  as it was considered a 
sufficiently high level of deceleration, considering also the fact that such a 
deceleration does not normally belong to normal highway cruising. For THW the 
threshold was set to 5 s, as higher values were not considered critical especially at 
highway speeds. With this considerations, 137 potentially critical scenarios were 
found, each one of them involving two vehicles and considering only the moments in 
which they were in the same lane following each other. In each one of the scenarios at 
least the LV performed a braking manoeuvre.  

2.1.3 Crash generation 

The crash generation process consisted in the alteration of the kinematics of the event 
in a way that may be reasonably argued for may be realistic, creating crashes. In all 
the potentially critical events the LV is performing a braking manoeuvre. The reaction 
of the FV, usually recorded as a similar braking manoeuvre, is what was changed in 
this study. The FV braking would indeed require the driver of the FV to be attentive, 
which is not always the case, although in this dataset the drivers were at least vigilant 
enough to avoid crashing – which is normally the case on our roads. A driver that is 
distracted or unable to react to the sudden criticality (due to sickness or drowsiness) 
could, however, instead have been the cause of a crash. With this argument, in this 
study crashes were generated by keeping the speed constant from the moment in 
which the braking manoeuvre of the LV was detected until the event ended up as a 
crash or until the end of the section of the highway (available data). To take into 
account fluctuations of the speed that cannot be considered a proper braking 
manoeuvre a threshold was set at −1 𝑚/𝑠 . This means that in each event the LV 
performed a braking manoeuvre with at least −3 𝑚/𝑠 , as explained in Section 2.1.2, 
but the FV speed was kept constant only after the LV reached a deceleration level of 
−1 𝑚/𝑠 . Lower levels of deceleration were assumed not to be caused by the brake 
pedal push, but for example by a simple release of the accelerator pedal. Such levels 
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of deceleration were not considered in this work. In Figure 3 and Figure 4 an example 
of the modification in the kinematics is shown, both from the point of view of 
positions and of speeds. 

 

Figure 3 Longitudinal position of LV and FV. The blue and red lines represent the 
original kinematics of the LV and FV. The yellow line represents the 
modified kinematics and the red marker is the moment in which the 
vehicles crash. 

 

Figure 4 LV and FV velocity in the event. The yellow line represents the constant 
velocity of the modified scenario that leads to a crash. 

 
The crashes generated from highD involved a period of time in which the 

driver of the FV was assumed to be distracted or unable to perform the evasive 
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braking or steering manoeuvre. The time elapsed from the LV braking initiation to the 
crash was therefore representative of the level of distraction or of inability of the 
driver. Figure 5 shows the relatively long times the FV driver would have to be 
inattentive or drowsy not to respond to the lead vehicle braking, compared to the 
duration of normal driving off-road glances (model from Morando et al., 2018). That 
is, to take into account the actual off-path glances behaviour distribution, and so to 
weight these results based on that, a probability density function (PDF) of off-path 
glances distribution could be used in relation to the raw results obtained from 
simulations. The process of weighting the crashes based on the off-path glance 
distribution was not performed in this work, as it would have required more data, and 
in particular more crashes with a low time from the LV braking initiation to the crash 
(< 1 𝑠). In addition to that, the FV driver reaction times and other aspects of the 
response process would have to be taking into account. This is because even if the 
distraction time would have been lower for each event, a reaction time of the driver 
would have delayed the intervention, at least some, possibly still causing the collision. 
The probability density function representing a lognormal normal driving glance off-
road distribution was chosen based on a paper by Morando et al., 2018. Its PDF was: 
 

𝑓(𝑥; 𝜇, 𝜎) =
√

𝑒𝑥𝑝
( )

,      𝑥 > 0, 𝜇 = −0.21, 𝜎 = 0.5.        (2) 

 

 

Figure 5 Time elapsed from LV braking to FV crashing in LV. The blue 
distribution comes directly from the generated crashes. The yellow 
distribution is derived using the PDF to weight original one. 

2.2 PCM metrics extrapolation 
The PCM database comes with data related to vehicles involved in the crash and to 
the infrastructure. The data were given in the format of “.csv” files from which, with 
MATLAB, the kinematics for the single vehicles and for each crash were extracted, as 
well as the scenario in which the crash occurred. This work focuses its attention on 
rear-end striking crashes on highway, so from the overall PCM database 134 crashes 
were selected and used. The data about position, velocity, acceleration and yaw angle 
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were recorded at 100 Hz. To be able to implement active safety systems like AEB or 
AES the PCM had to be analysed to extract data related to a possible interaction 
between the two vehicles. What was needed in this case was: 

 range – defined as the distance from the FV front bumper to the closest 
obstacle found on the predicted future path;  

 lateral offset – defined as the space required for the FV to move laterally both 
on the right and left side to avoid the crash by steering.  

In Sections 2.2.1 and 2.2.2 the procedure used to obtain this data is described. 

2.2.1 Range 

An AEB system requires data in real time about speed, acceleration, yaw angle, yaw 
rate and range from the sensors available in the vehicle. The range is the only metric 
that is not directly available in the PCM database. It was therefore necessary to derive 
it from the other available metrics. 

The first step of the procedure required the construction of a dynamic 
predicted future path for the FV. This path was based on the position, yaw angle and 
velocity of the FV measured in each timestep of the overall event. The yaw angle 
signal was first filtered with a moving average filter with a width of the window of 25 
samples to reduce the noise both in the yaw angle signal and in its derivative, the yaw 
rate. For each timestep the current yaw rate was measured and it was used to build a 
trajectory that could be either straight or curved with a constant curvature. The 
intersection between the path and the rectangle representing the LV, if available, was 
then used to compute the distance between the vehicles.  

The LV and the FV were approximated as two rectangles, using the metrics 
about length “𝑙”, width “𝑤” and distance from the centre of gravity (COG) to the front 
bumper “𝑑 ” of both vehicles. In PCM the x and y positions are taken at the 
COG, so the four vertices of the rectangles were placed having as a reference the 
COG, centred at 𝑥 = 0 and 𝑦 = 0. The vectors containing the coordinates of the 
vertices are the following: 

𝑝 =  

𝑑 − 𝑙

−𝑤/2
0
1

 𝑝 =  

𝑑 − 𝑙

𝑤/2
0
1

 𝑝 =  

𝑑

𝑤/2
0
1

  𝑝  

𝑑 − 𝑙

−𝑤/2
0
1

(3) 

and the rectangle joining them is: 
 

𝑝 =  [𝑝 𝑝 𝑝 𝑝 ]                                          (4) 
 

To get the actual position in the 𝑥-𝑦 plane, first the rectangle was rotated 
according to the current yaw angle 𝜓, using the rotational matrix: 

                       𝑅𝑜𝑡(𝑧) =

cos 𝜓 − sin 𝜓 0 0
sin 𝜓 cos 𝜓 0 0

0 0 1 0
0 0 0 1

  (5) 

The rotated rectangle was then given by: 

                                       𝑝 =  𝑅𝑜𝑡(𝑧) ·   𝑝  (6) 

Then the rectangle was translated to the current “𝑥 ” and “𝑦 ” using the 
translation matrix: 
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                       𝑇𝑟𝑎𝑠(𝑠) =

1 0 0 𝑥
0 1 0 𝑦
0 0 1 0
0 0 0 1

  (7) 

and the final translated rectangle was given by: 

                                       𝑝 =  𝑇𝑟𝑎𝑠(𝑠) ·   𝑝 . (8) 

The process is explained in  

 

Figure 6 –  The three steps process to obtain the vehicle vertices in each time step of 
the event. To the first configuration a rotation is applied about the z-axis, 
then a translation is performed along the 𝑠 vector. 

Once the vehicle was rotated and translated it was possible to create the predicted 
future path. The yaw angle 𝜓 was derived finding the yaw rate �̇� vector, for each time 
step. In this way by assuming constant the yaw rate in the future, a curved path (or 
straight, in case of �̇� = 0) was obtained. The radius of curvature 𝜌 computed at the 
centreline of the path was obtained from the speed 𝑣  and the yaw rate �̇� with the 
following relation: 
 

                                                    𝜌 =  ̇ . (9) 

The predicted future path is considered as the path that the FV will follow, keeping 
velocity and yaw rate constant. To assess whether the scenario could have led to a 
crash the presence of the LV in the predicted path was considered. In Figure 7 a 
graphical representation of a typical scenario is represented. LV, FV and the path 
were designed and plotted as polygons in MATLAB. 
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Figure 7  Graphical representation for the procedure to obtain range from PCM. 
The predicted future FV path is green, the FV is blue and the LV is white. 
If the FV is turning, the future path follows a constant curvature. The 
kinematics of the LV are unchanged. The intersection area (red) defines 
the vertices of the LV needed to compute the range between the two 
vehicles. 

 Once the LV, FV and predicted path were obtained, the range was 
extrapolated from the scenario. Two different approaches were used based on the yaw 
rate of the FV. If the FV was travelling with �̇� = 0 then the range, i.e. the relative 
distance between FV and LV 𝑙, was computed as a point to line distance where the 
points were the vertices of the LV and the line was the one passing through the 
vertices of the front of the FV. On the other hand, in the time steps for which �̇� ≠ 0, 
the range was computed as the arc of circumference belonging to the future path, from 
the front bumper of the FV to the closest vertex of the LV. First the distances between 
the vertices of the LV and the centre of curvature  𝜌  were computed. The point to 
line distance 𝑙 was computed as for the case with �̇� = 0, but in this case it was used 
to obtain the angle 𝜗 and the actual relative distance along the arc of circumference of 
the future path with the following relations: 
 

               𝜗 =  𝑎𝑟𝑐𝑠𝑖𝑛 𝑙
𝜌                         (10) 

 
               𝑟𝑎𝑛𝑔𝑒 =  𝜌 ·  𝜗.                        (11) 

 
 This procedure was first created to get metrics from the PCM dataset but it 
was also used with the highD dataset, even if in that case the events contained only 
highway car following scenarios, in which the vehicles were always parallel one to 
the other without performing any lane change. Furthermore, the same procedure was 
used to compute the modified range obtained following the AEB activation, as 
explained in Section 2.3.3. 
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2.2.2 Lateral offset 

The collision avoidance system in this work aims at reducing or mitigating crashes 
with automated braking (AEB). However, in some AEB systems also comfortable 
steering avoidance by the driver is considered in the AEB algorithm (Brännström et 
al., 2010), and AES systems are being developed (Eidehall et al.,2007). To prepare for 
future studies and an expansion of this thesis to integrate steering avoidance (human 
and automated), the lateral offset between the LV and the FV was extracted for all 
events. Specifically, the steering avoidance calculations in AEB system considering it, 
and in AES systems, requires as inputs the speed at which the vehicle is travelling and 
the lateral distance that is needed for the FV to clear the way before reaching the LV. 
This distance was defined as lateral offset and was not directly available in the PCM 
database.  

The procedure used to obtain the lateral offset started from the same predicted 
future path used in Section 2.2.1 to compute the range. If the LV was found on the 
collision path, the distance from all its vertices was computed. Based on the sides in 
which the vertices where found with respect to the path centreline the right and left 
lateral offset were computed and stored for each of the timesteps.   
 

2.3 AEB implementation 
AEB systems aim at avoiding or mitigating crashes by applying the brakes in critical 
scenarios when the driver is no longer able to act in time to avoid the crash. 
Inputs coming from the sensors of the vehicle or, in this study and as explained in 
Section 1, from the reconstruction of the kinematics from the highD and GIDAS 
datasets, are sent directly to the algorithm. This algorithm performs a threat 
assessment and outputs the decision about the AEB activation. To simulate the AEB 
system a framework capable of working with the different datasets available was 
developed. Having defined the needed inputs for the framework to work, the actual 
application of the AEB system was performed using the same procedures for both the 
datasets. This allowed to have comparable results in terms of crash avoidance and 
mitigation. The framework consists of MATLAB scripts and functions and a 
conceptual representation of it is shown in Figure 8.  
 

 

Figure 8 Framework conceptual representation. 

After the collection and organization of data the process to implement the algorithm 
was the following: 

 Vehicle limits initialization – Definition of the parameters about 
performances of the vehicle in terms of maximum deceleration achievable, 
maximum jerk and time delay of the braking system. 

 Algorithm selection – Selection of different algorithms to compare the results 
obtained and to propose improvements. 
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 Algorithm application – Application of the chosen algorithm simulating a 
real time approach that reflects its implementation on a real vehicle. 

 Modified scenario – Modification of the kinematics based on the original 
vehicle limits configuration, both in terms of velocities and positions of both 
the vehicles involved. The results of this process (see Section 2.3.3) 
determined whether the collisions were avoided or mitigated. 

 Result analysis – Analysis of the outcomes in terms of number of avoided 
crashes and crash severity mitigation. Here results obtained from different 
datasets were compared and analysed. 

 Visual representation – A visual representation of the crashes avoided or 
mitigated was obtained. 

2.3.1 Vehicle limits 

Parameters defining the vehicle limits/constraints determine the performances of an 
AEB system. The parameters used were the following: 

 Maximum braking deceleration 𝑎 ; 
 Maximum jerk 𝑗 ; 
 Time delay of the braking system of the vehicle 𝑡 . 

The modification of this parameters affects the time and space needed for the vehicle 
to come to a stop when the AEB system is activated. In Table 1 the coefficient tested 
are reported. 

Table 1 – Coefficient for AEB implementation (from Brännström et al., 2008). 

𝒂𝒎𝒂𝒙 𝒋𝒎𝒂𝒙 𝒕𝒅 

−10 𝑚/𝑠  −15 𝑚/𝑠   0.08 𝑠 

  

2.3.2 Algorithm 

The AEB algorithm used was based on the description of an AEB system in 
Brännström et al. (2008). The algorithm was developed for both avoidance by braking 
and for avoidance by steering, both explained here. However, in this work only the 
part related to longitudinal braking was considered and implemented in MATLAB. 
The algorithm regarding the avoidance by braking is based on the comparison 
between the maximum acceleration that the vehicle can reach 𝑎  and the required 
acceleration to avoid the collision 𝑎 . The Brake Threat Number (BTN; see 
Brännström et al., 2008) is defined as: 
 

               𝐵𝑇𝑁 =  .                                            (12) 

 
In this way if 𝐵𝑇𝑁 ≤ 1 the collision can be avoided. The BTN is evaluated for each 
time step, so that the system is able to make a decision and intervene when it is 
necessary by applying the brakes. The collision avoidance by steering, that could be 
useful for future work, was based on the Steering Threat Number (STN; see 
Brännström et al., 2008), defined as: 
 

               𝑆𝑇𝑁 =  
,

,
                                           (13) 
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where 𝑎 ,  was the maximum lateral acceleration reachable by the vehicle, and 
𝑎 ,  was defined as: 
 

               𝑎 , =                                             (14) 

 
with  𝑅  being the lateral distance needed to cover by the FV to avoid by steering 
and   𝑇𝑇𝐶 is the Time to Collision. 

The inputs for the algorithm were the following: 
 FV velocity 𝑣 ; 
 LV velocity 𝑣 ; 
 FV acceleration 𝑎 ; 
 LV acceleration 𝑎 ; 
 Range 𝑟; 
 Time 𝑡; 
 Vehicle parameters (see Section 2.3.1). 

In this section the STN, 𝑎 , 𝑎  and therefore the BTN are derived. From the 
velocities and accelerations it was possible to compute directly the range rate �̇� and 
the range acceleration �̈�: 
 

               �̇� = 𝑣 − 𝑣                                   (15) 
               �̈� = 𝑎 − 𝑎                                        (16) 

 
From �̇� and �̈� the Time To Collision (TTC), that is the amount of time available 
before the collision, is computed by solving the following equation: 
 

              0 = 𝑟 + �̇� · 𝑇𝑇𝐶 + �̈� · 𝑇𝑇𝐶
2.                             (17) 

 
The minimum real root of Eq. (17) is the TTC. Once the TTC was obtained, the STN 
could be derived (see Eq. (14) and Eq. (13)) 
First the time required to stop was computed. The kinematics of the FV are the 
following: 
 

                𝑣(𝑡 + 𝑡 ) = (𝑣 + 𝑎 𝑡 ) + 𝑎 𝑡 + 𝑗 𝑡 /2                  (18) 
 
where 𝑡  is the time required to come to a stop and 𝑡  is the time delay of the braking 
system. From Eq. (18), by solving 𝑣(𝑡 + 𝑡 ) = 0, 𝑡  is found to be: 
 

                 𝑡 = − + − 2                        (19) 

 
and 
 

                   𝑎 = max (𝑎 , 𝑎 +𝑗 𝑡 )                        (20) 
 
where 𝑎  is the maximum deceleration reachable by the vehicle, 𝑎 +𝑗 𝑡  is the 
achieved acceleration in the time 𝑡  if 𝑎  is not reached. To compute 𝑎  the first 
step was to obtain the predicted range and range rate between the FV and the LV. In 
particular the predicted range is 
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                   𝑟(�̃�) = 𝑟 + (𝑣 − 𝑣 )�̃� + (𝑎 − 𝑎 ) − 𝑗               (21) 

 
where 
 

                   𝑟 = 𝑟 + (𝑣 − 𝑣 )𝑡 + (𝑎 − 𝑎 )                  (22) 

 
and the predicted range rate is 
 

                   �̇�(�̃�) = 𝑟 ̇ + (𝑎 − 𝑎 )�̃� + 𝑗                        (23) 

 
where 
 

                   𝑟 ̇ = �̇� + (𝑎 − 𝑎 )𝑡 .                               (24) 
 

At this point the FV acceleration is 
 

                   𝑎 (�̃�) = 𝑎 + 𝑗 �̃�                               (25) 
 
and the needed constant acceleration to avoid the impact is 
 

                   𝑎 (�̃�) = 𝑎 −
̇( )

( )
.                               (26) 

 
By solving 𝑎 (�̃�) = 𝑎 (�̃�), 𝑎  is: 
 

                   𝑎 = 𝑎 + 𝑗 𝑡 .                               (27) 
 

The resulting expression is a fourth order equation whose coefficients are the 
following: 

 Fourth order:𝑗 2; 

 Third order: 𝑗 (𝑎 − 𝑎 )
3; 

 Second order: −2𝑗 (𝑣 − 𝑣 ) + 𝑟̇ 𝑗 ; 
 First order: 2(𝑣 − 𝑣 )(𝑎 − 𝑎 ) − 2𝑗 𝑟 − 2𝑟̇ (𝑎 − 𝑎 ); 
 Zero order: 2𝑟 (𝑎 − 𝑎 ) − 𝑟̇ . 
 

By taking the minimum real root of the fourth order equation, the time 𝑡  is obtained 
and so 𝑎  is obtained as well. 
 The final decision made by the algorithm was to compute the BTN and so to 
assess whether there was still enough time for the vehicle to reach the required 
acceleration or not.  

2.3.3 Modification of the scenario 

To assess the impact of the activation of the AEB system in a vehicle for the two 
datasets it was necessary to use the original kinematics of the event in simulations of 
the braking manoeuvre of the FV. According to the parameters defined in Section 
2.3.1 the new kinematics were computed using simple equations of motion. The 
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acceleration was modified by making it reach the pre-fixed value of 𝑎  using the 
maximum jerk 𝑗 . The following iterative procedure was applied: 

                        𝑎 =  𝑎 + 𝑗 · (𝑡 − 𝑡 )       𝑎 ≤ 𝑎   (28) 

where 𝑎  is the acceleration at the 𝑖  time stamp 𝑡 . Once 𝑎  was reached it was 
kept constant until the end of the event or until the FV came to a stop (𝑣 = 0). The 
velocity and space were obtained by integrating the acceleration: 

                                         𝑣(𝑡) = 𝑣 + ∫ 𝑎(𝑡) 𝑑𝑡 (29) 

                                         𝑥(𝑡) = 𝑥 + ∫ 𝑣(𝑡) 𝑑𝑡 (30) 

where 𝑣  and 𝑥  are respectively the initial velocity and position of the FV. Lowering 
the speed of the FV, avoiding or delaying the crashes, required a time extension of the 
event. In highD the kinematics of the LV were already available as they came from 
the original behaviour of the vehicle performing normal highway cruising. In PCM 
however the recorded events lasted only 5 s, until the original crash instant. To 
account for this the LV kinematics were extended keeping the value of the 
acceleration constant. An explanation of the process is represented in Figure 9. 

 

Figure 9 The original FV velocity (red dotted line) is modified at the AEB 
activation (red marker) and the new braking (yellow solid line) is 
computed. The kinematics of the LV (blue solid line) are extended after 
the original 5 s available in PCM. 

 
Once the new kinematics for LV and FV were obtained, using the same procedure as 
explained in Section 2.2.1 it was possible to extract the data about the distance 
between the two vehicles, to assess whether the crash had been avoided or not. In this 
step of the process the FV was assumed to be following the predicted future path 
computed at the AEB activation instant, that could be curved or straight depending on 
the current FV yaw rate. A graphical explanation of the original and modified 
scenario in different time steps is shown in Figure 10.  
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Figure 10 Crash scenario: in a) the FV (blue) is travelling with a straight path, no 
collision is predicted; in b) the collision is predicted and the algorithm 
decides whether is the case to brake or not; in c) and d) are represented 
two time steps of the original crash; in e) and f) are represented two 
timesteps in which the AEB algorithm intervened and the crash was 
avoided. 

c) 

a) b) 

d) 

e) f) 
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From the analysis of the new kinematics it was possible to finally assess whether the 
crash had been avoided or only mitigated. An example of crash avoided and crash 
mitigated is shown in Figure 11.  
 

 

Figure 11 Range comparison before (blue line) and after (red line) the AEB 
implementation. Figure a) represents an event in which the crash has 
been avoided, figure b) represents a mitigated crash. 

In the cases in which the crash was only mitigated the velocities of FV and LV at the 
new crash moment were taken and the new impact speed was computed. 
  
 

2.4 Analysis methods 
The results obtained in this work were divided in two different approaches. One refers 
to the results obtained within a single dataset, in the case of the AEB simulation. 
These results consisted of the analysis of the AEB performances, so in the amount of 
crashes avoided and mitigated. For the mitigated crashes an analysis of the difference 
in the impact speed was performed. The second approach consisted instead in the 
comparison between metrics extracted from both datasets. In particular the metrics 
analysed were the following: 

 Impact speed before the AEB implementation; 
 Range at the AEB activation; 
 FV speed at the AEB activation; 
 TTC at the AEB activation. 

These metrics were mainly compared using histogram plots. A speed vs. TTC plot 
was also created to have a better understanding of the performances of the AEB 
algorithm in the two datasets. 

a) b) 
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3 Results 
 
This chapter analyses the outcomes of the analysis described in Chapter 2. First a 
general overview on the data analysed is given, comparing the highD generated 
crashes to GIDAS and PCM (see Section 3.1). Subsequently, an analysis of the 
outcomes of the AEB application to PCM will be shown (see Section 3.2), followed 
by a comparison of the latter with the results obtained with the same algorithm on the 
highD data (see Section 3.3). 

3.1 GIDAS-PCM and highD crash comparison 
In this section the highD generated crashes are compared with the real crashes of the 
GIDAS database and with its subsection, the PCM. The comparison is based on the 
impact speed, defined as the relative speed between two vehicles at the crash. The 
crashes in highD contains only scenarios in which the LV is braking whereas the FV 
is not. For this reason, from the overall GIDAS highway rear-end crashes database 
only the crashes with these same characteristics were extracted (the LV was braking, 
the FV was not). The two distributions are shown in Figure 12. 

 

Figure 12 Distribution of impact speed. Comparison between GIDAS database 
(blue) and highD generated crashes (yellow). 

It can be seen that the two distributions are similar, with GIDAS having some data 
points at high impact speeds.  

As the AEB assessment was performed only on the crashes included in the 
PCM, a comparison between highD and PCM crashes in which the LV is braking and 
the FV is not is shown in Figure 13. Compared to Figure 12, for the crashes analysed 
in Figure 13 all the relevant metrics in the pre-crash phase are available. These 
crashes, together with the remaining crashes available in PCM and not included in 
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Figure 13 were therefore usable for further processing (see Section 3.2). 

 

Figure 13 Distribution of impact speed. Comparison between PCM (red) and highD 
generated crashes (yellow). 

Also in this case the distribution of impact speed in highD is similar to the one found 
in PCM, that for this scenario contains 25 crashes of the 46 contained in GIDAS.   

3.2 AEB implementation on PCM 
This section shows the results for the analysis of the avoided and residual crashes for 
AEB applied to PCM. The results obtained by the implementation of the AEB 
algorithm to the PCM crashes show that the collision was avoided in 112 of the 134 
analysed crashes. For the 22 remaining crashes the severity of the crashes was only 
mitigated. In Figure 14 the distribution of impact speed of PCM crashes with and 
without AEB is shown. 
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Figure 14 Distribution of impact speed: original crashes (blue) and residual 
crashes (red). 

The average reduction in the impact speed is 59.5% for the crashes for which the 
severity was only mitigated. For the 22 mitigated crashes the impact speed reduction 
obtained in each one of the events is shown in Figure 15. In 3 of the 22 mitigated 
crashes the impact speed reduction was found to be less or equal to 3%. By analysing 
these three crashes more in detail it was found out that the low reduction of impact 
speed was due to unusual scenarios. In two of the three crashes there was a late lane 
change performed by the LV, in the last crash the FV was observed to compute an 
odd manoeuvre crossing all the highway and ending up crashing in an oncoming 
vehicle. All the three crashes share therefore a very late appearance of the LV 
intersecting the future path of the FV, and this led to late interventions.  
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Figure 15 Original impact speed (blue) compared with the impact speed when the 
AEB system is applied (red), for the 22 mitigated only crashes. The 
impact speed percentage reduction is shown on top of each bar. 

3.3 Comparison between AEB in PCM and highD crashes 
The application of AEB on highD crashes gave as a result 100 % of crash avoidance. 
The results were therefore analysed from the point of view of the values of range, 
speed and TTC recorded at the AEB activation moment, as well as for minimum 
distance reached during the AEB evasive braking manoeuvre. In this section these 
variables are shown and comparisons are made between PCM and highD outcomes. 
As explained in Section 2.3.3, after the AEB application the kinematics of the FV 
were modified according to the specification of the braking system. The results of 
minimum distance between the vehicles in the cases in which the AEB avoided the 
crash are shown in Figure 16. The results show a majority of the cases in which the 
FV reached a minimum distance from the LV that was less than 4 m, both in the 
highD dataset and in the PCM. 
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Figure 16 Distribution of the minimum value of range (distance between the two 
vehicles) recorded during the AEB evasive braking manoeuvre, for the 
cases in which the AEB system avoided the crash, both in PCM and 
highD. 

The distribution showing the range at the AEB activation is shown in Figure 17. The 
distribution shows AEB in highD crashes was activated for relative distances less than 
20 m for the majority of the cases, whereas for PCM the distribution is more spread 
for values under 50 m of relative distance, with outliers for which the AEB activation 
happened to be at 100 m of relative distance between the vehicles. 
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Figure 17 Range (relative distance between FV and LV) at the AEB activation. 

The distribution of the speed of the FV at the AEB activation is shown in Figure 18. 
This comparison shows how PCM and highD crashes are more similar when referring 
to the speed of the FV at the AEB activation, as opposed to the relative distance plot 
in Figure 17. 

 

Figure 18 Speed of FV at the AEB activation. 
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The distribution of TTC at the AEB activation is shown in Figure 19. In this case the 
AEB activation happened on average at lower TTC for the highD crashes, compared 
to the PCM crashes. 

 

Figure 19 TTC at AEB activation. 
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The relation of the TTC with respect to the speed of the FV at the AEB activation for 
both datasets is shown in Figure 20. A linear regression model was applied to the two 
raw data using the “polyfit” function in MATLAB. 
 

 

Figure 20 TTC vs. speed of FV at the AEB activation. A linear regression model 
was found for both the datasets. 

The results in terms of slope were: 

                                    𝑐 = 0.0060,   𝑐 = 0.0141. (31) 

and the intercepts: 
 

                                    𝑞 = 0.8044,   𝑞 = 1.0731. (32) 

TTC and speed of the FV, plotted at the activation time, show how the majority of 
AEB interventions for highD crashes happens to be between TTC values of 0.5 𝑠 and 
1.5 𝑠, whereas PCM AEB interventions are found in a wider range of TTC. The result 
in this plot can be useful to understand the criticality of the scenario and the variety in 
the data analysed, as will be explained better in Section 4.1. 
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4 Discussion 
This work aims to compare the AEB benefits and residual crashes – estimated through 
computer simulations – between a dataset based on crash reconstructions (PCM 
GIDAS; see Schubert et al., 2013) and crashes generated from naturalistic driving 
data (highD; see Krajewski et al., 2018). The results obtained (see Chapter 3) were 
first about the comparison between the original crashes available, without the AEB 
implemented. Then, following the implementation of the AEB on each dataset, the 
relevant metrics obtained from simulations were analysed between the two datasets. 
This section discusses the results  (see Section 4.1) as well as the limitations of the 
study and methods applied (see Section 4.2). The section ends with an overview of the 
future work that could be done to improve the obtained results (see Section 4.3). 
 

4.1 Discussion of results 
The crash generation in the highD dataset followed the approach found also in other 
studies (Bärgman et al., 2017, Woodrooffe et al., 2013). The reaction of the FV to the 
braking manoeuvre of the LV was delayed and a crash was created. This led to new 
crashes potentially usable in the assessment of active safety systems. When generating 
crashes (correctly) it is possible to make them more numerous than the ones included 
in real crash data, while still being generated from real conditions on public roads. 
Note, however, that there are critics of the use of NDD for assessment and evaluation 
of safety, and great care needs to be taken to the validity and generalizability of the 
NDD-data used (Knipling, 2015). 

The crashes from highD and from GIDAS/PCM were compared with respect 
to the impact speed. Impact speed of a crash is a metric that can be related to the risk 
of injuries in a crash through the computation of the delta-V (Kullgren et al., 2003). 
Consequently, it was considered as an appropriate variable when comparing the two 
sets of crashes. In particular, both the comparisons between GIDAS and highD and 
between PCM and highD showed similar distributions of impact speed, as can be seen 
in Figure 12 and Figure 13. Although the reconstructed crashes and the generated 
crashes were obtained in different ways, from the observation of the distribution it can 
be seen how the majority of cases lies in the bins at 40 km/h ± 10 km/h. This indicate 
that it may be possible consider generated crashes from critical events in NDS as 
surrogates for actual crashes, at least for subsets of crashes, as demonstrated by 
Bärgman et al. (2015). The severity of the crash and the possible kinematics 
preceding the crash (at least in terms of velocities involved) were therefore assumed 
to be comparable and AEB could be assessed.  
 The next results obtained were about the AEB application to crashes. In PCM 
the AEB algorithm avoided 83.6% of crashes. The 22 remaining crashes had a total 
average speed reduction of 59.5%. In Figure 15 each one of the mitigated crashes has 
been plotted in terms of impact speed before AEB implementation and impact speed 
after AEB implementation. As already explained in Section 3.2, the three crashes with 
an impact speed reduction of 3 % or lower were analysed in more detail. What was 
observed is that the low impact speed reduction was due to late lane changes of the 
LV. Such scenarios were hard to detect considering the way the framework computed 
the future predicted collision path (see Section 2.2), so for the algorithm to have better 
performances in those cases the prediction should be more advanced, based not only 
on the vehicles that are in front of the FV but also on its sides. Another metric used to 
assess the effectiveness of the AEB system was the minimum relative distance 
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between the vehicles reached during the FV evasive manoeuvre. The closer the FV 
was to the LV – still avoiding the collision – the more precise the algorithm can be 
considered to be. This is because when it comes to collision avoidance by braking, a 
major concern is in the early interventions control. Early interventions can decrease 
the trust of the drivers towards the systems, and they can also create safety issues. An 
AEB algorithm is the result of trade-offs that balance the effectiveness of the system 
with the aim of reducing early or false interventions as much as possible (Brännström 
et al., 2008). Such trade-offs, combined with the uncertainties of a real crash scenario, 
are the cause for which some of the crashes are only mitigated and not avoided. 
Therefore during the braking manoeuvre of the FV, the closer it gets to the LV the 
better is the algorithm at avoiding early interventions. In Figure 16 it is shown that the 
great majority of the minimum distances is below 4 𝑚, for both datasets. This, 
considering the high speeds at which usually vehicles are driven on the highway, was 
found to be a reasonably good value. As can be seen in Figure 18, the AEB activates 
at speeds usually higher than 90 km/h, so the minimum relative distance of about 2 m 
is hardly improvable. The algorithm works as expected. 

The same AEB algorithm was applied to both datasets. The outcomes from its 
application showed that all the highD crashes were avoided. This can be explained by 
the fact that the algorithm worked correctly in scenarios with two vehicles involved 
following each other, without lane changes, with easily predictable kinematics from 
both the FV and the LV. 22 residual crashes were found when assessing the AEB 
algorithm on the PCM crashes. In particular, 3 of the 22 residual crashes showed a 
speed reduction of only 3% or less. By analysing more specifically these crashes, they 
all showed a very late appearance of the LV in front of the FV, due to unusual 
scenarios. The outcome from PCM, containing some residual crashes, may be 
therefore further optimized by addressing the reasons that caused the late 
interventions. Nevertheless sudden lane changes, bends in the road that might limit 
detection of obstacles, sudden changes in the kinematics of the LV while the FV is 
performing the braking evasive manoeuvre are all situations that might always be 
difficult to be detected. The highD data outcomes suggested that to assess the 
complete effectiveness of an AEB system this dataset was not useful, as it did not 
contain critical and unexpected change in the kinematics of the vehicles that could 
really test the limitations of the system. A more accurate comparative analysis of pre-
crash phase parameters like THW and LV decelerations could lead to a further 
understanding of these results, and it should be investigated in the future. Considering 
the process used to assess a critical scenario (see Section 2.1.2), every situation in 
which two vehicles were detected following each other was taken into account. This 
means that even the situations in which a lane change of the LV was relatively late 
that didn’t cause the situation to be as critical as the one found in the PCM. Other 
datasets, also considering different scenarios rather than highway rear-end cases, 
could be the solution to address this problem.  
 The last set of results are about relative distance, speed of the FV and TTC 
evaluated at the AEB activation, comparing highD with PCM. The range (relative 
distance between FV and LV) at the AEB activation showed a distribution for highD 
that was narrower than the PCM one. The vast majority of cases for the highD range 
at AEB activation lies within 5 𝑚 and 15 𝑚, with a maximum that is less than 40 𝑚. 
This, compared to the more spread out distribution for PCM, showed how the highD 
crashes were much more similar one another compared to PCM crashes. The 
similarities within all highD crashes are, as explained before, the causes for which the 
algorithm had better performances on highD rather than on PCM. Similar 
considerations can be done for the distributions of speed of the FV, and TTC at AEB 
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activation. The trend for highD crashes was to have more narrow distributions, always 
contained from both sides from the PCM distribution. Again, the closeness of the 
distribution values in highD is justified by the fact that there was a low variability in 
these crashes. 
 A final comparison between highD and PCM was done through the TTC vs. 
speed plot. This plot allowed direct observation of the AEB system performances, by 
showing the TTC and the speed at the AEB activation. The trend of the linear 
regression showed how the TTC was directly proportional to the speed, both in highD 
and PCM. The overall results showed a relation between the AEB performances and 
the unpredictability of the crashes analysed. The AEB application to PCM, with its 
high variability of kinematics of the vehicles involved, lead to residual crashes that 
were only mitigated. The implementation on highD returned instead 100% of crash 
avoidance, limiting therefore the usefulness in using the generated crashes for the 
assessment of an AEB system. Modifications to the procedure of crash generation 
could lead to a more representative set of new, providing more valid estimates of the 
safety benefits.. However, it has to be noted that NDDs are typically used in cases of 
longitudinal motion only, therefore representing a substantial simplification from the 
actual crash scenario distribution (Bärgman et al., 2017). Further work should 
therefore focus on the use of NDDs for more complex crash scenarios. 

4.2 Limitations 

4.2.1 Methods 

The process of the crash generation in highD (see Section 2.1.3) led to relatively large 
durations of time elapsed from the LV braking initiation to the crash moment. These 
results were taken into account without any modification, basically assuming the 
driver was asleep. A PDF function of the off-path glances duration could have been 
taken into account to weight differently the raw results (Morando et al., 2018). The 
absence of crashes in the highD generated crashes having less than 1 s of “distraction 
duration” (time to crash) led however to the decision to leave out this process in this 
study. A weighting process would have required more advanced algorithms to take 
into account other parameters, like the reaction times of the drivers (in addition to the 
need of more data at lower THWs), and this was beyond the scope of this work. 

The process described in Section 2.2.1 was used to obtain the relative distance 
between the vehicles by computing the future predicted path of the FV and by 
intersecting it with the LV. This simplification was made because highway driving 
mainly involves vehicles following one each other in the same lane, with the same 
direction of travel. To improve the prediction of the future path, and so of the possible 
collision, an improvement could be taking into account also the current kinematics of 
the LV and its predicted future path. By intersecting the FV and LV future path, 
considering also the actual position varying in time as another variable, the crash 
prediction could be more accurate and realistic. In Figure 21 a graphical explanation 
of the intersection of future paths of both FV and LV is presented. A 3D x-y-time plot 
could lead to a better approximation of the vehicles future position and to a better 
overall crash avoidance system. 
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Figure 21  FV (blue) and LV (red) future paths intersection (dark grey). 

  
The algorithm implemented in this work was taken from Brännström et al. 

(2008). In that paper the collision avoidance system was developed for both 
avoidance by steering and braking. However, due to time constraints, only braking 
was taken into account in this study. The limit for the jerk developed by the braking 
system during the AEB evasive manoeuvre set at -15 𝑚/𝑠  was taken from the same 
paper. This was considered a conservative approach, as in current and future vehicles 
this value is expected to be higher (Rosén, 2013; Jeppsson et al., 2018). Actually, to 
evaluate realistic and more current implementations of AEB, considerations of 
nuisance interventions and the consideration of drivers’ abilities to comfortably avoid 
critical situations by steering, especially in small offset scenarios, should be included. 
This was, however, outside the scope of this thesis. See Yang (2019) for more 
information about AEB algorithms considering the driver’s comfortable avoidance 
braking and steering manoeuvres.   

The AEB application was simulated by changing the vehicle kinematics (see 
Section 2.3.3) after the AEB activation. The braking manoeuvre was always assumed 
to be as if it was on a straight path, even if the actual predicted path was curved. As 
before, since the crashes were only in highway scenarios the predicted path, when 
curved, had a high enough radius of curvature (only slightly curved). Due to that the 
simplification of simulating a straight path was considered reasonable. This 
simplification made it possible to use simpler vehicle dynamics. By using the 
curvature of the path and by simulating the braking manoeuvre using a vehicle model, 
taking the curvature into account, would have produced more realistic results. The tire 
would indeed need to deal with both longitudinal forces due to the braking manoeuvre 
and with lateral forces due to the cornering, decreasing the overall braking capabilities 
(Hac, Dickinson, 2006). 

Another assumption relates to the modification of the scenario: the use of a 
maximum level of deceleration reachable during the braking manoeuvre was equal for 
all the modified scenarios. This means that information about the road friction 
coefficient were not considered. The reachable level of deceleration was selected as 
the assumed vehicle limit (see Section 2.3.1), which in turn determined the timing of 
the AEB activation. This consideration had an impact in the results of the AEB 
implementation as in real scenarios the reachable level of deceleration could be less 
than the maximum one, depending on the road condition. 
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In the results section (see Section 3) one of the most common metric used to 
compare crashes was the impact speed, that is the relative speed between FV and LV 
at the crash. As before, the focus of the work on rear-end crashes in highway 
scenarios allowed for a simplification in this aspect as well. The speeds considered 
when computing the impact speed were the longitudinal speeds of both the FV and the 
LV, as all the analysed cases were rear-end striking, and consequently they had the 
longitudinal speeds mostly aligned. Improvements considering the actual angle of 
impact could lead to more accurate results for the impact speed and crash 
configuration, and consequently could lead to a further development of the work, that 
could include studies about the injury risks derived from these crashes. 

4.2.2 Data 

During the analysis of the datasets some limitations in the data was identified. The 
general limitation related to the highD dataset is related to the amount of potentially 
critical scenarios (see Section 2.1.2), and the validity of the generated crashes. From 
the 110.000 vehicles of the datasets only 86 crashes were generated, when the crash 
generation procedure was applied to the most critical FV-LV interactions. The low 
amount of obtained crashes was mainly due to the driving conditions of most of the 
recordings from the highD drones. Low traffic driving conditions, in which vehicles 
were travelling at relative high distance one from the other, limited the amount of 
potentially critical scenarios. High traffic density conditions limited the collection of 
possible critical scenarios as well, as the low speeds involved in those situations gave 
as a result high levels of THW. 

In addition, one other encountered problem regarded the length of the section 
of the highway analysed. Some critical scenarios were not usable as the generated 
crash would have happened after the end of the highway section. Such cases were 
discarded, limiting the final amount of crashes available. Some crashes had to be 
discarded also from the original set available in PCM. The main reason for this was 
that they were considered rear-end due to the collision zones of the vehicle, i.e. 
collisions happening between the front of the FV and the rear of the LV, but actually 
they happened to be side crashes, not of interest in this work. 
In this study highD naturalistic driving data was used to generate crashes, given a set 
of assumptions. Such approaches need to be validated further. This study did show 
that the GIDAS PCM impact speeds when the FV was not braking (but the LV was), 
was similar to the generated highD crashes. For all other scenarios such assessment 
has not been performed.  

4.3 Future work 
The future work that could be done to improve and continue the current work is in 
part directly related to the limitations described in Section 4.2. First, the AEB 
assessment when using crash data and naturalistic data could have more precise 
results using other datasets, rather than only highD and PCM. Other AEB algorithms 
could also be implemented. These algorithms may use different fundamental 
approaches of crash avoidance (Hillenbrand et al., 2006: Hac, Dickinson 2006), and 
even considered nuisance interventions and comfortable avoidance manoeuvres 
(Yang, 2019). Avoidance by steering is one example of a potentially interesting 
improvement. Brännström et al., (2014) proposed a decision-making study in which 
the both AEB and AES could be activated depending on the kinematics of the 
scenario and on the driver comfort limits. The tools and inputs for algorithms 
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considering steering are already available from the data processing and analysis 
performed during this work (see Section 2.2.2).  
 Future work could also address some of the simplifications made during the 
work. The calculation of the predicted path could be improved by taking into account 
the future kinematics of the LV, allowing for a better estimation of time and position 
of a possible crash. Improvements of the modification of the scenario, considering 
variability in the road friction coefficient, and to the impact speed, considering the 
different components of the speed, could provide more realistic results. All these 
changes may also enable application of the algorithm to other scenarios, rather than 
only rear-end striking crashes on highways. For example in an intersection scenario a 
collision path involving the kinematics of the LV would be necessary, as the vehicles 
would not travel along the same direction. 
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5 Conclusion 
 
In this this work two crash datasets were studied and compared with respect to 
similarities in initial and residual crash characteristics after an automated emergency 
braking (AEB) system was applied to the data virtually. The first was made up of 
generated crashed from highway driving scenarios recorded from a drone (the highD 
dataset). The second was data from an in-depth reconstructed crashes dataset (GIDAS 
PCM). In particular the crashes were compared with respect to “original” impact 
speed, and by studying the effectiveness of the AEB algorithm applied to them.  
The crash generation process involved the assumption of a highly distracted (or even 
sleeping) driver of the following vehicle (FV) that, by keeping a constant speed, 
crashed in a lead vehicle (LV) during its braking manoeuvre. The results showed 
similar results in the impact speed comparison but with relatively large differences in 
the estimation of the effectiveness of the AEB system. The results showed 100% of 
crash avoidance in the generated crashes, whereas an 83.6% of crash reduction was 
achieved in the in-depth crash database. The 100% effectiveness on the generated 
crashes shows how the LV path and behaviour was more easily predictable than in the 
reconstructed real crashes (GIDAS PCM). This was due to the lack of safety critical 
scenarios requiring late evasive manoeuvres in the highD dataset, more common in 
the reconstructed crashes instead. Therefore, the differences in these outcomes 
suggest that as of now the crashes generated from the highD dataset do not represent a 
viable alternative or complement to in-depth reconstructed crashes, while the initial 
crash characteristics (impact speed) were similar. More work in the crash generation 
phase, both by improving the current method and by using other sources of 
naturalistic driving data, is needed to further study the problem. 
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