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Structure of this report 

 

 
Sections 1-3 of this report provide a brief summary of the performed studies including background and 

conclusions. The reader is referred to the appendices where the studies are described in more detail, 

this applies to milestone reports M3.1 and M3.2 as well as reviews on regulatory tests for passenger 
cars related to occupant safety and seats. 

 
Note: 

A list of abbreviations frequently used in VIRTUAL can be found on the website: 

https://projectvirtual.eu/abbreviations/ 
 

https://projectvirtual.eu/abbreviations/
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1 Background and objectives 

WP3 

 

The VIRTUAL project aims to create a safer road transport system by providing improved ready-to-use 
safety assessment tools. The open source strategy of this project is the key to ensuring high market 

penetration of the tools provided. However, first and foremost, VIRTUAL is meant to make a sustainable 

impact. Therefore, it has already been ensured that the results of the project, namely the Open Virtual 
Testing platform with all its contents, will continuously be available after this project has ended. Having 

such a platform in place within the VIRTUAL project will make a significant difference to the impact 
made compared to previous projects on virtual testing and human body modelling. 

 

1.1 Background 

 
Vehicle safety will remain an important issue for personal mobility in the foreseeable future. The 

development of advanced driver support systems and the emergence of automated driving (AD) vehicles 
in real traffic, are likely to change the characteristics of crashes compared to prevailing circumstances. 

In order to prepare for future scenarios and to provide the framework for the design of crashworthiness 
in passenger vehicles, the remaining collisions after the application of conceptual AD systems must be 

predicted. 

 
Further to the above, automated driving vehicles open up new possibilities for in-car activities which 

may influence the way seats are arranged and positioned. 
 

1.2 Objectives 

The three main objectives of this deliverable include the following: 
 

1. To give an overview of the current regulatory landscape related to occupant protection 

2. To describe remaining collisions once a conceptual advanced driver assistance system (ADAS) 
has been applied to relevant urban intersection conflict situations 

3. To predict the seated positions likely to be relevant in future automated driving vehicles 
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2 Overview of performed studies 

 

The performed studies included in Deliverable 3.1 consists of three subparts: 
 

2.1 Review of regulatory tests for passenger cars related to occupant safety and seats 

2.2 Testing accident scenarios 
2.3 Predicted AD seated positions 

 
The first part is intended give an overview on the regulations that need to be considered today when 

designing passenger cars for occupant safety as well as regulations related to the design of automotive 

seats. The second part starts from a given set of conflict situations and narrows down to a set of car-
to-car crash configurations that would be reasonable to assume will occur in traffic environments where 

vehicles equipped with conceptual AD functions are driven. The third part describes relevant seating 
configurations, seat positions as well as seated postures likely to be used by occupants in future 

automated vehicles. 
 

2.1 Regulatory reviews 

2.1.1 Review on regulatory tests on occupant safety, status 2019 
 
A journal paper was made out of a study that had earlier been presented at a conference, Appendix 1. 

The manuscript was accepted for publication in the journal Accident Analysis and Prevention. The study 

identifies that there is a gap between the aim of an inclusive society and vehicle safety assessment 
since regulatory vehicle safety assessments prioritize male occupants. The article highlights that the 

average sized male represents the whole adult population in regulatory tests and that injury statistics 
show that the protection of women and men is unequal in a crash, with females being subjected to a 

higher risk than males in similar crash circumstances.  
 

The main objective of the VIRTUAL project is to establish an open access hub for finite element human 

body models (HBMs) for use in crash simulations. The detailed anatomical representation of the human 
body provided by HBMs as well as their capacity to test different crash scenarios involving a wide range 

of different occupant body types in a time and cost-efficient manner, makes virtual testing a promising 
tool for improving road safety. Accordingly, the VIRTUAL project has initiated work towards its goal of 

closing the gap between virtual testing and standardised physical vehicle safety assessments.  

 
To date, occupant safety is tested using crash test dummies and assessed using injury criteria based 

on accelerations, forces, and deflections measured in dummy parts, for example. These criteria have 
specifically been developed for application with dummies. A sub-task of the VIRTUAL project, examines 

whether these criteria would be suited for being implemented in HBMs and further, whether the results 

of physical and virtual tests can be compared:  
 

Discussions on validating injuries with HBMs based on injury criteria are controversial. While Giordano 
et al. (2017) claim that it is generally possible to calculate injury criteria with the help of HBMs, Danelson 

et al. (2015) point out that it is rarely possible to use HBMs to compute injury criteria as specified in the 
regulations in a meaningful way. There is currently no detailed comparison of HBMs and 

anthropomorphic test devices (ATDs) in a full regulatory test procedure. 
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Therefore, provided within the context of this task is an overview of test conditions and injury criteria 
used in the existing regulations. To meet homologation regulations, cars have to pass a wide variety of 

standards and tests. However, the requirements may differ at a national level for certain markets. The 

United States of America (U.S.) and the European Union (EU) are usually in the lead in defining 
regulations for the automotive industry, therefore the subsequent overview is focused on the United 

Nations (UN) Economic Commission for Europe (ECE) that defines the regulations for the European 
market, and their U.S. counterpart, described in the Federal Motor Vehicle Safety Standards (FMVSS). 

For the purpose of this document, we will only consider regulations where either ATDs or impactors are 

used. 
 

Finally, a literature comparison has examined whether these criteria for homologation related to vehicle 
safety can be calculated with HBMs and whether HBMs may provide comparable results. 

 

2.1.1.1 Test procedures using ATDs 

A relevant part of the regulations considering occupant safety requires tests performed using crash test 
dummies, i.e., ATDs. ATDs represent the human body and during tests they register loads on the body, 

e.g., acceleration, force, displacement, moments of torque. As there is currently no ATD version that 
can be used for more than one load case, different ATDs are required for different load cases, e.g., 

frontal, side, and rear impact. 

 
The risk of injury is evaluated using injury criteria, which may be specified as direct measurement 

values, e.g., acceleration levels, which may sometime require rather complex calculations, such as for 
the head injury criterion, HIC. The criteria and thresholds vary for different regulations and markets. 

Table 2.1 shows all test regulations concerning occupant safety for the European market performed 

with at least one ATD. The corresponding regulations for the U.S. market are presented in Table 2.2. 

Table 2.1. European crash test regulations (all ATDs belted)  

Standard Test procedure  Dummy model Injury criteria  

UN R94 

Frontal impact 40% 
overlap against  
deformable barrier / 
56 km/h. 
 

2 Hybrid III 50th percentile 
male dummies in the front 
seats 

• HIC36 < 1000 
• Head amax 3 ms < 80 g 
• Neck shear forces < 3.1 kN @ 0 ms, 1.5 kN 

@ 25-35 ms, 1.1 kN @> 45 ms 
• Neck tension forces < 3.3 kN @ 0 ms, 

2.9 kN @ 35 ms, 1.1 kN @ > 60 ms 
• Neck bending moment < 57 Nm 
• Thorax deflection < 42 mm 
• Viscous criterion < 1.0 m/s 
• Femur force <9.07 kN @ 0 ms, 7.58 kN @ 

10 ms 

• Tibia compression force < 8 kN 
• Tibia index < 1.3 @ ether location 
• Movement of sliding knee joints < 1 5 mm 

UN R95 
Side impact with a 
950 kg trolley / 
50 km/h  

Side impact dummy ES-2 
in the driver seat 

• HIC36 < 1000 
• Viscous criterion < 1.0 m/s 
• Rib deflection < 42 mm 
• Pubic symphysis force < 6 kN 
• Abdomen performance criterion < 2.5 kN 

UN R135 

Side impact to a rigid 
pole / 32 km/h 
(26 km/h for vehicles 
under 1.5 m width)  

WorldSID 50th percentile 
dummy in the driver seat 

• HIC36 < 1000 
• Lateral shoulder force < 3.0 kN 
• Thorax deflection < 55 mm 
• Abdominal deflection < 65 mm 
• Lower spine acc. < 75 g 
• Pubic symphysis force < 3.36 kN 
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UN R137 
Frontal impact 100% 
overlap against rigid 
barrier / 50 km/h 

Hybrid III 50th percentile 
male dummy (driver seat), 
Hybrid III 5th percentile 
female dummy (passenger 
front seat) 

• HIC36 < 1000 
• Head amax 3 ms < 80 g 
• Neck bending moment < 57 Nm 
• Thorax compression < 42 mm 
• Viscous criterion < 1.0 
• Neck shear forces < 3.1 kN (male dummy), 

2.7 kN (female dummy) 
• Neck tension force < 3.3 kN (male d.), 

2.9 kN (female d.) 
• Femur force < 9.07 kN (male d.), 7 kN 

(female d.) 

Table 2.2. FMVSS regulations   

Standard Test procedure  Dummy model Injury criteria  

FMVSS 208 

Frontal impact 100% 
overlap against rigid 
barrier. Impact velocity: 
56 km/h 

2 Hybrid III 50th 
percentile male 
dummies in the 
front seats, belted 

• HIC15 < 700 
• Neck injury criterion < 1.0 
• Neck tension force < 4.17 kN 
• Neck compression force < 4.0 kN 
• Thorax amax 3 ms < 60 g 
• Thorax compression < 63 mm 
• Femur force < 10 kN 

FMVSS 208 

Frontal impact 100% 
overlap against a rigid 
barrier. Impact velocity: 
56 km/h 

2 Hybrid III 5th 
percentile female 
dummies in the 
front seats, belted 

• HIC15 < 700 
• Neck injury criterion < 1.0 
• Neck tension force < 2.62 kN 
• Neck compression force < 2.52 kN 
• Thorax amax 3 ms < 60 g 
• Thorax compression < 52 mm 
• Femur force < 6.805 kN 

FMVSS 208 

Frontal impact 100% 
overlap against rigid 
barrier. Impact velocity: 
32-40 km/h 

2 Hybrid III 5th 
percentile female 
dummies in the 
front seats, unbelted 

• HIC15 < 700 
• Neck injury criterion < 1.0 
• Neck tension force < 2.62 kN 
• Neck compression force < 2.52 kN 
• Thorax amax 3 ms < 60 g 
• Thorax compression < 52 mm 
• Femur force < 6.805 kN 

FMVSS 208 

Frontal impact against 
barrier, impact angle 0 +- 
30°. Impact velocity: 32-
40 km/h 

2 Hybrid III 50th 
percentile male 
dummies in the 
front seats, unbelted 

• HIC15 < 700 
• Neck injury criterion < 1.0 
• Neck tension force < 4.17 kN 
• Neck compression force < 4.0 kN 
• Thorax amax 3 ms < 60 g 
• Thorax compression < 63 mm 
• Femur force < 10 kN 

FMVSS 208 

Frontal impact 40% 
overlap against 
deformable barrier. 
Impact velocity: 40 km/h. 

2 Hybrid III 5th 
percentile female 
dummies in the 
front seats, belted 

• HIC15 < 700 
• Neck injury criterion < 1.0 
• Neck tension force < 2.62 kN 
• Neck compression force < 2.52 kN 
• Thorax amax 3 ms < 60 g 
• Thorax compression < 52 mm 
• Femur force < 6.805 kN 

FMVSS 214 
Side Impact with a 
1368 kg impactor. Impact 
velocity: 53 km/h 

Side impact dummy 
ES-2 re in driver 
seat. SID IIs in back 
seat, belted  

SID IIs dummy: 
• HIC36 < 1000 
• Lower spine acc. < 82 g 
• Pelvis force < 5.525 kN 
ES-2 re:  

• HIC36 < 1000 
• Thorax deflection < 44 mm 
• Abdomen performance criterion < 2.5 kN 
• Pubic symphysis force < 6 kN 
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FMVSS 214 
Side impact against rigid 
pole. Impact velocity: 
32 km/h 

Side impact dummy 
SID IIs or ES-2 re in 
driver seat, belted  

SID IIs dummy: 
• HIC36 < 1000 
• Lower spine acc. < 82 g 
• Pelvis force < 5.525 kN 
ES- 2 re:  
• HIC36 < 1000 
• Thorax deflection < 44 mm 
• Abdomen performance criterion < 2.5 kN 
• Pubic symphysis force < 6 kN 

FMVSS 
202aD 

Rear impact sled test, 
delta-v 17.8 km/h 

Hybrid III 50th 
percentile male in 
driver and 
passenger seat 

• HIC15 < 500 
• Extension angle < 12° 

 

Child restraint systems (CRS) must also meet safety requirements through validation using dummy 
tests. A list of the test standards for Europe and the U.S. is given in Table 2.4. There are currently two 

regulations regarding the safety of child restraint systems in the EU, in which the main difference lies 
in the selection of the child dummies. In the UN R44 regulation, child groups are selected according to 

weight, while in the UN R129, groups are selected according to body size and also includes side impacts. 

At present, child restraint systems must comply with the requirements of only one of the test standards.  

Table 2.4. Crash tests for child restraint systems  

Standard Test procedure  Dummy model Injury criteria  

UN R44 
Front impact / 50 km/h  
Rear impact / 30 km/h 

Child dummies 1y, 3y, 6y, 10y  
• Chest amax 3 ms < 55 g  
• Vertical amax 3 ms towards the head 

< 30 g  

UN R129 Frontal impact / 50 km/h  
Child dummies Q0, Q1, Q1.5, 
Q3, Q6 

• HIC15 < 600 (Q0,Q1,Q1.5) / 800 
(Q3,Q6) 

• Head amax 3 ms < 75 g 
(Q0,Q1,Q1.5) / 80 g (Q3,Q6) 

• Upper neck tension force for 
monitoring purpose only 

• Upper neck flexion moment for 
monitoring purpose only 

UN R129 Rear impact / 30 km/h  
Child dummies Q0, Q1, Q1.5, 
Q3, Q6 

• HIC15 < 600 (Q0,Q1,Q1.5) / 800 
(Q3,Q6) 

• Head amax 3 ms < 75 g 
(Q0,Q1,Q1.5) / 80 g (Q3,Q6) 

• Upper neck tension force for 
monitoring purpose only 

• Upper neck flexion moment for 
monitoring purpose only 

• Chest amax 3 ms < 55 g 

UN R129 
Lateral impact / 24 km/h 
 

Child dummies Q0, Q1, Q1.5, 
Q3, Q6 

• HIC15 < 600 (Q0,Q1,Q1.5) / 800 
(Q3,Q6) 

• Head amax 3 ms < 75 g 
(Q0,Q1,Q1.5) / 80 g (Q3,Q6) 

• Upper neck tension force for 
monitoring purpose only 

• Upper neck flexion moment for 
monitoring purpose only 

FMVSS 213 
Sled test / 48 km/h / 
32 km/h 

Child dummies 1y, 3y, 6y  
• HIC36 < 1000 
• Chest acceleration < 60 g 
• Excursion limits 
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2.1.1.2 Test procedures using impactors  
Another set of the required vehicle safety tests is performed using impactors. Impactors such as the 

free motion head form are used for impacts in the interior of a vehicle. To assess injury risk in pedestrian 

impacts, European regulations comprise leg and head impactors which are used on the car bonnet and 
bumper. The relevant test procedures using an impactor in the U.S. and European regulations are 

presented in Table 2.3. 

Table 2.3. Crash tests using impactors for the European and U.S. regulations 

Standard Test procedure  Injury criteria  

UN R21 
Head impacts the vehicle interior. Impacts against 
various points of the vehicle interior. Velocity: 
24.1 km/h. 

• Amax 3ms < 80 g  
• No damage or sharp edges on the impact site   

UN R127 
Pedestrian protection test. Lower leg-, hip- and head 
impactor. Speed depending on impactor and bonnet 
/ bumper shape. 

Head form: 
• HIC36 < 1000 / 1700 1 
Lower leg form: 
• Tibia bending moment < 340 / 380 Nm2 
• MCL stretching < 22 mm  
• ACL/PCL stretching < 13 mm 
Upper leg form: 
• Total force < 7.5 kN 
• Bending moment < 510 Nm 

FMVSS 201U 
Free motion headform (FMH) impact against various 
parts of the vehicle interior. Velocity: 24.0 km/h. 

• HIC36(d) < 1000 

 

2.1.1.3 Literature on the use of human body models (HBMs) in crash test simulations 

The use of Human Body Models (HBMs, i.e. models of human anatomy and not ATDs) under conditions 

as encountered in regulatory crash tests appears promising in order to gain deeper insights on injury 
mechanisms and body responses, considering their more detailed representation of the human anatomy 

and the wide range of possible measurements.  

 
In order to use HBMs to compare the injury risk and the protection potential of vehicles and their 

restraint systems features, examinations have to be made regarding whether the existing injury criteria 
can be implemented in HBMs must be examined as well as whether the output is comparable to the 

output using ATDs.  
 

Giordano et al. (2017) showed that it is generally possible to implement injury criteria developed for 

ATDs, into HBMs. To facilitate the use of ATD based injury criteria in the finite element child model 
PIPER, virtual sensors at the corresponding locations of the physical sensors of a Q-dummy were 

modelled. Thus, it is possible to determine linear and rotational accelerations for different body parts. 
A comparison of the output of the physical and virtual sensors in three full-scale accident reconstructions 

based on real accident data showed that the body kinematics of the dummy and HBM followed similar 

trends in the crash and rebound phase. However, the peak accelerations and forces measured on the 
spine differed between the dummy and the HBM, in that the HBM typically showed greater flexibility 

and compressibility than the dummies. Also, there were differences in the interaction with the seat belt: 
the chest deflection of the PIPER model was larger, which is in line with a previous study by Beillas et 

al. (2014). These authors found that the Q-dummy largely underestimates the chest deflection if the 

upper rib cage is loaded by a belt. The dummy tests in the study from Giordano et al. (2017) were 
carried out in physical tests, while Beillas et al. (2014) were simulating the dummy tests.  

 

                                                
1 HIC thresholds depending on the impacted area  
2 Tibia bending moment of 380 Nm for a max. width of 264 mm 
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A comparison of the body responses of HBMs and crash test dummies was also done by Mroz et al. 
(2010). These authors investigated the thoracic response of the Hybrid III dummy FE model and the 

THUMS HBM (Iwomato et. al, 2002) for various seat belt conditions in frontal impacts. The aim was to 

improve the understanding of injury mechanisms and the human body responses in different loading 
conditions of the thorax. In simulations with three impact severity levels and two belts, two belt load 

limiters and two airbag types, the chest deflections and excursions were compared. Furthermore, multi-
point deflections and rib strains were evaluated in the THUMS model to predict rib fractures. A generic 

vehicle interior model, representing the driver side of a typical sedan car, was used to carry out the 

evaluations. Both the dummy and the HBM were positioned according to the Euro NCAP protocol for 
frontal impacts. 

 
The THUMS model predicted approximately 40% greater chest excursion compared to the Hybrid III 

computer model. The authors assume that the change in spinal curvature for the THUMS model is the 
reason for the greater excursion, since in the Hybrid III, the lower spine is designed as a rigid block. It 

was also shown that a multi-point deflection of the thorax has a better correlation to the maximum rib 

strain than the sternum single point deflection. This supports findings of Kuppa et al. (1998), who 
argued that the maximum central chest deflection alone could not predict injuries as well as the 

maximum deflections of multiple locations on the chest. Furthermore, Kuppa et al. (1998) observed that 
only in 25% of the cases the maximum chest deflection occurs on the central position of the chest.  

 

Another comprehensive study to investigate the injury mechanisms and body responses of the Hybrid 
III dummy and the THUMS model was carried out by Danelson et al. (2015). The authors compared 

the thoracic and lower body responses of the two FE models in frontal impacts under varying loading 
conditions and different restraint systems. Virtual loading cells were implemented into the THUMS model 

to determine the chest deflection, excursion and acceleration, the viscous criterion VC, the pelvis 
acceleration and excursion and the femur force. It was shown that the single point chest deflection of 

the THUMS model deviates from the Hybrid III at around 30 ms after the impact. In line with the 

findings by Mroz et al. (2010), the maximum deflection of the chest was higher for the THUMS model. 
The reason for the different results can to some extent be found in the different locations of the chest 

deflection measurements for the two models. In the THUMS model, the load cell was directly underneath 
the seat belt, while in the Hybrid III the measurement location was in a lower position relative to the 

belt. For a better understanding of the thorax responses, multi-point chest deflections were calculated 

with the THUMS model. The analysis of the results underlines the findings by Kuppa et al. (1998) that 
the location of maximum chest deflection is not necessarily at the mid sternum. Further differences in 

the body responses emerged with increasing impact velocity. While in the THUMS model all chest 
metrics increased with increasing impact velocity, the viscous criterion and thorax acceleration 

decreased in the Hybrid III for some tests configurations. An explanation for this effect was not given. 

A comparison of the femur forces showed that with an active knee bolster airbag the femur force 
increased for THUMS, but decreased for the Hybrid III. The authors assume that the differences result 

from an increased shoulder excursion and the engagement of the shoulder with the seat belt in the 
THUMS model. Overall, the study “demonstrates the decreased ability of ATD based criteria 

implemented in HBMs to capture the full response of the human chest when compared to HBM based 
metrics.” (Danelson et al., 2015).  

 

The difference in responses of HBMs and crash test dummies was also shown by Gierczycka et al. 
(2015). They compared the body kinematics and injury criteria of the ES-2re FE model and an HBM in 

typical side impact conditions. The thoracic response was evaluated using the viscous criterion and the 
maximum thorax deflection. For the standard driving position, the thorax deflections were comparable 

between the HBM and the dummy. However, for non-standard arm positions, the body responses of 

the HBM differed from the side impact dummy. In the HBM, the shoulder is connected to the thorax 
through the scapula, clavicle and musculature. Loads were transmitted from the shoulder to the thorax 
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through this physical connection. As a result, the chest deflection and the viscous criterion of the HBM 
are more sensitive to the arm position than the ES-2re dummy (which uses a more rigid design). 

 

The different responses of HBMs and crash test dummies obviously raise the question whether one or 
the other may be considered more reliable in terms of their biofidelity. Golman et al. (2013) showed 

that a HBM, especially THUMS, is generally a good tool to predict injuries in real-world crashes. They 
reconstructed a near-side impact from the Crash Injury Research and Engineering Network (CIREN) 

database. Head, rib, spinal and pelvic acceleration were measured at the centre of gravity, chest band 

deflections were measured at three different heights and HIC and the thoracic trauma index (TTI) was 
calculated. Besides the lack of head contact, the injury predictions of THUMS matched the CIREN case. 

It predicted seven of the eleven rib fractures in the real-world crash.  
 

Pyttel et al. (2007) suggest that injury criteria calculated by ATDs might not represent the individual 
characteristics of the human body. In their comparison of the deformations and accelerations of the 

EuroSID FE dummy model and the ESI H-model HBM in side impacts diverging results were found. The 

authors have assumed that the differences are the result of the inaccurate geometry of the thorax, arm 
and pelvis segments of the ATD as well as its inability to evaluate rib fractures.  

 
In summary, it appears that the implementation of specific ATD based injury criteria in HBMs is generally 

feasible. In various studies, the thorax deflection, the viscous criterion, femur forces and the 

acceleration of specific body parts have been evaluated. However, investigations into the evaluation of 
bending moments of the bones in the HBMs have not been carried out.  

The comparison of results of dummies and HBMs should be done with great caution. The biofidelity of 
crash test dummies is limited due to relatively stiff soft tissues and the lack of an anatomic skeleton. 

For this reason, different body responses in HBMs and crash test dummies are likely. Larger chest 
deflections and greater thorax excursions in the HBMs, for instance, are common outcomes. 

 

2.1.1.4 Summary and discussion 

In this section, we have given (i) a brief overview of regulatory tests on occupant safety as defined by 
European and U.S. law, and (ii) a short review of recent literature about which of these tests can be 

replicated by simulations with HBMs and to what extent. A particular focus of the latter task was the 

question whether injury criteria can be translated from ATDs to HBMs and which conceptual and 
systematic differences are to be expected.    

 
The regulatory tests can be subdivided into two categories: tests using ATDs (crash-test dummies) and 

tests using impactors mimicking the behaviour of certain body parts. In the European regulations, the 

tests using ATDs solely rely on devices designed according to the 50th percentile anthropometry. In 
contrast, U.S. regulations additionally require the use of a 5th percentile female dummy. Nevertheless, 

none of the regulations take into account a wider diversity of occupant body sizes and gender, and 
focus is placed on front seat occupants.  

 

While the tests of the second category (impactor tests) are inherently very difficult to impossible to 
directly mimic in simulations using HBMs, the setups of the ATD tests are conceptually more 

straightforward to replicate (by simply replacing the dummy with an HBM). This procedure has been 
attempted in a number of published studies. In spite of this seemingly straightforward procedure, the 

interpretation of the results is tricky and a direct comparison of physical tests and virtual HBM 
simulations is not necessarily meaningful. The results of the two, both in terms of kinematic reaction 

and injury criteria, cannot be expected to be the same or (in some cases) even close. Even qualitatively, 

the results can differ significantly (i.e., concerning the effectiveness of a protection measure). Moreover, 
these differences cannot be considered simple shortcomings of the numerical simulations: this is rather 

a very deep conceptual problem arising from the fact that an ATD is a device designed to measure 
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certain injury criteria (and not meant as a realistic model of the mechanics of the human body), while 
an HBM is designed to model the mechanical properties of the human body as realistically as possible. 

In turn, the injury criteria3 applied in current regulatory tests are (i) designed to be measured with ATDs 

(and not with HBMs), and (ii) meant as protection criteria to make sure that the loads on the occupants 
remain on a tolerable level, not as precise assessment whether or not a human occupant would sustain 

certain types of injuries in a given situation.  
 

Even though, as a consequence of these difficulties, it cannot be expected to simply replace the current 

regulatory tests one to one with HBM simulations any time soon, this tricky situation has a high potential 
of further innovation. The more numerical HBMs are capable of simulating deformations of human tissue 

in a biofidelic way, the more they will give insights which ATDs are conceptually not capable of delivering 
reliable results. Particularly the possibility of tissue and strain-based injury assessment in HBMs has to 

be mentioned in this context. Furthermore, also the capabilities of taking into account a certain 
population diversity and a higher number of different load cases makes this technology very promising. 

Nevertheless, the application of HBMs in regulatory tests will probably be the last step in a longer 

evolution – tests in product development and by consumer organisations are likely the more fruitful 
fields of application in the shorter run. In any case, there are still a number of questions and problems 

which must be solved in this context – particularly the injury detection systems of these HBMs have to 
be designed on-purpose for HBMs and cannot simply be translated from current ATDs. This will still 

require considerable research and development efforts in the future – during which, in turn, the setups 

of the regulatory tests will have a particular importance as validation test scenarios. 
 

  

                                                
3In this document, the expression ”injury criterion” is used without strictly differentiating between “injury”, ”protection” and 
”damage” criterion.  
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2.1.2 Review on regulations on automotive seats 
 
This section describes the regulations that need to be considered today when designing passenger car 

seats for occupant safety. Terminology regarding seats can be found in Appendix 3. 
 

2.1.2.1 Swivel seats 

Many regulations are referenced to the longitudinal plane of the vehicle and measurements or tests are 

carried out parallel or perpendicular to this plane. For many regulations, applying the force in this 
direction would not be suitable for seats that can be partially swivelled. Certain regulations require seats 

to be tested in all positions or in the worst position, however force directions are not following the seat 

transformations. In such cases it is necessary to obtain official interpretations from type approval 
laboratories. 

 
The main safety and regulations requirements applicable for swivel front seats in class M1 vehicles: 

• General geometric requirements for front seats 

• Seat belt anchorage regulations ECE14 

• Seat belt installation regulations ECE 16 

• Seat strength regulations ECE 17 

• Head restraint regulations ECE 17, GTR 7 

• Luggage impact, use of ISO 27955 

• Energy dissipation and radius requirements ECE 17, ECE 21 

• Front crash regulations ECE 94, ECE 137, ECE 21 dynamic 

• Side crash regulations ECE 95, ECE 135, FMVSS 21 

• Obligation from automated steering regulations: ECE 79 ACSF draft 

• Specific options if available on the seat: isofix, top tether - ECE 14 or ECE 145 

2.1.2.2 UNECE and EU Regulations 

 
According to the 678/2011/EC document “Minimum size of seats for Europe”, a seat must accommodate 

at least a 50th percentile male (driver side) and a 5th percentile female (passenger side). According to 

the definition (in ECE 14, 16 and 17), forward facing seats refers to a seat which can be used while the 
vehicle is in motion, which faces towards the front of the vehicle, in such a manner that the vertical 

plane of symmetry of the seat forms an angle of less than +10⁰ to -10⁰ with the vertical plane of 
symmetry of the vehicle. 

 
The ECE 14 regulation stipulates requirements about the position of the seat belt anchorages, strength 

tests of seatbelt anchorages and also if fitted on the seat: isofix and top tether anchorages. Lower 

effective anchorages of seatbelts are checked versus seat medium plane. Before initiating the ECE 14 
test with regard to all height adjustable seats as well as all fixed height seats, fitted with anchorages 
that turn with the seat, the buckle side must respect angles between 45⁰ (𝛼1) and 80⁰ (𝛼2) while the 

opposite side (non-buckle) must respect angles between 30⁰ and 80⁰. The angle limit on both sides is 
between 50⁰ and 70⁰ (Figure 1) for seats that are not height adjustable and the anchorage does not 

turn with the seat. Furthermore, before, during and after applying the ECE 14 strength test, the distance 
between the lower anchorages should be at least 350mm (L) for front seats, and the distance between 

the R-point of the seat and one of the lower anchorages should be at least 120mm (L1, L2) (Figure 2). 

All possible H-point positions of the seat are checked in accordance with requirements, although the 
regulation does not clarify whether the test should be applied in the direction of the vehicle or seat 

which may cause problems in the case of swivel seats (Figure 1). 
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Figure 1. Distances between lower seat belt anchorages. 

 

Figure 2. Angle limits of lower effective anchorages. 

The ECE 14 regulation requires the seat to be in the worst-case position and that the force is applied in 
the direction of the vehicle. For turning angles until 10⁰ the test should be conducted in the forward-

facing direction only, turning angles between 10⁰ and 80⁰ have not been described in the regulation 

and turning angles between 80⁰ and 100⁰ have been banned in passenger vehicles (Figure 3). Specific 
requirements of the ECE 14 seat belt anchorages strength test are described in Table 4. 

 
 

 

Figure 3. Force direction application during ECE 14 anchorages strength test. 
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Table 4. ECE 14 seat belt anchorages strength test requirements. 

 
 

The main requirement for seat belts in passenger cars is installation of 3-point seat belts on all seating 

positions. Furthermore, aggressive edge of seat frame versus seat belt path must be prevented, the 
risk of the seat belt slipping from the shoulder must be reduced to a minimum and seat belts must be 

compatible with universal child restraint fixtures. Child restraint fixtures are checked only for passenger 
seats and checking fixtures in the swivel position are not required. 

 
Regarding the ECE 17 regulation requirements, all seat adjustments (except comfort devices such as 

armrests) must be equipped with an automatic locking system in all adjustment positions. This particular 

paragraph is also applicable for the turning mechanism of swivel seats. 
 

If child a anchorage system is present on a swivel seat, the swivel movement will probably be affected 
by the geometry of isofix volumes (Roll, Yaw and Pitch angles) (Figure 4). 

 

Figure 4. Child restraint system. 



 

VIRTUAL | Deliverable D3.1 | WP3 | Final  14 

Roll means a rotation around the X axis and the value must be in the 0⁰ ± 5⁰ range, Yaw means a 
rotation around the Z axis and the value must be in the  0⁰ ± 10⁰ range and Pitch means a rotation 

around the Y axis and the value be in the 15⁰ ± 10⁰ range. 

 
Swivel seats must conform to ECE 17 and GTR 7 Phase 2 head restraint requirements. The general 

requirements of ECE 17 include: 
 

• Head restraint mounted on every outboard front seat 

• The presence of a head restraint must not be an additional cause of danger to occupants of the 

vehicle 

• Non-use position of head restraint should be clearly recognisable to the occupant 

• If front seats have non-use positions, head restraints should automatically return to the normal 

position when the seat is occupied 

• Head restraint should not be raised above maximum height, except deliberate action 

Also head restraints must fulfil height, width and gaps requirements. In ECE 17, height of the head 

restraint is measured perpendicularly to the torso line of the seat. For front seats, the height in the 
uppermost position should not be less than 800 mm, and in the lowest position not less than 750 mm. 

Minimum height for rear outboard seats is 750 mm and for rear centre seats is 700mm (Figure 5). 
Height adjustable head restraints should be at least 100 mm high and have a minimum width of 85 mm 

(Figure 6).  

 

Figure 5. Height of head restraint. 

 

Figure 6. Width of head restraint. 

The GTR 7 Phase 2 regulation requires measurement of the “effective height” of head restraints. To 

perform this kind of measurement the seat must be placed in the design position (R-point position) and 
in the design torso angle. Measurements should be taken in the median longitudinal plane of the R-

point. The contact point (CP) and intersection point (IP) should be defined at the highest and lowest 
head restraint position. Effective height at the highest position should be a minimum of 830 mm and at 
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the lowest position at least 720 mm for front outboard seats. The GTR 7 regulation should also account 
for non-use positions, gaps, width and backset requirements. 

 

Both ECE 17 / ECE 21 regulations with regard to radius requirements and energy dissipation tests, 
include requirements concerning radius of hard part edges over 50 Shore A and energy dissipation tests 

in specific zones. ECE 17 radius requirements apply to rigid parts of the seat situated in areas within 
contact by 165mm diameter sphere. Which requirements apply depend on the considered area of the 

seat or the head restraint (Figure 7, Figure 8). Swivel positions must be taken into considerations for 

both regulations as affected area where we need to check for ECE 17 / ECE 21 regulation increases. 

 

Figure 7. ECE 17 areas for seats with detachable head restraint. 

 

Figure 8. ECE 17 areas for seats with integrated head restraint. 

  

 
ECE 17 regulation requirements include the following: 

• Area 1: Radius greater or equal to 2,5mm + Energy dissipation test 

• Area 2: Surfaces must be padded + radius greater or equal to 5mm, or surfaces must be 

padded + radius greater or equal to 2,5mm + Energy dissipation test 

• Area 3: Rear parts of the seat radius must be greater or equal to 3,2mm 

The ECE 21 regulation requires the radius of rigid parts located in the contact area to be greater or 

equal to 3,2mm, and determines area of energy dissipation test by defining the impact zone. All 
modularity positions must be checked in contact (Figure 9) and impact zone (Figure 10). To avoid head 

impact obligations every part which can enter into the head impact zone of ECE 21 in turned position 

should also have 5mm radius. 
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Figure 9. ECE 21 Contact zone. 

 

Figure 10. ECE 21 Head impact zone. 

 

Dashboard impact of swivelled seats can be determined by applying the ECE 21 dynamic pendulum test. 

In order to avoid head impact tests and stringent radius requirements on the dashboard, the head 
impact zone can be determined dynamically by nine use cases, and requirements arise only in the 

dynamic head impact zone. Front impact tests at 0⁰, +18⁰, -18⁰ should be conducted with the with HIII 
5th, 50th, 95th crash dummies. The head impact area increases for chairs equipped with a turning 

function, hence in addition to the 18⁰ direction for all three dummy sizes, the turning angle of the seat 

in a swivelled position must also be considered.  
 

2.1.2.3 UNECE and EU Tests 

 

ECE 17 Dynamic 20g Test: seats without occupants resisting forward and rearward deceleration of 20g 
for a minimum of 30ms (Figure 11). The worst seat positions are taken into account, in particular: 

 

• Longitudinal adjustment (tracks) are fixed one notch or 10mm rearward of the most forward 

normal driving position 

• Longitudinal adjustment (tracks) are fixed one notch or 10mm forward of the most rearward 

normal driving position 

• Swivelled seats are not mentioned in this regulation, but type approval services can also require 

to test the seats also in the swivel position 

To meet requirements, release of any locking system (including swivel system) and failure in the seat 

frame and seat anchorages is prohibited. 
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Figure 11. ECE 17 dynamic 20g test. 

ECE 14 Isofix Strength Test : the seat and isofix system must resist forces applied longitudinally and 

obliquely through a static force application device (SFAD) for at least 0,2s (Figure 12). The test should 

also be conducted for the I-size seating position using SFAD with support leg. During the test, the 
reference point of the application device must not be displaced further than 125mm. Permanent 

deformation or partial rupture of the isofix and the surrounding area is allowed, provided that the 
required force is maintained for the specified time. The regulation does not specify if the Isofix strength 

test with regard to swiwel seats should be conducted in the direction of the vehicle or the seat.  

 

Figure 12. Directions of forces applied to the SFAD during test. 

 

ECE 17 Static Strength Test: – This test is conducted to establish if the seat and its adjustment system 

is able to maintain momentum applied around the R-point of the tested seat (Figure 13). The seat is 
adjusted to its design position declared by the car manufacturer. All seating positions on a bench seat 

must be tested simultaneously. Any failure in the seat frame or the anchorages, and the adjustment, 
displacement and locking systems will be disqualified. With regard to swivel seats, whether the 

momentum should be applied parallel to the vehicle axis or parallel to the seat is unclear. 

 

Figure 13. ECE 17 static strength test. 
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Specific case for Germany: It is unclear if the turned position of the seat must pass the test with regard 
to insurance requirements for the crash test of luggage placed on the front seats included in DIN ISO 

27955:2012. 

 
The ECE 17 energy dissipation test results in a shock with the pendulum. The backrest is adjusted to 

the design torso angle with the head restraint placed in the worst-case position. A pendulum with a 

6,8kg rigid head form impacts the head restraint in 24,1 
𝑘𝑚

ℎ
 in different directions (longitudinal, from 

the rear to the front, at 45⁰ from vertical or horizontally) (Figure 14). The test should result in 
deceleration of less than 80g continuously, for more than 3ms, and no sharp edges must appear during 

the test or after test. 

 

Figure 14. Energy dissipation test. 

The backset retention test forms part of the ECE 17 regulation. The test is applied to examine the 

strength of backrests, head restraints and integrated adjustment systems. The test is applied with the 

seat back adjusted to the original design angle, with the head restraint in the most unfavourable 
position. The test is applied in five steps (Figure 15): 

 

• Apply 373 Nm load to the backrest and establish “displaced torso reference line” 

• Apply 373 Nm load to the backrest and head restraint – head form must not be displaced more 

than 102 mm from displaced torso reference line 

• Increase the load on the head form to at least 890 N and maintain this load for a minimum of 

5s 

To pass the test the head restraint and the integrated anchorage system must remain intact under a 

890 N load. 

 

Figure 15. ECE 17 Backset retention test steps. 
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GTR 7 Height Retention Test: This test is applied to examine the strength of head restraint adjustment 
systems. Head restraints in the front seat must be placed in the highest position and positioned just 

above 830 mm, rear outboard seats to the highest setting and positioned above 720 mm while the rear 

centre seats must be adjusted to the highest setting and positioned above 700 mm. The test device is 
cylindrical with a diameter of 165 ± 2 mm. The midpoint of the bottom surface of the cylinder is 

positioned on the head restraint. The preload of 50 N is applied and then 500 N must be maintained for 
at least 5s. Once this load is reduced to 0, 50 N is applied again to establish the displaced position 

(Figure 16). Swivelled and non-swivelled positions must also be considered. 

 

 

Figure 16. GTR 7 Height retention test steps. 

ECE 17 Dynamic Test: This test replaces the static head restraint test and should not be considered for 
swivel seats. The seat is secured to the vehicle structure, and the vehicle structure is mounted on a test 

sled. The seat back is adjusted at a 25⁰ angle with the head restraint in the most unfavourable position. 
The test is applied without an occupant on the seat by applying a longitudinal deceleration of at least 

20 g for 30 ms (Figure 17) in each test. All conditions of the static test should be met and the locking 

systems must not release.  

 

Figure 17. ECE 17 dynamic test. 
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2.2 Proposed testing accident scenarios 

Starting from a set of traffic accident databases (IGLAD, STRADA and Volvo Cars Traffic Accident 
Database), the aim of this study is to narrow down a set of car-to-car crash configurations that will be 

probable to occur in traffic environments where vehicles equipped with conceptual autonomous driving 

functions are operated. The effectiveness of these functions are evaluated by means of a set of pre-
crash simulation tools. Some of the found crash configurations will in later stages of the VIRTUAL project 

be used as demonstration cases for the open access virtual tools. Focus is placed on urban traffic, 
intersections and longitudinal traffic conflict situations. 

 
From the IGLAD database, the following conflict situations were identified as relevant: 

 

• “Turning across path” 
• “Straight crossing path” 

• “Traffic in oncoming direction and same direction” 
 

From the STRADA database, the following conflict situation was identified as relevant: 

 
• “Left turn across path, traffic in lateral direction” 

 
In order to analyse the effects of conceptual autonomous driving functions, several ways of describing 

the crash mitigation were used, including reduction of speed at the time of collision in the host and 
opponent vehicle, respectively. Another way of describing the remaining collisions was applied by using 

a framework for describing crash configurations called Volvo Parametric Crash Configuration (VPARCC).  

 
Further details are given in Appendix 2. 
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2.3 Predicted AD seated positions 

Figure 18 describes predicted seated positions, details and motivations given in Appendix 3. 
 

 

Figure 18. Overview of predicted AD seated positions (note: 2 = upright, 3 = relaxed) 

 

Seated Position 1 - Forward facing in relaxed seat position 
The Position 1 seating configuration is the “standard” in vehicles today, with all seats facing forward. 
During the evaluation, the focus should be on the front seat and three different options for reclining the 

seat (seat back angle, seat cushion tilt, articulated seat back). If the driver seat is selected for 
evaluation, a steering wheel and pedals will be included in the environment. 

 

Seated Position 2 – Face-to-face with upright seat position 
Position 2 is a face-to-face seating configuration, with the front seats turned 180°, facing the rear seats. 

The seat with the back facing the driving direction should be in focus. 
 

Seated Position 3 - Face-to-face with relaxed seat position 
Position 3 is similar to seated Position 2, 180° turned face-to-face facing the rear seats, with the added 
option of various reclined seat positions. The seat with the back facing the driving direction should be 

in focus. 
 

Seated Position 4 – Inboard swivelled front seats with upright seat position 
Position 4 includes two inboard swivelled front seats, up to a maximum of 20°, with the seat back in an 

upright position. Either swivelled front seat could be in focus, depending on the crash configuration.  

 
Seated Position 5 – Parallel swivelled seats in face-to-face with upright seat position 
Position 5 includes a face-to-face configuration, with the front seats in an upright position turned 
towards the rear seats, with an additional swivel option added to all four seats in parallel. Either 

swivelled seat facing the direction of travel forward should be in focus.  
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3 Conclusions 

 

 
A. When reviewing the current regulations regarding occupant safety the following conclusions 

were drawn: 

• In the ECE regulations, the average-sized male dummy represents the adult population. The 

average-sized female is not considered at all. In fact, there is only one test in which a female 
dummy is used to assess the protection of adult vehicle occupants (UN R137, 5th percentile 

Hybrid III in passenger front seat). Furthermore, occupant safety is, except for side impact 
scenarios, only validated for the front seats.  

• It cannot be expected to simply replace the current regulatory tests one-to-one with HBM 

simulations. Setups of the regulatory tests will however have a particular importance as 

validation test scenarios for methods based on HBMs. 
 

When reviewing the current regulations regarding automotive seats, it is clear that future seated 
positions may pose challenges to current regulations and that these may need to be refined in order to 

support occupant protection in crashes. 
 

B. The number of accidents avoided is as expected higher, when the accident initiator is equipped with 

a collision avoidance function (CAF). The remaining collisions in the studied conflict situations 
(further described in Appendix 2) could be described as follows: 

 

• “Turning across path” 
Some 29% of the accidents in the simulated turning-across-path scenarios were avoided if the 

accident initiator is the host car. When the non-accident initiator is the host car, 35% of the 

accidents were avoided. 
 

• “Straight crossing path” 

Some 36% of the simulations were avoided when the accident initiator was equipped with a 
CAF. Only 4% if the non-accident initiator was equipped with a CAF. 

 

• “Traffic in oncoming direction and same direction” 
Scenarios with traffic in oncoming direction and same direction is where the CAF is shown to 

be most effective. If the accident initiator is equipped with a CAF, almost 60% of the 

simulated IGLAD cases were avoided.  
 

• “Left turn across path, traffic in lateral direction” 

When the host vehicle makes a left turn and it is equipped with the generic collision 
avoidance system, more than a third of the collisions can be avoided. The first point of 

contact is moved forward on the perimeter of the vehicle towards the front. Corner impacts 

remain a highly relevant case. 
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C. The activities summarised in Deliverable 3.1 recommends five different seated positions for 
continued investigation within the VIRTUAL project: 

 

1. Forward facing in relaxed seat position 
2. Face-to-face in upright seat position  

3. Face-to-face in relaxed seat position  
4. Inboard swivelled front seats in upright seat position 

5. Parallel swivelled seats in face-to-face upright seat position 
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Executive summary  

 

 
This milestone report (M3.1) describes the draft accident scenarios for adult and child occupants that 

will later be used for demonstrating the VIRTUAL test procedures. Combined with knowledge on future 
seated positions (M3.2) and child seats (M3.4), this lays the foundation for demonstration cases and 

cost-benefit analyses (CBAs) with regard to rear impacts (M3.6), novel seating positions (M3.7) and 

child protection (M3.8). The analysis is based on real-world data collected in the global Initiative for the 
Global Harmonisation of Accident Data (IGLAD) database, as well as police reported cases in the 

Swedish Traffic Accident Data Application (STRADA) database, and detailed cases held on the Volvo 
Cars Traffic Accident Database (VCTAD). 

 
Based on the conducted studies, urban intersection crashes have been predicted relevant for 

demonstration cases, having identified certain variants regarding cornering in intersections. Specifically, 

conflict situations in which the host vehicle is turning and is struck either by vehicles in oncoming, lateral 
or following traffic were identified. In addition, straight crossing path (SCP) conflict situations have been 

predicted to be of high relevance for further analysis. 
 

The final results from this task of the VIRTUAL project is presented in Deliverable 3.1. 
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1 Introduction 

In a future transport system of unsupervised autonomous driving (AD) vehicles, continued focus must 

be placed on occupant protection in crashes (Jakobsson et al. 2019). It is foreseen that the 
characteristics of future crashes will be different to crashes in contemporary transport systems as the 

market penetration of vehicles providing autonomous interventions increases. Therefore, when 

designing future restraint systems, it is important to predict the characteristics of future crashes and 
harmonise them with said predictions as previously highlighted in certain studies (Wimmer et al. 2019). 

 
Hence, this study has utilised currently available accident data combined with computer simulation 

methods in order to estimate the characteristics of future crashes. 

 

1.1 Objectives 
The aim of the current study is to, from a given set of conflict situations, narrow down a set of car-to-

car crash configurations that would be reasonable to assume will occur in traffic environments where 
vehicles equipped with conceptual AD functions are driven. These configurations will be used as 

demonstration cases for the open access virtual tools at a later stage of the VIRTUAL project.  
 

Focus has been placed on urban traffic, intersections and longitudinal traffic conflict situations. 

 

1.2 Terminology 
As already identified in WP4 concerning vulnerable road users (VRUs), the consortium agreed upon 

common definitions to distinguish “situations” and “scenarios”. A conflict situation has been defined 
as a rough description of the intention of the participants (e.g., host vehicle turning left while opponent 

vehicle is driving straight in the opposite direction). Together with the motion profile and the 
environment parameters, a single conflict situation can lead to a variety of possible (accident) scenarios, 

called “virtual testing scenarios” each described by the corresponding crash configuration. The virtual 

testing scenario includes a detailed description of the environment (e.g., street width, lighting 
conditions, weather conditions, sight obstructions) as well as the velocity profile and trajectory of the 

road users. 
 

The aim of Task 3.1 was to identify the relevance of different conflict situations as well as the relevance 

of different parameters (for specific conflict situations). Based on these analyses, we were finally able 
to derive representative virtual testing scenarios, in which the integrated safety systems addressing 

occupant injuries can be assessed. This means that by using real-life crash data from different 
databases, we can weigh the virtual testing scenarios according to their relevance. By adopting this 

approach, the potential of an integrated safety system can be derived, and it can be estimated how the 
relevance of different conflict situations and scenarios is going to change due to a higher market 

penetration of those systems. The term “remaining” has been used to describe the collisions that are 

still present after the application of conceptual AD functions. Since studies are made on a limited number 
of conflict situations, this is not to be interpreted as that there are no other collisions than the ones 

referred to as remaining. 
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1.3 This report 

Section 2 of this milestone report explains the background concerning accident databases, link to cost-
benefit analysis (CBA) and conflict situations. Furthermore, a general description of the utilised pre-

crash simulation tools of the two simulation environments (TUG and Volvo Cars) is provided. Section 3 

describes the developed method, with details of the accident database analyses that were conducted 
as well as specific properties of the pre-crash simulation models used. In Section 4, the results from the 

two simulation environments are given. Finally, in Section 5, the conclusions from the studies described 
in this milestone report are briefly summarised. 
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2 Background 

2.1 Accident Databases 
This sub-section describes the three different traffic accident databases. They provide valuable 

information on different levels (Thomas et al. 2003): 
 

• Base level 

• Intermediate level 

• In-depth level 

 

By combining insights made from all three levels of detail, a coherent and holistic view of the past on 
the current road safety situation can be synthesised. 

 

2.1.1 IGLAD 
Although many countries worldwide provide national statistical accident data on road fatalities and 
injuries on an aggregated level, in-depth accident data on single cases, environments, collisions, safety 

systems, etc., are not available everywhere. Thus, one of the main difficulties in analysing global non-

aggregated accident data is the lack of a common dataset. The Initiative for the Global Harmonisation 
of Accident Data (IGLAD) project was initiated by Daimler AG, the European Automobile Manufacturers’ 

Association (ACEA) together with different research organisations as a working group at the Federation 
Internationale de l’Automobile (FIA) Mobility Group 2010 (Bakker et al. 2014; Bakker 2015; Bakker et 

al. 2017; Ockel et al. 2012a, 2012b) to close the gap of a worldwide accident dataset with an agreed 
data scheme.  

The objectives of IGLAD can be summarised as follows: 

• Develop a common in-depth accident database in the same format on an international level. 

• Not building a new database, instead use available sources of different organisations. 

• Keep detailed data of single accident cases with appropriate variables on an in-depth level 

rather than on a macroscopic (national) level.  

(Approximately 100 variables are associated with each single case.)  

• Keep a harmonised data scheme to allow comparable analysis of different countries. 

 
As IGLAD does not fall under an umbrella organisation, an administrator has been appointed to 

safeguard the inclusion of the correct flow of data and the financial resources (Figure 201) (Bakker et 
al. 2017). Strategic decisions are made by a steering group supported by a technical working group 

with regard to the maintenance of the database, scheme, codebook and related questions.  
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Figure 201: Organisational structure of the IGLAD project for phase 2014+ (Bakker et al. 2017) 

 

The dataset has been organised into four tables: accident, participant, occupant, and safety system.  
Each single case comprises information of the accident (accident/collision type, accident site, road type, 

time, etc.), involved traffic participants (body style, driving speed, collision speed, delta-v, Collision 
Deformation Classification (CDC), etc.), occupants (age, gender, injury severity, Maximum Abbreviated 

Injury Scale (MAIS), etc.) and safety systems (type, use, etc.). For each participant of an accident, 
contributing factors are selected, (lack of safety distance, excessive speed for conditions, etc.).  

A maximum of three “Contributing factors” are associated to each participant.  
The total database (data years 2007-2016) contains 4 950 cases from 11 different countries  

 

Figure 202). Two third of the cases are reported from Europe, approximately 20% are from Asia.  
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Figure 202: IGLAD accident case distribution by country 

 

 

Figure 203: IGLAD accident case distribution according to countries 

 
 

2.1.2 STRADA 
The Swedish Traffic Accident Data Acquisition (STRADA) database is a national database holding 

information related to road traffic accidents throughout Sweden, collected from emergency care 

hospitals and police reports. In Sweden, a road traffic accident is defined as “a crash that occurs in 

traffic on a road, involves at least one vehicle in motion and involves at least one personal injury” 

(Mattsson and Ungerbäck 2013). The police is obliged by law (Swedish Government Offices 1965) to 

report all road accidents involving at least one personal injury in accordance with the above mentioned 
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definition of a road traffic accident. To date, it is voluntary for emergency care hospitals to report to 

STRADA, and the information is only reported with the consent of the injured person (Ds 2016:20 2016). 

 

The information provided by the police includes information on the accident location and other 

circumstances, e.g., date and time of accident, weather and road conditions, and posted speed limit. 

Also included is a sketch including movement trajectories of involved vehicle(s) and VRU(s). The police-

reported injury severity is classified as dead, severely injured or slightly injured. The police must report 

a person as severely injured if the person has sustained broken bones, blunt traumas, penetrating 

wounds, concussion or other internal injuries. In official statistics, a road traffic fatality is defined as a 

fatality occurring as a result of the accident and within 30 days of the accident (Swedish Government 

Offices 1965). 

 

The hospital data collection started in 2003 and gradually increased to national coverage. In 2013, all 

but two emergency care hospitals reported to STRADA and since 2016, all emergency care hospitals 

are included, making injury data considered representative at a national level. Hospital reports normally 

include a number of parameters regarding accident circumstances (i.e., a brief description of the 

accident, accident type and location of the accident), as well as personal information about the patient 

(age, gender, use of protective equipment, etc.) and full diagnosis classified according to the AIS 2005 

scale (AAAM 2005) and the International Classification of Disease (ICD-10-SE) (National Board of Health 

and Welfare 2010). Other injury severity classifications include both MAIS and injury severity score (ISS) 

(Baker et al. 1974). 

 

A unique aspect of the STRADA database is that police and hospital reports can be matched. The 

contribution margin has been stable for police reports, but as the number of hospitals reporting to 

STRADA has increased, the contribution margin for hospital data has varied across different years, 

although in recent years around 30% of accidents in STRADA have included both police and hospital 

reports (Yamazaki 2018). 

 

Matching police and hospital reports for the same accident is of great value in accident analysis as it 

allows connecting important accident circumstances (provided by the police) with details on injuries 

sustained in the accident (provided by the hospital). This connection is crucial for understanding how 

various accident circumstances will impact injuries, which correspond to the goal of virtual testing. 

However, for the analyses presented in this milestone report, only the police reported cases have been 

used. 

 
 

2.1.3 Volvo Cars Traffic Accident Database 
 

Volvo Cars Traffic Accident Database (VCTAD) cover crashes in Sweden involving damage to Volvo cars 

exceeding a certain repair cost. Data from VCTAD is used to establish virtual test-scenarios, i.e., Time-

History data (THd) batches for, computer aided engineering (CAE) simulations in traffic safety 

effectiveness prediction studies targeting a specific conflict situation, for example. In VCTAD, the 

crashes are classified according to the Conflict Situation classification scheme in Appendix B. An analysis 

is performed of the pre-crash phase of each traffic situation (case) in detail. Each critical traffic situation 

is digitised and described numerically in a THd format where each time step, 15s before the crash, 
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depicts the vehicle trajectories, the road environment, the participants and their characteristics. 

Digitised cases of a certain conflict situation, forms a THd-batch. In order to compensate for 

uncertainties in the data (case data quality and contingency of distribution doubts), parameter variations 

are implemented as synthetic cases in the THd-batch (e.g., vehicle speed and traffic flow). For example, 

car speed is investigated in other crash datasets, driving data, or observational data for the conflict 

situation at hand, and is then matched to the cases in the original dataset. Finally, a quality rating 

scheme describes the THd-batch representativeness and the content quality. 

2.2 Link to cost-benefit analysis 

One part of VIRTUAL includes performing a cost-benefit analysis (CBA) (WP6) to estimate the impact 

of increased safety performance through virtual testing of active and passive safety systems. CBA is a 

formal analysis of the impacts of a measure or programme, designed to assess whether the advantages 

(benefits) of the measure or programme are greater than its disadvantages (costs) (Mishan and Quah 

2007). The CBA in VIRTUAL will assess the benefit in terms of reduced or mitigated injuries and related 

costs of safety systems. When performing CBAs of safety systems that affect injury severity, a monetary 

value must be assigned to the health consequences resulting from injuries. Quality Adjusted Life Years 

(QALYs) or Disability Adjusted Life Years (DALYs) can be used as a measurement unit for health 

consequences. These concepts combine impacts on mortality (fatalities) and morbidity (injuries). 

Concerning injuries, QALYs and DALYs include Years Lived with Disability (YLD), which combine the 

duration of the health consequences of injuries and the severity. Disability weights, in the case of DALYs 

ranging from 0 (perfect health) to 1 (death), are used to express severity. A fatality corresponds to the 

loss of a certain number of years of life, Years of Life Lost (YLL). Previous studies have used different 

methods to derive disability weights related to specific illnesses effect on health and quality of life. A 

first set of disability weights was derived for the 1996 Global Burden of Disease (GBD) study (Murray 

and Lopez 1996), and over the past few years several alternative disability weights have been derived 

in different studies using different methodological approaches. A set of disability weights specifically 

developed for assessing disability after injury in Europe (EUROCOST) was created by Haagsma et al. 

(2012). Compared with the original GBD study, which included disability weights for 33 injury categories, 

the EUROCOST by Haagsma et al. (2012) derived 87 disability weights for injuries, allowing for more 

sensitivity between different injury types. Preferably, in the VIRTUAL CBA, the injury coding should be 

mapped to the EUROCOST disability weights which allows for a more comprehensive estimate of the 

burden of injury. 

 

2.3 Conflict situations 

 

For a common understanding of conflict situations, a harmonised description of conflict scenarios is 

necessary. Many accident investigation studies use their own classification scheme making comparison 

difficult. At national level in a set of European Union member states, the Community Accident Road 

Database (CARE) database was developed comprising police recorded data. With the Common Accident 

Data Set (CADAS) classification, a minimum set of standardised data elements has been developed that 

will allow a comparison of road accidents throughout Europe (Verma et al. 2017). However, details 

required for a more detailed classification of conflict situations are often missing, see (Lindman et al. 

2011; Lindman et al. 2015).  

 



 

 VIRTUAL | Deliverable D3.1. | WP3 | Final    Appendix 2, page  
 

9 

For the classification of conflict situations in IGLAD (IGLAD Consortium) the accident type catalogue 

developed by HUK (Haftpflicht, Unfall und Kraftfahrtversicherer) in 1977 is used and describes the 

situation or conflict that leads to an accident. The accident type consists of three digits. The classification 

has already been used in many European projects such as ASSESS, safetyNet, DaCoTa.  

The accident types are classified into (detailed information in Appendix A): 

 

• TYPE 1: Driving Accident 

• TYPE 2: Turning off Accident 

• Type 3: Turning in / Crossing Accidents 

• Type 4: Pedestrian Crossing Road Accident 

• Type 5: Accident with Parking Traffic 

• Type 6: Accident in - Longitudinal Traffic 

• Type 7: Other Accident 

 

Further information about the conflict situation classification in the Volvo database can be found in 

Appendix B. 
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2.4 Pre-crash simulations 

The following section describes an overview of the pre-crash simulation tools used by TUG and Volvo, 
respectively. These tools are used to simulate the phase where collisions are imminent and how 

conceptual AD functions influence the outcome. In a post-processing step, the cases where collision is 

predicted to be avoided as well as the characteristics of the remaining collisions are established. 
 

2.4.1 General description of the TUG tool 
The Extended Effectiveness Rating of Advanced Assistance Systems (X-RATE) has been developed by 

the Vehicle Safety Institute at TUG to assess active safety functions. X-RATE is a control platform able 
to run simulations automatically on a time-step basis. Various parameters can be changed such as initial 

velocities of vehicles, start positions, driver assistance system response times, sensor range, etc. 

Collision related parameters such as collision speed, overlap, delta-v, etc., are also calculated. X-RATE 
has already been successfully used for several research questions (e.g., pedestrian collision avoidance 

systems (Gruber et al. 2019; Tomasch, Sinz, Hoschopf, Kolk, and Steffan 2015b, 2015a), collision 
mitigation for motorcycles at junctions (Gruber et al. 2018), collision mitigation at intersections (Kolk, 

Kirschbichler et al. 2016; Tomasch, Kolk et al. 2015) and in combination with traffic flow simulation 
(Kolk et al. 2018)). X-RATE has been developed in MATLAB and operates in conjunction with PC-Crash 

as a driving dynamics simulation core (Figure 204). Input data to X-RATE can be either single scenarios, 

real world accidents from in-depth databases, traffic flow simulation, etc.  
 

 

Figure 204: Structure of the X-RATE simulation tool 

 

Collision model - Definition of the point of impact 
To define the point of impact (POI) a simple geometrical based approach is applied (Kolk, Sinz et al. 

2016). The POI is calculated in the centre of the overlap of the colliding participants.  
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Figure 205: Determination of the point of impact and contact plane (dashed line) (Kolk, Kirschbichler et al. 
2016)(Kolk et al., 2016c) 

 
Sensor module 

The sensor is based on geometrical considerations and can be attached to the vehicle at any point. The 
field of view and the range can be adapted. “Vision rays” are emitted with a resolution of 0.1° to detect 

the environment, i.e., the opponent. Once a vision ray intersects an object the Time to Collision (TTC) 
is calculated. The closest intersecting object detected is used to calculate the TTC.  

 

 

Figure 206. Top view of the sensor vision based on (Kolk, Sinz et al. 2016) 

 
The TTC is calculated by deriving a relative speed vector between the participants at each time step. 

The algorithm estimates how long it would take until a detected point, moving with the relative speed, 
contacts the host vehicle. The minimum time for all detected points is the estimated TTC for this time-

step. 
 

 

Origin of vehicle 

coordinate system

Sensor position
Vision Ray

Detected

points
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2.4.2 General description of the Volvo tool 
The Volvo Cars Advanced Driver Assistance Systems (ADAS) Research Tool (VCART) is a pre-crash 
forward simulation tool developed at Volvo Cars. The purpose of the tool is to evaluate the effect of 

applying ADAS systems to critical traffic situations which in turn is used to predict future crash 
configurations. The simulation tool structure is made up by four main parts and is developed in MATLAB. 

The four parts include; the simulation control, the vehicle surrounding, a virtual test vehicle and a 

collision control model. The simulation tool operates on a time-step basis and the simulation control 
synchronises the execution of the three remaining parts. The user configures the vehicle surrounding, 

virtual vehicle and the collision control to respond as the intended ADAS system. The simulation tool 
structure is presented in Figure 207.   

 

Figure 207: Overview of the model structure in the simulation tool 

The vehicle surrounding is predefined before the start of the simulation and all objects such as other 

road users, traffic signs, buildings and parked cars are represented as simplified 3-dimensional objects. 

The traffic situation model provides information such as size, shape and position of road users, including 
kinematic data describing the path and movement of all road users directly or indirectly involved in the 

critical traffic situation. The environmental model provides similar information but for all permanently 
placed static objects in the vehicle surrounding. 

The vehicle model is based on a simple 3-dimensional point-mass-model combined with an actuator 

model defined by the user. The approach of using a simple vehicle model in VIRTUAL was motivated 
since the focus was to model the system with the most significant effect in a critical situation and not 

to focus on vehicle dynamics. The actuator model constrains the vehicle response when the function 
logic requests a change in the vehicle states. The function logic model is defined by the user and 

contains the trigger-logic of the intended ADAS system and uses the information passed from the sensor 
model as input. The sensor model is modelled as an ideal sensor which interacts with the vehicle 

surrounding, described by the environmental and the traffic situation models. The sensor is implemented 

as multiple “visions rays” emitted horizontally (cf. 2.4.1) from the sensor position and covers a user 
defined range and opening angle, measured from the sensor position and host vehicle direction of 

travel, see Figure 206. The sensor model, function logic model and actuator model together represent 
the ADAS system, in this study intended to replicate an Autonomous Emergency Braking (AEB) system. 

When the function logic model requests AEB intervention, a system delay of 0.2 seconds is assumed, 

i.e., the brake reaction time. Subsequently, the brake model intensifies the deceleration of the vehicle 
depending on the user defined brake gradient and maximal deceleration level. The maximal deceleration 

level is dependent on the friction coefficient which in turn is dependent on the road condition of the 
critical traffic situation.    

The collision control model determines if a collision has occurred by reading data from the environment 

model, traffic situation model and the vehicle model. This information is passed to the simulation control 
which terminates the simulation if a collision has occurred or the maximum simulation time has been 

reached. 
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3 Method 

To identify future accident scenarios a two-step approach has been developed (Figure 208) which 

comprises a combination of: a) analysis of historical real-world data, and b) predictions of future crash 
configurations using virtual pre-crash simulation tools such as the ones described in Section 2.4.  

Initially, different filter criteria are applied to evaluate remaining scenarios (Baseline) considered 

“inherently avoided”. To identify inherently avoided accident scenarios the variable “contributing 
factors” established in IGLAD is used. “Contributing factors” e.g., lack of safety distance, excessive 

speed for conditions, etc., are associated to each participant, to a maximum of three factors per 
participant. Applying the hypothesis that an AD vehicle would not be able to violate traffic rules and 

cause an accident will be avoided by activating the causation “exceeding the speed limit.”  

The second step involves using the remaining scenarios in a pre-crash forward simulation to identify 
new impact configurations, i.e., future scenarios.  

 

 

Figure 208: Two-step approach to identify future accident scenarios 
(Step one to the left of the vertical line, step two to the right) 

 

3.1 Scenario analysis  
This section describes the method used for selecting appropriate conflict situations and the data 

sources used for this this purpose.  

 

3.1.1 IGLAD 
 
In IGLAD, participants involved in an accident are identified as “A” (accident initiator) and “B” (non-

accident initiator). Both could in theory avoid an accident, assuming that neither violate any traffic rules, 
i.e., driving autonomously.  

 Traditional accidents involve two human drivers: either as participant “A” or participant “B”. Both 

participants would be associated with contributing factors, that can be established by the attending 
accident investigator. For the purpose of future accidents in urban sites involving AD vehicles, different 

situations can be distinguished (Table 201). The first future scenario involves participant “A”, an AD 
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passenger car. Contributing factors for participant “A” would be identified and whether the accident 
could have been avoided or not would also be established. For this particular situation, participant “B” 

refers to all other vehicle types, including passenger cars driven by a human (i.e., AD). VRUs would be 

excluded. In the second scenario, the accident initiator is participant “A” that is not a passenger car and 
is driven by a human. Participant “B” is a passenger car driven autonomously which has the ability to 

avoid the accident if the appropriate contributing factors are available such as alcohol, exceeding speed 
limit, etc.  

 

Table 201: Associating an autonomous driven vehicle to participants in an accident scenario 

Accident initiator (“A“) 

 

a) Inherently avoided  

• Participant “A“ is a passenger car causing the accident and  

is autonomously driven (AD)  

• Participant “B“ refers to all other vehicle types including 

passenger cars and is manually driven 

Non-Accident initiator (“B“) 

 

b) Inherently avoided 

• Participant “A“ refers to all other vehicle types excluding 

passenger cars and is human driven 

• Participant “B“ refers to a passenger car and is 

autonomously driven 

 

The following filter criteria were applied to identify the baseline:  

• Filter 1: Accidents at urban sites in European countries only 

• Filter 2: Only accidents with at least one passenger car and a maximum of two participants 

• Filter 3: Vulnerable road users excluded 

• Filter 4: Accidents in which the passenger car: 

o is participant “A” (main instigator, accident initiator) or  

o participant “B” (not main instigator, non-accident initiator);  

o unknown (either “A” or “B”) participants excluded 

• Filter 5: Associating the AD vehicle to the accident (based on contributing factor(s)) 

distinguished by: 

o safe driving defined as not violating any traffic rules 

o cautionary boundaries adapted driving based on driving conditions, i.e., visibility and 

weather 

o further analysis required, e.g., simulation of crash scenario in appropriate simulation 

frameworks 
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In general, it is not a single factor which leads to an accident. In IGLAD, up to three contributing factors 
for each participant can be associated. Only one contributing factor was identified at urban sites in more 

than two thirds of the accidents involving a passenger car as the accident initiator (Figure 209, left). 

Two contributing factors were found for approximately 22% and three factors for approximately 5%. 
However, for approximately 5% no factor was given to participant “A”. Thus, it is assumed that 

participant “B” is the accident initiator. For participant “B” in almost 72% of the accidents, no factors 
contributing to the accident was identified. In one fifth of the accidents only one contributing factor was 

identified.  

 

  

Figure 209: Quantitiy of contributing factors for the participants 

 

In Table 202 all the contributing factors, including filter criteria one to four, of passenger cars at urban 

sites are given. The most relevant contributing factor, at 16%, for participant “A” has been identified 

as “disregarding the traffic regulation signs (give way)”. Further at nearly 14%, “mistake during 
turning” has a high share. The third factor involves “Other mistakes of the driver“ with quite 
a high share of approximately 12%. For participant “B,” the most relevant contributing factor 
was identified as “speeding (exceeding speed limit)” with almost one quarter of the factors. 
However, in nearly 23% of cases it was impossible to identify the contributing factor which 
were coded as “unknown”.  
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Table 202: Contributing factors for passenger cars as accident initiator (referred to as participant “A”) and non-
accident initiator (reffered to as participant “B”) at urban sites in IGLAD EU Countries and involving a 

maximum of two participanting vehicles 

Contributing factors A B A B 

alcohol 12 2 1,8% 1,3% 

darkness 1 1 0,2% 0,6% 

disregarding the direction of traffic regulation by traffic lights or police officers 37 8 5,6% 5,2% 

disregarding the following traffic's right of way when passing stationary vehicle or 
obstacle 1 0 0,2% 0,0% 

disregarding the oncoming traffic's right of way when passing a stationary vehicle or 
obstacle 5 0 0,8% 0,0% 

disregarding the priority of oncoming traffic when shown by sign 208 6 0 0,9% 0,0% 

disregarding the priority of railway traffic 4 0 0,6% 0,0% 

disregarding the priority traffic when joining a motorway or dual carriageway 1 0 0,2% 0,0% 

disregarding the traffic regulation "priority to the right" 51 1 7,8% 0,6% 

disregarding the traffic regulation signs (give way) 104 2 15,9% 1,3% 

drowsiness 2 1 0,3% 0,6% 

excessive speed for conditions (not exceeding speed limit) 9 5 1,4% 3,2% 

failure during driving in congested traffic or lane merging 11 1 1,7% 0,6% 

failure while joining the flowing traffic 20 1 3,0% 0,6% 

prohibited stopping or parking 1 1 0,2% 0,6% 

heavy braking without obvious reason 0 3 0,0% 1,9% 

inadequate street lighting 0 1 0,0% 0,6% 

influence of weather / view obstruction due to rain, hail, snow 1 0 0,2% 0,0% 

influence of weather / view obstruction due to sun glare 7 1 1,1% 0,6% 

lack of safety distance 43 2 6,6% 1,3% 

mistake during turning 90 8 13,7% 5,2% 

mistake during u-turn or reversing 27 2 4,1% 1,3% 

mistake in returning to initial lane 2 1 0,3% 0,6% 

mistake when being overtaken, e.g., swerving, accelerating 1 0 0,2% 0,0% 

other animal on road 1 0 0,2% 0,0% 

other causes 11 4 1,7% 2,6% 

other influences (leaves, mud, etc.) 1 0 0,2% 0,0% 

other mistakes of the driver 77 13 11,7% 8,4% 

other overtaking mistakes 2 2 0,3% 1,3% 

other physical or psychological deficiencies 2 1 0,3% 0,6% 

other state of the road 3 1 0,5% 0,6% 

other stimulation substances, e.g., drugs, medication 2 0 0,3% 0,0% 

overtaking into oncoming traffic 7 1 1,1% 0,6% 

overtaking on the wrong side (undertaking) 2 0 0,3% 0,0% 

overtaking though traffic situation is not clear 1 4 0,2% 2,6% 

overtaking without adequate visibility 2 0 0,3% 0,0% 

overtaking without consideration and adequate warning to following traffic 3 0 0,5% 0,0% 

rain 9 4 1,4% 2,6% 

snow, ice 4 2 0,6% 1,3% 

speeding (exceeding speed limit) 30 38 4,6% 24,7% 

unknown 33 35 5,0% 22,7% 

use of wrong lane (i.e., also wrong direction) or wrong parts of the road (e.g., 
shoulder) 22 2 3,4% 1,3% 

violation against the rule of the road (e.g., obligation to keep to right/left side) 8 6 1,2% 3,9% 

Total 656 154 
100,0

% 
100,0

% 

 
The subsequent table (Table 203) highlights certain contributing factors of the IGLAD Codebook and 

the assignment of an autonomous driving function. The full list of contributing factors is given in 
Appendix C.  
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Table 203: Extracts of contributing factors in IGLAD and assigned autonomous function 

Definition 
Assigned 

value 

Safe driving defined as not violating any traffic rules 1 

Cautionary boundaries adapted driving based on driving condition, e.g., visibility, 

weather 
2 

Further analysis required e.g., simulation of crash scenario 3 

  

# Accidental cause 
Filter 

value 

CATEGORY: FITNESS TO DRIVE 

1 Alcohol 1 

2 Other stimulation substances, e.g., drugs, medication 1 

3 Drowsiness 2 

4 Other physical or psychological deficiencies 2 

CATEGORY: WRONG BEHAVIOUR OF DRIVER, ROAD USAGE 

10 Use of wrong lane or illegal road usage 1 

11 Violation against lane discipline, e.g., driving in outside lane 1 

CATEGORY: SPEED 

12 Speeding (exceeding speed limit) 1 

13 Excessive speed for conditions (not exceeding speed limit) 3 

CATEGORY: DISTANCE 

14 Lack of safety distance  3 

15 Heavy braking without obvious reasons 3 

 

The methodology applied to identify remaining accidents should further contributing factors need to be 
combined, is shown in Table 204. If two factors indicate “safe drive” and the third indicates “further 

analysis required”, the factor “further analysis required” will be valid. If one of the factors is coded as 
“unknown”, the factor “further analysis required” will be valid. Value “0” indicates that there is no 

contributing factor associated with the participant and “safe drive” would apply for AD vehicles.  

 

Table 204: Combination of contributing factors to identify remaining accidents for further analysis 

Factor 1 Factor 2 Factor 3 Remaining accident 

1 1 2 2 

1 0 0 1 

1 0 0 1 

3 3 0 3 

3 2 0 3 

1 1 3 3 

1 3 2 3 

1 2 0 2 

99 0 0 3 
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Remaining after applying the filter criteria include 281 accidents with passenger cars as main initiator 
(participant “A”) and 14 accidents with passenger cars as non-main instigator (participant “B”) (Table 

205). On average, approximately 19% of the urban European IGLAD accidents could be identified as 

“safe drive” and “cautionary boundaries”.  

Table 205: Remaining accidents at urban sites and accident participant “A” or “B” 

  Urban 

 IGLAD total 2 326 

Filter 1 all accidents (EU) at urban sites 1 737 

Filter 2 

at least one passenger, max. two 

participants 1204 

Filter 3 no vulnerable road user 643 

Filter 4 
unknown whether passenger car is 
participant “A” or “B” 637 

Filter 5   

 Main initiator (participant “A”)  

 Safe drive 234 

 Cautionary boundaries 25 

 Remaining accidents 281 

 Non-Main initiator (participant “B”)  

 Safe drive 82 

 Cautionary boundaries 1 

 Remaining accidents 14 

 

Excluding accidents with car-to-motorcycle and car-to-other-vehicle accidents, 171 car-to-car out of 295 

accidents remained, with sufficient data to reconstruct the pre-crash phase. Out of the remaining 
accidents, 127 cases were deemed suitable for being analysed, in which the data are sufficient to 

calculate the pre-crash phase (Figure 210).  
At urban sites the most frequent scenario was identified as turning left and collision with oncoming 

traffic. Another somewhat high share of scenarios was found for rear-end scenarios and crossing 

scenarios. None of the other scenarios have been plotted in Figure 210.  
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Figure 210: Most frequent car-to-car scenarios at urban sites in the baseline IGLAD sample and applicable 
scenarios in the simulation  

 

 

3.1.2 Volvo analysis (based on STRADA police-reported cases) 
 
In order to identify relevant conflict situations for VIRTUAL WP3 use cases, the STRADA dataset was 

analysed for accident years 2010 and later. Filtering was applied for urban intersections and for road 

surfaces defined as dry and wet (i.e., not icy or slippery). The second most prominent conflict situation 
for car-to-vehicle intersecting crashes was selected for further analysis: Left Turn Left Direction (LT/LD) 

collisions, see Figure 211 and Figure 212. The most prominent conflict situation relates to crashes 
involving both vehicles heading in the same direction (SD).  
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Figure 211. Distribution of all cases in the STRADA database 

 

 

 
 

 
 

Figure 212. Distribution of motor vehicle cases in the STRADA database 
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3.1.2.1 Baseline scenario generation from real-world accident data 
Real-world accidents held in VCTAD are classified according to their conflict situation, of which Left Turn 

Left Direction (LT/LD) situations were identified for the analysis. These crashes have been individually 

analysed and digitised to create a numerical representation describing the pre-crash phase, the 15 
seconds before a crash. This representation, in what is referred to as the THd format, describes the 

trajectories of vehicles/road users involved in a collision, as well as other vehicles/road users not directly 
involved. Other information about the road users, their speed profiles and evasive manoeuvres (if any) 

are also described, such as information about the road environment and geometry, the road surface 

and road conditions in the THd format. For the current study, only crashes involving  “dry road” road 
conditions, were included. This data set consists of two categories, representing 39% and 61% of the 

available cases respectively, of the below conflict situation considered;  
 

- host vehicle makes a Left Turn, opponent vehicle from Left Direction (hvLT/LD), and  

- opponent makes a Left Turn, host vehicle from Left Direction (LT/hvLD)  

  

 

Figure 213. Overview of considered LT/LD conflict situations (hvLT/LD and LT/hvLD) 

 

To compensate for uncertainties in the data, synthetic cases were generated for each of the original 

cases. The parameters considered for variation in this study include speed profile of both host and 
opponent, the dimensions of other road users, and timing of acceleration/braking. From one single 

original crash, 30 synthetic variations were created. 
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3.2 Pre-crash simulation 

Simulations using simplified Collision Avoidance Function (CAF) were done both at Volvo and TUG. This 
section describes sensor assumptions made and actuator properties included in the models. For option 

simulations only (Volvo), the vehicle referred to as host in Section 3.1.2.1 (Baseline scenario generation 

from real-world accident data) is equipped with the CAF. 
 

3.2.1 Simulation set-up 
The simulation method used is referred to as virtual forward simulation, in which each given scenario 

is simulated at least twice. The original scenario is simulated and called “baseline”. Subsequently, at 
least one participant (in this study a car) is equipped virtually with a generic CAF). The baseline is now 

simulated again and called “option” or “treatment”. Within this report the terminology “option” is used. 

The car with the CAF is called “host”. The car without the CAF is called “opponent”. The simulation 
starts up to 15 seconds before the crash (pre-crash phase) and ends at the first point of contact between 

the cars. A precise vehicle dynamic model has not been considered. Four simulation runs are possible: 

- Baseline: no car is equipped with CAF,  

- Option 1: the accident initiator car is equipped with CAF, 

- Option 2: the non-accident initiator car is equipped with CAF, 

- Option 3: both cars are equipped with CAF. 

 

An example showcase of how the simulation was performed is given in Figure 214. In Option 1, the car 
going straight at the junction is the host and is equipped with CAF (coloured green). The opponent is a 

conventional car without CAF (coloured blue). In Option 2, the host turns left and is equipped with CAF. 
The opponent is going straight and is a conventional car without CAF. Option 3 in which both cars are 

equipped with a CAF has not been considered within this study.  
 

Host Drives Straight Host Turns Left Host Drives Straight and Turns Left 

   

Figure 214: Simulation showcase set-up with the LT/LD scenario 
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3.2.2 Sensor model 
The generic sensor of the virtual system is positioned in the Centre of Gravity (CoG). The range of the 
sensor model is set to 200 m. The opening angle of the sensor model is 360°. The object classification 

begins when a sensor “vision ray” intersects another object (e.g., opponent vehicle) within the sensor 
opening angle and range. Once the object is classified (after 150 ms), a relative velocity vector is 

calculated for each intersection point on the object, see Figure 215.  

 

Figure 215: Sensor model sketch 

 
The relative velocity for each intersection point is used to check if one or several intersection points on 

the object can collide with a point on the host vehicle, assuming the objects continue with their current 

movement. The TTC is then calculated as the minimum of the relative distance divided by the relative 
speed for each collision point pair, see Equation 1. 

 
 

𝑇𝑇𝐶 = min (
𝑑𝑖

𝑣𝑖

) ,                𝑖 = 1, 2, … , 𝑛 Equation 1 

 
 
where 𝑑𝑖 is the relative distance between each possible collision point pair 𝑖, 𝑣𝑖 is the relative speed 

for each possible collision point pair 𝑖 and 𝑛 is the number of collision point pairs. 

 
 

3.2.3 Function logic model 
The function logic model will request a speed change if TTC ≤ 1.2s which will instigate the brake 

actuator model to apply the brakes. 
 

3.2.4 Brake actuator model 
After receiving the system trigger signal, a 0.2 s actuator delay is assumed (=reaction time of the brake 
system). As brakes are activated, the maximum realisable acceleration is built up. The build-up time 

depends on the brake gradient of the system (see Figure 216). The maximum deceleration depends on 
the friction coefficient which in turn depends on the road conditions. A deceleration profile is given a 
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brake gradient of 24.5 m/s3 and a friction coefficient of µ = 0.8, which corresponds to the “dry road” 
condition (Equation 2). These settings yield a max deceleration level of 0.8*1 g = 7.85 m/s2 and a brake 

build up time of 0.32 s (Table 206). 

 

𝑏𝑢𝑖𝑙𝑑-𝑢𝑝 𝑡𝑖𝑚𝑒 =  
𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑏𝑟𝑎𝑘𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡
 Equation 2 

 

Table 206. Calculated Build - Up Times 

Build-Up Times Brake Gradient/Time 

Realised Deceleration 24.5 m/s³ 

0.5*g = 4.91 m/s² 0.2 s 

0.8*g = 7.85 m/s² 0.32 s 

 

 

Figure 216. Braking Profile 

 

The subsequent figure (Figure 217) summarises the time phases from detecting an opponent until 

collision avoidance or impact. The classification of the opponent takes 150 ms following the first “vision 
ray” intersecting another object (e.g., opponent vehicle). If the TTC is below or equals 1 s the 

intervention is released. A brake delay of 200 ms is initiated followed by a build-up time interval until 
the full braking force has been reached.  
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Figure 217: Forward simulation system time phases 

 

3.2.5 Intervention strategy 
It is defined that participants should follow their origin trajectory, i.e., braking only.  

 

3.2.6 Summary of pre-crash setting 
The conceptual CAF was configured with the following settings for the sensor model, function logic 
model, brake actuator model and intervention strategy: 

 

Table 207: Pre-crash simulation settings 

Model Specific Thresholds 

Sensor model Opening angle 360° 

Range 200 m 

Position Centre of Gravity 

Horizontal resolution 0.1° 

Classification time 150 ms 

Function logic model Requested brake Time to Collision (TTC)  ≤ 1.2s 

Brake actuator model Actuator delay 200 ms 

Brake gradient 24.5 m/s3  

Maximum brake level µ*1 g (µ =road condition 

coefficient) 

0.8 dry roads 

0.5 wet roads 

Intervention strategy Follow the original trajectory while applying brakes - 

 

3.3 Post-crash analysis 

The post-crash analysis is based on the comparison of the baseline and the option simulation. The 
number of avoided or mitigated accidents have been plotted. Avoidance is defined as no crash in the 

option simulations, i.e., the collision was avoided as a result of activation of the CAF. Mitigation is 
defined as a change in the crash configuration (host collision point angle (HCPA), opponent collision 

point angle (OCPA), opponent yaw angle (OYA) as well as host, opponent crash speed and delta-v) 

between the option and baseline simulation, while no intervention has been defined as no change in 
crash configuration between the option and baseline simulation. 

 

𝑇𝑇𝐶
≤ 1.2 𝑠

Classification 
after 150 ms 
after first ray 
hit oponnent

200 msBrake delay

Based on 
gradient:

Baseline: 
24.5 m/s³

Build up time

a=μ*1g

For dry 
roads

Full Braking
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3.3.1 Volvo Parametric Crash Configuration – VPARCC 
In order to present a large number of crash configurations in an easily comprehensible way, the Volvo 
Parametric Crash Configuration (VPARCC) method has been suggested (Wagström et al. 2019). The 

VPARCC method describes the first point of contact (FPOC) on both vehicles involved in a crash as well 
as their position, orientation and velocity states. A reference local to the host is defined in the host 

centre point (HCPO) with a z-up orientation according to the Society of Automotive Engineering standard 

(SAE J670), i.e., the vertical axis (z-axis) is in the positive direction upwards, the longitudinal axis (x-
axis) coincides with the direction of travel and the lateral axis (y-axis) is positive in the left direction 

relative to the direction of travel. From a counter-clockwise angle around the HCPO, the FPOC can be 
described relative to the host centre plane (HCPL) as the original host collision point angle (here called 

HCPA0), see Figure 218. 

 

Figure 218. Definition of VPARCC angles in host vehicle.  

 
The opponent FPOC is defined similarly, but in a local coordinate system related to the opponent vehicle, 

giving the original OCPA0. A third angle in the same horizontal plane is used to describe the heading 
direction of the opponent relative to the host, this angle is called OYA. Both OCPA0 and OYA are 

presented in Figure 219. 

 

Figure 219. Definition of VPARCC angles in host and opponent vehicle. 

 

Both HCPA0 and OCPA0 are dependent on the vehicle width-to-length ratio, thus making it more desirable 
to adopt a more universal method of describing the two angles. This is done by mapping the vehicle 

dimensions (including the FPOC) onto a unit square car with the width = length = 1, see Figure 220. 
This method yields the transformed collision point angles HCPA and OCPA, which together with the 

OYA, host and opponent collision speeds, describe the crash configuration.  
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Figure 220. Description of transformation from actual appearance to square unit car system. 

 

The VPARCC method can easily be used to visualise large data sets of crashes graphically. In Figure 

221, a set of three different example collisions and a corresponding crash configuration diagram are 
presented. The transformed collision point angles HCPA and OCPA are used in Figure 221, together with 

the OYA, providing a graphic illustration of the crashes directly in the diagram (Wagström et al. 2019). 

 

Figure 221. Example of how crash configurations are mapped into a diagram of OCPA vs. HCPA including OYA. 
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4 Results 

4.1 IGLAD simulation study 
This section provides an overall picture of the simulated scenarios, i.e., how does the collision 

configuration change if a car is equipped with a CAF. The most frequent car-to-car scenarios at urban 
sites identified in the IGLAD sample have been regrouped into three main scenarios and the results 

have been plotted in Appendix D.  

 
The following main scenarios were grouped:  

• Accidents in turning across path (TAP) scenarios, referring to subgroups 20 and 21.  

• Accidents in straight crossing path (SCP) scenarios, referring to subgroups 30 and 32.  

• Accidents in oncoming direction (OD) and same direction (SD) scenarios, referring to subgroups 

60, 61, 62.  
 

4.1.1 All simulated scenarios 
In the IGLAD sample, the number of avoidable accidents is higher, if the accident initiator is equipped 

with a CAF (Figure 222). Accident initiators equipped with CAF avoid 46.5% of accidents compared to 

21.3% for non-accident initiators with CAF (Table 208). No intervention refers to scenarios in which the 
car does not detect the opponent, i.e., the opponent is not within the field of view of the sensor.  

Table 208: Collision avoidance or mitigation in all scenario groups  

Simulation results Accident initiator  
is the host 

Non-accident initiator is 
the host 

Total 
(all simulations) 

Avoidance 46.5% 21.3% 33.9% 

Mitigation 42.5% 29.1% 35.8% 

No intervention 11.0% 49.6% 30.3% 
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Figure 222: Comparision of the frequency of avoided collisions and mitigated collisions when the host is the 
accident initiator (left) or is the non-accident initiator (right) 

 

In Figure 223, significant differences have been identified in the frequency of avoided and mitigated 
collisions, plotted according to scenario types. For scenarios in the longitudinal direction, the system 

seems to be most effective during turning scenarios, as seen in the far lower avoidance rate. Noticeably, 

there is no intervention for the host as the non-accident initiator is in the longitudinal direction.  
 

  

Figure 223: Frequency of avoided collisions and mitigated collisions when the accident initiator (left) or the non-
accident initiator (right) is equipped with CAF 

 
The collision velocities and delta-v for all cars in all simulated scenarios are given in Table 209. All 

baseline results are provided at the top of the figure. In total, 127 simulations were run in the baseline 
and for Option 1, 68 accidents remain (59 accidents avoided), and for Option 2, 100 accidents remain 

(27 accidents avoided). 
Car A refers to the accident initiator and car B refers to the non-accident initiator. BL refers to the values 

of the appropriate baseline simulations, i.e., car A: BL or car B: BL, are referring to the results from the 

baseline and car A or car B are referring to the results when one of the cars is equipped with a CAF.  
The collision speed of the host car in scenarios in which the host is the accident initiator will be shifted 

towards lower collision speeds (Figure 226, on the left at the top). On the top right, the collision speed 
of the opponent car has been plotted. For the opponent, the collision speed remains almost the same. 

Concerning delta-v, a reduction was observed for both the host and the opponent car.  
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Baseline 
As CAF is not included in the simulations, both columns in car A / car A: BL and car B / car B: BL remain 

the same. BL refers to the values from the baseline simulation. The number of collisions refer to the 

remaining accidents, i.e., the avoided accidents have not been considered. The overall collision speed 
in the baseline was calculated for the accident initiator (referred to as car A) to 25.3 km/h (SD=13.0) 

and for the non-accident initiator (referred to as car B) to 20.3 km/h (SD=22.6). The delta-v in the 
overall baseline simulations has been calculated for the accident initiator to 16.3 km/h (SD=10.1) and 

to 16.9 km/h (SD=9.4) for the non-accident initiator.  

 
Option 1: Host is the accident initiator 

The collision velocity for the host (car A) in the baseline has been calculated to 27.0 km/h (SD=14.0) 
and been reduced to 13.8 km/h (SD=12.2) when the simulation was rerun and the host was equipped 

with a CAF. The opponent car (car B) within this simulation had a mean collision speed of 28.5 km/h 
(SD=24.0) in the baseline. In the option simulation, the collision speed for the opponent remains almost 

the same. The mean for delta-v of the host car in the baseline has been calculated to 18.9 km/h 

(SD=10.0) and in the option simulation, reduced to 12.9 km/h (SD=8.9). The opponent vehicle had a 
mean delta-v of 19.7 km/h (SD=9.8) in the baseline and 13.3 km/h (SD=8.0) in the option simulation.  

 
Option 2: Host is the non-accident initiator 

For scenarios in which the host was the non-accident initiator (car B) the non-accident initiator has 

reacted based on the defined strategy in reducing the collision speed from 17.9 km/h (SD=23.5) from 
the baseline to 11.3 km/h (SD=15.7) in the option simulation. The collision speed for car A (accident 

initiator) was slightly increased from 25.5 km/h (SD=12.3) in the baseline to 25.6 km/h (SD=12.3) in 
the option simulation. As the accident initiator is the human and the behaviour remains the same, i.e., 

no change of the acceleration-time-history. The non-accident initiator now has a longer time frame to 
approach the collision point, and the accident initiator therefore more time in the acceleration phase 

which results in a higher collision speed. However, the delta-v has been reduced for both participating 

cars. The mean delta-v for the host was calculated to 16.3 km/h (SD=9.3) in the baseline and has been 
reduced to 14.3 km/h (SD=7.6) in the option simulation. For the opponent (accident initiator) the mean 

delta-v was reduced from 16.5 km/h (SD=9.8) in the baseline simulation to 13.8 km/h (SD=7.7) in the 
option simulation.  
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Table 209: Collision velocity and delta-v of all the IGLAD sample scenarios when one of the cars in a scenario is 
equipped with a CAF (top: baseline, mid: host is accident initiator, bottom: host is non-accident initiator; 

car A: accident initiator, car B: non-accident initiator (opponent); BL refers to values in the baseline) 

  
 

Figure 224 shows the collision patterns of the complete IGLAD sample resulting in a collision in the 
option simulation. All of the collision angles are plotted and referenced to the appropriate car. On the 

left the baseline pattern is given and on the right the pattern of the changed configuration due to the 
option simulations. In the baseline all scenarios are included, whilst in the option scenario only scenarios 

resulting in collisions are included. At the top, the pattern of the host is shown and at the bottom the 
pattern of the opponent. The red dots indicate the first contact of the colliding cars. Each dot refers to 

at least one collision. The distribution of the collision angles is given at the bottom in Figure 226. To 

which extent the collision angles of the option changes compared to the baseline, is given in Figure 225. 
Each dot in the plot indicates at least one collision. The baseline collision angle is plotted on the x-axis 

and the collision angle of the option simulation on the y-axis. The collision angle of the host is plotted 
on the left side and the collision angle of the opponent is plotted on the right side. To which extent the 

delta OYA changes is highlighted with different colours. Dots remaining on the diagonal line indicates 

no change in the collision angle and are coloured in blue.  
 

 car A car A:BL car B car B:BL

Number n [] 127 127 127 127

Median [km/h] 24 24 10 10

Mean Value [km/h] 25,3 25,3 20,3 20,3

Standard deviation [km/h] 13,0 13,0 22,6 22,6

Variance [(km/h)^2] 170,0 170,0 511,2 511,2

Minimum [km/h] 1,4 1,4 0,0 0,0

Maximum [km/h] 66,2 66,2 94,9 94,9

     

 car A car A:BL car B car B:BL

Number n [] 68 68 68 68

Median [km/h] 10,46 24,58 30,8 29,335

Mean Value [km/h] 13,8 27,0 28,5 28,5

Standard deviation [km/h] 12,2 14,0 24,0 24,0

Variance [(km/h)^2] 149,8 195,0 576,5 576,4

Minimum [km/h] 0,0 3,8 0,0 0,0

Maximum [km/h] 48,1 66,2 94,9 94,9

     

 car A car A:BL car B car B:BL

Number n [] 100 100 100 100

Median [km/h] 24,01 24 0,38 1,195

Mean Value [km/h] 25,6 25,5 11,3 17,9

Standard deviation [km/h] 12,3 12,3 15,7 23,5

Variance [(km/h)^2] 151,8 150,8 245,7 554,1

Minimum [km/h] 2,9 2,9 0,0 0,0

Maximum [km/h] 58,1 58,1 61,8 94,9

option 2: host is non-accident initiator

baseline

collision velocity: all scenarios

option 1: host is accident initiator

 car A car A:BL car B car B:BL

Number n [] 127 127 127 127

Median [km/h] 15,3 15,3 15,97 15,97

Mean Value [km/h] 16,3 16,3 16,9 16,9

Standard deviation [km/h] 10,1 10,1 9,4 9,4

Variance [(km/h)^2] 101,1 101,1 88,1 88,1

Minimum [km/h] 1,5 1,5 1,2 1,2

Maximum [km/h] 52,7 52,7 40,7 40,7

     

 car A car A:BL car B car B:BL

Number n [] 68 68 68 68

Median [km/h] 11,59 18,69 12,87 18,69

Mean Value [km/h] 12,9 18,9 13,3 19,7

Standard deviation [km/h] 8,9 10,0 8,0 9,8

Variance [(km/h)^2] 78,6 99,4 64,0 95,9

Minimum [km/h] 0,3 3,0 0,4 1,7

Maximum [km/h] 52,7 52,7 35,7 40,7

     

 car A car A:BL car B car B:BL

Number n [] 100 100 100 100

Median [km/h] 13,0 15,6 14,2 14,7

Mean Value [km/h] 13,8 16,5 14,3 16,3

Standard deviation [km/h] 7,7 9,8 7,6 9,3

Variance [(km/h)^2] 59,8 96,3 58,4 113,7

Minimum [km/h] 1,5 1,5 1,2 1,2

Maximum [km/h] 42,2 52,7 35,0 38,1

baseline

delta-v: all scenarios

option 1: host is accident initiator

option 2: host is non-accident initiator
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Figure 224: Collision pattern of all scenario groups when the accident initiator is equipped with CAF (left: 
baseline; right: treatment) 

  

Figure 225: OYA of all IGLAD sample scenarios when the accident initiator is equipped with CAF (left: host; right: 
opponent) 
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Figure 226: Collison speed and delta-v and collision angle of all IGLAD sample scenarios when the accident 
initiator is equipped with CAF (left: host; right: opponent) 

 

The collision pattern for scenarios in which the host is the non-accident initiator is given in Figure 227. 
In the pictures at the top, the pattern of the host as non-accident initiator is plotted and the opponent 

at the bottom. If the non-accident initiator is equipped with a CAF, the collision speed for the host does 
not change significantly but shows a tendency to lower collision speeds (left picture at the top). It is 

more likely that the collision speed for the opponent remains the same (right picture at the top). Delta-

v is decreasing for both, when the non-accident initiator is the host and the accident initiator is the 
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opponent car. No significant changes were observed for the change in the collision angles (pictures at 
the bottom in Figure 227).  

The change in the extent of the collision angle of the baseline compared to the option is given in Figure 

228 and Figure 239. Each dot in the plot indicates at least one collision. The baseline collision angle is 
plotted on the x-axis and the collision angle of the option simulation on the y-axis. The collision angle 

of the host is plotted on the left side and the collision angle of the opponent is plotted on the right side. 
To which extent the angle OYA changes is highlighted with different colours. Dots remaining on the 

diagonal line indicates no change in the collision angle and are colored in blue.  
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Figure 227: Collision pattern of all IGLAD sample scenarios when the non-accident initiator is equipped with CAF 
(left: baseline; right: treatment) 

  

Figure 228: OYA of all IGLAD sample scenarios when the non-accident initiator is equipped with CAF (left: host; 
right: opponent) 
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Figure 229: Collision speed, delta-v and collision angle of all IGLAD sample scenarios when the non-accident 
initiator is equipped with CAF (left: host; right: opponent) 

 

 

4.1.2 Accidents in turning across path (TAP) scenarios 
In total, 34 scenarios were suitable for being simulated in TAP scenarios. Ten accidents were completely 
avoided (approximately 29%) when the accident initiator is the host car (Table 210 and Figure 230). In 

more than two thirds of the collisions it was at least possible to mitigate the collision severity. Only a 
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small number of collisions were identified without an intervention of the CAF. For the non-accident 
initiator as host car 12 accidents (35.3%) were avoided. However, the no intervention rate represents 

approximately eight times of the scenarios in which the host is the accident initiator.  

 

Table 210: Collision avoidance or mitigation in turning across path scenarios 

Simulation results Accident initiator  
is the host 

Non-accident initiator 
is the host 

Total 
(all simulations) 

Avoidance 29.4% 35.3% 32.4% 

Mitigation 67.6% 41.2% 54.4% 

No intervention 2.9% 23.5% 13.2% 

 

  

Figure 230: Comparision of the frequency of avoided collisions and mitigated collisions for accidents in turning 
across path scenarios when the host is the accident initiator (left) or is the non-accident initiator (right) 

 

A summary of the collision velocity and delta-v in TAP scenarios is given in Table 211.  
 

Baseline  

The mean value for the collision speed in the baseline simulation for turning across path scenarios has 
been calculated to 26.2 km/h (SD=13.8) for the accident initiator and to 30.8 km/h (SD=21.6) for the 

non-accident initiator. The mean delta-v for the accident initiator was 19.3 km/h (SD=10.5) and for the 
non-accident initiator 20.8 km/h (SD=10.9).  

 

Option 1: Host is the accident initiator 
For the Option 1 simulations in which the accident initiator was the host car (equipped with a CAF) the 

mean collision speed for the host in the baseline was 28.7 km/h (SD=13.3) for the 24 cases in which a 
collision still occurred. In the option simulation the collision speed for the host was 10.0 km/h 

(SD=11.7). For the opponent, the mean collision speed was 34.1 km/h (SD=21.3) in the baseline. The 
speed for the non-accident initiator remained the same. The mean delta-v for the host car in the baseline 

simulation has been calculated to 20.6 km/h (SD=9.8) and reduced to 12.1 km/h (SD=7.3) in the option 

simulation. The mean delta-v for the opponent has been calculated to 22.8 km/h (SD=10.9) for the 
baseline and 13.2 (SD=7.5) in the option simulation.  
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Option 2: Host is the non-accident initiator 
In Option 2 when the host was the non-accident initiator the mean collision speed for the host (car B) 

in the baseline was 30.7 km/h (SD=23.8). In the option simulation the mean collision speed for the host 

has been calculated to 18.9 km/h (SD=16.5). The mean collision speed for the opponent (car A) in the 
baseline was 25.0 km/h (SD=11.0) and in the option simulation nearly the same at 25.1 km/h 

(SD=11.1). Delta-v for the host (car B) in the baseline was 20.5 km/h (SD=10.3), reduced to 15.3 km/h 
(SD=8.6) in the option simulation when the host was the non-accident initiator. For car A delta-v is 

18.9 km/h (SD=10.2) in the baseline and 14.0 km/h (SD=8.0) in the option simulation.  

 

Table 211: Collision velocity and delta-v in TAP scenarios of the IGLAD sample when one of the cars is equipped 
with a CAF (top: baseline, mid: host is accident initiator, bottom: host is non-accident initiator; car A: 

accident initiator, car B: non-accident initiator (opponent); BL refers to values in the baseline) 

  
 

4.1.3 Accidents in straight crossing path (SCP) scenarios 
A CAF in SCP scenarios is more effective for the host as the accident initiator (Table 212 and Figure 

231). In the simulated sample, 35.7% of the accidents were avoidable, whilst only 3.6% of the accidents 
in which the host was the non-accident initiator were affected. However, for both simulation set-ups 

the rate of the no intervention was quite high, 35.7% for the host as the accident initiator and 46.4% 

for the host as the non-accident initiator.  
 

Table 212: Collision avoidance or mitigation in straight crossing path (SCP) scenarios 

Simulation results Accident initiator  
is the host 

Non-accident initiator 
is the host 

Total 
(all simulations) 

Avoidance 35.7% 3.6% 19.6% 

Mitigation 28.6% 50.0% 39.3% 

No intervention 35.7% 46.4% 41.1% 

 car A car A:BL car B car B:BL

Number n [] 34 34 34 34

Median [km/h] 24 24 34,475 34,475

Mean Value [km/h] 26,2 26,2 30,8 30,8

Standard deviation [km/h] 13,8 13,8 21,6 21,6

Variance [(km/h)^2] 189,3 189,3 466,9 466,9

Minimum [km/h] 4,1 4,1 0,0 0,0
Maximum [km/h] 66,2 66,2 79,0 79,0

     

 car A car A:BL car B car B:BL

Number n [] 24 24 24 24

Median [km/h] 6,32 25,525 39,005 39,005

Mean Value [km/h] 10,0 28,7 34,1 34,1

Standard deviation [km/h] 11,7 13,3 21,3 21,3

Variance [(km/h)^2] 137,6 178,2 454,1 452,6

Minimum [km/h] 0,0 5,0 0,0 0,0
Maximum [km/h] 48,1 66,2 79,0 79,0

     

 car A car A:BL car B car B:BL

Number n [] 22 22 22 22

Median [km/h] 24 23,955 18,41 38,05

Mean Value [km/h] 25,1 25,0 18,9 30,7

Standard deviation [km/h] 11,1 11,0 16,5 23,8

Variance [(km/h)^2] 124,2 121,8 271,0 564,2

Minimum [km/h] 4,1 4,1 0,0 0,0
Maximum [km/h] 46,7 45,7 45,9 79,0

option 2: host is non-accident initiator

baseline

collision velocity: turning across path scenarios

option 1: host is accident initiator

 car A car A:BL car B car B:BL

Number n [] 34 34 34 34

Median [km/h] 19,44 19,44 20,625 20,625

Mean Value [km/h] 19,3 19,3 20,8 20,8

Standard deviation [km/h] 10,5 10,5 10,9 10,9

Variance [(km/h)^2] 109,9 109,9 119,9 119,9

Minimum [km/h] 1,5 1,5 1,2 1,2
Maximum [km/h] 40,6 40,6 40,7 40,7

     

 car A car A:BL car B car B:BL

Number n [] 24 24 24 24

Median [km/h] 11,205 21,21 11,755 22,83

Mean Value [km/h] 12,1 20,6 13,2 22,8

Standard deviation [km/h] 7,3 9,8 7,5 10,9

Variance [(km/h)^2] 53,2 96,8 55,5 118,5

Minimum [km/h] 2,0 4,1 1,7 3,5
Maximum [km/h] 31,9 40,6 29,6 40,7

     

 car A car A:BL car B car B:BL

Number n [] 22 22 22 22

Median [km/h] 14,625 19,25 14,65 20,625

Mean Value [km/h] 14,0 18,9 15,3 20,5

Standard deviation [km/h] 8,0 10,2 8,6 10,3

Variance [(km/h)^2] 63,7 104,1 74,3 105,9

Minimum [km/h] 1,5 1,5 1,2 1,2
Maximum [km/h] 31,0 39,1 32,8 38,1

baseline

delta-v: turning across path scenarios

option 1: host is accident initiator

option 2: host is non-accident initiator
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Figure 231: Comparision of the frequency of avoided collisions and mitigated collisions for accidents in straight 
crossing path scenarios when the host is the accident initiator (left) or is the non-accident initiator (right) 

 
A summary of the collision velocity and delta-v in TAP scenarios is given in Table 213.  

 

Baseline  
The mean value for the collision speed in the baseline simulation for straight crossing path scenarios 

has been calculated to 20.1 km/h (SD=11.0) for the accident initiator and to 39.2 km/h (SD=20.5) for 
the non-accident initiator. The mean delta-v for the accident initiator was 17.5 km/h (SD=11.6) and for 

the non-accident initiator 18.6 km/h (SD=8.9).  
 

Option 1: Host is the accident initiator 

For the Option 1 simulations in which the accident initiator was the host car (equipped with a CAF) the 
mean collision speed for the host in the baseline was 19.3 km/h (SD=9.9) for the 18 cases in which a 

collision still occurred. In the option simulation the collision speed for the host was 15.5 km/h 
(SD=12.4). For the opponent the mean collision speed was 47.6 km/h (SD=17.7) in the baseline. The 

speed for the non-accident initiator remained the same. The mean delta-v for the host car in the baseline 

simulation has been calculated to 20.5 km/h (SD=11.2) and reduced to 18.4 km/h (SD=11.3) in the 
option simulation. The mean delta-v for the opponent has been calculated to 20.8 km/h (SD=8.1) for 

the baseline and 18.8 (SD=8.0) in the option simulation.  
 

Option 2: Host is the non-accident initiator 

In Option 2 when the host was the non-accident initiator the mean collision speed for the host (car B) 
in the baseline was 47.0 km/h (SD=22.1). In the option simulation the mean collision speed for the host 

was calculated to 28.5 km/h (SD=17.0). The mean collision speed for the opponent (car A) in the 
baseline was 19.9 km/h (SD=9.0) and remained the same in the option simulation. Delta-v for the host 

(car B) in the baseline was 22.1 km/h (SD=7.5) and reduced to 14.2 km/h (SD=7.9) in the option 
simulation when the host was the non-accident initiator. For car A delta-v was 21.9 km/h (SD=13.3) in 

the baseline and 12.8 km/h (SD=5.2) in the option simulation.  
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Table 213: Collision velocity and delta-v in straight crossing path scenarios of the IGLAD sample when one of the 
cars is equipped with a CAF (top: baseline, mid: host is accident initiator, bottom: host is non-accident 
initiator; car A: accident initiator, car B: non-accident initiator (opponent); BL refers to values in the 

baseline) 

  
 

4.1.4 Accidents with traffic in oncoming direction (OD) and same direction 
(SD) scenarios 

Accidents in scenarios in the longitudinal direction were avoided to nearly 60% (Table 214, Figure 232) 

when the host car was the accident initiator, generally defined as rear-end collisions. When the host 

was the non-accident initiator, i.e., the car driving in front, by definition of the system configuration no 
intervention was present. Collision mitigation was achieved for only 5.8% which might be due to lane 

change scenarios, driving side by side or even collision with on-coming traffic.  
 

Table 214: Collision avoidance or mitigation in oncoming direction and same direction scenarios 

Simulation results Accident initiator  
is the host 

Non-accident initiator 
is the host 

Total 
(all simulations) 

Avoidance 59.6% 0.0% 29.8% 

Mitigation 36.5% 5.8% 21.2% 

No intervention 3.8% 94.2% 49.0% 

 

 car A car A:BL car B car B:BL

Number n [] 28 28 28 28

Median [km/h] 16,835 16,835 40,13 40,13

Mean Value [km/h] 20,1 20,1 39,2 39,2

Standard deviation [km/h] 11,0 11,0 20,5 20,5

Variance [(km/h)^2] 120,5 120,5 420,1 420,1

Minimum [km/h] 1,4 1,4 0,1 0,1
Maximum [km/h] 41,0 41,0 94,9 94,9

     

 car A car A:BL car B car B:BL

Number n [] 18 18 18 18

Median [km/h] 12,35 15,995 45,5 45,495

Mean Value [km/h] 15,5 19,3 47,6 47,6

Standard deviation [km/h] 12,4 9,9 17,7 17,7

Variance [(km/h)^2] 154,7 98,7 312,6 313,9

Minimum [km/h] 0,0 5,0 19,5 19,1
Maximum [km/h] 41,0 41,0 94,9 94,9

     

 car A car A:BL car B car B:BL

Number n [] 15 15 15 15

Median [km/h] 16,05 15,99 30,71 45,99

Mean Value [km/h] 19,9 19,9 28,5 47,0

Standard deviation [km/h] 9,0 9,0 17,0 22,1

Variance [(km/h)^2] 81,3 81,3 290,1 488,8

Minimum [km/h] 9,0 9,0 0,0 0,1
Maximum [km/h] 36,0 36,0 61,8 94,9

option 2: host is non-accident initiator

baseline

collision velocity: straight crossing path scenarios

option 1: host is accident initiator

 car A car A:BL car B car B:BL

Number n [] 28 28 28 28

Median [km/h] 16,45 16,45 17,985 17,985

Mean Value [km/h] 17,5 17,5 18,6 18,6

Standard deviation [km/h] 11,6 11,6 8,9 8,9

Variance [(km/h)^2] 133,9 133,9 79,2 79,2

Minimum [km/h] 2,7 2,7 1,8 1,8
Maximum [km/h] 52,7 52,7 39,2 39,2

     

 car A car A:BL car B car B:BL

Number n [] 18 18 18 18

Median [km/h] 16,585 17,65 18,47 20,025

Mean Value [km/h] 18,4 20,5 18,8 20,8

Standard deviation [km/h] 11,3 11,2 8,0 8,1

Variance [(km/h)^2] 128,1 125,8 63,9 65,7

Minimum [km/h] 2,0 3,0 2,6 4,0
Maximum [km/h] 52,7 52,7 35,7 39,2

     

 car A car A:BL car B car B:BL

Number n [] 15 15 15 15

Median [km/h] 12,36 17,96 10,7 20,85

Mean Value [km/h] 12,8 21,9 14,2 22,1

Standard deviation [km/h] 5,2 11,3 7,9 7,5

Variance [(km/h)^2] 27,1 127,6 62,5 55,8

Minimum [km/h] 5,1 7,1 7,2 10,7
Maximum [km/h] 26,4 52,7 35,0 39,2

baseline

delta-v: straight crossing path scenarios

option 1: host is accident initiator

option 2: host is non-accident initiator
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Figure 232: Comparision of the frequency of avoided collisions and mitigation of collisions for accidents in the 
oncoming direction and same direction scenarios when the host is the accident initiator (left) or is the 

non-accident initiator (right) 

 
 

A summary of the collision velocity and delta-v in TAP scenarios is given in Table 215.  

 
Baseline  

The mean value for the collision speed in the baseline simulation for SCP scenarios has been calculated 
to 27.4 km/h (SD=13.0) for the accident initiator and to 3.7 km/h (SD=10.5) for the non-accident 

initiator. The mean delta-v for the accident initiator was 14.1 km/h (SD=8.0) and for the non-accident 
initiator 14.3 km/h (SD=7.5).  

 

Option 1: Host is the accident initiator 
For the Option 1 simulations in which the accident initiator was the host car (equipped with a CAF) the 

mean collision speed for the host in the baseline was 33.4 km/h (SD=13.9) for the 21 cases in which a 
collision still occurred. In the option simulation, the collision speed for the host was 19.6 km/h 

(SD=10.8). For the opponent the mean collision speed was 7.0 km/h (SD=15.8) in the baseline. The 

speed for the non-accident initiator remained the same. The mean delta-v for the host car in the baseline 
simulation was calculated to 18.0 km/h (SD=8.6) and reduced to 10.7 km/h (SD=6.3) in the option 

simulation. The mean delta-v for the opponent was calculated to 17.4 km/h (SD=8.4) for the baseline 
and 10.5 (SD=6.4) in the option simulation.  

 
Option 2: Host is the non-accident initiator 

In Option 2 when the host was the non-accident initiator the mean collision speed for the host (car B) 

in the baseline was 3.7 km/h (SD=10.5). In the option simulation the mean collision speed for the host 
has been calculated to 2.2 km/h (SD=6.7). The mean collision speed for the opponent (car A) in the 

baseline was 27.4 km/h (SD=13.0) and remained almost the same in the option simulation. Delta-v for 
the host (car B) in the baseline was 14.3 km/h (SD=7.5) and was slightly reduced to 14.1 km/h 

(SD=7.1) in the option simulation when the host was the non-accident initiator. For car A delta-v was 

14.1 km/h (SD=8.0) in the baseline and 13.9 km/h (SD=7.6) in the option simulation.  
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Table 215: Collision velocity and delta-v in oncoming direction and same direction scenarios of the IGLAD sample 
when one of the cars is equipped with a CAF (top: baseline, mid: host is accident initiator, bottom: host is 
non-accident initiator; car A: accident initiator, car B: non-accident initiator (opponent); BL refers to values 

in the baseline) 

  
 

  

 car A car A:BL car B car B:BL

Number n [] 52 52 52 52

Median [km/h] 26,145 26,145 0,11 0,11

Mean Value [km/h] 27,4 27,4 3,7 3,7

Standard deviation [km/h] 13,0 13,0 10,5 10,5

Variance [(km/h)^2] 168,8 168,8 110,2 110,2

Minimum [km/h] 2,9 2,9 0,0 0,0
Maximum [km/h] 58,1 58,1 55,0 55,0

     

 car A car A:BL car B car B:BL

Number n [] 21 21 21 21

Median [km/h] 21,27 32,98 0,19 0,14

Mean Value [km/h] 19,6 33,4 7,1 7,0

Standard deviation [km/h] 10,8 13,9 15,8 15,8

Variance [(km/h)^2] 117,1 192,0 248,5 248,8

Minimum [km/h] 0,4 3,8 0,0 0,0
Maximum [km/h] 38,3 58,1 55,0 55,0

     

 car A car A:BL car B car B:BL

Number n [] 52 52 52 52

Median [km/h] 26,94 26,145 0 0,11

Mean Value [km/h] 27,5 27,4 2,2 3,7

Standard deviation [km/h] 13,0 13,0 6,7 10,5

Variance [(km/h)^2] 169,4 168,8 45,0 110,2

Minimum [km/h] 2,9 2,9 0,0 0,0
Maximum [km/h] 58,1 58,1 39,4 55,0

baseline

option 2: host is non-accident initiator

collision velocity: oncoming direction and same direction scenarios

option 1: host is accident initiator

 car A car A:BL car B car B:BL

Number n [] 52 52 52 52

Median [km/h] 12,58 12,58 14,22 14,22

Mean Value [km/h] 14,1 14,1 14,3 14,3

Standard deviation [km/h] 8,0 8,0 7,5 7,5

Variance [(km/h)^2] 63,4 63,4 56,3 56,3

Minimum [km/h] 1,7 1,7 1,3 1,3
Maximum [km/h] 39,2 39,2 37,9 37,9

     

 car A car A:BL car B car B:BL

Number n [] 21 21 21 21

Median [km/h] 9,75 17,5 10,2 15,98

Mean Value [km/h] 10,7 18,0 10,5 17,4

Standard deviation [km/h] 6,3 8,6 6,4 8,4

Variance [(km/h)^2] 40,1 74,2 41,4 71,2

Minimum [km/h] 2,3 3,0 1,7 1,7
Maximum [km/h] 27,9 39,2 27,0 37,9

     

 car A car A:BL car B car B:BL

Number n [] 52 52 52 52

Median [km/h] 12,53 12,58 14,685 14,22

Mean Value [km/h] 13,9 14,1 14,1 14,3

Standard deviation [km/h] 7,6 8,0 7,1 7,5

Variance [(km/h)^2] 57,2 63,4 49,7 56,3

Minimum [km/h] 1,7 1,7 1,3 1,3
Maximum [km/h] 30,3 39,2 29,6 37,9

delta-v: oncoming direction and same direction scenarios

baseline

option 1: host is accident initiator

option 2: host is non-accident initiator
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4.2 Volvo Cars simulation study 

The outcome of the VCART simulations are presented in Table 216. The last column in Table 216 shows 
the outcome distribution for all the LT/LD simulations. The total avoidance rate is 31.4%, total mitigation 

rate is 67.8% and total no intervention rate is 0.8%.  

Table 216: Collision avoidance or mitigation in LT/LD situations 

Simulation results hvLT/LD LT/hvLD Total 
(all simulations) 

Avoidance 36,8% 22,3% 31,4% 

Mitigation 61,8% 77,7% 67,8% 

No intervention 1,3% 0,0% 0,8% 

 
Columns two and three shows the results categorised into the two subcategories; hvLT/LD and LT/hvLD. 

Applying the CAF to the host vehicle in the hvLT/LD scenarios resulted in avoidance, mitigation and no 
intervention rates of 36.8%, 61.8% and 1.3%, respectively. CAF activated in the cases classified as no 

intervention in hvLT/LD, although the crash configuration was not changed due to either the host being 

stationary or braking with maximal deceleration before the CAF triggered. The second category, 
LT/hvLD, resulted in the following outcome; 22.3% avoidance, 77.7% mitigation and 0% no 

intervention, see Table 216 column three, when applying the CAF to the host vehicle. All crash 
configurations (baseline and option) are presented in Figure 233, hvLT/LD on the first row and LT/hvLD 

on the second. The baseline crash configurations are plotted to the left in the figure while the option 

simulations are plotted to the right (only the scenarios which resulted in a collision are included in the 
option figure). The first point of contact (FPOC) is highlighted with a red dot. In both categories 

(hvLT/LD and LT/hvLD), the change in crash configuration follows a similar pattern. The FPOC is moved 
forward on the perimeter of the vehicle towards the front. 
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Figure 233: Overview of crash configurations (Baseline=left, Option=right) 

 
This pattern is even more distinct in Figure 234, again hvLT/LD crash configurations on the first row 

and LT/hvLD on the second, the histogram in the left column shows the distribution of the FPOC in the 

baseline and option simulations, the reduction of crashes and the shift of the FPOC towards the front 
of the vehicle is apparent. The scatter plot displays the option HCPA vs. the baseline HCPA with a colour 

scale on the right side of the figure indicating the change in the OYA, i.e., ΔOYA. The scatter plot also 
highlights the extent of the HCPA change, the further away from the diagonal dashed line the dot lies, 

the more significant the change in HCPA and also FPOC.  
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Figure 234: Overview of crash configurations (Host turns = top, opponent turns = bottom) 
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In Figure 234, the HCPA angle is plotted from the option vs. baseline simulation. If there would be no 

change in the HCPA parameter between two simulations the dot (representing FPOC) would be fixed 

on the diagonal dashed line, but given a collision avoidance intervention which changes the crash 
configuration, the dot moves away from the line, i.e., many of the baseline crashes at the host front 

left corner (HCPA = 45°) are spread out on the entire front in the option simulations. Note how the dots 
describe a vertical line, i.e., is extended over the entire frontal area on the option crash configuration. 

It should be noted that in the hvLT/LD cases, the majority of host cars are actually stationary. 
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5 Conclusions 

The remaining collisions were found in the following conflict situations which have been proposed for 

demonstration of the VIRTUAL test procedures: 
 

It is apparent that the number of accidents avoided is higher, when the accident initiator is equipped 

with a CAF. In 46.5% of the simulated IGLAD cases the accident would have been avoided if the accident 
initiator had been the host (equipped with a CAF) and 21.3% if the non-accident initiator was the host.  

The same picture can be drawn for mitigation. If the accident initiator was the host 42.5% of the 
accidents were mitigated, whereby 29.1% for cases in which the non-accident initiator was the host. 

For the remaining accidents the collision speed and delta-v have been reduced. For the accident initiator 

as the host the collision speed has been reduced to 13.8 km/h (SD=12.2) while the collision speed for 
the opponent remained the same (28.5 km/h (SD=24.0)). Delta-v has been reduced for the host to 

12.9 km/h (SD=8.9) in the option simulation and for the opponent to 13.3 km/h (SD=8.0).  
For the simulation in which the non-accident initiator was the host car the collision speed was nearly 

the same for the accident initiator. The collision speed for the non-accident initiator was reduced to 
11.3 km/h (SD=15.7) in the option simulation. Delta-v was reduced for both cars. The host mean delta-

v was calculated to 14.3 km/h (SD=7.6) in the option simulation and for the opponent to 13.8 km/h 

(SD=7.7).  
 

A. ”Turning across path”  
Ten out of 34 accidents in the simulated TAP scenarios were avoided (approximately 29%) if the 

accident initiator was the host car. For the second set-up in which the non-accident initiator was the 

host car 12 (35.3%) accidents were avoided. The collision speed for the remaining accidents was 
reduced to 10.0 km/h (SD=11.7) when the host was the accident initiator. The collision speed for the 

opponent within this simulation remained the same as in the baseline. Delta-v for the host was 
12.1 km/h (SD=7.3) and for the opponent 13.2 (SD=7.5) in the option simulation. If the host was the 

non-accident initiator the mean collision speed for the host (car B) in the option simulation was reduced 
to 18.9 km/h (SD=16.5). The mean collision speed for the opponent (car A) was nearly the same at 

25.1 km/h (SD=11.1). Delta-v for the host was reduced to 15.3 km/h (SD=8.6) in the option simulation 

and reduced to 14.0 km/h (SD=8.0) for the opponent. 
 

B. “Straight crossing path”  
Of the simulations, 35.7% were avoided when the accident initiator was equipped with a CAF in straight 

crossing path scenarios, reduced to only 3.6% if the non-accident initiator was equipped with a CAF.  

In the option simulation the collision speed for the host was reduced to 15.5 km/h (SD=12.4) if the 
accident initiator was equipped with a CAF. The collision speed for the opponent did not change. The 

mean delta-v for the host car was reduced to 18.4 km/h (SD=11.3) in the option simulation. The mean 
delta-v for the opponent was calculated to 18.8 (SD=8.0) in the option simulation. 

If the host was the non-accident initiator the mean collision speed for the host (car B) was reduced to 

28.5 km/h (SD=17.0) in the option simulation and the mean collision speed for the opponent (car A) 
remained the same in the option simulation. Delta-v for the host (car B) was reduced to 14.2 km/h 

(SD=7.9) when the host was the non-accident initiator and for the opponent (accident initiator) delta-
v was reduced to 12.8 km/h (SD=5.2) in the option simulation.  
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C. “Traffic in oncoming direction and same direction”  
Scenarios with traffic in oncoming direction and same direction was shown to be most effective. If the 

accident initiator was equipped with the CAF, 59.6% of the simulated IGLAD cases were avoided.  Due 

to the defined strategy, had the non-accident initiator been equipped with the CAF no effect would be 
shown. For the option simulations in which the accident initiator was the host car (equipped with a CAF) 

the mean collision speed for the host was reduced to 19.6 km/h (SD=10.8). These cases are similar to 
frontal collisions. For the opponent the mean collision speed remained the same (7.0 km/h (SD=15.8). 

It was possible to reduce the mean delta-v for the host car to 10.7 km/h (SD=6.3) in the option 

simulation and to 10.5 (SD=6.4) for the opponent in the option simulation.  
 

D. “Left turn across path, traffic in lateral direction”  
When the host vehicle made a left turn equipped with the generic collision avoidance system in the 

Volvo analysis, more than a third of the collisions were avoidable (36.8%, Table 216). In the other 
studied variant, i.e., the opponent vehicle making a left turn, this ratio was reduced to slightly above 

one fifth (22.3%, Table 216). In total, no intervention at all occured in less than 1% of the cases (Table 

216). 
 

When looking at the overview of crash configurations with and without the generic collision avoidance 
system, it becomes clear that the FPOC moves forward on the perimeter of the vehicle towards the 

front. Corner impacts (HCPA ±45°) remained a highly relevant case also in the option case (i.e., after 

applying treatment, Figure 236). 
 

 
 

 
 

 

 



 

 VIRTUAL | Deliverable D3.1. | WP3 | Final    Appendix 2, page  
 

49 

Sub-Appendix 2A 

 

 

Figure 235: Used symbols within the accident type classification 
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Sub-Appendix 2B 

Conflict situations related to car crashes in the VCTAD.  

 

Crossing-related conflict situations  

LT/OD 

intersecting  

hvLT/ODS 

host vehicle makes a Left Turn,  
opponent from Opposite Direction intends to go Straight 
forward  

 
LT/hvODS 

opponent makes a Left Turn,  
host vehicle from Opposite Direction intends to go 
Straight forward  

merging 

hvLT/ODRT 
host vehicle makes a Left Turn,  
opponent from Opposite Direction intends to Turn Right 

 LT/hvODRT 

opponent makes a Left Turn,  
host vehicle from Opposite Direction  intends to Turn 
Right 

oncoming 

hvLT/ODLT 
host vehicle makes a Left Turn,  
opponent from Opposite Direction intends to Turn Left 

 LT/hvODLT 
opponent makes a Left Turn,  
host vehicle from Opposite Direction intends to Turn Left 

LT/LD 

intersecting 

hvLT/LDS 

host vehicle makes a Left Turn,  
opponent from Left Direction intends to go Straight 
forward  

 
LT/hvLDS 

opponent makes a Left Turn,  
host vehicle from Left Direction intends to go Straight 
forward  

oncoming 

hvLT/LDRT 
host vehicle makes a Left Turn,  
opponent from Left Direction intends to Turn Right 

 LT/hvLDRT 
opponent makes a Left Turn,  
host vehicle from Left Direction intends to Turn Right 

intersecting 

hvLT/LDLT 
host vehicle makes a Left Turn,  
opponent from Left Direction intends to Turn Left 

 LT/hvLDLT 
opponent makes a Left Turn,  
host vehicle from Left Direction intends to Turn Left 
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Crossing-related conflict situations, cont. 

LT/RD 

merging 

hvLT/RDS 
host vehicle makes a Left Turn,  
opponent from Right Direction 
intends to go Straight forward 

 
LT/hvRDS 

opponent makes a Left Turn,  
host vehicle from Right Direction 
intends to go Straight forward 

merging 

hvLT/RDRT 
host vehicle makes a Left Turn,  
opponent from Right Direction 
intends to Turn Right 

 
LT/hvRDRT 

opponent makes a Left Turn,  
host vehicle from Right Direction 
intends to Turn Right 

intersecting 

hvLT/RDLT 
host vehicle makes a Left Turn,  
opponent from Right Direction 
intends to Turn Left 

 
LT/hvRDLT 

opponent makes a Left Turn,  
host vehicle from Right Direction 
intends to Turn Left 

SCP intersecting 

SCPovR 
Straight Crossing Path,  
opponent vehicle from Right 

 SCPovL 
Straight Crossing Path,  
opponent vehicle from Left 

RT/OD 

oncoming 

hvRT/ODS 
host vehicle makes a Right Turn,  
opponent from Opposite Direction 
intends to go Straight forward 

 
RT/hvODS 

opponent makes a Right Turn,  
host vehicle from Opposite Direction 
intends to go Straight forward 

oncoming 

hvRT/ODRT 
host vehicle makes a Right Turn,  
opponent from Opposite Direction 
intends to Turn Right 

 
RT/hvODRT 

opponent makes a Right Turn,  
host vehicle from Opposite Direction 
intends to Turn Right 

RT/LD 

merging 

hvRT/LDS 
host vehicle makes a Right Turn,  
opponent from Left Direction intends 
to go Straight forward 

 
RT/hvLDS 

opponent makes a Right Turn,  
host vehicle from Left Direction 
intends to go Straight forward 

oncoming 

hvRT/LDRT 
host vehicle makes a Right Turn,  
opponent from Left Direction intends 
to Turn Right 

 
RT/hvLDRT 

opponent makes a Right Turn,  
host vehicle from Left Direction 
intends to Turn Right 
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Crossing-related conflict situations, cont. 

RT/RD 

oncoming 

hvRT/RDS 

host vehicle makes a Right Turn,  
opponent from Right Direction intends to 
go Straight forward  

 
RT/hvRDS 

opponent makes a Right Turn,  
host vehicle from Right Direction intends to 
go Straight forward  

oncoming 

hvRT/RDRT 

host vehicle makes a Right Turn,  
opponent from Right Direction intends to 
Turn Right 

 
RT/hvRDRT 

opponent makes a Right Turn,  
host vehicle from Right Direction intends to 
Turn Right 
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Other conflict situations   

Road_departureR  host vehicle leaves the road to the Right 

 Road_departureL  host vehicle leaves the road to the Left 

Oncoming 

hv_in_opponents_lane 

host-and opponent vehicle goes in Oncoming 
directions (no turning intentions such as in 
crossing related conflict situations), host vehicle 
is going in the opponent vehicle’s lane 

 
Oncominghv_in_its_lane 

host-and opponent vehicle goes in Oncoming 
directions, opponent vehicle is going in the host 
vehicle’s lane 

Oncoming if only one lane/car-width is available in the road layout  

SDhvB (RE-F) 

host and opponent vehicle going in the Same 
Direction in the same lane, host vehicle is going 
Behind the opponent vehicle (Rear-End Frontal) 

 SDhvF (RE-R) 

host and opponent vehicle going in the Same 
Direction in the same lane, host vehicle is going 
in Front of the opponent vehicle (Rear-End Rear) 

ovSD_lane changeRT 

host and opponent vehicle going in the Same 
Direction in different lanes, opponent vehicle 
changes to the lane on its Right 

       

ovSD_lane changeLT 

host and opponent vehicle going in the Same 
Direction in different lanes, opponent vehicle 
changes to the lane on its Left 

hvSD_lane changeRT 

host and opponent vehicle going in the Same 
Direction in different lanes, host vehicle changes 
to the lane on its Right 

hvSD_lane changeLT 

host and opponent vehicle going in the Same 
Direction in different lanes, host vehicle changes 
to the lane on its Left 

Animal Large animal in host vehicle path  

Object on road 
host vehicle is moving forward, an object is lying 
on the road 

 

Falling object 
host vehicle is moving forward, an object is falling 
down onto the road 

 

Reversing Other objects in host vehicle reversing path  
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Sub-Appendix 2C 

FACTOR ID FACTOR 

0 not applicable 

1 none 

2 alcohol 

3 other stimulation substances, e.g., drugs, medication 

4 drowsiness 

5 other physical or psychological deficiencies 

6 use of wrong lane (also wrong direction) or wrong parts of the road (e.g., shoulder) 

7 violation of the rules of the road e.g., obligation to keep to right/left side) 

8 speeding (exceeding speed limit) 

9 excessive speed for conditions (not exceeding of speed limit) 

10 lack of safety distance 

11 heavy braking without obvious reason 

12 overtaking on the wrong side (undertaking) 

13 overtaking into oncoming traffic 

14 overtaking though traffic situation is not clear 

15 overtaking without adequate visibility 

16 overtaking without consideration and adequate warning to following traffic 

17 mistake in returning to initial lane 

18 other overtaking mistakes 

19 mistake when being overtaken, e.g., swerving, acceleration 

20 disregarding the oncoming traffic's right of way when passing stationary vehicle or obstacle 

21 disregarding the following traffic's right of way when passing stationary vehicle or obstacle 

22 failure during driving in congested traffic or lane merging 

23 disregarding the traffic regulation "priority to the right" 

24 disregarding the traffic regulation signs (give way) 

25 disregarding the priority traffic when joining a motorway or dual carriageway 

26 disregarding the right of way by vehicles joining from a track way 

27 disregarding the direction of traffic regulation by traffic lights or police officers 

28 disregarding the priority of oncoming traffic when shown by sign 208 

29 disregarding the priority of railway traffic 

30 mistake during turning 

31 mistake during u-turn or reversing 

32 failure while joining traffic flow 

33 misconduct towards pedestrians at pedestrian crossings 

34 misconduct towards pedestrians at traffic calming fixtures for pedestrians 

35 misconduct towards pedestrians when turning 

36 misconduct towards pedestrians at public transport stops 

37 misconduct towards pedestrians at other places 

38 prohibited stopping or parking 

39 inadequate warning for stopped/broken down vehicles, accident scenes, or stopped school buses 

40 traffic rule violation while loading or unloading vehicle 

41 disregarding lighting regulations 

42 overloading 

43 inadequately secured cargo 

44 other mistakes of the driver 

45 defective lighting 

46 defective tyres 

47 defective brakes 

48 defective steering 

49 defective towing device 

50 other technical deficiencies 

51 misconduct of pedestrians in traffic situations regulated by traffic lights or police officers 
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52 misconduct of pedestrians at crossings without regulation by traffic lights or police officers 

53 
misconduct of pedestrians near crossings or junctions, traffic lights or pedestrians crossings during dense traffic in other 
places 

54 misconduct of pedestrians due to suddenly emerging from areas restricted from view 

55 misconduct of pedestrians (ignoring the road traffic) 

56 other misconduct of pedestrians 

57 misconduct of pedestrians due to not using pedestrian path 

58 misconduct of pedestrians due to using wrong side of the road 

59 misconduct of pedestrians due to playing on or beside the road 

60 misconduct of pedestrians due to other mistakes 

61 road soiling due to oil leakage 

62 other road soiling by road users 

63 snow, ice 

64 rain 

65 other influences (leaves, mud, etc.) 

66 lane grooves in combination with rain, snow, ice 

67 other states of the road 

68 inappropriate road sign condition 

69 inadequate street lighting 

70 inadequate securing of railway crossings 

71 influence of weather / view obstruction due to fog 

72 influence of weather / view obstruction due to rain, hail, snow 

73 influence of weather / view obstruction due to sun glare 

74 influence of weather / view obstruction due to cross wind 

75 influence of weather / view obstruction due to storm 

76 inappropriate or not secured construction site on the road 

77 game animals on road 

78 other animal on road 

79 other obstacles on the road 

80 other causes 

81 darkness 

82 another vehicle which is gone 

99 unknown 
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Sub-Appendix 2D 

Accidents in turning across path (TAP) scenarios – Host is the accident initiator 
 

  

  

Figure 236: Collision pattern of accidents in turning across path scenarios when the accident initiator is the host 
(left: baseline; right: treatment) 

  

Figure 237: OYA in accidents in turning across path scenarios when the accident initiator is the host (left: host; 
right: opponent) 
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Figure 238: Collison speed, delta-v and collision angle in turning across path scenarios when the accident initiator 
is equipped with CAF (left: host; right: opponent) 
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Accidents in turning across path (TAP) scenarios – Host is the non-accident 
initiator 

  

  

Figure 239: Collision pattern of accidents in turning across path scenarios when the non-accident initiator is 
equipped with CAF (left: baseline; right: treatment) 

  

Figure 240: OYA in accidents in turning across path scenarios when the accident initiator is equipped with CAF 
functions (left: host; right: opponent) 
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Figure 241: Collison speed, delta-v and collision angle in turning across path scenarios for the non-accident 
initiator and the non-accident initiator car (left: host; right: opponent) 
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Accidents in straight crossing path (SCP) scenarios – Host is the accident initiator 

  

  

Figure 242: Collision pattern of accidents in straight crossing path (SCP) scenarios when the accident initiator is 
equipped with CAF (left: baseline; right: treatment) 

  

Figure 243: OYA in straight crossing path scenarios for the accident initiator and the accident initiator car (left: 
host; right: opponent) 
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Figure 244: Collision speed, delta-v and collision angle in straight crossing path scenarios for the accident initiator 
and the non-accident initiator car (left: host; right: opponent) 
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Accidents in straight crossing path (SCP) scenarios – Host is the non-accident 
initiator 

  

  

Figure 245: Collision pattern of accidents in straight crossing path (SCP) scenarios when the non-accident initiator 
is equipped with CAF (left: baseline; right: treatment) 

  

Figure 246: OYA in straight crossing path scenarios for the non-accident initiator and the non-accident initiator 
car (left: host; right: opponent) 
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Figure 247: Collision speed, delta-v and collision angle in straight crossing path scenarios for the non-accident 
initiator and the non-accident initiator car (left: host; right: opponent) 
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Accidents in oncoming direction (OD) and same direction (SD) scenarios – Host is 
the accident initiator 

  

  

Figure 248: Collision pattern of accidents in oncoming direction and same direction scenarios when the accident 
initiator is equipped with CAF (left: baseline; right: treatment) 

  

Figure 249: OYA in oncoming direction and same direction scenarios when the accident initiator is equipped with 
CAF (left: host; right: opponent) 
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Figure 250: Collision speed, delta-v and collision speed in oncoming direction and same direction scenarios when 
the accident initiator is equipped with CAF (left: host; right: opponent) 
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Accidents in oncoming direction (OD) and same direction (SD) scenarios – Host is 
the non-accident initiator 

  

  

Figure 251: Collision pattern of accidents in oncoming direction and same direction scenarios when the non-
accident initiator is equipped with AD functions (left: baseline; right: treatment) 

  

Figure 252: OYA in oncoming direction and same direction scenarios when the non-accident initiator is equipped 
with CAF (left: host; right: opponent) 
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Figure 253: Collision speed, delta-v and collision speed in oncoming direction and same direction scenarios when 
the non-accident initiator is equipped with CAF (left: host; right: opponent) 
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Appendix 3 – Predicted AD seated 
positions (M3.2) 

Objectives 
The aim of this sub-chapter is to describe relevant seating configurations, seat positions as well as 

seated postures likely to be used by occupants in future automated vehicles.  

Terminology 
Throughout the VIRTUAL project, the wording “seated position” is used to refer to three parts together 

describing the vehicle interior seating configuration, how the seat is positioned and how the occupant 
is positioned on the seat:  

I. Seating configuration: describing the seat positions in relation to each other, if they are

forward facing, or rotated (swivel seat positions). Seating configurations can be described

as “living room”, “face to face”, “campfire”, etc.
II. Seat position: includes internal adjustments of the actual seat, such as seat back angles,

seat cushion angle, seat cushion height, and seat position in the vehicle longitudinal (x-)
direction.

III. Seated posture: occupant posture in terms of upright/slouched/collapsed position of whole
body, including arm and leg positions.

The position of the seat belt on the occupant is a result of seat position, seat belt geometry (which may 
be influenced by the seating configuration) and also the anthropometry and posture of the occupant.  

Background 
Preferred seating configurations and seat positions 

With automated driving, the driver is no longer required to engage in driving and thereby by definition 
also becomes a passenger. This opens up the possibility to make the vehicle interior more flexible once 

the steering wheel and pedals are removed (i.e., only applicable for fully automated vehicles), since the 

driver is not required any longer to face the road ahead. User demand for more flexible vehicle interiors 
may thus increase.  

Different types of trips may create particular demands on the seating configuration. Different levels of 

automation will entail different types of seating configurations. While fully automated vehicles allow a 

broader range of seating configurations, the seating configuration options available are limited should 
the driver need to be prepared to take over whenever requested.  

An online survey conducted in Germany, including 1,000 respondents (Fraedrich et al. 2016), showed 

that participants expected AD vehicles to address user needs for freedom from stress, time saving and 
comfort to a higher degree. 

A qualitative user study was conducted in Sweden (Jorlöv et al. 2017), investigating user expectations 
of seating configurations in automated driving vehicles. In the long journey scenario, when travelling 

together with friends and families, the participants generally preferred to be facing each other, with the 
front seats rotated rearwards. In the shorter journey scenario, the users preferred forward facing 

seating and the option of reclining the seat into a more relaxed position enabling relaxing, sleeping, 
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surfing the internet, working, or reading. Similar findings were found when the study was repeated in 
Shanghai, China (Östling and Larsson, 2019). 

 

An online survey of seating configuration preferences in AD vehicles also showed different preferences 
depending on travelling scenario (Koppel et al. 2019). When travelling alone, a traditional forward-

facing seating configuration, similar to today’s vehicles, was preferred. Face-to-face seating 
configurations were preferred when there were several people in the vehicle. However, if the person 

were to travel with a stranger (imagine travelling in a shared robotaxi, i.e., an AD taxi), the desire for 

face-to-face seating configurations was limited compared to when travelling with family.  
 

Different AD concepts have been presented by various car manufactures. Volvo 360c (Volvo Cars 2018) 
presented a business model of a vehicle suitable for replacing short-haul flights by offering comfortable 

sleeping compartments. Another business model presented a vehicle interior design offering an office 
on wheels, with face-to-face seating configurations including tables.  

Mercedes have presented a concept vehicle including rotating seats, allowing occupants to select their 

orientation relative to each other (Mercedes, 2019). The seat manufacture Adient have presented two 
concepts, AI17 and AI18, both including rotating seats, and the modular AI18 concept includes rear-

facing seats (Adient, 2019). A recent Brose Group vehicle interior concept has been presented featuring 
seats allowing 180 degrees rotation (Brose, 2018). 

 

 
Relaxed seated positions 

Since relaxing is one activity expected in AD vehicles, it is important to further understand which seat 
back angles are preferred and how they may influence the seated posture. Reed and Ebert (2018) 

studied how the seated posture was influenced when reclining the seat back up to 53° in order to 
produce a relaxed seated position. They found that the pelvis rotated rearward as the angle of the 

reclined seat back increased, although it lagged behind the seat back angle. In contrast, the thorax 

moved approximately at the same rate as the seat back. When participants were free to adjust the head 
position, they preferred a more upright head angle. This may be motivated by a desire to be able to 

look out through the windows despite being in a relaxed position. 
Jordlovsky et al. (2017) investigated desired seat back angles, for various scenarios when participants 

imagined being in a relaxing riding or sleeping scenario. Results showed that forty-eight percent of 

participants preferred being seated in a relaxed position with the seat back angle greater than 30°. 
When imagining a sleeping scenario, 56% preferred the seat back angle in excess of 30°. 

 
Both the above studies (Reed Ebert, 2018 and Jordlovsky et al, 2017) were conducted in front seats 

fitted in contemporary passenger vehicles. Additional seat designs may be necessary in order to facilitate 

favourable, comfortable and relaxing positions during vehicle journeys. The designs of future seats may 
be done with even higher degrees of freedom if the vehicle architecture is prepared for these relaxed 

seated positions, as opposed to fitting new seat concepts into existing passenger vehicles.   
 

Postural comfort in automotive seat design 
Knowledge on postural comfort is very important for designing automotive seats. Postural comfort 

means that all occupant sizes perceive approximately the same range of angles between skeleton parts 

as comfortable. There are several studies published in this field and based on these, a range of angles 
recommended for the OS-HBM has been specified (Jean-Marc Judic et al. 1993, H. Bubb et al. 2014).  
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For drivers of contemporary vehicles, the heel point is fixed and possible H-points areas are investigated 
for different occupant anthropometries (where all the previously mentioned comfort angles are met and 

the eye position results in an acceptable field of vision). Thereafter, seat adjustments are determined 

to reach possible H-point and comfort angles (Ü. Kilincsoy et al. 2014).  
 

  
 

 

Figure 19. Analogy between a skeleton and a system of articulated links and limits of angles of least discomfort 
(Jean-Marc Judic et al. 1993). 

 

Comfort postures for driving are determined by the laws of physics, psycho-physiology and not least 

biomechanics. Generally, in order to study driver postures, a two-dimensional skeleton model consisting 
of nine articulated links is used. Minimum and maximum values of joint angles facilitate defining the 

most comfortable position for an occupant. To find such comfort postures the corresponding joint angles 
must always be set within a specified range (Figure 19). The most comfortable position allows each 

occupant to relieve muscles, maintain body stabilisation and react to driving forces with minimal muscle 

response. In addition, occupants will be able to obtain necessary movement precision, which is 
important in a driver environment. How an occupant is positioned depends on: 

 

• Vehicle characteristics – the shape and dimensions of the vehicle interior, position of perceptible 

elements, position and functionality of control elements, 

• driver characteristics – size of the occupant,  

• seat characteristics, 

• postural constraints. 

The current method for finding the most comfortable posture is referred to as the “inside-out” approach. 
The main feature of this approach is to first design postural definitions and then design the vehicle. This 

study is undertaken by car manufacturers when designing the driver environment. All elements such as 
the steering wheel, pedals, seats, etc., are placed in the correct position, subsequently manikins sized 

5th, 50th, 95th percentile are placed in the least comfortable position to determine the seat position. This 

method fixes the ankle angle in one position on the fixed pedals. 
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Figure 20. SAE driver packaging models (Jean-Marc Judic et al. 1993). 

However, current trends adapt an “outside-in” approach, which means that the vehicle would be 

designed first, and subsequently taking postural comfort into account. Although, this method has not 
been adopted officially and is not validated by any car manufacturers. When designing seated positions, 

it is important to simultaneously respect driver-to-vehicle interfaces as well as comfort angles. The 
considered driver-to-vehicle interfaces typically include: 

 

• Position of eyes in minimal field of vision, 

• position of right foot on accelerator pedal while heel is fixed, 

• position of hands on the steering wheel, 

• action on brake and clutch pedal without interference between leg and the driver environment, 

• regulatory restrictions regarding H-point position and seat belt attachment points, for example. 

A study conducted regarding comfort seating angles was carried out by (H. Bubb et al. 2014). Based 

on their analysis, it was found how different comfort angles evolve in relaxed positions, and the potential 

for these angles to evolve in AD cars. The study was done using the available space and seats of a 
luxury sedan car with adjustable rear seats. The seat adjustment options include: 

 

• Seat cushion angle adjustment, 

• position on slides, 

• backrest angle, 

• upper lumbar rest angle adjustment, 

• height of head restraint. 

The sequence of the study was based on fastening the seatbelt and finding the three most comfortable 

positions for the standard posture, relaxed posture and upright posture (Figure 21). The study 
comprised 20 volunteers who were initially seated in a very uncomfortable seat position, to ensure each 

occupant would adjust the seat to the position best suited for them. The study resulted in average 
comfort angles on specified links (presented as a table with standard deviation – SD, Table 5).  



 

VIRTUAL | Deliverable D3.1 | WP3 | Final Appendix 3, page 5 

 

Figure 21. Passengers seated postures: upright, standard, relaxed (H. Bubb et al. 2014). 

Table 5. Skeleton angle joints presented in the study and the average angle for each position. (H. Bubb et al. 
2014). 

 

 
 

Frequent postures due to different activities 
For far distance journeys, comfort plays a very important role. However, there are few studies about 

comfort models in automotive applications, especially for rear seats in passenger cars. A study based 
on train passengers can be used to gain an understanding of possible postures regularly occurring 

among passengers in vehicles (Kamp et al. 2011). 

 

Figure 22. Research of typical activities of train passengers and the resulting postures (Kamp et al. 2011). 

Passenger seated posture 
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The study included 580 train passengers (Kamp et al. 2011). Travelling on a train is similar to being on 
a long journey in the rear seat of a car. The study shows that people most often choose one of three 

seated postures indicated by numbers 1, 7 and 10 (Figure 23). 

 

 

Figure 23. Three common postures during short, medium and long journeys (left, middle, right) (Kamp et al. 
2011). 

The left posture (Nr. 10) represents the preferred position for short journeys, the middle (Nr. 7) is more 

relaxed and preferred for medium distance journeys, and the position on the right (Nr. 1) is often 
adopted for long journeys. The latter posture would be highly relevant to consider for designing 

automated vehicles. 

 
Restricted by available space 

The main restrictions regarding available space include the inner volume of the vehicle and the presence 
of a tunnel, steering wheel (yes, no, conventional/steering by wire), pedals and heating/cooling system 

(Table 6, Table 7, Table 8).  

 

Table 6. Space required by swivel seat, depending on centre of rotation. 

Swivel under length adjuster Swivel over length adjuster 

 

 

Table 7. Swivel by 1 person or 2 persons. 

  
 

2 people swivel inwards 1 person swivels inwards 

(larger angles possible) 
2 people swivel, turned inwards 

 

 

10 7  1 
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Table 8. Space required to turn a 180 degrees. 

 
 

 
 

Occupied: legs of occupant to 
consider 

Not occupied Similar for face to face 

 

Motion sickness  
Motion sickness may influence preferred seating configurations in different driving conditions. Most 

studies, with respect to seating configurations in AD vehicles conducted so far have been done statically 
or via surveys. Studies indicate that motion sickness may present a problem in highly automated cars, 

and a contributing factor may be that new seated positions and activities lead to a non-forward-facing 
gaze which consequently may affect more users than in contemporary cars (Ekchian et a. 2016, Diels 

et al 2016, Sivak et al 2015) 
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Seating configurations and seat positions in a future AD cars 
 
This section provides the results of studies conducted within the VIRTUAL project. Initially, a number 

of possible seating configurations were examined in a seating workshop.  
 

To define possible seat adjustments in future automated vehicles a seating workshop was organised by 

Faurecia in Meru, France, comprising a handful of participants from three project partners, Faurecia, 
Volvo Cars and Dorel, including experts in vehicle seat design, vehicle ergonomics, child seat and crash 

safety.  
 

Aim 

The scope of workshop included: 

• Trial of different novel seating positions in a vehicle environment representing a SUV vehicle, 

• defining seating configuration options within a typical available space, 

• evaluating conflicts and potential problems with child restrain systems (CRSs) in new seating 

configurations. 

Method 

During the workshop a test buck based on the Audi Q5 SUV was chosen (marginally increased in size) 

(Figure 25). In order to study a likely future interior scenario, the heating system was removed from 
the centre console. The vehicle space main dimensions are presented in Figure 24. 

 

Figure 24. Dimensions of test buck. 

 

Figure 25. Test buck allowing testing flexible interior design of seat arrangements, simulating the space of a large 
SUV. 

Several seating options were investigated based on the defined space. The main dimensions relevant 

to the vehicle boundaries and advantages/disadvantages of chosen positions are presented in the results 
section.  
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Variation of this volume: 

 

• Forward / rearward, 

• Up / down, 

• Swivel (view from the top). 

The test buck offers great flexibility. However, the tunnel console was removed for the workshop and 

the steering wheel was sometimes used and sometimes removed. It was possible to arrange the seats 
in different positions, including forward facing, rearward facing and in the swivel position. Before the 

practical part of the workshop began, the participants contemplated potential positions theoretically, 

seen in the figures below. Based on the theoretical ideas, the practical part of the workshop was spent 
arranging the configurations inside the test buck, try them out and attempting to understand the 

advantages and disadvantages of each configuration. Measurements and photos were taken for each 
tested configuration. Seating combinations with sufficient space for two occupants within the vehicle 

space, (Figure 26) were investigated: 
 

• In a row (longitudinally in the vehicle), 

• face to face, 

• side by side (laterally in the vehicle). 

 

a) b) c) 

 

d) e) f) 

Figure 26. Combinations of seats arrangements for two occupants, a) in a row, b) in a row, c) in a row with 
inboard rotation, d) side by side, e) side by side, f) side by side with rotation. 
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Seating combinations with sufficient space for four occupants within the vehicle space (Figure 27): 
 

 

Figure 27. Combinations of seats arrangements for four occupants, including different versions of face to face 
seat configurations. 

 

Results 
 

1. Driving position -> not steering, monitoring (upright) 

 

Figure 28. Driving upright position. 

Foot support (not flat floor) is beneficial to increase comfort while driving in this driver position (Figure 
28). The main advantage of the upright position is that the B-pillar is positioned behind the seat back, 

contributing to satisfactory seat belt geometry on the occupant.  
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2. Driving position -> not steering, relax (inclined) 

 

Figure 29. Relaxed driving position including dimensions for seat belt position. 

The reclined position (Figure 29) differs only slightly from the previous upright position, due to the 
increased torso angle produced by the inclined seat. This position provides comfort for the occupant on 

longer journeys. The main perceived disadvantages include: 

• Longer distance from head to head restraint when increasing the incline of the seat, a drawback 

should the occupant want to monitor the road. 

• Shoulder point of the occupant is positioned behind the B-pillar, positioning the shoulder belt in 

front of the occupant, losing the preventive measure of restraining the occupant early in case 

of a crash. 

• Lap belt geometry may be changed, no longer capturing the pelvis bone optimally. 

 

3. Maximum swivel in the front row 

 

Figure 30. Front seats swivelled inboard. 

 

This position is defined by two front seats swivelled inboard (determined by internal car space), resulting 
in uncomfortable occupant position in the front seats due to knee interaction. Further issues include the 

lack of space for a centre console if needed and seat belt routing may also be problematic. One 
advantage is that this is a more convenient position for conversation (Figure 30). 
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4. Swivel in the front row without leg interaction 

 

Figure 31. Front seats swivelled inboard. 

The same position as in the above (Figure 30), incorporating smaller swivel angles, resulting in no leg 

interaction of occupants while still providing a comfortable alternative for for conversation. Increased 
space for a centre console is also provided if needed as well as better seat belt routing (Figure 31).  

 

5. Face to face in vehicle direction 

 

Figure 32. Front seat face to face position. 

This position is perceived as very comfortable for occupant interaction, i.e., conversation as occupants 

almost facing each other. Potentially difficult to design due to the close position of the passenger’s head 

to the windshield. In this case, frontal impact will become rear impact for one of the occupants, which 
will also produce design issues. In addition, an integrated seat belt would be required in the passenger 

seat (Figure 32). 
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6. Side facing 

 

Figure 33. Side by side seat position. 

The seats are positioned laterally (90° from travel direction), with two seats facing each other. This 

seating configuration requires a lot of space and only two front seats would fit inside the vehicle in this 
configuration. Challenges may be presented in achieving satisfactory driving comfort and supporting 

the occupant during normal braking. Furthermore, developing effective crash protection for occupants 
exposed to frontal crashes may also be challenging (Figure 33). 

 

7. Family configuration 

 

Figure 34. Family configuration of four seats. 

This is a highly relevant seating configuration for Level 3 automated vehicles (Figure 34). Except for the 

driver, this position may be comfortable for the other three people. This position may be particularly 
suited for carrying children in cars. This position facilitates interaction between passengers, positioning 

a parent/carer in the rear seat with one child turned 180° in the front seat facing the parent/carer and 

another child seated beside the parent/carer, behind the driver. One drawback includes the risk of 
interaction between the windshield and head/seat of the front passenger. 
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8. Face to face for four occupants 

 

Figure 35. Face to face position for four occupants. 

This configuration is not comfortable for occupants due to leg to leg interaction (in standard size 

vehicles, finding space for the feet without intermingling would be difficult), see Figure 35. The position 
requires ample space for occupant legs. If selected, this configuration would require a longer vehicle.  

 

9. Swivelled hourglass face-to-face 

 

Figure 36. Face to face inboard swivelled position. 

Occupants experience of this face-to-face swivelled seating configuration was more comfortable than 

the face to face configuration seen above (Figure 36). This is mainly due to less intensive contact with 
the occupant opposite, and contact with the other occupants (besides the one facing in front) improved. 

Feet interaction occurred as the feet of all occupants ended up in the same place (Figure 37). This 
position may not be optimal for longer journeys. It would be possible to place a table in the centre of 

the vehicle. 
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Figure 37. Top view of face to face swivelled inboard position. 

 

10. Face to face swivelled 

 

Figure 38. Face to face swivelled for two occupants. 

The face to face swivelled position is very similar to the face to face in vehicle direction position (Figure 
38). This configuration may be more comfortable for occupants to have eye contact. Furthermore, more 

space is available to accommodate each occupant’s legs without a centre console inside the vehicle. 
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11. Face to face swivelled parallel 

 

Figure 39. Face to face swivelled parallel for four occupants. 

Position similar to face to face position with increased leg space (Figure 39). Due to every seat being 
swivelled, more space is accommodating each occupant’s legs, eliminating the intermingling of the legs 

with the occupant opposite, and facilitating stretching the legs out. This position may be convenient for 
longer trips. Occupants are virtually facing each other, facilitating conversation. Two seats are far away 

from pillar B or C in this configuration. 
 

The perceived most comfortable and suitable position for occupants in future AD vehicles include: 

• Relaxed position – frontal facing, 

• family configuration, 

• face to face with slight swivel, 

• around a table. 

The selected positions allow comfortable interaction with fellow occupants. The legs do not interact and 

occupants can have eye contact with each other (for positions with four occupants).  
 

Seats must offer space for different occupant sizes: 

 

Figure 40. Sizes of seat occupants. 

There are different ways to combine the above occupant sizes in a vehicle (Figure 40), including various 

combinations in translation and rotation (Table 9). 
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Table 9. Combinations of occupant sizes in vehicle. 

Combination of occupants Picture 

 
 

Occupant sizes repositioned  
for identical heel point 

 

 

 
Occupant sizes repositioned  

for identical H-point 

 

 
 

Occupant sizes repositioned  
for identical shoulder height 

 

 
 

Occupant sizes repositioned  

for identical hand reach 

 

 

Volume required to place occupants inside the vehicle is depends on the 95th percentile occupant 
installation. 

 

 

Figure 41. Volume required inside the vehicle to fit all occupants. 
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Seat adjustments for relaxed positions 
There are several seat adjustment options that would provide occupants with a relaxed seat position 

(Table 10). 

 

Table 10. Seat back and seat cushion adjustments for relaxed positions. 

Seat adjustments Picture 
 

Increased recline in seat back 

Up to 30⁰ more reclining 

 
 

Seat and cushions inclined rearward  
Up to 20⁰ more inclining 

 
 

 

Combinations of the above seat 

movements 

 
 

Forward facing relaxed seats: 

Seat backs reclined to larger angles result in increased distance between the head and head restraint, 
which may influence whiplash performance. It would be advantageous to improve the upper area of 

the seat back by making it possible to raise partly (i.e., by splitting the seat back in two parts) to support 
the head in order to improve the gaze angle (Figure 42). 

 

 
 

Figure 42. Examples of participants in reclined test conditions with participant selected headrest location 
(Matthew P. Reed et al. 2018). 
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Figure 43. Example of seat back split in a reclined backrest. 

 
Different seat orientations present in face to face configurations and two single seats facing forward 

or rearward (Figure 44). 

 

• Turned around z-axis (swivel): 

- Forward facing: X degrees inboard/outboard 

- Rearward facing: Y degrees inboard/outboard 

   

  

Figure 44. Examples of different seat orientations. 

 

Child restraint system aspects 

Child restraint system compatibility issues may arise in novelty seating positions (Figure 45): 

• Limited space available for rear seat occupants when front seats are placed in a relaxed 

position. 

• Booster / child seat back not able to follow the movement of the seat back, when reclined into 

a relaxed position. A gap between the seat back of the child seat and the seat back of the 

vehicle seat, may occur. 

• Interference between child seat back and the headrest of the front seat has been observed.  

Allowing CRS installation (rearward- or forward facing) in all passenger seats in a vehicle 

would require consideration of any associated interferences, 

• Various seat cushion angles may be more inclined in a relaxed position and it may cause 

problems, as this particular value for isofix positioning is limited to between 5⁰ and 25⁰. 
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• Child seat installations may trail the movement of all possible seat adjustments, the following 

particular issues may arise: 

o Child seat sideways facing – child seat performance is unknown for this type of 

installation when exposed to frontal crash pulses. 

o Rearward facing child seat installed in a rearward facing seat may be dangerous as 

the seat is not designed for this type of installation 

o Swivel seats forward / rearward – child seat performance in swivel angles ranges up 

to 20⁰ is unknown. 

 
 

 

CRS installation in 

reclined seat position. 

CRS installation in rearward facing 

seat. 

CRS installation behind 

reclined seat. 

Figure 45 Various CRS installations. 
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Chosen seated positions 
The most relevant seated positions to be further evaluated were identified based on the seating 
workshop, studies, the literature study as well as the predicted availability of tools and models within 

the VIRTUAL project. The order of the seated positions does not reflect a priority among the selected 
seating configurations to be evaluated. The targeted seat in each seating configuration in the picture 

has been highlighted. 

 
Seated Position 1 – forward facing in relaxed seat position 

The Position 1 seating configuration is the “standard” in vehicles today, with all seats facing forward 
(Figure 46). During the evaluation, the focus should be on the front seat and three different options for 

reclining the seat (seat back angle, seat cushion tilt, articulated seat back). If the driver seat is selected 

for evaluation, a steering wheel and pedals will be included in the environment. 
 

 

 

Figure 46 Seated Position 1: standard seating configuration and three versions of reclined seat position. 

 

Motivation: Several published studies indicate the desire of occupants to be able to relax during the 
journey. Occupants already have the option of reclining their seat backs, although most vehicle manuals 

do not support this seat position. The sleeping position, i.e., lying flat, may also be a future demand. 

At this point however, the project will focus on the first step of relaxed positions and limit the seat back 
angle to a total maximum of 60°.  

 
 

Seated Position 2 – face-to-face with upright seat position 
Position 2 is a face-to-face seating configuration, with the front seats turned 180°, facing the rear seats 

(Figure 47). The seat with the seat back facing the driving direction should be in focus. 

 

 

 

Figure 47 Seated position 1: Face-to-face seating configuration with the seat in an upright seat position.  
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Motivation: The face-to-face seating configuration has been described in several concepts for 
automated vehicles. Occupants desire a more social configuration during longer journeys. This seating 

configuration also offers the opportunity to hold meetings in the vehicle.  

The challenge of this position involves the vehicle being exposed to a frontal crash pulse, exposing 
occupants in the first row (Position 1 or 2) to a rear-end crash, but with a much higher crash severity 

compared to a rear end crash in vehicles today.  
 

Seated Position 3 – face-to-face with relaxed seat position 

Position 3 is similar to seated Position 2, 180° turned face-to-face facing the rear seats, with the added 
option of various reclined seating positions (Figure 48). The seat with the back facing the driving 

direction should be in focus. 
 

 

 

Figure 48. Seated Position 3: A face-to-face seating configuration with the seat in an upright seat position.  

 
Motivation: The face-to-face seating configuration is described in several concepts for automated 

vehicles and is suitable for being combined with relaxed seat positions, especially during longer journeys 
when occupants would like to relax. In similarity to Position 2, should the vehicle be exposed to a frontal 

crash pulse, the first-row occupants will be exposed to a rear-end crash with a much higher crash 

severity, than they would be in a rear end crash in a contemporary vehicle.  
 

 
Seated Position 4 – Inboard swivelled front seats with upright seat position 

Position 4 includes two inboard swivelled front seats, up to a maximum of 20°, with the seat back in an 

upright position (Figure 49). Either swivelled front seat (left or right side) could be in focus, depending 
on the crash configuration.  

 

 
 

Figure 49 Seated Position 4: Front seats with inboard swivel position, in an upright seat position.  

 

Motivation: The results from the user study showed that this swivelled position is preferred by the 
users in terms of facilitating conversation and watching the centre screen.  
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Seated Position 5 – Parallel swivelled seats face-to-face with upright seat position 

Position 5 includes a face-to-face configuration, with the front seats in an upright position turned 

towards the rear seats, with an additional swivel option added to all four seats in parallel (Figure 50). 
Either swivelled seat facing the direction of travel forward should be in focus.  

 

  

Figure 50 Seated Position 5: Front seats with inboard swivel position, in an upright seat position.  

 

Motivation: The Position 5 version of the face-to-face configuration was found appealing since it 
resulted in more space for the legs for occupants facing each other. However, swivelling presents seat 

belt geometry challenges, and the protection principles of this particular configuration must be 
evaluated. Since different injury prevention challenges may arise for each position, both positions must 

be explored for inboard and outboard swivelling positions.  

To gain further understanding of various crash configurations, e.g., full frontal, oblique frontal, rear 
end, oblique rear-end, it would be beneficial to explore the protection principles required in this 

particular seated position.   
 

Conclusions  
This chapter provides a recommendation of five different seated positions, to continue exploring within 
the VIRTUAL project:  

 

1. Forward facing in relaxed seat position 
2. Face-to-face in upright seat position 

3. Face-to-face in relaxed seat position 
4. Inboard swivelled front seats in upright seat position 

5. Parallel swivelled seats face-to-face in upright seat position 
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Appendix 4 – Seat constraints in AD 
vehicles compared to today 

Seat constraints in today’s vehicles 
• Fixed heel points for the driver and possible areas of H-points is investigated for different 

occupant anthropometries (all comfort angles met and eyes always in the field of vision). 

• Determining seat adjustments to reach possible H-points (and comfort angles). 

• Other constraints to consider include: 

- field of vision 

- visibility of the horizon 

- hand and leg reach 

Seat constraints when riding in Level 4, 5 automated vehicles 
 

• Restriction that the foot must reach the pedal -> suppressed 

• Restriction to be in field of vision -> suppressed 

• Restriction to see the horizon because of motion sickness risk -> maintained 

• Angle range for comfort -> may also evolve? (actual studies are very focused on possible 

angles in a driving position) 

• Being required to reach the pedals / steering wheel in a limited time -> distance allowed 

depends on timing allowed 

The main consequences of less restrictions for the occupant position includes: 

 

• More relaxed seated positions are considered 

• Seat backs are more inclined rearwards, seat cushion is also more inclined which results in 

relaxed positions 

• Legs and ankles are more stretched 

• Seat back should be split into two parts to reduce distance between head and head restraint 

in relaxed positions, 

• Leg support should be available. 

 

Figure 51. Relaxed positions with leg support (Photos are confidential, only for this report - not for publication). 
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Crash safety considerations 
Expected injury outcomes of studied orientation variations: 

• Front impact: submarining, lumbar spine injuries, rib injuries, 

• Rear impact: whiplash (low speed), lumbar injuries + whiplash (high speed). 

Interesting to study further with HBM-OS in whiplash / rear impact injuries (speeds to be defined): 

• Base: driving 25⁰ torso HBM-OS (+BioRID), 

• Inclined by 20⁰: HBM-OS (+BioRID), 

• Reclined by 30⁰: HBM-OS (BioRID not possible), 

• Combined with seat back flat: HBM-OS, 

• Combined with seat back upper back adjustment titled forward: HBM-OS. 

It would also be interesting to perform a study of whiplash injuries with HBMs, in particular that human 

occupants rest their head on the head restraint, which may be very different from actual ATD designs. 

 

Figure 52. Occupant head position on head restraint. 

Recently, the University of Michigan Transportation Research Institute (UMTRI) carried out a head 

position (volunteer) study for Humanetics concerning occupants resting the head on the head restraint. 
Occupant loading in such orientation variations include: 

 

• Swivel positions: 

- E.g.,. front impact: oblique impacts 

- Relative swivel angles subtracted or added depending on seat configuration. 

 

Figure 53. Relative swivel angles depending on seat configuration. 

 

 

- Overall impact angle versus seat may be added to swivel angle in front and rear impact 

for the different configurations (20⁰ + 20⁰?) 

- Front / rear facing may only differ in violence of impact pulse 

- Front impacts: more issues with neck injuries also expected with more oblique impacts 

- Rear impact: oblique impacts / oblique whiplash: 

Due to seat belt oblique left and right directions may be different. 
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Figure 54. Possible directions of impact. 

 

Seat belt design for variations mentioned above: 

Table 11. Seat belt designs for different variants. 

Seat belt 
position 

Scheme Picture 

 
 

 

On body in white 

 
 

 
 

 

 
 

 

 
 

 
 

With seat belt deviator 

 

 
 

 
 

 

 
 

 

 
 

 
On the seat 

 

 

 
 

 

 
 

 

  



 

VIRTUAL | Deliverable D3.1 | WP3 | Final Appendix 4, page 4 

Summary seating configurations and seat positions: 
•  Forward – facing: seat back reclined (up to 30°) – seat back 1 part 

•  Forward – facing: seat back and cushion inclined (up to 20°) – seat back 1 part 

•  Forward – facing: combination of reclined and inclined – seat back 1 part 

•  Forward – facing: seat back reclined (up to 30°) – seat back 2 parts 

•  Forward – facing: seat back and cushion inclined (up to 20°) – seat back 2 parts 

•  Forward – facing: combination of reclined and inclined – seat back 2 parts 

•  Variation head leaning / not leaning on head restraint? 

•  Swivel around z-axis: - 40°, - 30°, - 20°, - 10°, 0°, 10°, 20°, 30°, 40° or other  

•  In rear impact? Study for front impacts also to include neck injuries?  

 
 




