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Abstract: Among the possible improvements of Autonomous Emergency Braking (AEB) systems, 

reducing the intensity of the automatic braking process by studying the kinematics and general 

behavior of the pedestrian while crossing is crucial to determine the progressiveness of the braking, 

or replacing part of the braking process by an evasive maneuver when a collision is imminent. This 

paper proposes the integration of an autonomous avoidance system (Automatic Emergency Steer-

ing, AES) that acts directly on the steering system to generate an evasive maneuver and avoid a 

possible pedestrian collision (OPREVU-AES system), as well as the assessment of its effectiveness 

compared to a commercial AEB system. OPREVU and VULNEUREA are research projects in which 

INSIA and CEDINT have cooperated to improve driving assistance systems and the safety of pe-

destrians and cyclists through Virtual Reality (VR) techniques. The analysis of the kinematic and 

dynamic response of the OPREVU-AES system is conducted in CarSim©  software. The effectiveness 

evaluation procedure is based on the reconstruction of a sample of road vehicle-to-pedestrian 

crashes (INSIA-UPM database), using the PCCrash®  software, and taking as an indicator the prob-

ability of head injury severity (ISP). The results show that the AEB system would have prevented 

part of the collisions, especially after the incorporation of the OPREVU-AES system. In most of the 

cases where avoidance is not possible, a significant reduction of the ISP is achieved. 

Keywords: pedestrian safety, Autonomous Emergency Braking AEB, Automatic Emergency Steer-

ing AES, collision reconstruction, probability of head injury severity ISP 

 

1. Introduction 

Nowadays, with the aim of increasing road safety and ensuring an effective response 

by the vehicle when a hazardous situation occurs on the road, Autonomous Emergency 

Braking (AEB) systems anticipate the driver's response in the event of a potential collision 

with vehicles and pedestrians or, if a collision occurs, reduce the severity of the damage 

as much as possible. These systems consist of a fusion sensor, which combines the perfor-

mance of a camera and a LIDAR (Laser Imaging Detection and Ranging) device. 

These systems are the subject of ongoing research aimed at improving both pedes-

trian behavior identification algorithms and safe avoidance maneuvers [1-2]. Some au-

thors [3] point out possible areas of optimization of AEB systems. Among the possible 

solutions, it is proposed to regulate the autonomous braking response by acting on the 

deceleration curve and on the maximum steady-state pressure value, modifying its value 

as a function of the pedestrian's transverse speed. 

The characterization of pedestrian behavior has been studied from the point of view 

of predicting the pedestrian's trajectory and reaction type [4], using Kalman filters for 
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image analysis, while other authors [5] focus on the development of Markov decision pro-

cess (MDP) models for the enhancement of emergency braking systems and autonomous 

vehicles. In other studies, such as [6], a detection method for walking pedestrians by using 

a HOG feature to recognize leg crossing is proposed for accident avoidance.  

In cases where traffic speeds are high (close to the maximum speed allowed in urban 

areas in the European Union, 50 km/h), the braking distance may not be sufficient, so new 

collision avoidance maneuvers are contemplated for the development of Advanced 

Driver Assistance Systems (ADAS) embedded in new generation vehicles. In particular, 

the Automatic Emergency Steering system (AES) is placed within the Euro NCAP 2025 

roadmap for primary safety [7] and expects further implementation in the fleet from 2022 

onwards. 

For this reason, a breakthrough system is proposed that is able to integrate a predic-

tive collision model for pedestrians, capable of regulating the braking response at low 

speeds (below 40 km/h) and generating an automatic evasive maneuver for high speeds 

(up to 70 km/h) in conditions of maximum safety for other road users and guaranteeing 

the stability of the vehicle during the whole process, when the necessary distance to exe-

cute a braking at maximum pressure is not enough to avoid the accident.  

2. State of the art 

The integration of an autonomous avoidance system in conjunction with an Autono-

mous Emergency Braking system has been studied for the avoidance of near-miss conflicts 

between two vehicles. The combination of both ADAS systems has been tested in [8] in 

both simulations and real tests, integrating a predictive trajectory system, an autonomous 

electro-hydraulic braking system and an emergency avoidance system with active front 

steering.  

The execution of evasive maneuvers at high speeds requires sufficient space and the 

calculation of an intervention point in the decision-making algorithm of the system, which 

implies a constant calculation of times and distances, such as [9], where trajectory plan-

ning involves the integration of a steering feedforward and feedback controller, consider-

ing velocities, distances, given maximum acceleration and available space to act. In this 

paper, trajectory planning is proposed for the control of evasive maneuvers, with the ob-

jective of guaranteeing in advance the maneuverability and stability of the vehicle. This 

approach is similar to that already used in research such as [10], where the design of op-

timal passing maneuvers involves parameterizing geometric constants (such as lateral 

clearance distances), dynamic constants (such as longitudinal jerk), and maneuver-end 

conditions. 

Nevertheless, the focus of this survey is on avoiding pedestrian accidents. In [11], the 

design of the avoidance system revolves around mapping a trajectory with a fuzzy-like 

control over the steering wheel. Furthermore, the combination of the AEB system with the 

evasive steering system has been studied in [12], where the decision making of which 

system is more appropriate at speeds below 50 km/h, in different scenarios with potential 

hit-and-run situations, has been tested.  

In this connection, in order to have a broader and more realistic understanding of 

pedestrian crossing behavior, the use of Virtual Reality techniques has been carried out 

for this proposal. Recent articles, such as [13-14], have investigated the applicability of 

Virtual Reality technology through the use of HMD to study the safety and risk perception 

(gap choices, perceptual errors, reaction times) of pedestrians when crossing in different 

virtual environments and with different roads. Additionally, [15] concluded that the de-

ployment of VR controlled environments is valid for studying pedestrian behavior, since 

the walking speeds of the users are congruent with the average speed of pedestrians cross-

ing in the real world, and the sense of immersion and usability denote the practicality of 

this methodology. 

Through the study of pedestrian-vehicle interaction, some authors, such as [16], have 

been able to estimate critical zones by calculating the possibility of collision as a function 
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of the relative lateral and longitudinal distance between car and user. The study of the 

pedestrian's whole-body kinematics when reacting in such potential hit-and-run situa-

tions allows to characterize users behavior, generating avoidance patterns in terms of 

speed and acceleration for the cases of backward and forward motion. 

For the implementation of such improvements, the effectiveness of the new systems 

in terms of reducing injuries to vulnerable exposed road users [17] should be evaluated 

prior to their release to the market. The effectiveness measurement indicator used is the 

Injury Severity Probability (ISP, [18-19]), which estimates the probability of injury to the 

pedestrian's head as a function of the hit speed and the impact area of the head on the 

frontal area of the vehicle (hood or windshield). 

This paper proposes the formulation of a combined braking and autonomous avoid-

ance system OPREVU-AES, whose operation takes into account the relative distance and 

speed information obtained by the fusion sensor, as well as the probability of collision as 

a function of parameters that define the pedestrian's behavior, the pedestrian's level of 

attention and the visibility conditions of the road. The avoidance trajectories have been 

predefined for speeds above 40 km/h, controlling the entire overtaking and lane re-entry 

process by points, thus guaranteeing the lateral stability of the vehicle through the action 

of the Electronic Stability Control (ESC). Besides, the decision algorithm of this joint sys-

tem completes its operation by considering the information obtained from the lane line 

detector and the blind spot detector. 

Likewise, this research discusses the results of the evaluation of the effectiveness of 

the new OPREVU-AES autonomous pedestrian hit-and-run braking and avoidance sys-

tem, in comparison with a commercial AEB systems. Furthermore, to evaluate whether 

this type of system would be effective in avoiding collisions in real situations, and whether 

its implementation would be worthwhile for new generation vehicles, a comparative 

study of the probability of pedestrian injury is carried out for three scenarios: a vehicle 

without an ADAS system, a vehicle with an AEB system, and a vehicle with an AEB and 

AES system for a range of high traffic speeds. 

3. Materials and Methods 

3.1. Methodology 

The methodological scheme (Figure 1) presented in this section has been developed 

within the Project OPREVU (Grant RTI2018-096617-B-100 funded by 

MCI/AEI/10.13039/501100011033/ "ERDF A way of making Europe"), the Project VUL-

NEUREA (Grant PID2021-122290OB-C21 funded by MCIN/ AEI / 10.13039/501100011033 

/ "ERDF A way of making Europe"), and the project SEGVAUTO-4.0-CM (Grant 

S2018/EMT-4362 funded by the Community of Madrid). It can be broken down into the 

following stages: in-depth study of an INSIA UPM accident database, conducting an in-

vestigation of the scenario of each collision, and the generation of a predictive collision 

model by analyzing the pedestrians behavior in potential hit-and-run situations through 

Virtual Reality tests (green block); on-track tests for the validation of the AEB system in a 

commercial vehicle, with the aim of analyzing its kinematic and dynamic response, as 

well as the system's decision logic (dark blue block);  the configuration of the joint AEB 

and AES system by adapting the vehicle model integrated in the CarSim©  dynamic sim-

ulation software (light blue block); the virtual reconstruction of accidents with the vehicle 

equipped with the OPREVU-AES and AEB system and without the on-board ADAS sys-

tem (real accident) in PCCrash®  (grey block), estimation of the ISP in the assumptions 

contemplated in the virtual reconstruction (yellow block), and evaluation of the effective-

ness of these systems based on the ISP estimation (orange block). 
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Figure 1. Methodology main scheme of the OPREVU-AES modeling procedure and evaluation of 

its effectiveness. 

3.2. Accident study and virtual reconstruction 

To investigate and reconstruct a sample of hit-and-run accidents in Madrid, a multi-

disciplinary team was set up with the support of local police forces, emergency services 

and hospitals. 

The sampling was based on three main criteria: first, according to the characteristics 

of the road, the selected accidents must occur in urban areas; the second criterion concerns 

the type of vehicle, considering only accidents in which the vehicle involved is a passenger 

car, an SUV (Sport Utility Vehicle) or a light van; the third concerns the configuration of 

the accident, considering only cases in which the pedestrian is hit by the front of the vehi-

cle. No restrictions were imposed on pedestrian characteristics such as sex, age, height, or 

weight. Aspects such as information related to the victims, the vehicle, type of impact and 

severity of injuries, the characteristics of the road and the urban environment, ambient 

light, weather conditions and traffic density were considered for the design of the test 

scenarios. 

Accident scene investigation and data collection has been the first step in the process. 

The investigation team, in collaboration with law enforcement, went to the scene to gather 

all available information about the scenario, road geometry, visibility, visual evidence 

such as tire marks, as well as vehicle damage. Injury information was acquired from emer-

gency services and hospital data and used in the analysis phase to determine the mecha-

nisms of injury. 

Thereupon, a database of 100 accidents involving vulnerable users in the city of Ma-

drid (Spain) was studied (INSIA-UPM database). In order to carry out the reconstruction 

phase, only those accidents where there was a frontal impact, and where there was dam-

age to the windshield, have been considered. Thus, the subsample analyzed included a 

total of 40 pedestrian crashes. 

Once the investigation and data collection phases are completed, the available infor-

mation is analyzed, reviewed, and prepared for use in the reconstruction using PCCrash®  

software. The corresponding vehicle is then selected in each case and loaded from the 

vehicle database available in the software; its characteristics are configured according to 

the actual vehicle. For this purpose, the frontal geometry of the real vehicles is precisely 

measured. Based on anthropometric studies [20-21], multibody pedestrian models are de-

fined, representative of the current Spanish population for both men and women, and for 

a wide range of ages. 

Finally, virtual reconstructions of the accidents are performed using PCCrash®  re-

construction software. The initial conditions have a strong influence on the reconstruction 

kinematics [22]. Numerous parameters, such as the approach speed (Sa), collision speed 

(Sc), the trajectory, position, pedestrian movement, maneuvers, and driver sequences are 
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modified and tested in different combinations in an iterative process leading to a reliable 

reconstruction (Figure 2), matching both impact points with visual evidence, such as dents 

or marks, and with injury locations and mechanisms, such as final vehicle and pedestrian 

positions. 

 

Figure 2. Kinematic sequences of the virtual reconstruction of a vehicle-to-pedestrian collision 

using PCCrash®  

Some upfront hypotheses are established so that all reconstructions are executed 

from a common approach: 

1. The driver's reaction time is 1s in all cases. 

2. The delay for a conventional braking system is 0.25 s. 

3. The Possible Point of Perception (PPP) of the driver is the moment when the 

pedestrian steps on the pavement and no obstacle covers the driver's field of vision. 

4. Three levels of intensity are set for braking force before the collision: no brak-

ing, when evidence shows that the driver did not have time to react or was completely 

unaware of the presence of pedestrians in the vehicle's lane; medium intensity braking, 

the default for most crashes; and full braking when evidence, such as tire marks, indicates 

this. 

The distribution of approach speed (Sa) and collision speed (Sc) in the sample acci-

dents is shown in (Figure 3). The probability of a pedestrian being killed in an accident 

increases with the speed at which the impact with the vehicle occurs. Thus, while in a hit-

and-run accident at 30 km/h the probability of suffering fatal injuries is 10%, this proba-

bility rises to 80% at 50 km/h and is close to 100% from 60 km/h, according to a review of 

WHO and OECD/ECMT research [23]. In the sample of collisions analyzed in this docu-

ment, the collision speed exceeds 30 km/h in 62.8% of the cases, and 50 km/h in 11.6% of 

the cases. 

  

Figure 3. Distribution of approach speed (Sa) and collision speed (Sc) in the sample accidents 
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3.3. Estimation of Injury Severity Probability (ISP) 

Head injuries are usually the most serious injuries suffered by pedestrians when im-

pacted by a vehicle. This severity depends on a large number of parameters such as: col-

lision speed Sc, the point of impact of the head or the rigidity of the struck component on 

the front of the vehicle.  

The intensity of head impact is usually assessed using the Head Injury Criterion 

(HIC) [24]. The HIC can be correlated with the risk of severe injury, which gives a very 

clear idea of the severity of the head impact. The methodology used in this investigation 

to estimate the severity of the head injury is described in (Figure 4.). 

  

Figure 4. Methodology for estimating the ISP 

First, the position of the head impact point is obtained from the virtual reconstruction 

and is represented by a row and a column corresponding to the WAD (Wrap Around 

Distance) and the distance across the front DA (Distance across), respectively, according 

to the front-end division specified by Euro NCAP [25] for pedestrian tests (Figure 5). In 

the same way, the head impact velocity (SH) is also obtained from the reconstruction. 

 

Figure 5. Estimation of the head-on-vehicle front-end impact cell from the reconstruction using 

PCCrash®  

Data from several laboratory tests performed at Applus+ IDIADA are then used to 

estimate the corresponding HIC, carried out within the framework of the FIT - 370100 - 

2007 - 51 project [18]. These are tests conducted for the Euro NCAP pedestrian score using 

the head impactor for different vehicles, at different speeds, impacting the front of the 

vehicle. The hard components under the hood, such as the battery and the engine, are 

considered in correlation with the characteristics of each make and model.  

The head impact velocity obtained from the reconstructions is correlated with the 

closest available velocity from the tests and, if necessary, the HIC value is adjusted by 

interpolation. Finally, to estimate the severity of the head injury, the estimated HIC value 

allows to determine the probability of suffering a severe head injury (AIS3+, Abbreviated 

Injury Scale) (ISPHIC,H,3) based on the correlation specified in (Figure 6) [19,26]. 
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Figure 6. Correlation between the HIC value and the probability of suffering a head injury of 

AIS3+ severity 

The AIS scale was originally developed for use by accident investigators to standard-

ize data on injury frequency and severity. The AIS dictionary is divided into nine sections, 

corresponding to the different parts of the human body: head (brain and skull); face; neck; 

thorax; abdomen and pelvis; spine; upper extremities; and lower extremities. Within each 

section, injuries are assigned a severity code, according to (Table 1). 

 

Table 1. Description of injury severity based on AIS code  

AIS Code Description 

1 Minor 

2 Moderate 

3 Serious 

4 Severe 

5 Critical 

6 Maximum 

The distribution of the probability of head injury severity (ISP) in the sample acci-

dents is shown in (Figure 7). 

 

 

Figure 7. Distribution of the probability of head injury severity (ISP) in the sample accidents 

The evolution of the ISP value as a function of the hit-and-run speed in these acci-

dents is also shown (Figure 8). The speed of collision is one of the main variables influ-

encing the ISP value, although it is not the only one. The location of the head impact cell 

on the front of the vehicle is also of great relevance. Thus: 

• In 50% of the cases with very low ISP values (0 - 20), Sc is equal to or higher 

than 20 km/h, due to head impacts on cells with energy absorption capacity (box in green 

color in Figure 8).  
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• In 43% of the collisions with very high ISP values (80 - 100), Sc is equal to or 

lower than 40 km/h, due to head impacts on cells with high stiffness (red box in Figure 8). 

 

 

Figure 8. Evolution of the ISP as a function of collision speed Sc in the sample accidents. 

3.4. Pedestrian behavior modeling 

For the characterization of pedestrian behavior and the generation of a model adapt-

able to the decision algorithm of the AEB system, the most significant type of collision in 

the INSIA-UPM database (collision at a crosswalk regulated by traffic lights, with impact 

at more than 40 km/h in most cases) have been considered. The urban scenarios identified 

with these hit-and-run characteristics and designed for the experimental session are: 

Avenida de los Toreros, Avenida de Machupichu and Calle Hermanos García Noblejas. 

The tests are performed using an HP GZ V2 Backpack computer, HTC Vive VR 

glasses, and four base stations to provide the test space with 10x3.6 m dimensions. The 

tests have been conducted with a sample of subjects with similar sociodemographic con-

ditions (age: 20-30 years; gender: 28% female, 72% male). 

From the analysis of the data recorded during the VR tests, it was obtained that: 

25.6% of the users accelerated to cross the crosswalk completely to the median; 32.6% 

stopped and returned to the sidewalk, and 41.8% did not react. 

To define the percentage of time that the pedestrian remains looking at the vehicle 

approach zone, a minimum angle is defined below which the user is considered to be 

looking at the zone where the vehicle could appear and enter the crosswalk. This angle is 

defined as "Minimum Angle of Attention, MAA", and takes into account the maximum 

distance the pedestrian must travel to a point of the crossing where the collision is possible 

and the minimum distance the piloted vehicle would need to brake completely from cruis-

ing speed. The MAA calculations and the geometric definition in the zenithal planes of 

the streets are shown in detail in the previous paper [27]. For Machupichu, the MAA is 

αmin=36.9° and for Hermanos García Noblejas, αmin=43.3°.  

During the data processing phase [27], and after applying an approximation of the 

minimum redundancy maximum relevance (mRMR) technique for feature selection, four 

relevant variables were identified in pedestrian behavior and related to the output varia-

ble (Avoidance: "0", Collision: "1"): Reaction type (accelerate, stop and step backwards, no 

reaction), Reaction zone (before hit lane, within hit lane, no speed change), the Percentage 

of Attention Time (PAT), and the average error (%) made in the distance estimation test 

in the experimental session in VR. Due to the difficulty of computing this last variable for 

a system that requires a fast data processing speed, and that would demand access to 

individual pedestrian information through V2P (Vehicle-to-Pedestrian) technology, the 

mean error in distance calculation is discarded, and the following variable is chosen as it 

guarantees the lowest correlation with the rest of the explanatory variables and the high-

est correlation with the response variables: Street type (reduced visibility, visibility). 

Likewise, among the supervised learning classification methods, the formulation of 

a "White box" type classification method (closer to human logical reasoning, without the 

mathematical complexity and spatial representation of the so-called "Black box" models) 
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is proposed. Also, since models whose computational expense is the lowest possible to 

speed up the processing time in the optimized AEB system are preferred, an individual 

decision tree model is chosen (Figure 9), whose final accuracy is equal (81%) to that of a 

Random Forest model (the accuracy has been calculated through a k cross-validation with 

5 iterations, and 80/20 distribution in the training/test sample), with the difference that the 

latter would require a larger number of trees (24 to stabilize the Out-of-the bag, OOB, error 

rate) and longer execution times. 

 

 

Figure 9. Collision predictive model based on an individual decision tree structure 

For those cases where the pedestrian stops and moves backwards, the accident is 

avoided. In case of accelerating or not reacting, any situation that involves not performing 

such action before reaching the hit lane will entail an accident. For cases where the pedes-

trian accelerates early before the lane in which the vehicle is traveling, a PAT value below 

33.9% since the vehicle starts the simulation implies an accident; if the PAT value is be-

tween 33.9% and 75%, the collision is avoided. For cases where the percentage of PAT 

exceeds 75%, the crash is only avoided in urban scenarios where there is no visibility. 

3.5. Design of OPREVU-AES system and CarSim©  integration 

3.5.1. Analysis of the commercial AEB system 

Track tests have been performed to validate the AEB system in a commercial vehicle 

(Hyundai Ioniq 1.6 GDI HEV Style DCT), taking as a reference the Euro NCAP CPNA-50 

and CPNA-25 (Car-to-Pedestrian Nearside Adult) validation tests [28]. The objective of 

these tests is to analyze the kinematic and dynamic response of the car during the auton-

omous braking process, as well as the response times for the Forward Collision Warning 

(FCW) and for the activation of the automatic braking (Time to Collision-TTC-threshold). 

For both configurations, test speeds covered a range between 20 km/h and 60 km/h, 

with 5 km/h intervals between tests. Additionally, a static dummy was used with the pro-

portions and biometric requirements specified by the Euro NCAP protocol. Vehicle posi-

tioning in UTM map coordinates, velocities, accelerations, and moments in the three di-

rections are obtained through a dual antenna recording system incorporated in the vehi-

cle. Data acquisition from the GNSS system is performed at a frequency of 100 Hz.  

The data obtained through a dual antenna recording system incorporated in the ve-

hicle are exported and analyzed, yielding the following relevant data:  

• The camera covers a range of ±26º (52º amplitude).  
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• Pedestrian identification is performed at a maximum distance of 30 m (98 ft).  

• The lateral distance between the pedestrian and the vehicle (with respect to the 

longitudinal axis of the vehicle) must be less than 1 m.  

• The FCW warning signal is activated when the TTC drops to 1.8 s.  

The instantaneous value of the TTC must be less than a certain threshold value for 

the initiation of autonomous braking, which is variable with the car kinematics. This 

threshold value for the onset of automatic deceleration is modeled through a linear re-

gression equation: TTClimit=1.094+0.017∙St=T(D)-1.225∙Dmean, where S and D are respectively 

the speed and deceleration and whose goodness-of-fit is R2=0.75 [3]. 

3.5.2. Definition of OPREVU-AES evasive trajectories 

The vehicle system integrated in CarSim©  is adapted to the dimensions of the Hyun-

dai Ioniq vehicle tested on track. The masses (suspended and non-suspended), tires, 

powertrain and steering system are also modified (the original one is replaced by an elec-

tronically controlled one, for the subsequent adaptation of the AES system). 

In order to generate avoidance maneuvers that guarantee the stability of the vehicle 

during the complete passing process, point trajectories are defined in the CarSim©  double 

lane change dataset (Double Lane Change, Tight w/o ESC), for each of the speeds between 

40 and 70 km/h. This speed range has been chosen because below 40 km/h the automatic 

braking distances of the original AEB never exceeded 12 m, so it is not necessary to estab-

lish evasive maneuvers below this speed. Likewise, the collisions analyzed in the database 

reveal that the maximum speed reached by the cars involved is below 70 km/h, so this is 

established as the upper limit of action. 

In double lane change tests, stable trajectories are obtained between 40 km/h and 55 

km/h, 12 m from the pedestrian/target, while between 56 km/h and 65 km/h, the trajectory 

is stable starting at 18 m from the user. For speeds between 66 km/h and 70 m/h, the dis-

tance between the pedestrian and the vehicle at the start of the trajectory must be at least 

24 m. 

Figure 10 shows the trajectories corresponding to the speed range between 40 km/h 

(minimum speed for the AES system to operate) and 50 km/h (maximum speed allowed 

in urban areas), taking the vehicle's center of mass as a reference point. Lines CW repre-

sent the width of the crosswalk, and L the lane lines. The performance of the ESC system 

allows lateral acceleration to be controlled, and in all cases, the steering wheel turning 

profile and yaw rate allow the conclusion that the overtaking tests (on both sides) comply 

with the ECE R13H standard [29] for transverse displacement control. 

 

  

Figure 10. Right and left avoidance trajectories for speeds between 40 km/h and 50 km/h 

Likewise, the steering wheel angle has been corrected to ensure that the entry into 

the overtaking lane is in the center of the lane, with a margin of 0.5 m on each side of the 
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lane, which guarantees greater safety in the maneuver. Similarly, the detection range (in 

distance and amplitude) is adapted to the values obtained in the track validation tests. 

3.5.3. AEB model setup in CarSim© 

The logic algorithm of the AEB system of the virtual model is included in a block 

system in Simulink, whose input signals are exported from the VS Math model of Car-

Sim© . Originally, in the virtual model the limit values for activation of the FCW warning 

signal and the TTC for automatic braking are constant. Additionally, there is a preset max-

imum pressure value, which is constant in all assumptions. 

However, it was demonstrated in Section 3.5.1. in the results that the limit TTC value 

depends on a set of parameters that define the kinematic behavior of the tested vehicle, 

and subsequently the maximum braking pressure will include a correction factor once the 

AES system and the optimization of the AEB itself are integrated. 

The fusion sensor generates a binary variable, which takes the value of "1" in case of 

pedestrian detection, and "0" if there is no recognition. In case of pedestrian presence de-

tection, the sensor captures the relative distance and speed between pedestrian and vehi-

cle, bearing angle of the pedestrian with respect to the longitudinal axis, and relative ver-

tical distance between sensor and pedestrian. 

The braking system configuration in CarSim©  is based on the modification of the first 

order transfer function that connects the pressure in the master cylinder with the pressure 

applied directly on the wheel. Consequently, the maximum pressure is adapted consider-

ing the deceleration reached in the CarSim©  vehicle system for different pressure values 

during autonomous braking. Considering that the most conservative value of decelera-

tions in the tests with the real vehicle was 0.83g, and that the deceleration curves analyzed 

in the virtual system tend to stabilize around a value of 0.8g from 70-80 bar, the maximum 

pressure defined for the activation block of the AEB system is 80 bar. 

The value of the time constant (Td) of the transfer function is responsible for the var-

iation of the constant pressure times during the permanent pressure regime (a higher 

value of Td generates a smaller number of steps prior to the continuous pressure regime), 

as well as for the oscillations prior to the maximum deceleration regime (they are smaller 

the higher the value of Td). A higher value of this constant tends to delay in time the point 

of maximum deceleration, resulting in a more progressive response and a lower maxi-

mum deceleration. Comparing the deceleration curves of the real model with those ob-

tained in the virtual model and taking into account that the straight region of the curve, 

prior to the steady state, is approximately parallel in all cases with an average value of 20 

m/s3, it is concluded that the value of the constant Td is 0.18. 

3.5.4. Integration of the predictive collision model and OPREVU-AES setup 

Once the primitive virtual model of CarSim©  has been adapted, the optimization of 

the AEB system involves the introduction of the predictive collision model analyzed in 

Section 3.5.1. The performance limitations of the AEB system analyzed in the original 

Hyundai model consist mainly of a lateral activation range of 1 m (it covers up to the 

outermost part of the chassis, 2 m in total), and the non-inclusion of pedestrian behavior 

and kinematics in the decision algorithm to regulate the braking response, through the 

predictive collision model. 

Subsequently, the set of blocks for the calculation of the following variables are de-

fined within Simulink: reaction type, whose input is the speed of the vulnerable user; the 

lane of reaction, which requires the relative position of the pedestrian with respect to the 

vehicle and the relative position of the lanes in which the user is walking in; the PAT, 

obtained by measuring the rotation of the pedestrian's head; and the detection of lateral 

obstacles on the roadway (parked vehicles), through the fusion sensor itself. Likewise, the 

performance margins of the AES and AEB systems are defined, taking into account for the 

latter the output of the predictive model. For the particular case of the AES system, the 

information obtained from the rest of the ADAS systems on board in the final model is 

also considered. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 November 2022                   doi:10.20944/preprints202211.0476.v1

https://doi.org/10.20944/preprints202211.0476.v1


 

The detection of the frontal vehicle is carried out by the same fusion sensor that al-

lows the identification of pedestrians on the roadway. This sensor measures the distance 

and bearing angle to the nearest object and to the second nearest object, so in case a pe-

destrian and a vehicle approaching from the front fall within the detection range of the 

camera and the LIDAR, the algorithm will process the signal of both, discriminating which 

one is closer. The identification of each agent on the roadway is done by encoding the type 

of object. The proximity criterion is based on which object is at the shortest distance on 

the X-axis, which is a direct function of the distance and bearing angle for each object. The 

vehicle becomes the closest object when the target volume bounded by the outer face of 

the chassis exceeds on the X axis the target volume of the pedestrian, represented as a 

cylindrical body enveloping a dummy with the anthropometric dimensions used in the 

AEB validation tests. The length of the front vehicle can be calculated as the difference of 

the distances in X, once the and the type of object changes. 

The reaction type is obtained through the speed profile generated by the sensor, and 

the analysis of the instantaneous acceleration of the sensor. Considering the results of the 

VR experimental session, the cases whose reaction has been to accelerate correspond to 

accelerations greater than 1.05 m/s2, while in cases where the pedestrian brakes and backs 

up, the deceleration has been greater than 1.05 m/s2. Pedestrian acceleration is measured 

through the change in pedestrian speed, so a transport delay block is used to evaluate the 

signal at two points 0.2 s apart in time. Furthermore, the reaction type is computed by 

means of a categorical variable, which assigns a numerical value to each motion (stop and 

step backwards=1; accelerate=2; no reaction=3). Since the minimum distance between the ve-

hicle and the pedestrian to decide is 10 m, in case no change of speed has been detected, 

the variable reaction type takes the value of 4. 

For the calculation of the reaction location, an "If Subsystem" set allows to save the 

value of the offset lateral in which this change occurred. To evaluate the reaction zone, the 

information obtained by the 5-points lane detector is used, which processes two signals: 

L_Edge_L for the left lane position, and L_Edge_R, for the right lane position, both meas-

ured in Y-axis coordinates. If the lateral offset is less than L_Edge_L and greater than 

L_Edge_R, the pedestrian reacts within the hit lane, and in case it is less than L_Edge_R, it 

reacts in the upstream lane (note that the Y-axis takes increasing values in the sense of the 

pedestrian's direction of travel in the crossing). 

On the other hand, the calculation of the PAT variable is obtained by capturing the 

heading angle of the test pedestrian and comparing it with the MAA limit value. It should 

be noted that, to obtain this value, there is a facial and eye recognition system integrated 

in the fusion sensor camera itself (including electronic adjustment of the optical zoom). 

The PAT is computed by means of a first cumulative sum block, which acts as the adder of 

each integration step of the simulation (0.5ms) in which the heading angle<MAA. Likewise, 

another second cumulative sum block is used to store the total time of the simulation since 

the vehicle identifies the pedestrian and the pedestrian moves forward. The quotient be-

tween these two times is the PAT. In addition, the identification of vehicles hindering the 

visibility of the crossing (parked or momentarily stopped) is detected by the camera and 

LIDAR sensor. 

For the design of the AES system, the steering wheel turning, forward coordinate and 

braking pressure data are exported for each speed and overtaking side, to create a lookup 

table in the updated decision block system, so that, when activating the avoidance ma-

neuver, the information of these variables is taken. Finally, a blind spot sensor is added, 

with rear traffic recognition up to 5 m behind the rear of the vehicle. Depending on which 

flank the rear vehicle is approaching from, this sensor processes the Alert_R signals if it is 

from the right side and Alert_L if it is from the left side, generating a raw signal and the 

corresponding square filtered signal. 

The direction of avoidance when the AES is activated is determined by the pedestrian 

reaction type and the pedestrian's direction of movement when entering the crosswalk. If 

the pedestrian reacts by accelerating or not reacting, the avoidance is performed with the 

Type I maneuver, while, in case of stopping and stepping backwards, the overtaking is 
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performed by turning the steering wheel according to the Type II maneuver. Type I over-

taking occurs when the vehicle merges into the lane opposite the one in which the pedes-

trian is moving towards (if the pedestrian is moving from right to left from the driver's 

perspective, the initial turn of the steering wheel would be to the right; while if the pedes-

trian is moving from left to right, the initial turn would be to the left). By the same token, 

Type II overtaking occurs when the vehicle moves into the same lane as the pedestrian, 

making the opposite turns of the steering wheel as described for Type I. On the other 

hand, the value obtained by the collision prediction algorithm takes into account the 

above values, and its coding has been performed following the decision tree logic dis-

cussed in Section 3.4.  

The final block with the function integrating the AEB and AES selection yields 3 pos-

sible for categorical values for the pressure (pressure:1 for left side avoidance; pressure:2 

for right side avoidance; pressure:0 for AEB braking response), and for the steering wheel 

angle (SWangle:1 for left side avoidance; SWangle:2 for right side avoidance; SWangle:0 for 

AEB braking response). Each value of the variables pressure and steering wheel angle 

correspond to the obtained values of pressure and steering wheel angle for each side 

avoidance and for each corresponding speed, while the null value of both variables im-

plies the individual AEB response. A switch case block allows to output the value result-

ing from this final block. Likewise, in case of AEB activation and a null prediction by the 

Machine Learning collision model, there is a gain factor that multiplies the maximum 

braking pressure value by 0.70, thus regulating the response in the deceleration process. 

Figure 11 shows a schematic of the operation of the decision algorithm of the 

OPREVU-AES system, considering what was described above. 

 

 

  

Figure 11. Flowchart of the OPREU-AES system decision making algorithm. 

Figure 12 shows a schematic of the detection and actuation range of the OPREVU-

AES system, as well as that of the complementary driving assistance systems. The vision 

range of the fusion sensor is 30 m and total aperture of 52º, and the lateral activation range 

of the AEB (blue) is 2 m in total. The 5-point lane detection system (purple) allows the 

position of the lane edges to be obtained. The blind spot detector covers an area of 4m x 

5m on each side (orange). 
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Figure 12. Detection and actuation range of on-vehicle OPREVU-AES system. 

4. Results 

4.1. Decision-making algorithm of the OPREVU-AES system 

If, before reaching the 12 m distance relative to the pedestrian, there is identification 

of rear traffic or vehicles approaching head-on from either or both sides (detected through 

the fusion sensor itself), the trajectory is cancelled; while if, once the overtaking has started 

and the crossing has been passed, there is a vehicle in the original lane, the vehicle deac-

tivates the AES operation and brakes the car with maximum pressure. On the other hand, 

the decision algorithm of the OPREVU-AES system integrates the information coming 

from the rest of the car's control systems, so that if a failure is detected in any of them (for 

example, a flat tire), it automatically overrides the autonomous avoidance process. 

In the event that, in a range between 12 m (minimum distance to initiate the overtak-

ing trajectory) and 30 m (maximum sensor range for pedestrian identification), the dis-

tance required for braking is greater than the distance relative to the pedestrian in the 

longitudinal direction, the AES system initiates its operation. Otherwise, the AEB system 

acts, regulating its braking performance according to the output of the predictive model: 

in case of potential collision, the maximum pressure of 80 bar is activated; while, in case 

of predicted avoidance, a braking pressure equal to 70% of the maximum is activated (56 

bars), with the objective of guaranteeing a maximum deceleration drop of less than 25% 

and thus ensuring a safe response (0.64 g). 

The choice of this partial pressure is also fostered by the increase in the minimum 

gap necessary to avoid a rear-end collision between the vehicle equipped with the 

OPREVU-AES system and another generic vehicle behind it. (Figure 13) shows how 

would be the evolution of the minimum distance to avoid a possible impact between both 

vehicles for different values of maximum deceleration during emergency braking. The 

gain in reaction time for the driver of the following vehicle is also shown. The calculations 

have been performed considering equal traffic speeds for both vehicles of 30 km/h and 50 

km/h, and reaction time of the driver of the rear car of 1 s. The following vehicle brakes 

with the maximum deceleration (0.83 g) for both cases. 

For the case of partial braking of the preceding vehicle, the minimum gap obtained 

with 70% of the maximum pressure is 1.27 m and 3.52 m for 30 km/h and 50 km/h, 

respectively. Both values represent 29.7% of the total braking distance at 0.83 g 

deceleration. On the other hand, the driver of the following vehicle has a gain of 0.15 s for 

a speed of 30 km/h and 0.25 s for a speed of 50 km/h. For deceleration values higher than 

0.64 g, the minimun gap curves and the reaction time gain decrease more progressively, 

so this deceleration value is optimal to ensure safe braking and less wear on the braking 

system. 
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Figure 13. Minimum distance between vehicles, and distance and time gains, for 30 km/h and 50 

km/h, after applying a partial emergency braking. 

Figure 14 shows an example of the decision making of the combined autonomous 

braking and avoidance system when faced with a pedestrian accelerating at the crosswalk 

after seeing the vehicle. In the image on the left (a), the vehicle recognizes rear traffic by 

blind spot and pedestrian detector and vehicle in front by the fusion sensor. In this case, 

it overrides the evasion and enables AEB. In the image on the right (b), there are no 

vehicles in the dodging lane. Therefore, it initiates the passing maneuver. 

 

 
 

(a) (b) 

 

Figure 14. Simulation in CarSim©  of the OPREVU-AES system for pedestrian accelerating 

4.2. Effectiveness of the conventional AEB system and OPREVU-AES in the reconstruction of 

real accidents 

Applying the proposed methodology, each of the pedestrian accidents in the sample 

has been reconstructed three times: 

1. Under real conditions, based on the information collected at the scene of the 

accident (Figures 3, 7 and 8). 

2. Considering the modification of the pre-crash phase through the installation 

of the commercial AEB system. 

3. Simulating the pre-crash phase by installing the OPREVU - AES system.  

In each of the cases, the variation of the collision speed and of the head injury severity 

probability (ISP) after the incorporation of the two systems considered, AEB and 

OPREVU-AES, has been evaluated. The change in the collision speed due to these systems 

also implies a modification of the impact cell of the head on the front of the vehicle, both 

variables influencing the value of the final ISP. 

4.2.1. Commercial AEB system 

The installation of the autonomous emergency braking function, present in the two 

systems proposed in this document, makes it possible to avoid 53.8% of the crashes in 

the sample ((Fig. 15.), green box). In addition to this, the average reduction of the 

collision speed in these accidents is 62.7% 
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Figure 15. Comparison of the actual versus the collision speed after the installation of the commer-

cial AEB system commercial AEB systems 

This avoidance capacity is conditioned by the speed of the vehicle in the moments 

prior to the collision, and by the speed of the pedestrian (Figure 16) since the pre-impact 

activation time is related to the instant at which the pedestrian enters the narrow activa-

tion zone of the AEB system. Increasing traffic and pedestrian speeds reduce the avoid-

ance possibilities of this device. the chances of avoidance of this device. 

    

Figure 16. Reduction of the collision speed vs. pedestrian speed after installation of the commer-

cial AEB system 

In addition to the above, the ability of the AEB system to reduce the probability of 

head injury severity (ISP) is shown in the following figures (Figure 17 and Figure 18). The 

average reduction of the ISP in the sample crashes is 65%; and in 64% of the cases the 

reduction of the probability of head injury severity exceeds 80%. 
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Figure 17. Reduction of the ISP vs. the actual collision speed after installation of the commercial 

AEB system 

 

Figure 18. Average reduction of ISP by actual collision speed ranges, after installation of the com-

mercial AEB system 

4.2.2. OPREVU-AES system 

As described above, the OPREVU-AES system incorporates the autonomous emer-

gency braking function of the commercial AEB system. Therefore, the effectiveness de-

scribed in the preceding section also applies to the new avoidance system (53.8% of the 

crashes in the sample could be avoided incorporating the commercial AEB system)..  

The OPREVU-AES system requires a minimum distance to the pedestrian to perform 

the maneuver safely: from 12 m (traffic speed between 40 km/h and 55 km/h) to 24 m 

(traffic speed between 66 km/h and 70 km/h). Therefore, the possibility of carrying out 

this evasive maneuver is conditioned by the early detection of the pedestrian, as well as 

by the constraints of the surroundings of the collision. In addition, the direction of avoid-

ance when the AES function is activated is determined by the pedestrian reaction type 

and the pedestrian's direction of movement when entering the crosswalk (Figure 11). 

46.2% of the accidents in the sample are not avoidable using only the commercial 

AEB system. And in 5% of the crashes, it is not possible to perform an avoidance maneu-

ver due to infrastructure restrictions (single-lane roads). If the pedestrian does not react 

(more conservative status of the system) and considering the activation zone of the com-

mercial AEB system, the new OPREVUAES system could avoid 2.5% of the cases (Figure 

19). In the rest of the cases (38.7%), the effectiveness of the new avoidance system requires 

the extension of the activation area in lateral direction above 2 meters. If the activation 

zone is increased laterally up to 3 meters, this system could avoid 8% of the pedestrian 

accidents.  
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If the pedestrian reacts stopping and stepping backwards and considering the acti-

vation zone in lateral direction above 3 meters, the OPREVU-AES system could avoid 16% 

of the cases. 

 

Figure 19. Avoidance effectiveness of the commercial AEB system and OPREVU-AES system 

5. Conclusions 

Through the proposed methodology, a database of 40 collisions is elaborated, includ-

ing detailed vehicle, pedestrian (age, weight, height, injury coding, motion kinematics), 

and scenario information. Reconstructions of these crashes are performed using advanced 

simulation techniques to accurately estimate multiple parameters of the collision, as well 

as the pre- and post-impact phases.  

The information collected has been used to evaluate the effectiveness of two primary 

safety systems, a commercial AEB system and the OPREVU-AES autonomous braking 

and avoidance system. The performance of these systems has been modeled in reconstruc-

tions, analyzing their ability to reduce the severity of sample pedestrian collision. 

The current OPREVU-AES system enables efficient braking and avoidance maneu-

vers with automatic steering wheel control, ensuring vehicle stability during the entire 

overtaking trajectory. Furthermore, the predictive collision model, based on real user be-

haviors in potential hit-and-run situations in VR environments, allows regulating the 

braking response when autonomous braking is initiated, making less wear on the braking 

system plausible.  

The set of decision blocks of the AEB and AES systems, in combination with the rest 

of the driving assistance systems, is capable of processing information every 0.5 ms, mak-

ing it a low computational load algorithm and capable of executing actions on the vehicle 

immediately. The merging sensor and the blind spot detector make it possible to evaluate 

the presence of other agents on the road to ensure that the maneuver is performed safely. 

On the other hand, the lane line detection system makes it possible to measure the relative 

positioning of the pedestrian on the roadway and at the same time control the position of 

the vehicle while executing the overtaking and return maneuver during automatic avoid-

ance.  

Performing this type of trajectory implies having sufficient space to execute the ma-

neuver (especially at high traffic speeds), so, within the possible areas of improvement for 

this technology, it would be necessary to have a camera with a greater range of longitudi-

nal distance. Also, one of the possible limitations of this system is the lack of integration 

of a multimodal mapping system, capable of jointly processing the information coming 

from the camera for lane line detection, traffic sign and traffic light recognition; from LI-

DAR for obstacle detection; and GNSS, to obtain information on the location, speed, and 

orientation of the car. In addition, future V2P (Vehicle-to-Pedestrian) technology will en-

able direct or indirect communication (through urban infrastructure) between car and 
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vulnerable user, so that it will be possible to incorporate pedestrian trajectory prediction 

into the current collision probability model, achieving greater precision in decision mak-

ing. 

Numerous investigations in recent decades have concluded that the probability of a 

pedestrian being killed or seriously injured in an accident increases with the speed at 

which the impact with the vehicle occurs. However, the characteristics of the head-on-

vehicle impact cell are also of great relevance. The effectiveness of the autonomous emer-

gency braking function, present in both systems (commercial AEB and OPREVU-AES), is 

verified by its ability to avoid 54% of the crashes in the sample and by the average ISP 

reduction of 65%, after its installation on the vehicles involved. 

The collision avoidance function of the proposed new OPREVU-AES system presents 

a great potential for primary safety improvement. However, this function requires a min-

imum distance to the pedestrian for the safe execution of the maneuver. Increasing the 

effectiveness of the system requires increasing the activation area in lateral direction 

above 2 meters. The new automatic evasive function of the OPREVU – AES system could 

avoid 16% of the cases if the pedestrian reacts stopping and stepping backwards and con-

sidering the activation zone in lateral direction above 3 meters. 
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