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Abstract  I 

Abstract 

The development of automated driving has brought a series of technical challenges, one of which 
being the safety of the automated vehicle. In automated driving Level 4 or above, an emergency 
fallback must be available for the automated driving system to bring the ego-vehicle to a stable and 
stopped state1. Moreover, it remains to be investigated whether the application of this fallback causes 
additional risks for the ego-vehicle. This work introduces the speed-overriding emergency trajectory 
(SOET) as the fallback approach, and researches into the situations where this approach can be safely 
implemented. 

The concept and profile of the SOET is proposed first. Regarding the planning and implementation 
of SOET, two different strategies are explained and compared. Next, technologies on the state-of-the-
art emergency trajectories are reviewed as a foundation of this research. Afterwards, general require-
ments which enable the basic functioning of the SOET are analyzed. The main focus of this work is 
the identification of situations which might be unsafe for the SOET to be applied. To carry out the 
identification, the definition of the term “situation” is clarified based on existing studies, as well as 
other related terms. The operational design domain (ODD) is specified to regulate the operating con-
ditions for the SOET. On this basis, possible situations where the application of SOET might cause 
additional collision risks are derived. Another prerequisite for the identification is the methodology. 
First, a criticality metric is introduced, which serves as the judgement standard on whether the inves-
tigated situation is safe or not for the application of the SOET. The procedure of identifying the safety 
of the current situation is then sketched and explained in detail. Based on all the aforementioned 
efforts, the derived situations are analyzed in detail when it is unsafe for the SOET to be applied. In 
the end, the approach of SOET and the identification method is critically assessed, and the potential 
of applying the SOET is evaluated both within and outside the specified ODD. 

 

 

 

 
1 SAE International: Definitions for driving automation systems (2021). 
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1 Introduction 

Automated driving is one of the leading development topics in current automotive industry, and has 
drawn a fair amount of attention within the academic field. Much research has been conducted to 
develop automated driving systems (ADS) with SAE Level 3 or above, in which the vehicle itself is 
capable of performing all parts of dynamic driving tasks (DDT). Apart from realization of automated 
driving functions, safety of ADS remains a critical issue. In the case of internal system failure or 
external events which incapacitate ADS, a fallback strategy is required to achieve a minimal risk 
condition, in which the vehicle is brought to a stable and stopped state2. 

1.1 Motivation 

In automated driving scenarios with SAE Level 3 or above, chances are that the ADS-equipped ve-
hicle could or should not continue its planned trip due to internal issues such as sensor failure or 
planning unit malfunction, as well as external events, e.g., the ADS detects an obstacle abruptly. An 
ADS with Level 4 or 5 does not require driver intervention when the planned trip has to be aborted. 
Therefore, the ADS itself is supposed to execute an emergency fallback to bring the vehicle to a safer 
state. One of the possible states is the minimal risk condition in which the vehicle is brought to a stop 
safely. Besides, under Level 3 automated driving, the driver might not take over the vehicle promptly 
when the ADS issues the request to intervene. Even when the driver intervenes quickly, he/she might 
lack the initial concentration to safely drive the vehicle. Therefore, an automated emergency fallback 
is also required to bring the vehicle automatically to a safer state. 

Moreover, it remains to be investigated whether the aforementioned fallback approach is safely fea-
sible. When the planned trip has to be aborted, the ADS might have lost the capability of environment 
perception. Risk of collision with other traffic participants should be avoided or mitigated during the 
fallback manoeuvre. Various traffic regulations are to be obliged under different road scenarios. On 
the other hand, safety of the designated stopping position requires to be analysed, as inappropriate 
stopping positions lead to traffic disorder and raise the danger of subsequent collisions. 

PRORETA 5 is the research project of the Institute of Automotive Engineering (Fahrzeugtechnik 
Darmstadt, FZD) at Technical University of Darmstadt (TUDa) in cooperation with other research 
organizations in the field of automated driving. The project focuses on situation understanding and 
motion planning for automated driving in urban traffic.3 In this project, a Safety Check Module (SCM) 
is developed to evaluate the safety of planned trajectories, as well as providing emergency fallback 
plans once the originally planned trip cannot be continued. In this work, feasibility of applying speed-
overriding emergency trajectories (SOET) as the fallback plan will be analyzed, in which the vehicle 
executes emergency maneuver on the path of the last safe trajectory, yet the speed profile is newly 
designed along the path. As mentioned above, it is necessary to analyze whether the SOET can be 

 
2 SAE International: Definitions for driving automation systems (2021). 
3 TU Darmstadt: PRORETA 5 Main (2021). 
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safely implemented as an emergency fallback under different circumstances, which is one of the tasks 
for SCM. 

1.2 Ascertainment of assignment 

Main focus of this work is to investigate whether the SOET can be safely applied under different 
situations, as well as evaluation of additional risks caused by this approach. In detail, the assignments 
are classified as: 

• Research on the state-of-the-art emergency trajectory technologies 

• Analysis of requirements for the SOET to be applied 

• Identification of situations where it is unsafe for the SOET to be applied 

• Demonstration of the identification process whether a SOET can be safely applied 

• Potential evaluation of the SOET 

1.3 Structure and Methodology 

The structure of this work is presented in Figure 1-1. In the beginning, the concept of SOET and the 
strategies of implementing the SOET are developed and explained. Next, research into the state-of-
the-art emergency trajectories is carried out and documented, as well as terms and definitions in au-
tomated driving. Afterwards, requirement analysis is conducted to clarify the prerequisites which 
enable the application of the SOET. 

The main focus of this work is the analysis of situations where it is unsafe for the SOET to be applied. 
First, definitions of the terms including scenery, scene, scenario and situation are clarified, and a 
methodology of derivation is developed. Potentially unsafe situations are derived based on these def-
initions and methodology. Next, the identification process is designed. The criticality metric is set as 
the standard of judging whether the situation is safe or not. Based on the abstract modelling, a calcu-
lation strategy is developed to universally figure out the safety of different situations. Based on these 
efforts, the potentially unsafe situations are further examined when they are indeed unsafe for the 
SOET to be applied. 

The method of SOET as well as the identification process is critically evaluated with their potentials 
estimated. In the end, conclusion and outlook is conducted to review the results obtained in this work, 
and discuss possible directions of future development. 
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Figure 1-1: Methodology on this work 
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2 Foundations 

At the beginning of this chapter, the concept of speed-overriding emergency trajectories (SOET) is 
explained as a basis for analyzing unsafe situations. Afterwards, two different strategies of imple-
menting the SOET are discussed in the form of a timeline. 

2.1 Concept of SOET 

In automated driving, the “path” represents a sequence of coordinates 

 (𝑥𝑘, 𝑦𝑘),    𝑘 = 0,1,2 … 𝑁 (2-1) 

that can be followed with an arbitrary speed. The “trajectory” is a path as a function of time, which 
can be expressed as 

 (𝑥𝑘, 𝑦𝑘, 𝑡𝑘),    𝑘 = 0,1,2 … 𝑁.4 (2-2) 

A trajectory includes not only spatial information of the related traffic participant, but also time points 
when it reaches the designated positions. Therefore, a trajectory planned for the automated vehicle is 
capable of guiding the vehicle’s velocity and acceleration. In PRORETA5, trajectories generated by 
the Trajectory Planning Module are checked by the SCM whether they can be safely implemented. 
When a trajectory is identified as unsafe, or no new trajectory is received by the SCM due to internal 
failure, the ego-vehicle is unable to continue its planned trip and requires an emergency trajectory to 
bring itself to standstill whilst avoiding risks of collision.  

The speed-overriding emergency trajectory (SOET) is one of the available approaches. The SOET 
applies the path of the last planned trajectory, which has been proved safe by the SCM and is currently 
followed by the automated vehicle, as its own path. However, the speed profile on the SOET is newly 
planned rather than taking over the initial speed profile. Like the normally planned trajectories, the 
safety of the SOET also needs to be checked by the SCM after it is generated. Due to the resulting 
time cost as well as the brake build-up time, it cannot be designed to decelerate the automated vehicle 
at zero point. In general, the SOET can be divided into two phases. In the first phase, the speed profile 
of the SOET is exactly the same as the initial safe trajectory. Therefore, when the SOET is fed to the 
controllers, before which the ego-vehicle still follows the initial safe trajectory, the ego-vehicle 
reaches the same position as the SOET has planned. In the second phase, the SOET guides the ego-
vehicle to brake along the initial safe path. The deceleration 𝐷ego increases from 0 to a preset value 
𝐷ego,SOET, then keeps 𝐷ego,SOET until the automated vehicle comes to a standstill. Figure 2-1 provides 
an example of the SOET when the ego-vehicle encounters an unsafe event when performing a lane 
change. 

 
4 Nordell, B.: Trajectory Planning (2016). 
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Figure 2-1: Sketch Diagram of the SOET 

2.2 Implementation Strategies 

There are two strategies of planning and implementing the SOET depending on the starting point of 
SOET planning. The strategy of planning the SOET after the unsafe event occurs is demonstrated in 
Figure 2-2. 𝜉1 is the safe trajectory generated at the last time step, while 𝜉2 is the unsafe trajectory 
from the new time step. At time point 𝑡3, the SCM realizes the occurrence of an unsafe event, and 
starts planning the SOET based on the path of 𝜉1. The SOET 𝜉SOET is generated at 𝑡4, and fed to the 
controllers at 𝑡5 once it is recognized as safe to be applied. The time period between 𝑡3 and 𝑡6 is the 
Phase 1 of the SOET, and is a preset value in order to leave sufficient time for planning and checking 
the SOET, while the time after 𝑡6 is the Phase 2. 

 

Figure 2-2: Timeline of planning the SOET after the unsafe event 

Another strategy is to plan the SOET before the occurrence of unsafe event, which is demonstrated 
in Figure 2-3. When 𝜉1 is recognized as safe at 𝑡1, the SCM immediately starts planning the SOET 
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based on its path. After recognized as safe, the SCM is ready to be applied, and fed to the controllers 
at 𝑡4 when the unsafe event occurs at 𝑡3. The value of 𝑡4 is 

 
𝑡4 = max(𝑡3, 𝑡3

′). (2-3) 

Phase 1 of the SOET is the between 𝑡1 and 𝑡5, while phase 2 starts from 𝑡5. 

 

Figure 2-3: Timeline of planning the SOET before the unsafe event 

For the strategy of planning the SOET ahead of the unsafe event, for every safe trajectory created 
throughout the trip, the SCM has to plan a corresponding SOET, thus greatly increasing the calcula-
tion effort. On the other hand, the safety recognition of the SOET is likely to overlap with that of the 
next normally planned trajectory, which raises a higher demand for the calculation capacity of the 
SCM. However, by planning the SOET earlier, this strategy allows the ego-vehicle to respond to the 
unsafe event earlier, improving the safety performance. Moreover, in case the SOET is recognized as 
unsafe, there is more time for the SCM to plan other emergency fallbacks. In this work, the strategy 
of planning the SOET before the unsafe event is applied, in which the SOET starts at 𝑡1. 
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3 State of Research 

The following chapter researches into the state-of-the-art emergency trajectories as fallback plans 
when the automated vehicle encounters an internal failure or external unsafe event. Furthermore, 
literatures working on the terms and definitions for automated driving are documented as a basis of 
deriving situations in which it is unsafe to apply the SOET.  

3.1 Emergency Trajectories 

Three approaches for an automated vehicle to reach a safe-stop state are proposed by Reschka. The 
first approach is performing an emergency stop without considering lateral movement. The deceler-
ation should be relatively strong to stop the vehicle quickly and prevent uncontrolled maneuvers. 
However, full brake is prohibited in order to mitigate the risk and the impact of a rear-end collision. 
According to ISO 22839, the deceleration should not exceed 6 m/s2. The second approach is stop-
ping the vehicle on the last planned path, which is exactly the SOET method introduced in Chapter 
2. By braking and steering simultaneously, this approach enables the automated vehicle to achieve a 
standstill in a safer manner compared to the emergency brake, at the expense of more difficult tech-
nical realization. The third approach is looking for an appropriate position to stop the vehicle. If the 
vehicle is still capable of performing lane changes to the road side, hard shoulder, or at least the right 
lane of the road, then this method brings a lower risk than the two on-site stopping approaches, but 
with greater technical difficulties as the vehicle must be capable of perceiving the road and the ob-
stacles.5 Additionally, a fourth approach is available when the current road section is extremely haz-
ardous for stopping the vehicle. The emergency trajectory keeps the vehicle moving at a relatively 
low speed, until it drives completely out of the dangerous road section. 

At the moment, there haven’t been any researches applying the approach of stopping on the last 
planned path. Researches on the other three approaches are introduced below. However, these ap-
proaches are not highly relevant for this work, and only serves as a reference for developing the 
method of SOET. 

3.1.1 Emergency Stop 

Beyerer et al. work on an emergency stopping approach when the automated vehicle encounters a 
complete electric and electronic (E/E) failure. Besides the mechanical and hydraulic parts for regular 
braking, an additional pressure regulation valve (D in Figure 3-1) is equipped connecting the hydrau-
lic pump to the brake pedal and providing a pressure for the emergency brake. During normal opera-
tion, a planning unit (F) within the E/E system periodically plans the emergency trajectory and opti-
mizes the emergency brake pressure. Upon failure, the missing signal of a watchdog (G) within the 
system is detected. The switch valve (B) opens and releases the emergency brake pressure onto the 
brakes. The vehicle brakes with the regulated deceleration until it comes to a halt. Moreover, instead 

 
5 Reschka, A.: Diss., Fertigkeiten- und Fähigkeitengraphen von automatisierten Fahrzeugen (2017), pp. 139–141. 
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of leaving the steering wheel uncontrolled after the failure, a locking mechanism is equipped to 
weakly fix the steering wheel at the current position. Therefore, the lateral profile of the ego-vehicle 
is approximately circular and known during planning, which simplifies the planning task.6a 

 

Figure 3-1: Emergency stop system by Beyerer et al.6b 

This approach of emergency stop has a significant limitation when the pressure regulation valve is 
transiting between two planned emergency brake pressures. When the E/E system fails during this 
period, the valve provides a brake pressure which has not reached its newly planned value, and may 
cause the ego-vehicle to stop at dangerous places, e.g., on a railway. Beyerer et al. propose a solution 
that an additional valve (E) is equipped parallel to the pressure regulation valve to provide a full-
brake pressure. When the situation is unsafe during the transition phase of the pressure regulation 
valve, the switch valve C toggles, enabling the full-brake valve to provide brake pressure if neces-
sary.6c 

3.1.2 Roadside Stop 

Svensson et al. present two methods to solve the safe stop problem. First, an optimal control problem 
(OCP) formulation is developed to obtain a global optimal solution for the trajectory planning of a 
safe stop. The safe stop OCP is formulated as 

 
min
𝑢(𝑡)

1

𝑡f
∫

|𝑣(𝑡)|

𝑣max

𝑡f

0
𝑑𝑡 + 𝑆(𝑂(𝑥(𝑡f))), (3-1) 

where 𝑥(𝑡) and 𝑢(𝑡) are the state vector and the vector of control inputs, 𝑣(𝑡) is the vehicle velocity 
with 𝑣max the maximum initial velocity, and 𝑡f is the time when the vehicle reaches the safe stop 
position. 𝑂(𝑥(𝑡)) denotes the occupied space of the vehicle at a given state 𝑥(𝑡), and 𝑆 is the cost 

 
6 Beyerer, J. et al.: Emergency Stopping for HAV (2019). a: pp. 1-5; b: p. 3; c: pp. 4-5. 
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function based on the occupancy 𝑂(𝑥(𝑡)). 𝑆 takes the value of 0 when the safe stop place is on the 
highest ranked area, e.g., roadside parking area, 1 for the second highest ranked area, e.g., hard shoul-

der, and so on. Therefore, stopping at a safer area always has priority, as the term min
𝑢(𝑡)

1

𝑡f
∫

|𝑣(𝑡)|

𝑣max

𝑡f

0
𝑑𝑡 

is smaller than 1.7a 

However, the OCP is not linear and not always convex. It cannot be applied in real-time, and only 
serves here as a benchmark for evaluating other solution strategies. One possible solution proposed 
by Svensson et al. is formulated as 

 
min
𝑢(𝑡)

∫ ||𝑃goal − 𝑃(𝑡)||2
2𝑡f

0
𝑑𝑡, (3-2) 

where 𝑃(𝑡) is the current position and 𝑃goal the final safe stop position for the vehicle. This method 
only minimizes the Euclidean distance between the two positions without taking velocities into ac-
count, therefore is more efficient for real-time operation.7b 

Magdici and Althoff develop a fail-safe motion planner for the automated host vehicle to avoid high-
way collisions caused by unexpected maneuvers from vehicles ahead. In this method, the optimal 
trajectory and emergency trajectory of the host vehicle are planned simultaneously, as shown in Fig-
ure 3-2. In the beginning, a maneuver recognition module (MRM) is applied to generate the most 
probable trajectory of the leading vehicle. The optimal trajectory of the host vehicle is then computed 
by calculating the minimum value of the cost function: 

 
𝐽1 = ∫ [𝛾1𝑢1

2 + 𝛾2𝑢2
2 + 𝛾3(𝜃 − 𝜃r)2 + 𝛾4𝛿2 + 𝛾5𝑑r

2]𝑑𝑟
𝑡+𝑇h1

𝑡
, 

𝑠. 𝑡.  𝑑𝑖 > 𝜆. 
(3-3) 

In this function, 𝑇h1
 is the time horizon of the most probable trajectory of the leading vehicle, as well 

as the optimal trajectory of the host vehicle. 𝑢1 = �̇� and 𝑢2 = �̇� are the steering rate and the acceler-
ation of the host vehicle during 𝑇h1

. 𝜃 and 𝜃r are the yaw angle of the host vehicle and the orientation 
of the reference trajectory, which is the center line of the current lane. 𝛿 is the steering angle of the 
host vehicle, 𝑑r is the relative distance between the host vehicle and the reference trajectory, while 
𝛾1~𝛾5 are all weighing parameters. 𝑑𝑖 is the minimum distance between the two vehicles for the 𝑖th 
time step, while 𝜆 is a preset parameter. The prerequisite for computing  𝐽1 is that 𝑑𝑖 should be greater 
than 𝜆 at any time step to ensure a safety distance.8a 

 
7 Svensson, L. et al.: Safe Stop Trajectory for HAV (2018). a: pp. 3-4; b: p. 4. 
8 Magdici, S.; Althoff, M.: Fail-safe Motion Planning (2016). a: pp. 3-4; b: p. 3; c: pp. 4-5. 
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Figure 3-2: Overview of trajectory planning by Magdici and Althoff8b 

When it comes to planning the emergency trajectory, the occupancy set of the leading vehicle 𝐿 is 
computed first, which encloses all possible trajectories of the leading vehicle during the time horizon 
𝑇h2

 under certain constraints. With the occupancy set embedded 𝐿 in the constraint, the emergency 
trajectory is planned by calculating the minimum value of the cost function: 

 
𝐽2 = ∫ [𝛾1𝑢1

2 + 𝛾2𝑢2
2 + 𝛾3(𝜃 − 𝜃r)2 + 𝛾4𝛿2 + 𝛾5𝑣2]𝑑𝑟

𝑡+𝑇h1

𝑡
, (3-4) 

Compared to 𝐽1, 𝐽2 minimizes the velocity 𝑣 rather than driving along the reference trajectory, as the 
host vehicle needs to achieve a standstill quickly.8c 

Xue et al. propose a dynamic fallback approach for a level-4 ADS operated vehicle to stop on the 
designated parking zone when encountering front sensor failure in highway traffic. The strategy is 
that upon failure, the vehicle switches to the lane adjacent to the roadside, decelerates to the minimum 
allowed speed of the highway, and leaves the lane to a stop when it reaches the parking zone. Since 
the vehicle cannot detect vehicles in front anymore, virtual vehicles are generated and assumed to 
perform hazardous maneuvers. As is shown in Figure 3-3, when the initial front vehicle is on the 
same lane as the ego-vehicle, the virtual vehicle is assumed to decelerate immediately at maximum 
deceleration 𝑎m. When the front vehicle is on the adjacent lane, the virtual vehicle is assumed to 
change lane and then decelerate at 𝑎m. With this assumption and other safety constraints, a nonlinear 
vehicle model is created and employed in a model predictive controller (MPC). Simulations in several 
predefined scenarios are carried out to test the feasibility for the failed ego-vehicle to achieve a min-
imal risk condition.9 

 
9 Xue, W. et al.: Fallback Approach for Automated Vehicle (2018). 
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Figure 3-3: Assumption of the virtual vehicle by Xue et al.9 

3.1.3  Non-stop Emergency Trajectories   

For road sections with relatively high speeds and without stopping areas outside active lanes, it is 
hazardous for the automated vehicle to perform a safe stop when encountering an unsafe event. Emzi-
vat et al. investigated one section of the D91 carriageway in France, whose layout is illustrated in 
Figure 3-4. This road section has a maximum speed limit of 70 km/h, but the road is twisted and 
badly visible without hard shoulder or roadside parking space. A safe stop is therefore not advisable 
in this section. Emzivat et al. studied the case in which the perception module of the ego-vehicle fails, 
but the localization module is still available, enabling the vehicle to follow the lane and drive on.10a  

 
10 Emzivat, Y. et al.: Fallback for Automated Driving System (2017). a: pp. 1-2; b: p. 2; c: pp. 3-5; d: p. 5. 
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Figure 3-4: Layout of the D91 carriageway10b 

The strategy is for the ego-vehicle to keep driving at a speed 𝑣failure, and perform a safe stop after 
driving out of the section. First, the maximum and minimum allowed speeds 𝑣max and 𝑣min are set to 
be 35 km/h and 20 km/h in order to avoid or mitigate rear-end collisions. On this basis, the ego-
vehicle speed is dependent on the visibility along the road, which has been measured beforehand, and 
the criterion of time-to-collision (TTC): 

 
𝑣failure(𝑥) = min[max(𝑣TTC(𝑥), 𝑣min), 𝑣max], (3-5) 

where 

 
𝑣TTC(𝑥) = 𝑣Ref(𝑥 − 𝐷max(𝑥)) −

𝐷max(𝑥)

TTC
. (3-6) 

Here, 𝐷max(𝑥) is the maximum visibility of position 𝑥  along the road, 𝑣Ref(𝑥 − 𝐷max(𝑥)) is the 
speed limit at the position which is 𝐷max(𝑥) behind position 𝑥. 𝑣TTC(𝑥) is regulated so that when the 
ego-vehicle is at position 𝑥, if another vehicle is 𝐷max behind the ego-vehicle and driving at 𝑣Ref, it 
has sufficient TTC to avoid colliding with the ego-vehicle. Figure 3-5 depicts the visibility profile 
along the road on the left plot and 𝑣TTC profiles on the right plot when TTC varies between 3 s, 4 s 
and 5 s. The final 𝑣failure profile when TTC = 4 s is illustrated as the black line on the right plot.10c  
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Figure 3-5: Visibility and speed profiles along the D91 carriageway10d 

3.2 Terms and Definitions for Automated Driving 

In this section, discussions regarding the terms “scenery”, “scene”, “scenario” and “situation” are 
summarized from various literatures to function as a basis for analyzing unsafe situations for the 
application of the SOET. The exact definitions applied in this work are clarified in Chapter 5.1. 

3.2.1 Scenery 

Geyer et al. refer to the metaphor of a theatre to describe a scenery. The scenery is initially a structured 
collection of single static elements that enable the stage director to construct a suitable surrounding 
for the scene. One of the most important items of the scenery is the geometry with predefined types 
of roads, such as a motorway, a rural road or a crossroad. Other items of the scenery are the state of 
the carriageway, the position of traffic signs and traffic lights and static obstacles.11 

Ulbrich et al. modify the view of Geyer et al., and describe the scenery as subsuming all geo-spatially 
stationary elements. The authors consider environment conditions like weather or light to be part of 
the scenery as they are quasi-stationary. Moreover, unlike the view of Geyer et al. in which states of 
traffic lights or variable traffic signs are regarded to be part of the dynamic elements, Ulbrich et al. 
consider them to be part of the scenery as they are geo-spatially stationary as well.12 

3.2.2 Scene 

According to Geyer et al., a scene is defined by a scenery, dynamic elements and optional driving 
instructions. Dynamic elements are elements whose state changes within the scene, e.g., other traffic 
participants, traffic lights, light and weather conditions. Only functionally relevant elements are 

 
11 Geyer, S. et al.: Unified Ontology for Vehicle Guidance (2014). 
12 Ulbrich, S. et al.: Terms Scene, Situation and Scenario (2015). 
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included in a scene, as other elements have no impact on the experimental results. Whether to include 
driving instructions in a scene depends on the research focus. Cues such as traffic signs or audio 
comments might be helpful to lead the ego-vehicle to the intended next scene.11 

Ulbrich et al. describe the scene as a snapshot of the environment including the scenery and dynamic 
elements, as well as all actors’ and observers’ self-representations, and the relationships among those 
entities. Here, dynamic elements are defined as elements that are moving, or have the ability to move. 
An actor is an element acting on its own behalf, while an observer is a perceiving element within the 
scene or is observing the scene as a whole. The driving instructions described by Geyer et al. are 
information being part of the self-representation. Ulbrich et al. also point out that although a simulated 
scene can be complete and uncertainty-free, a scene in reality is incomplete, incorrect, uncertain and 
subjective as it is only from one/several observer’s point of view.12 

Bagschik et al. proposed a 5-layer model for describing a scene as illustrated in Figure 3-6. The first 
layer describes the layout of the road, including markings and topology. Basic elements like straights, 
curves and clothoides are used to define geometries. Furthermore, the geometries are related to each 
other to build up the topology. The second layer adds traffic infrastructure to the road-level. Instanti-
ations of the traffic rules are represented through traffic infrastructure like signs or road markings. 
Temporary manipulations of the first two layers are represented in the third layer, which represent 
how construction sites have to be marked, routed and secured. All objects which do not necessarily 
belong to the traffic infrastructure are modeled in the fourth layer, including stationary and movable 
objects, their respective maneuvers and the interactions in between. Environmental effects as well as 
their influences on infrastructure are described in the fifth layer.13 

 
13 Bagschik, G. et al.: Ontology based Scene Creation (2018). 



 

3. State of Research  15 

 

Figure 3-6: 5-layer model for scene representation by Bagschik et al.13 

3.2.3 Situation 

Geyer et al. continue to apply the theatre metaphor to describe the term situation as putting an actor 
with his designated action onto the stage, where the actor here is the automated ego-vehicle and the 
stage refers to the scene11. According to Ulbrich et al., a situation is the entirety of circumstances, 
which are to be considered for the selection of an appropriate behavior pattern at a particular point of 
time. It can be fully derived from a scene and the system’s goals and values. As the Venn diagram in 
Figure 3-7 illustrates, the scene and the situation overlap partly in that only driving function relevant 
scenery parts, dynamic elements and aspects of the self-representation from the scene are included in 
the situation. Besides that, a situation also covers function-relevant goals & values and other relevant 
function-specific aspects, such as situation assessment results, behavior intentions and options, be-
havior actions and events.12 
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Figure 3-7: Venn diagram for situation representation by Ulbrich et al.12 

3.2.4 Scenario 

According to Geyer et al., a scenario includes at least one situation, which describes the current state, 
within a scene. The end of a scenario is defined by the first irrelevant situation with respect to the 
scenario. Moreover, a scenario further includes the ongoing activity of one or both actors. According 
to the theatre metaphor, the term scenario can be understood as some kind of storyline including the 
expected action of the driver, but does not specify every action in detail, e.g., the speed profile is 
variable when the ego-vehicle makes a right turn at an intersection.11 

Ulbrich et al. explain that a scenario contains scenes, actions & events and goals & values. A scenario 
starts with an initial scene, and describes the temporal development within a sequence of scenes, 
therefore spans a certain amount of time. Scenes in a scenario are linked by actions and events. Figure 
3-8 illustrates the scenario in which the ego-vehicle performs a lane change.12 
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Figure 3-8: Scenario representation by Ulbrich et al.12 
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4 Requirement Analysis 

Certain prerequisites have to be satisfied in order to enable the application of the speed-overriding 
emergency trajectories (SOET). In this chapter, requirements on modules within the automated driv-
ing system (ADS) of the ego-vehicle are discussed with reference to the system structure of PRO-
RETA5. Other general requirements are explained as well in the following. 

4.1 Requirements on ADS 

 

Figure 4-1: System structure of PRORETA 514 

Figure 4-1 is the sketch diagram of the general system structure of the PRORETA 5 project. Some of 
the modules in this structure need to fulfill certain requirements when the SOET is implemented. 
These Requirements are listed below. 

• Ego Sensors 

The ego sensors should operate properly when the SOET is implemented, otherwise the ego-
vehicle loses information or receives wrong information on its current state, therefore is unable 
to follow the SOET properly. 

• Environment Sensors 

The environment sensors should provide sufficient sensing ranges and angles to detect all the 
traffic participants, who might cause the current situation to be unsafe for applying the SOET. 

• Localization 

The localization module should operate properly when the SOET is implemented, otherwise the 
ego-vehicle is unable to figure out its current state and follow the SOET properly. 

 
14 TU Darmstadt: Systems Engineering - PRORETA 5 (2021). 
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• Prediction 

The motion of other traffic participants surrounding the ego-vehicle needs to be predicted suffi-
ciently long into the future, so that possible collision risks between the ego-vehicle and other 
traffic participants are not disregarded. 

• Trajectory Planner 

As the SOET is planned on the path of the initial safe trajectory, the length of this trajectory 
should be sufficient, so that the ego-vehicle is capable of achieving a standstill before the end of 
the path. 

• Safety Check Module (SCM) 

The reliability of the SCM is crucial since it is responsible for planning and checking the SOET. 
No timeout or malfunction of the SCM is allowed. 

4.2 Other Requirements 

Apart from the requirements on the ADS of the ego-vehicle, other general requirements for the ap-
plication of the SOET are listed below. 

• Compatibility 

The SOET planning should be compatible with the normal trajectory planning in that the SCM 
should be able to read and apply the path information of the initial trajectory from the trajectory 
planning module. The SOET and the normal trajectories should be fed into the same controllers. 

• Friction Limit 

The SOET should be planned with limited longitudinal and lateral accelerations, so that the com-
bination of brake force and lateral force on any tire is within the available road friction limit: 

 
𝐹 = √𝐹𝑥

2 + 𝐹𝑦
2 ≤ 𝜇max ∙ 𝐹𝑧. (4-1) 

• Time Efficiency 

Generally, the reaction time of a human driver falls within the range of 0.7 − 1.5 s.15 When it 
comes to the automated ego-vehicle, what matters is the time interval from the occurrence of an 
unsafe event to the controllers starting to push the brake. This time interval is defined as the 
reaction time of the ego-vehicle, and should at least be at the same level as the human reaction 
time, if not shorter. Since the starting point of the unsafe event is difficult to be obtained by the 
ego-vehicle itself, especially if the event is external, actual experiments are necessary to measure 
the ego-vehicle’s reaction time. 

• Behavior of Other Traffic Participants 

 
15 Droździel, P. et al.: Drivers’ Reaction Time Research (2020). 
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Apart from the traffic participant who causes the external unsafe event for the ego-vehicle, other 
traffic participants are supposed to follow traffic rules and respond properly to emergency situa-
tions, e.g., an emergency brake of the ego-vehicle. 
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5 Derivation of Unsafe Situations 

In this chapter, situations are derived in which a collision might happen between the ego-vehicle and 
another traffic participant when the SOET is applied. Definitions of the terms investigated in the 
literature research are clarified, and the operational design domain (ODD) is specified for the appli-
cation of the SOET. Based on the definitions and specifications, potentially unsafe scenes, scenarios 
and situations are derived and ready to be further analyzed later. 

It is worth mentioning that this work only focuses on additional collision risks which are caused by 
applying the SOET. When the ego-vehicle encounters an external hazard, e.g., an animal running 
onto the initially planned path, it may still collide with the hazardous element even if the SOET is 
applied. However, this is not considered as an additional collision risk in this work.  

5.1 Definitions and Methodology 

In this subchapter, definitions of the terms including scenery, scene, scenario and situation which 
have been researched in Chapter 3.2 are concluded and explained from the author’s point of view. 
Moreover, a method is presented on how to derive potentially unsafe situations. 

5.1.1 Scenery 

The concept of motion-static and motion-dynamic elements proposed by Glatzki16 is applied in this 
work for defining the elements in a scenery. Motion-static objects do not have the ability to move on 
their own. Thus, they are stationary except an external force moves them. Motion-dynamic objects 
have the ability to move on their own, but do not necessarily have to be in motion. In this work, the 
movements of motion-static objects caused by external forces are not considered, as they do not fol-
low traffic rules and react properly to emergency situations, e.g., a traffic cone blown onto the road 
randomly by strong wind. Therefore, in this work, the motion-static objects are regarded as stationary 
all the time, and belong to the scenery. 

Based on the 5-layer scene model proposed by Bagschik et al.13, the author of this work defines the 
scenery as a collection including the road layout (L1), the infrastructure (L2), their temporary manip-
ulations (L3), motion-static elements (part of L4) and environment conditions (L5). 

5.1.2 Scene 

Based on the 5-layer scene model proposed by Bagschik et al. and the above-mentioned definition of 
the scenery, a scene includes the scenery, the ego-vehicle and other motion-dynamic objects as well 
as their interactions and maneuvers. In the contexts below, the motion-dynamic objects are often 
abbreviated as “objects”. The author of this work agrees with Ulbrich et al.12 in that the scene de-
scribes an instantaneous snapshot of the environment. In this work, the derived scenes correspond to 

 
16 Glatzki, F.: Description of Use Cases (2019). 
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the initial point of the SOET when the initial trajectory is checked safe by the SCM (𝑡1 in Figure 2-3), 
therefore are also called initial scenes. 

5.1.3 Scenario 

The definition of the scenario proposed by Ulbrich et al. is applied in this work. Besides the scenes 
constituting the scenario, actions & events as well as goals & values of the traffic participants are also 
included to link the scenes. 

5.1.4 Situation 

According to Figure 3-7, a situation incorporates function-relevant aspects of a scene, function-rele-
vant goals & values as well as other aspects. In this work, the constitution of a situation is simplified. 
A situation consists of function-relevant aspects from the scene and intended goals for the ego-vehicle 
and the object as well as the resulting actions, which are both included in the related scenario. Since 
the scene and situation are at the same time point, the situation also corresponds to the initial point of 
the SOET, therefore is called initial situation. 

The method of deriving unsafe initial situations is depicted in Figure 5-1. In the beginning, sceneries 
within the operational design domain (ODD) of this work are derived. Then the ego-vehicle and other 
objects within the ODD as well as their dimensions, positions and speeds are added into the scenery 
to build variable scenes. Here, only ambiguous positions and speeds are given first, as they are rep-
resented by parameter symbols. The specific values of these parameters are discussed later in Chapter 
7. Moreover, when deriving the scenes, only positions and speeds are considered which might lead 
to a collision between the ego-vehicle and other objects when the SOET is applied. For example, 
another object driving in front of the ego-vehicle at a higher speed is not considered, as there is no 
collision risk between itself and the ego-vehicle. Afterwards, intended goals and actions of the ego-
vehicle as well as other objects are supplemented to derive scenarios. In the end, situations are derived 
by combining the relative aspects from the initial scenes and intended goals and actions of the traffic 
participants from the scenarios. Parameter values are still not specific in the situations derived here. 

 

Figure 5-1: Method of deriving unsafe situations 
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5.2 ODD Specification 

According to SAE J301617, operational design domain (ODD) is the collection of “operating condi-
tions under which a given driving automation system or feature thereof is specifically designed to 
function, including, but not limited to, environmental, geographical, and time-of-day restrictions, 
and/or the requisite presence or absence of certain traffic or roadway characteristics”. In this work, 
the application of the SOET is enabled under a specified ODD. In the following, this ODD is specified 
with reference to the 5-layer model proposed by Bagschik et al.18. 

In the road-level layer (L1), the SOET is applied on roads within built-up areas in Germany with a 
speed limit 𝑣lim = 30 or 50 km/h. Only roads with one lane per travel direction are included, with 
special lanes such as bus lanes, bike lanes or reversible lanes all excluded from the ODD. When it 
comes to intersections, only intersections with roads stretching out to no more than 4 directions are 
considered. Regarding road conditions, the road surface is only built of asphalt or concrete, and only 
dry, wet or dirty surface conditions are considered rather than snowy, icy, flooded surfaces and so on. 

In the traffic infrastructure layer (L2), all crossing facilities are not taken into account except pedes-
trian fords at intersections. While traffic signs are considered, all traffic lights are excluded from the 
ODD, and there are no channelized lanes at intersections for vehicles to drive towards a particular 
direction. Regarding temporary manipulations (L3), all temporary changes of road layouts due to 
construction sites are excluded from the ODD. 

In terms of objects within the ODD (L4), fixed and motion-static objects are included, as long as they 
keep stationary without being moved by external forces. As for motion-dynamic objects, emergency 
vehicles and railway vehicles are not considered as they bring in complicated priority rules. Animals 
as well as animal-driven vehicles are excluded, since there is no guarantee that they behave properly 
to emergency traffic events, which is the application of the SOET in this work. Moreover, pedestrians 
and traffic control persons are excluded from the ODD, as they can be regarded as quasi-stationary 
and cannot cause additional collision risks. In conclusion, typical objects included in the ODD are 
dual-track motor vehicles (passenger cars, trucks, buses, etc.), motorcycles and bicycles. 

In terms of environment conditions (L5), only daytime is included with the exceptions of heavy fog, 
snow or rain, so that adequate visibility is provided for the ego-vehicle as well as for other objects. 

5.3 Derivation of Sceneries 

After taking into account all the ODD specifications mentioned above, possible sceneries within the 
ODD of this work are listed below. 

 
17 SAE International: Definitions for driving automation systems (2021). 
18 Bagschik, G. et al.: Ontology based Scene Creation (2018). 
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5.3.1 One-lane Road 

The sketch diagram of a one-lane road is illustrated in Figure 5-2. Here, it is assumed that the one-
lane road is a two-way road, as the situations on a one-way road are always covered by those on a 
two-way road of the same time. Due to the uncertainty of off-road areas, it is also assumed that apart 
from pedestrians, other traffic participants do not travel outside the road boundaries, which are rep-
resented by solid lines, curbstones, parking stripes, etc.   

 

Figure 5-2: Sketch diagram of a one-lane road 

5.3.2 Two-lane Road 

The two-lane road in this work is assumed to be bi-directional as well. Furthermore, it is assumed 
that traffic participants are always allowed to enter the opposite lane with dashed or no lane markings 
in the middle, as the situations derived from this case cover the situations where traffic participants 
are prohibited from entering the opposite lane (solid lane markings in the middle). Figure 5-3 shows 
the layout of a two-lane road. 

 

Figure 5-3: Sketch diagram of a two-lane road 

5.3.3 Road Narrowing 

Since the roads within the ODD possess no more than 2 lanes, the road narrowing in this work refers 
specifically to the transition between one lane and two lanes. In a typical road narrowing, the road 
switches from a two-lane road to a one-lane road, then back to a two-lane road. Transition between a 
two-lane road and a long-lasting one-lane road is regarded as a long road narrowing as well. A set of 
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parking spots or parked vehicles at one side of the two-lane road, which lead to the available lanes 
reducing to one, is also regarded as a road narrowing. 

If a traffic participant is inside the one-lane section and would like to exit the road narrowing, it 
always has priority over traffic participants coming from the two-lane road. When two opposing traf-
fic participants approach the road narrowing simultaneously, ownership of the priority is decided by 
traffic regulations, or the side which is not narrowed takes the priority. There are cases in which no 
clear priority rule is available, but they are not considered in this work. A typical road narrowing is 
depicted in Figure 5-4. Traffic participants from the right side possess priority over those from the 
left side. 

 

Figure 5-4: Sketch diagram of a road narrowing 

5.3.4 Intersection with Priority Rules 

Only the fully equipped intersection is investigated in this work, which means an intersection has all 
4 entries and 4 exits, and there is no entry or exit restriction for any of the 4 directions. Consequently, 
there are two lanes available for each direction of the intersection. Situations derived from partly 
equipped intersections, such as T-shape intersections, are covered by those from fully equipped in-
tersections, therefore not separately discussed here. Roundabouts can be regarded as a series of T-
shape intersections with priority rules, therefore not further mentioned either. 

This work only considers X-shape intersections in which one direction is perpendicular to the two 
adjacent directions. Moreover, only intersections with straight priority roads are considered. The lay-
out of a typical intersection with priority rules are illustrated in Figure 5-5. 
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  Figure 5-5: Sketch diagram of an intersection with priority rules 

5.3.5 Intersection without Priority Rules (Right-before-Left) 

Similarly, only the fully equipped intersection is discussed in this work. Traffic participants follow 
right-before-left rules when approaching the intersection. Layout of the intersection is shown in Fig-
ure 5-6. 

 

Figure 5-6: Sketch diagram of a right-before-left intersection 
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5.4 Derivation of Unsafe Scenes, Scenarios and Situations 

In this section, the potentially unsafe scenes, scenarios and situations are derived based on the ODD 
specification. In order to simplify the analysis in this work, besides the ego-vehicle, only one object 
at each initial scene is considered, which might cause an additional collision risk when the SOET is 
applied. Scenarios are derived by adding the intended goals and the resulting actions to the two traffic 
participants, and initial situations combine the elements of initial scenes and scenarios. One scenario 
corresponds to one initial situation. Therefore, the situations are not separately listed, but only num-
bered as pairs of scenes and scenarios. 

5.4.1 One-lane Road 

Figure 5-7 illustrates potential scenes on a one-lane road, which might lead to collisions when the 
SOET is applied for the ego-vehicle. These initial scenes and their related scenarios are listed in Table 
5-1 as potentially unsafe situations. When the object is in front of the ego-vehicle (situation 02), a 
potential collision risk stands only when the initial ego-vehicle speed 𝑣ego,init is higher than the initial 
object speed 𝑣obj,init. Since driving off-road is disregarded for the ego-vehicle, the object overtaken 
by the ego-vehicle in situation 02 is assumed to be a bicycle or a motorcycle. 

 

Figure 5-7: Unsafe scenes on a one-lane road 

Table 5-1: Unsafe situations on a one-lane road 

No. Scene Scenario 

01 An object is behind the ego-vehicle The object follows the ego-vehicle 

02 
An object is in front of the ego-vehicle 

(𝑣ego,init > 𝑣obj,init) 
The ego-vehicle overtakes the object 

5.4.2 Two-lane Road 

The potentially unsafe scenes on a two-lane road are illustrated in Figure 5-8. Situations where an 
object behind on the same lane is following the ego-vehicle and where the ego-vehicle overtakes an 
object within the ego-lane are identical to situations on the one-lane road, therefore are not separately 
discussed here. Other situations which might lead to a collision are listed in Table 5-2. 
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Figure 5-8: Unsafe scenes on a two-lane road 

Table 5-2: Unsafe situations on a two-lane road 

No. Scene Scenario 

03 
An object is in front of the ego-vehicle 

(𝑣ego,init > 𝑣obj,init) 
The ego-vehicle changes to the opposite 
lane and overtakes the object 

04 
An oncoming object is on the opposite 
lane 

The ego-vehicle changes lane and encoun-
ters the object on the opposite lane 

05 
An object from behind is on the opposite 
lane 

The ego-vehicle changes lane and encoun-
ters the object on the opposite lane 

5.4.3 Road Narrowing 

For a typical road narrowing like Figure 5-4, when the ego-vehicle approaches the narrowing from 
the right side while an object comes from the left side, the object yields priority to the ego-vehicle 
and is supposed to wait before the road narrowing. In this case, there is no additional collision risk 
between the ego-vehicle and the object. What needs to be analyzed is when the ego-vehicle is going 
to enter the road narrowing from the left side, while an object on the right side is still remotely away 
from the narrowing. At this moment, the ego-vehicle can enter the narrowing freely. However, if the 
ego-vehicle starts braking along the SOET, while the object approaches the narrowing quickly, the 
object becomes prioritized over the ego-vehicle. The object might think that the ego-vehicle is waiting 
for itself to go through the narrowing first, without expecting the ego-vehicle to change lane. The 
situation might therefore be unsafe. Figure 5-9 illustrates the initial positions, while the potentially 
unsafe situation is explained in Table 5-3. 

 

Figure 5-9: Unsafe scene at a road narrowing 
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Table 5-3: Unsafe situation at a road narrowing 

No. Scene Scenario 

06 
Ego-vehicle is close before the road nar-
rowing on the left side, an object is at a 
distance on the right side 

Ego-vehicle is going to enter the narrow-
ing, object approaches the narrowing 

5.4.4 Intersection with Priority Rules 

Initial Scenes derived from an intersection with priority are dependent on whether the ego-vehicle is 
on the priority road or non-priority road. Figure 5-10 illustrates the initial scenes which might lead to 
a collision when the ego-vehicle approaches the intersection on the priority road. The scenes, scenar-
ios and derived situations are listed in Table 5-4. In all of these scenarios, the object is initially re-
motely away from the intersection, so that the ego-vehicle can enter the intersection first. However, 
when the ego-vehicle starts decelerating along the SOET, the object gradually becomes prioritized 
over the ego-vehicle. Scenarios where the ego-vehicle always has priority over another object are not 
considered here, as the object is supposed to slow down and make way for the ego-vehicle, thus no 
collision risk is expected. 

 

Figure 5-10: Unsafe scenes when ego-vehicle is on priority road 
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Table 5-4: Unsafe situations when ego-vehicle is on priority road 

No. Scene Scenario 

07 
An oncoming object approaches the inter-
section on the priority road 

The ego-vehicle turns left, the object turns 
right 

08 
The ego-vehicle turns left, the object goes 
straight across the intersection 

09 
An object is moving in the same direction 
of the ego-vehicle on the right side 

The ego-vehicle turns right, the object 
crosses the intersection 

10 
An object is moving in the opposite di-
rection of the ego-vehicle on the right 
side 

The ego-vehicle turns right, the object 
crosses the intersection 

11 
An object is moving in the same direction 
of the ego-vehicle on the left side 

The ego-vehicle turns left, the object 
crosses the intersection 

12 
An object is moving in the opposite di-
rection of the ego-vehicle on the left side 

The ego-vehicle turns left, the object 
crosses the intersection 

Figure 5-11, Figure 5-12 and Figure 5-13 illustrate the initial scenes which lead to a potential collision 
risk when the ego-vehicle approaches the intersection on the non-priority road. Scenarios in which an 
off-lane object crosses the intersection are identical to those in Figure 5-10, therefore are not sepa-
rately discussed here. Possible unsafe situations are listed in Table 5-5, Table 5-6 and Table 5-7. 
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Figure 5-11: Unsafe scenes when ego-vehicle turns right on non-priority road 

Table 5-5: Unsafe situations when ego-vehicle turns right on non-priority road 

No. Scene Scenario 

13 
Ego-vehicle is on the non-priority road, 
an object comes from the left side on the 
priority road 

Ego-vehicle turns right, object goes straight 
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Figure 5-12: Unsafe scenes when ego-vehicle goes straight on non-priority road 

Table 5-6: Unsafe situations when ego-vehicle goes straight on non-priority road 

No. Scene Scenario 

14 
Ego-vehicle is on the non-priority road, 
an object (orange) comes from the right 
side on the priority road 

Ego-vehicle goes straight, object turns right 

15 Both ego-vehicle and object go straight 

16 Ego-vehicle goes straight, object turns left 

17 Ego-vehicle is on the non-priority road, 
an object (yellow) comes from the left 
side on the priority road 

Both ego-vehicle and object go straight 

18 Ego-vehicle goes straight, object turns left 
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Figure 5-13: Unsafe scenes when ego-vehicle turns left on non-priority road 

Table 5-7: Unsafe situations when ego-vehicle turns left on non-priority road 

No. Scene Scenario 

19 Ego-vehicle is on the non-priority road, 
an object (orange) comes from the right 
side on the priority road 

Ego-vehicle turns left, object goes straight 

20 Both ego-vehicle and object turn left 

21 Ego-vehicle is on the non-priority road, 
an oncoming object (white) is on the non-
priority road 

Ego-vehicle turns left, object turns right 

22 Ego-vehicle turns left, object goes straight 

23 Ego-vehicle is on the non-priority road, 
an object (yellow) comes from the left 
side on the priority road 

Ego-vehicle turns left, object goes straight 

24 Both ego-vehicle and object turn left 

5.4.5 Intersection without Priority Rules (Right-before-left) 

There are two major differences between the ego-vehicle approaching a right-before-left intersection 
and approaching an intersection on the non-priority road. The ego-vehicle now has priority over ob-
jects coming from the left side. Therefore, no collision risk is expected in this case. On the other hand, 
although the ego-vehicle still yields priority to objects coming from the right side, the approaching 
speeds are much lower when they go straight across the intersection, since they have to follow the 
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right-before-left rule as well. The different scenes and scenarios from those introduced above are 
illustrated in Figure 5-14 and listed in Table 5-8. 

 

Figure 5-14: Unsafe scenes when ego-vehicle enters a right-before-left intersection 

Table 5-8: Unsafe situations when ego-vehicle enters a right-before-left intersection 

No. Scene Scenario 

25 Ego-vehicle approaches the intersection 
while an object comes from the right side 

Both ego-vehicle and object go straight 

26 Ego-vehicle turns left, object goes straight 
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6 Methodology on Safety Identification 

This chapter explains how the Safety Check Module (SCM) identifies whether the SOET can be 
safely applied under the current situation. In the beginning, a criticality metric is introduced to serve 
as a standard for judging whether the current situation is safe or unsafe. Next, a universal representa-
tion of situations is modelled with parameters introduced to describe the situations. Based on the 
representation model and the criticality metric, an identification strategy is developed for the SCM to 
figure out the safety of the current situation. 

6.1 Situation Modelling 

In order to design an identification method regardless of which situation the ego-vehicle and other 
motion-dynamic objects find themselves in, a universal representation of these situations is required. 
Figure 6-1 depicts the model applied in this work, which represents the initial time point for an SOET 
application. This corresponds to 𝑡1 in Figure 2-3, and is also the starting point of the SOET 𝜉SOET 
(yellow line). Moreover, at this point, predicted trajectories 𝜉obj for other objects (blue line) are avail-
able for the SCM, since they have just been applied for the safety check of the initial trajectory. 
Amongst all the objects surrounding the ego-vehicle, only objects whose 𝜉obj intersect 𝜉SOET are an-
alyzed, so that they might collide with the ego-vehicle. 

 

Figure 6-1: Representation of initial situation 

The concept of collision body is introduced here. The collision body of an object 𝑠obj is the area of 
the rectangle encompassing the object. The length and width of the collision body are the length and 
width of the object 𝑙obj and 𝑤obj. A collision is deemed to happen between the ego-vehicle and the 
object when 𝑠ego and 𝑠obj intersect each other, although in reality there might still be a gap in be-
tween. 

Another important concept is the intersection point 𝑝int  between 𝜉SOET  and 𝜉obj . 𝑝int  is the point 
where 𝑠ego initially intersects 𝜉obj. Relative distances from the initial positions of the ego-vehicle and 
the object 𝑥ego,int,init and 𝑥obj,int,init are defined as the lengths of 𝜉SOET and 𝜉obj from the initial po-
sitions to 𝑝int. Chances are that at the initial time point, the ego-vehicle has already passed 𝑝int, i.e., 
𝑝int  is on 𝑠ego  as shown in Figure 6-2. In this case, 𝑥ego,int,init = 0 , while 𝑥ego,afterint,init  is 
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introduced indicating the trajectory length covered by the ego-vehicle after reaching 𝑝int . 
𝑥ego,afterint,init = 0 when the ego-vehicle initially has not reached 𝑝int. 

 

Figure 6-2: Representation of ego-vehicle initially beyond intersection point 

6.2 Criticality Metric 

A wide variety of criticality metrics are available to evaluate the collision risk for the current traffic 
situation. The metric applied in this work is called “Required Acceleration”19. It represents how much 
effort of brake or evasion a traffic participant has to put in to avoid a collision under the current 
situation. It is formulated as 

 
𝑎req = min(𝐷req, |𝑎req,eva|), (6-1) 

where 𝑎req is the required acceleration value, 𝐷req is the minimum required longitudinal deceleration 
for a traffic participant to avoid a collision with braking, and 𝑎req,eva is the minimum required lateral 
acceleration if the traffic participant performs an evading maneuver. After the values are figured out, 
𝑎req is compared to a preset critical threshold value 𝑎crit to identify whether the current situation is 
safe or unsafe for the traffic participant. 

In this work, the trajectory as well as the deceleration of the automated ego-vehicle is fixed after the 
SOET is applied. Therefore, whether the current situation is safe or not depends on how much effort 
other objects have to make, in order not to collide with the ego-vehicle. The time point has to be 
determined when the ego-vehicle becomes a danger to the object, and the object starts reacting. 

Figure 6-3 provides an example when the ego-vehicle changes back to the ego-lane after overtaking 
the object. In this work, it is assumed that the object starts reacting only when the following two 
prerequisites are satisfied: 

• The collision body of the ego-vehicle 𝑠ego intersects the predicted object trajectory 𝜉obj. As 
Figure 6-3 illustrates, 𝜉obj represents the space covered by the object within a planned upcom-
ing time period. Normally, with sufficient visibility and view, the object notices the presence 

 
19 The idea to apply the requirement acceleration originates from discussions with Mr. Wang and Mr. Popp of FZD 
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of the ego-vehicle before it intersects 𝜉obj. In this work, the worst-case-scenario is assumed 
in that the object starts reacting at the latest possible time. 

• The brake light of the ego-vehicle is on (after 𝑡5 in Figure 2-3). In the case of Figure 6-3, 
should the brake light be off, the object would expect a normal lane change from the ego-
vehicle, therefore not brake accordingly. 

 

Figure 6-3: Sketch diagram of another object reacting to ego-vehicle 

Furthermore, evasion of the object is not considered in this work, since it is uncertain whether there 
is evading space available for the object. When on-road space is required for object evasion, such as 
another lane or another part of an intersection, chances are that the space is occupied by other traffic 
participants. When off-road space is required, there might be no such space or not enough space 
available, or the space is separated by trees or barriers, therefore inaccessible to the object. As a result, 
only braking is considered for the object to avoid colliding with the ego-vehicle, and the metric of 
required acceleration is simplified in that only the longitudinal deceleration of the object 𝐷obj,req is 
figured out and compared to a critical threshold value 𝐷obj,crit to identify safety of the current situa-
tion. 

According to the ODD specification, only dry, wet or dirty roads built of asphalt or concrete are 
included. Amongst these road conditions, the worst condition in terms of road friction is the wet 
asphalt20, which corresponds to a friction coefficient of 𝜇 = 0.5. When the approximate value of 
gravity 𝑔 = 10 m/s2 is taken, the maximum allowed vehicle deceleration in this condition is 

 
𝐷max = 𝜇 ∙ 𝑔 = 5 m/s2 (6-2) 

without considering the influence of road inclines. The critical deceleration value for the object 
𝐷obj,crit is equal to the maximum allowed deceleration: 

 
𝐷obj,crit = 𝐷max = 5 m/s2. (6-3) 

 
20 Jin, H.; Zhou, M.: On the Road Friction Recognition (2014). 
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The meaning of (6-3) is that there is no guarantee that the road can afford a deceleration greater than 
5 m/s2, when the object requires such a deceleration to avoid colliding with the ego-vehicle. In this 
case, the current situation is unsafe. 

Moreover, the ego-vehicle deceleration on the SOET 𝐷ego,SOET is to be determined. On one hand, 
𝐷ego,SOET requires to be as large as possible, since the ego-vehicle needs to slow down to a standstill 
quickly. On the other hand, 𝐷ego,SOET should be within the road friction limit. Therefore, 𝐷ego,SOET 
should be the same as the maximum allowed deceleration in the worst condition 𝐷max: 

 
𝐷ego,SOET = 𝐷max = 5 m/s2. (6-4) 

In conclusion, when identifying whether the current situation is safe for the SOET to be applied, the 
required deceleration for the related object to avoid the collision 𝐷obj,req is figured out first. After-
wards, 𝐷obj,req  is compared to the critical deceleration value 𝐷obj,crit , which is 5 m/s2 . When 
𝐷obj,req > 𝐷obj,crit, the current situation is unsafe for the SOET to be applied, otherwise there is no 
collision risk between the ego-vehicle and the object. When 𝐷obj,req ≤ 𝐷obj,crit stands for all objects 
surrounding the ego-vehicle, the SOET can be safely applied under the current situation. 

6.3 Identification Strategy 

A typical SCM identification process is depicted in Figure 6-4. The ego-vehicle drives along the 
SOET and begins the braking maneuver 𝑡interval after the initial time point, while the object ap-
proaches the intersection point 𝑝int at a constant speed 𝑣obj,init. The relative distance 𝑥rel is defined 
as the length along the predicted object trajectory 𝜉obj from the object collision body 𝑠obj to the near-
est point of the ego-vehicle collision body 𝑠ego inside 𝜉obj. The initial relative distance 𝑥rel,init is at 
the time point when the ego-vehicle reaches 𝑝int, therefore is equal to 𝑥obj,int at this time point. 

Another crucial parameter is the angle 𝜃v between the ego-vehicle and object velocity at 𝑝int, as it 
depicts how the relative distance 𝑥rel is changed by the ego-vehicle when it drives through the trajec-
tory intersection area. For 𝜃v < 90°, the ego-vehicle enlarges 𝑥rel when part of 𝑠ego is inside 𝜉obj,pre, 
while the ego-vehicle reduces 𝑥rel when 𝜃v > 90° as shown in Figure 6-4. Moreover, 𝜃v influences 
the maximum length 𝑥ego,afterint,max covered by the ego-vehicle when part of 𝑠ego is inside 𝜉obj,pre, 
as well as the position of the above-mentioned nearest point on the ego-vehicle (Figure 6-4 c and d). 
In reality, the value of 𝜃v is likely to change when the ego-vehicle moves inside the trajectory inter-
section area. In order to simplify the analysis in this work, 𝜃v is assumed to be constant during a 
certain SOET application. If 𝑥rel > 0 when 𝑥ego,afterint reaches 𝑥ego,afterint,max, i.e., the ego-vehicle 
leaves the trajectory intersection area (Figure 6-4 e), there is no further collision risk, and the identi-
fication process comes to an end. 
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Figure 6-4: Representation of SCM identification process 

a: Ego-vehicle approaches pint; b: Ego-vehicle reaches pint; 

c, d: Ego-vehicle drives inside ξobj,pre; e: Ego-vehicle leaves ξobj,pre. 
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Constant input parameters applied in the identification strategy are listed below in Table 6-1. 

Table 6-1: Constant parameters for safety identification 

Symbol Description Value 

𝑙ego  Length of ego-vehicle (PASSAT B8)21 4.8 m  

𝑤ego  Width of ego-vehicle 2.1 m  

𝑡interval  Time interval from initial time point to ego-vehicle braking 1 s  

𝑡r  Object reaction time 1 s  

𝑡res  Initial brake response time for ego-vehicle and object 0.1 s  

𝑡b  Brake build-up time for ego-vehicle and object 0.4 s  

𝐷ego,SOET  Deceleration of ego-vehicle along SOET 5 m/s2  

𝐷obj,crit  Critical object deceleration 5 m/s2  

The variables dependent on the specific situation at the initial time point (𝑡1 in Figure 2-3) are listed 
below in Table 6-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 
21 1cars.org: New Volkswagen Passat B8 (2019). 
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Table 6-2: Situation-dependent variables for safety identification 

Symbol Description 

𝑁  Number of objects surrounding ego-vehicle 

𝑙obj,𝑖  Length of object 𝑖, 𝑖 = 1,2, … 𝑁 

𝑤obj,𝑖  Width of object 𝑖, 𝑖 = 1,2, … 𝑁 

𝜉SOET  SOET of ego-vehicle 

𝜉obj,𝑖  Predicted trajectory of object 𝑖, 𝑖 = 1,2, … 𝑁 

𝑝int,𝑖  Intersection point between 𝜉SOET and 𝜉obj,𝑖, 𝑖 = 1,2, … 𝑁 

𝑥ego,int,init,𝑖  Initial distance from ego-vehicle to 𝑝int,i, 𝑖 = 1,2, … 𝑁 

𝑥ego,afterint,init,𝑖  Initial distance covered by ego-vehicle from 𝑝int,i, 𝑖 = 1,2, … 𝑁 

𝑥obj,int,init,𝑖  Initial distance from object 𝑖 to 𝑝int,i, 𝑖 = 1,2, … 𝑁 

𝑣ego,init  Initial speed of ego-vehicle 

𝑣obj,init,𝑖  Initial speed of object 𝑖, 𝑖 = 1,2, … 𝑁 

𝜃v,𝑖  Angle between speeds of ego-vehicle and object 𝑖 at 𝑝int,𝑖, 𝑖 = 1,2, … 𝑁 

Based on these constant parameters and obtained variable values, the overall strategy for the SCM to 
identify whether the SOET is safe to be applied is demonstrated in Figure 6-5 as a flow chart. For a 
certain object 𝑖 near the ego-vehicle, the first step is to check whether its predicted trajectory 𝜉obj,𝑖 
intersects the SOET 𝜉SOET. If so, the SCM calculates the object position when the ego-vehicle reaches 
𝑝int,𝑖. Three possibilities are available depending on the value of 𝑥rel,𝑖 at this time point: 

• When 𝑥rel,𝑖 < −(𝑙ego + 𝑙obj,𝑖), the object has completely passed the ego-vehicle. Therefore, 
no collision risk is expected. 

• When −(𝑙ego + 𝑙obj,𝑖) ≤ 𝑥rel,𝑖 ≤ 0, the collision definitely occurs as the ego-vehicle crashes 
into the side of the object. 

• When 𝑥rel,𝑖 > 0, a gap exists between the ego-vehicle and the object. The ego-vehicle has a 
chance of performing a braking maneuver to avoid the collision. 

Situations where 𝑥rel,𝑖 > 0 when the ego-vehicle reaches 𝑝int,𝑖 need to be further analyzed to figure 
out the required deceleration for the object. The method is to apply a time discretization to solve the 
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instant positions of the ego-vehicle and the object, and their instant relative distances 𝑥rel,𝑖 step by 
step. The object brakes at different deceleration values 𝐷obj in reaction to the ego-vehicle, and the 
lowest 𝐷obj value under which the object avoids colliding with the ego-vehicle is the required decel-
eration 𝐷obj,req,𝑖. 

At the beginning, 𝐷obj = 0 is applied to the object, and the discretization process starts. This process 
ends when the ego-vehicle leaves the trajectory intersection area, i.e., no part of 𝑠ego is inside 𝜉obj,𝑖 
(𝑠ego ∩ 𝜉obj,𝑖 = ∅), or both two traffic participants come to a standstill (𝑣ego = 0 and 𝑣obj,𝑖 = 0). If 
𝑥rel,𝑖 is still greater than zero at this point, the collision is deemed to be avoided. If 𝑥rel,𝑖 falls below 
zero at any time during the process, indicating the occurrence of a collision, then this discretization 
process is aborted, and a higher 𝐷obj value is put in for a new discretization process. If the collision 
cannot be avoided when 𝐷obj increases to 10 m/s2, then it is deemed that a collision definitely oc-
curs, since no road conditions can afford a friction coefficient 𝜇 > 1. 

When the collision is identified to be inevitable, or the calculated required deceleration 𝐷obj,req,𝑖 is 
higher than the critical deceleration 𝐷obj,crit, the current situation is recognized as unsafe for applying 
the SOET. Otherwise, the application is safe for object 𝑖, and the recognition process moves on to-
wards the next object. When all 𝑁 objects are checked safe, the current situation is recognized as safe 
for the SOET to be applied. 

When 𝜉obj  does intersect 𝜉SOET , the process for the SM  to calculate the 𝐷obj,req  value is pro-
grammed in  A TLAB with the script attached in the appendix. 
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Figure 6-5: Overall identification strategy 
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7 Identification of Unsafe Situations 

In this chapter, situations derived from the scenes and scenarios in Chapter 5.4 are enhanced by di-
mensions of traffic participants (𝑙ego, 𝑤ego, 𝑙obj, 𝑤obj), their respective trajectories (𝜉SOET, 𝜉obj) and 
trajectory intersection points (𝑝int). Angles between speeds (𝜃v) are estimated based on shapes of the 
trajectories. These situations are as well specified by state parameters of the ego-vehicle and the mo-
tion-dynamic object, including their speeds ( 𝑣ego,init , 𝑣obj,init ) and positions relative to 𝑝int 
(𝑥ego,int,init, 𝑥obj,int,init). Based on these parameters, the identification strategy introduced in Chapter 
6.3 is applied to identify whether these situations are safe for the SOET to be applied. 

The preset parameters only serve as examples for the analysis in this work. In real-world situations, 
actual values of these parameters must be measured and applied to the identification process. 

7.1 Ego-vehicle Followed by an Object (Situation 01) 

Figure 7-1 demonstrates the situation where the ego-vehicle is followed by an object on a one-lane 
road. In this situation, the trajectory intersection point 𝑝int is on the rear of the ego-vehicle. Therefore, 
the distance 𝑥ego,int from the ego-vehicle to 𝑝int is always zero, and the distance 𝑥obj,int from the ob-
ject to 𝑝int  is always the relative distance 𝑥rel . Since 𝑥ego,int,init = 0 , the required deceleration 
𝐷obj,req for the object is dependent on the initial speeds 𝑣ego,init, 𝑣obj,init, and the initial distance 
𝑥obj,int,init from the object to 𝑝int. 

In the example below, 𝑣ego,init is equal to 𝑣obj,init, and varies at 30, 40, 50 km/h. Then 𝐷obj,req val-
ues related to 𝑥obj,int,init are calculated and compared to 𝐷obj,crit = 5 m/s2 to identify the safety of 
the current situation. Results are illustrated in Figure 7-2. Situations where a collision is inevitable 
are marked as 𝐷obj,req = 10 m/s2 in order to be seen in the plot. Results show that when 𝑣ego,init =

𝑣obj,init = 30 km/h, 𝐷obj,req > 𝐷obj,crit when 𝑥obj,int,init < 8.4 m. That is to say, the situation is un-
safe to apply the SOET when the object is within 8.4 m behind the ego-vehicle. When 𝑣ego,init and 
𝑣obj,init rise to 40 and 50 km/h, the situation is unsafe when the object is within 11.2 m and 13.9 m 
behind the ego-vehicle. 

 

Figure 7-1: Sketch diagram of situation 01 
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Figure 7-2: Required object decelerations in situation 01 

7.2 Ego-vehicle Overtaking an Object within Ego-lane (Situation 02) 

The situation in which the ego-vehicle overtakes another object on a one-lane road is depicted in 
Figure 7-3. After the ego-vehicle gets ahead of the object, the trajectory planning module plans a 
trajectory for the ego-vehicle to shift back to the center of the road, which is checked as safe by the 
SCM. A moment later, the ego-vehicle encounters an unsafe event, implements the SOET and starts 
decelerating, while the object keeps moving forward at its initial speed. Since the SOET is based on 
the path of the initial trajectory, the ego-vehicle still shifts back towards the object, and the hazard 
arises when the ego-vehicle reaches 𝑝int. 

 

Figure 7-3: Sketch diagram of situation 02 

Since the ego-vehicle is overtaking the object at the initial situation, 𝑣ego,init is supposed to be higher 
than 𝑣obj,init by a significant margin. In the example here, the speed difference is 10 km/h with 
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𝑣ego,init  varying at 30, 40 and 50 km/h (𝑣obj,init = 20, 30, 40 km/h). Considering the overtaken 
object is likely to be a bicycle or motorcycle, its length and width are assumed as 𝑙obj = 2 m and 
𝑤obj = 1 m. Other preset parameters are 𝜃v = 5° and 𝑥ego,int,init = 15 m.  

Based on the above-mentioned parameters, required object decelerations 𝐷obj,req  under different 
𝑥obj,int,init are calculated and plotted in Figure 7-4. At first, 𝐷obj,req = 0 for all three sets of speeds 
when 𝑥obj,int,init < 3.8 m, indicating that the object is closer to 𝑝int than the ego-vehicle, therefore is 
in front of the ego-vehicle. In reality, this kind of situations are impossible to occur, as the ego-vehicle 
has not passed the object and would not plan a trajectory to shift back to lane center. Then comes the  
𝑥obj,int,init range where the collision is inevitable, as the ego-vehicle is side-by-side with the object 
when performing the lane shift and crashes into the side of the object. When 𝑣ego,init = 𝑣obj,init =

30 km/h, the situation stays unsafe for applying the SOET when 𝑥obj,int,init < 21.0 m. When the 
speeds increase to 40 and 50 km/h, this value changes to 22.1 and 21.3 m. 

The above measured minimum 𝑥obj,int,init values for applying the SOET safely do not differentiate 
each other significantly. The reason is that at lower 𝑣ego,init and 𝑣obj,init, it takes longer time for the 
ego-vehicle to reach 𝑝int. The object therefore reacts later to the ego-vehicle, and has less space in 
front to avoid the collision. While at higher speeds, the object reacts to the ego-vehicle earlier. The 
shorter distance covered by the object before it reacts to the ego-vehicle compensates for the longer 
braking distance later. 

 

Figure 7-4: Required object decelerations in situation 02 
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7.3 Ego-vehicle Overtaking an Object on Opposite Lane (Situation 03) 

Figure 7-5 demonstrates the situation on a two-lane road where the ego-vehicle overtakes the object 
on the opposite lane. Since it is defined that the hazard arises only when the ego-vehicle collision 
body 𝑠ego intersects the predicted object trajectory 𝜉obj, this situation is similar to situation 02 with 
the same preset parameters such as 𝜃v = 5°, 𝑥ego,int,init = 15 m, 𝑣ego,init = 30, 40, 50 km/h and 
𝑣obj,init = 20, 30, 40 km/h. The only difference is the object dimension. Since the ego-vehicle has 
to cross lanes for overtaking the object, it is assumed here that the object is a typical passenger car 
with 𝑙obj = 5 m and 𝑤obj = 2 m. 

 

Figure 7-5: Sketch diagram of situation 03 

Based on the preset parameters above, 𝐷obj,req values in relation to 𝑥obj,int,init are figured out and 
plotted in Figure 7-6. Apart from the low 𝑥obj,int,init ranges where 𝐷obj,req = 0, which do not make 
sense in reality, the 𝐷obj,req  curves are highly similar to curves in Figure 7-4. When 𝑣ego,init =

30, 40, 50 km/h respectively, the minimum 𝑥obj,int,init values for applying the SOET safely are 21.0, 
22.1 and 21.4 m. The main reason for the similarity is when 𝑠ego begins to intersect 𝜉obj, the nearest 
point on 𝑠ego to 𝑠obj stays at 𝑝int until the rear of the ego-vehicle is inside 𝜉obj. That is to say, the 
relative distance 𝑥rel is always from the object front to 𝑝int during this period, regardless of the object 
dimension. When 𝑣ego,init = 50 km/h, the width of 𝜉obj (𝑤obj) starts to affect 𝑥rel as the ego-vehicle 
is capable of moving further down the road, causing the slight difference of minimum safe 𝑥obj,int,init 
between the two situations. 
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Figure 7-6: Required object decelerations in situation 03 

7.4 Oncoming Object on Opposite Lane (Situation 04) 

The situation where the ego-vehicle is planning to change lane whilst encountering an oncoming 
object is depicted in Figure 7-7. The motivation for the ego-vehicle to perform a lane change is to 
overtake another object (white) in front of the ego-lane. At the beginning, the object on the opposite 
lane (yellow) is still remotely away from the ego-vehicle as well as the overtaken object. Therefore, 
the initial trajectory with the lane change is recognized as safe by the SCM, and applied by the ego-
vehicle. A moment later, the ego-vehicle encounters an unsafe event, implements the SOET and de-
celerates heavily, while the object approaches the ego-vehicle at its initial speed. Since the SOET is 
based on the path of the initial trajectory, the ego-vehicle still changes to the opposite lane when 
following the SOET, which is beyond expectation of the object and leads to a collision risk. 

 

Figure 7-7: Sketch diagram of situation 04 

In the following example, the oncoming object is assumed to be a typical passenger car with 𝑙obj =

5 m and 𝑤obj = 2 m. In reality, after changing the lane and reaching 𝑝int, the ego-vehicle is likely to 
change its direction. In order to simplify the calculation in this example, 𝜃v is assumed to be constant 
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when the ego-vehicle moves inside 𝜉obj and set as 175°. Furthermore, 𝑣ego,init is assumed to be equal 
to 𝑣obj,init, and varies at 30, 40, 50 km/h, while 𝑥ego,int,init is assumed to be 15 m. State parameters 
of the overtaken object (white) are disregarded here, since it is irrelevant for the current situation. 

Based on these assumptions, 𝐷obj,req values in relation to 𝑥obj,int,init are figured out and demonstrated 
in Figure 7-8. At low 𝑥obj,int,init range, 𝐷obj,req = 0, as the object has completely passed the ego-
vehicle when it reaches 𝑝int. However, this case does not make sense in reality, as the initial trajectory 
cannot be recognized safe if an oncoming object is close to the ego-vehicle to such an extent. 
𝐷obj,req = 10  at middle 𝑥obj,int,init  range, indicating the collision is inevitable. When 𝑣ego,init =

𝑣obj,init = 30 km/h, 𝐷obj,req stays above 𝐷obj,crit when  𝑥obj,int,init < 36.6 m, indicating that these 
specified situations are unsafe for applying the SOET. When 𝑣ego,init and 𝑣obj,init increase to 40 and 
50 km/h, results indicate unsafe situations when 𝑥obj,int,init < 53.7 m and 74.9 m. 

 

Figure 7-8: Required object decelerations in situation 04 

7.5 Object Behind on Opposite Lane (Situation 05) 

Figure 7-9 illustrates the situation where the ego-vehicle is about to perform a lane change whilst 
encountering an object from behind on the opposite lane. At this moment, the object (yellow) is over-
taking another object on the ego-lane, which is not shown in Figure 7-9, therefore is travelling on the 
opposite lane. Situation for the ego-vehicle is the same as described in Chapter 7.2. When calculating 
𝐷obj,req , the assumptions are 𝑙obj = 5 m , 𝑤obj = 2 m , 𝑣ego,init = 𝑣obj,init = 30, 40, 50 km/h , 
𝑥ego,int,init = 15 m and 𝜃v = 5°. 
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Figure 7-9: Sketch diagram of situation 05 

𝐷obj,req  values under different 𝑥obj,int,init  are shown in Figure 7-10. Results indicate that when 
𝑣ego,init and 𝑣obj,init are 30, 40, 50 km/h respectively, the situation is unsafe for applying the SOET 
when 𝑥obj,int,init is lower than 33.8, 34.9 and 34.9 m. These minimum 𝑥obj,int,init values for a safe 
SOET application do not differentiate each other significantly. The reason is similar to situation 02 
described in Chapter 7.2, as earlier reaction of the object compensates for the higher initial speed 
𝑣obj,init. 

 

Figure 7-10: Required object decelerations in situation 05 

7.6 Ego-vehicle without Priority at Road Narrowing (Situation 06) 

The situation where the ego-vehicle yields priority to another object at a road narrowing is depicted 
in Figure 7-11. At this moment, the ego-vehicle is already close to the road narrowing, and has to 
change lane whilst going through the narrowing, its initial speed 𝑣ego,init is supposed to be relatively 
low. In this example, 𝑣ego,init is assumed to be 30 km/h, while 𝑣obj,init varies at 30, 40, 50 km/h. 
Other assumptions are 𝑙obj = 5 m , 𝑤obj = 2 m , 𝑥ego,int,init = 15 m and 𝜃v = 175°. 𝐷obj,req values 
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under different 𝑥obj,int,init are shown in Figure 7-12. When 𝑣obj,init = 30 km/h, the assumed param-
eters in this situation are exactly the same as situation 04 when 𝑣ego,init = 𝑣obj,init = 30 km/h. 
Therefore, the same verdict is derived from the two situations that it is unsafe to apply the SOET 
when 𝑥obj,int,init < 36.6 m. When 𝑣obj,init increases to 40 and 50 km/h in the current situation, it is 
unsafe to apply the SOET when 𝑥obj,int,init < 50.9 and 66.8 m. 

 

Figure 7-11: Sketch diagram of situation 06 

 

Figure 7-12: Required object decelerations in situation 06 

7.7 Object Turning at Intersection (Situation 07) 

Situations where the object is planning to make a turn at an intersection are analyzed together in this 
subchapter. Considering the intersections involved in this research have only one lane for each entry 
and exit without traffic lights and channelized lanes, a turning speed of 20 km/h is reasonable for 
the object, assuming it is a typical passenger vehicle. In real-world scenarios, the object is likely to 
approach the intersection with 𝑣obj,init higher than 20 km/h, depending on the distance from its cur-
rent position to the intersection. In this work, it is assumed that 𝑣obj,init = 20 km/h in order to sim-
plify the analysis. 



 

7. Identification of Unsafe Situations  52 

Figure 7-13 demonstrates the situation where at an intersection with priority rules, the ego-vehicle is 
about to turn left from the priority road, while an object approaches the intersection from the opposite 
direction with the intention of turning right (situation 07). In the beginning, the object is remotely 
away from the intersection, and it is safe for the ego-vehicle to enter the intersection first. However, 
when the ego-vehicle applies the SOET and decelerates heavily, it has to yield priority to the object 
who keeps approaching the intersection. At this moment, ego-vehicle turning left leads to a collision 
risk between itself and the object. 

 

Figure 7-13: Sketch diagram of situation 07 

In this example, the oncoming object is assumed to be a typical passenger car with 𝑙obj = 5 m and 
𝑤obj = 2 m. The trajectories are approximately perpendicular at 𝑝int, therefore 𝜃v = 90°. Since both 
vehicles are about to make a turn, their speeds are set as 𝑣ego,init = 𝑣obj,init = 20 km/h , and 
𝑥ego,int,init is assumed to be 10 m. Based on these parameter values, the calculated 𝐷obj,req values 
under variable 𝑥obj,int,init are plotted in Figure 7-14, which indicates that the situation is unsafe for 
applying the SOET when 𝑥obj,int,init < 21.8 m. However, this range does not satisfy the prerequisite 
that the object is initially far away from the intersection, otherwise the initial trajectory would keep 
the ego-vehicle waiting before the intersection rather than letting it enter the intersection first. There-
fore, it can be concluded that under above listed specific parameters, the current situation is safe for 
the ego-vehicle to apply the SOET. 
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Figure 7-14: Required object decelerations in situation 07 

Other situations where the object also turns at an intersection are listed in Table 7-1. According to the 
assumption, 𝑣obj,init = 20 km/h for all these situations. Since the ego-vehicle is about to enter the 
intersection on the non-priority road, an entry speed of 20 km/h is reasonable, as the ego-vehicle is 
obliged to drive slowly and observe the traffic conditions on the priority road. In real-world scenarios, 
the ego-vehicle is likely to approach the intersection with higher 𝑣ego,init, then slow down to 20 km/h 
before entering the intersection. In order to simplify the analysis here, it is assumed that 𝑣ego,init =

20 km/h for all above situations. Moreover, the initial distance from the ego-vehicle to 𝑝int is as-
sumed as 𝑥ego,int,init = 10 m. Therefore, when calculating 𝐷obj,req, the only difference between the 
above listed situations and situation 07 is the angle of speeds 𝜃v. 
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Table 7-1: Situations similar to situation 07 

Situation 14 16 18 

Sketch 
Diagram 

   

Situation 20 21 24 

Sketch 
Diagram 

   

In the analysis here, 𝜃v is approximately estimated after investigating trajectory directions at 𝑝int. For 
situation 14 and 18, 𝜃v = 45°. For situation 20, 21 and 24, 𝜃v = 90°, which is the same as situation 
07. For situation 16, 𝜃v = 135°. Based on other fixed parameters, 𝐷obj,req values in relation to dif-
ferent 𝜃v and 𝑥obj,int,init are figured out and plotted in Figure 7-15. The 𝐷obj,req curve under 𝜃v =

45° is exactly the same as that under 𝜃v = 90° with minimum 𝑥obj,int,init = 21.8 m for a safe SOET 
application, while the 𝐷obj,req  curve under 𝜃v = 135°  indicates a slightly higher 𝑥obj,int,init =

22.3 m. As is argued in situation 07, the results show that the above listed situations are all safe for 
applying the SOET under the given parameters. 
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Figure 7-15: Required object decelerations under different θv when vobj,init = 20 km/h 

7.8 Object Crossing Intersection on Priority Road (Situation 08) 

When the object is planning to follow the priority road across the intersection, the object is likely to 
approach and enter the intersection at a relatively high speed, since it is prioritized over any other 
traffic participant in this case. In the analysis here, it is assumed that 𝑣obj,init varies between 30, 40 
and 50 km/h. 

Figure 7-16 demonstrates the situation where the ego-vehicle is about to turn left from the priority 
road at an intersection with priority rules, whilst encountering an oncoming object who is planning 
to cross the intersection (situation 08). At this time point, the object is distant from the intersection, 
so the initially planned trajectory is recognized safe for the ego-vehicle to enter the intersection first. 
However, a moment later, the ego-vehicle encounters an unsafe event and implements the SOET, 
while the object approaches the intersection at its initial speed 𝑣obj,init without the intention to slow 
down. As the SOET is based on the path of the initial trajectory, the ego-vehicle turns left when 
entering the intersection, thus causing a collision risk between itself and the oncoming object. 
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Figure 7-16: Sketch diagram of situation 08 

Here, it is assumed that 𝑣ego,init = 20 km/h, since the ego-vehicle is about to make a turn, 𝑣ego,init 
is assumed to be 20 km/h. The other parameters are 𝑙obj = 5 m , 𝑤obj = 2 m , 𝑥ego,int,init = 10 m 
and 𝜃v = 135°. The 𝐷obj,req values in relation to 𝑣obj,init and 𝑥obj,int,init are shown in Figure 7-17. 
Under 𝑣obj,init = 30 km/h, the situation is unsafe for applying the SOET when 𝑥obj,int,init < 35.4 m. 
When 𝑣obj,init  increases to 40  and 50 km/h , this minimum safe 𝑥obj,int,init  increases to 50.2 and 
66.5 m due to longer travelling distance before reaction as well as longer braking distance. 

 

Figure 7-17: Required object decelerations in situation 08 

Other situations where the object goes straight on the priority road are presented in Table 7-2. Since 
the ego-vehicle is about to enter the intersection on the non-priority road in all these situations, it is 
also assumed that 𝑣ego,init = 20 km/h . With the assumptions of 𝑙obj = 5 m , 𝑤obj = 2 m  and 
𝑥ego,int,init = 10 m, these situations are similar to situation 08, with 𝜃v the sole different parameter. 
Values of 𝜃v are estimated approximately based on trajectory directions at 𝑝int. For situation 13 and 
19, 𝜃v = 45°. For situation 15 and 17, 𝜃v = 90°. For situation 23, 𝜃v = 135°. Figure 7-18 depicts the 
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calculated 𝐷obj,req  values under different 𝜃v  for these situations assuming 𝑣obj,init = 50 km/h . 
Again, the 𝐷obj,req curve under 𝜃v = 45° is exactly the same as that under 𝜃v = 90°. Both curves 
indicate a minimum 𝑥obj,int,init = 66.1 m for applying the SOET safely. The 𝐷obj,req curve under 
𝜃v = 135° is similar to these two curves, with a slightly higher minimum safe 𝑥obj,int,init = 66.5 m. 
In conclusion, the above listed situations show similar characteristics to situation 08 with regard to 
the safety for applying the SOET. 

Table 7-2: Situations similar to situation 08 

Situation 13 15 17 

Sketch 
Diagram 

   

Situation 19 23  

Sketch 
Diagram 
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Figure 7-18: Required object decelerations under different θv when vobj,init = 50 km/h 

7.9 Off-lane Object Crossing the Intersection (Situation 09) 

When the ego-vehicle is planning to turn at an intersection, it may encounter an off-lane object, who 
is moving in the same or opposite direction of the ego-vehicle and going to cross the intersection. In 
this case, the object has priority over the ego-vehicle to go through the intersection first, providing it 
is fairly close to the intersection initially. Such an object is likely to be a bicycle or motorcycle since 
it moves off-lane. Therefore, it is assumed here that 𝑙obj = 2 m and 𝑤obj = 1 m. The initial object 
speed 𝑣obj,init is highly uncertain, depending on road conditions of the off-lane area, capabilities of 
the object, as well as whether the object is on the priority road. In the analysis here, 𝑣obj,init varies at  
20, 30, 40 and 50 km/h, so that all possible situation variants are considered. Since the ego-vehicle 
is going to make a turn, it is assumed that 𝑣ego,init = 20 km/h. 

The situation where the ego-vehicle on the priority road is about to turn right at an intersection, while 
an object moving in the same direction is going to cross the intersection (situation 09) is depicted in 
Figure 7-19. At this time point, the object is remotely away from the intersection. It is safe for the 
ego-vehicle to turn right first. However, when the SOET is applied, the ego-vehicle decelerates heav-
ily while the object gets close to the intersection, who becomes prioritized over the ego-vehicle. A 
collision risk occurs when the ego-vehicle keeps turning right. 
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Figure 7-19: Sketch diagram of situation 09 

In the analysis here, it is assumed that 𝑥ego,int,init = 10 m. The two trajectories are approximately 
perpendicular at 𝑝int, therefore 𝜃v = 90°. The calculated 𝐷obj,req values in relation to 𝑥obj,int,init are 
plotted in Figure 7-20. 𝑥obj,int,init ranges where 𝐷obj,req = 0 are not considered as they are unrealis-
tic. When 𝑣obj,init = 20 km/h, the situation is unsafe for applying the SOET when 𝑥obj,int,init <

21.8 m which is unlikely to happen in reality as the initial trajectory would not be checked safe. This 
indicates that when 𝑣obj,init = 20 km/h, it is safe to apply the SOET based on the safe trajectory 
turning right. When 𝑣obj,init varies at 30, 40 and 50 km/h, the minimum 𝑥obj,int,init for applying the 
SOET safely is 35.0, 49.8 and 66.1 m respectively. 
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Figure 7-20: Required object decelerations for situation 09 

Other situations where an off-lane object crosses the intersection are presented in Table 7-3. In these 
situations, all the preset parameters are the same as those in situation 09. Therefore, their safety char-
acteristics are represented in Figure 7-20 as well. 

Table 7-3: Situations similar to situation 09 

Situation 10 11 12 

Sketch 
Diagram 

   

7.10 Object Going Straight on Non-priority Road (Situation 22) 

The sketch diagram of situation 22 is presented in Table 7-4, in which both vehicles are on the non-
priority road. The ego-vehicle is planning to turn left while the oncoming object is going to cross the 
intersection. When approaching the intersection, the object is supposed to drive slowly and observe 
the traffic conditions on the priority road. Therefore, it is assumed that 𝑣obj,init = 20 km/h. 𝑣ego,init 
is also assumed as 20 km/h since the ego-vehicle is going to make a turn. Other parameters are 𝑙obj =
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5 m, 𝑤obj = 2 m, 𝑥ego,int,init = 10 m and 𝜃v = 135°. Apparently, these input parameters are exactly 
the same as situation 16, which has been discussed in Chapter 7.7. Therefore, under the above listed 
parameters, this situation is safe for applying the SOET. 

Table 7-4: Situation 22, 25 and 26 

Situation 22 25 26 

Sketch 
Diagram 

   

Similarly, situations 25 and 26 are also demonstrated in Table 7-4, in which the object crosses a right-
before-left intersection. In situation 25, where the ego-vehicle on the left side of the object also crosses 
the intersection, the angle of speeds when the ego-vehicle reaches 𝑝int is 𝜃v = 90°. Therefore, the 
parameters here are equivalent to those in situation 07, 20, 21 and 24. For situation 26, where the ego-
vehicle on the left side of the object turns left, 𝜃v = 45°, so the parameters in this situation are iden-
tical to those in 14 and 18. Since identical parameters lead to the same 𝐷obj,req values as well as same 
safety characteristics of the situations, it can be concluded that both situation 25 and 26 are safe for 
applying the SOET. In general, the right-before-left intersection is safe for the SOET to be applied, 
since 𝑣ego,init and 𝑣obj,init are always relatively low when the traffic participants behave properly. 
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8 Evaluation and Potential of SOET 

In this chapter, the SOET method is evaluated regarding its feasibility on roads with different speed 
limits. Furthermore, potential fallback plans are discussed in situations where it is unsafe to apply the 
SOET. In the end, the designed SCM identification process is critically evaluated considering its 
integrity, robustness and adjustability. 

8.1 Feasibility on Different Speed Limits 

In the following, feasibility of the SOET on roads with different speed limits is discussed. According 
to StVO regulations22, it is not allowed to stop the vehicle on active lanes of highways. Normally, 
there are no speed limits on highways for passenger cars without trailers. Still, speed limits of 100, 
120 and 130 km/h exist on some highway sections. Since the SOET results in the ego-vehicle stop-
ping in an active lane, it is not permitted under these speed limits. 

Other typical speed limits 𝑣lim = 60, 70 and 80 km/h are analyzed here together with 𝑣lim = 30 
and 50 km/h. Firstly, the maximum required sensor range for detecting potentially unsafe objects 
under each 𝑣lim is analyzed. The maximum sensor range 𝑥max,sensor is required when the ego-vehicle 
is going to switch to the opposite lane whilst encountering an oncoming object (situation 04). More-
over, the potentially unsafe object is farthest away when the ego-vehicle eventually stops exactly at 
𝑝int, as in this case the time period is longest from the initial situation to the object reacting to the 
danger, resulting in the longest travelling distance for the object as well as the ego-vehicle. Figure 
8-1 demonstrates the situation in which 𝑥max,sensor is required, with the SOET 𝜉SOET ending at 𝑝int. 
When lateral movement of the ego-vehicle is disregarded, it can be assumed that 

 
𝑥max,sensor = 𝑥ego,int,init + 𝑥obj,int,init  (8-1) 

 
Figure 8-1: Situation requiring maximum sensor range 

Since the ego-vehicle brakes at 𝐷ego,SOET = 5 m/s2 when following the SOET and stops exactly at 
𝑝int, 𝑥ego,int,init can be figured out: 

 
𝑥ego,int,init = 𝑣ego,init ∙ 𝑡interval + 𝑣ego,init ∙ (𝑡res +

𝑡b

2
) +

𝑣ego,init
2

2𝐷ego,SOET
. (8-2) 

The time period 𝑡ego from the initial time point to the ego-vehicle reaching 𝑝int is 

 
22 StVO: Straßenverkehrs-Zulassungsordnung (2020). 
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𝑡ego = 𝑡interval + 𝑡res +

𝑡b

2
+

𝑣ego,init

𝐷ego,SOET
. (8-3) 

When the danger arises, the object starts reacting, then applies a braking with 𝐷obj = 5 m/s2. Then 
the total 𝑥obj,int,init can be figured out: 

 
𝑥obj,int,init = 𝑣obj,init ∙ 𝑡ego + 𝑣obj,init ∙ 𝑡r + 𝑣obj,init ∙ (𝑡res +

𝑡b

2
) +

𝑣obj,init
2

2𝐷obj
. (8-4) 

When 𝑣ego,init = 𝑣obj,init = 𝑣lim, the 𝑥max,sensor values in relation to different 𝑣lim are figured out 
and summarized in Table 8-1. When 𝑣lim = 30 km/h , the required sensor range 𝑥max,sensor =

60.3 m, which is reasonable to be fulfilled. However, 𝑥max,sensor increases rapidly with higher 𝑣lim, 
and it is nearly impossible for the current technologies to satisfy 𝑥max,sensor when 𝑣lim = 60, 70 and 
80 km/h. 

Table 8-1: Required sensor ranges under different vlim 

𝒗𝐥𝐢𝐦 in km/h 30 50 60 70 80 

𝒙𝐦𝐚𝐱,𝐬𝐞𝐧𝐬𝐨𝐫 in m 60.3 131.3 176.1 227.1 284.2 

Another factor to be considered is whether there is sufficient length for the initial trajectory length, 
so that the derived SOET is long enough to bring the ego-vehicle to a standstill. According to the 
current trajectory planning method, the time length of the initial trajectory 𝑡ξ,init is between23 

 
0.6 s ≤ 𝑡ξ,init ≤ 2.4 s.  (8-5) 

When the ego-vehicle decelerates with 𝐷ego,SOET = 5 m/s2 when following the SOET, the minimum 
required SOET length 𝑥SOET,req is 

 
𝑥SOET,req = 𝑣ego,init ∙ 𝑡interval + 𝑣ego,init ∙ (𝑡res +

𝑡b

2
) +

𝑣ego,init
2

2𝐷ego,SOET
, (8-6) 

which is also the minimum required length of the initial trajectory 

 
𝑥ξ,init,req = 𝑥SOET,req. (8-7) 

Besides, it is assumed that the speed of the ego-vehicle 𝑣ego,init is constant when it follows the initial 
trajectory, and equal to the current speed limit 

 
𝑣ego,init = 𝑣lim. (8-8) 

 
23 The time length range of initial trajectory originates from discussions with Mr. Ziegler from rmr TU Darmstadt 



 

8. Evaluation and Potential of SOET  64 

Therefore, the minimum required time length for the initial trajectory 𝑡ξ,init,req is 

 
𝑡ξ,init,req =

𝑥ξ,init,req

𝑣ego,init
. (8-9) 

The 𝑡ξ,init,req values in relation to different 𝑣lim are calculated and summarized in Table 8-2. When 
𝑣lim = 30 km/h, 𝑡ξ,init,req falls inside 𝑡ξ,init range, indicating there is sufficient trajectory length to 
bring the ego-vehicle to a standstill. When 𝑣lim = 50 km/h, 𝑡ξ,init,req is slightly higher than the max-
imum possible 𝑡ξ,init. When the process of planning and implementing the SOET is optimized with 
lower 𝑡interval, 𝑡res and 𝑡b, it is still feasible when 𝑣lim = 50 km/h for the ego-vehicle to stop before 
running out of trajectory length. When 𝑣lim = 60, 70 and 80 km/h, 𝑡ξ,init,req is significantly higher 
than the maximum 𝑡ξ,init, indicating that the application of the SOET is not applicable to these speeds. 

Table 8-2: Required time length of initial trajectory under different vlim 

𝒗𝐥𝐢𝐦 in km/h 30 50 60 70 80 

𝒕𝛏,𝐢𝐧𝐢𝐭,𝐫𝐞𝐪 in s 2.13 2.69 2.97 3.24 3.52 

In conclusion, it is feasible to apply the SOET on roads with 𝑣lim = 30 km/h in terms of sensor range 
and initial trajectory length. When it comes to 𝑣lim = 50 km/h, applying the SOET is much more 
difficult, yet still possible, while the application is infeasible on roads with 𝑣lim > 50 km/h. 

8.2 Fallback Plan for SOET 

When the current situation is unsafe for the application of the SOET, a fallback plan is required so 
that the ego-vehicle is still capable of achieving a safe-stop without a collision. Amongst the three 
safe-stop methods proposed by Reschka24, the method of looking for a safe roadside spot to stop the 
ego-vehicle cannot be the fallback plan, since it is technically more demanding than the SOET and 
beyond the capabilities of the ADS. Therefore, the only option available is to apply an emergency 
braking without a direction change. 

Generally, there are two approaches for applying a straight-line emergency braking. One approach is 
to regulate the deceleration of the ego-vehicle at a preset value likewise the SOET. The other approach 
is to apply a full braking without controlling the exact deceleration. With the presence of anti-lock 
braking system (ABS), the ego-vehicle is capable of utilizing the maximum friction provided by the 
current road surface. In the discussion below, the method of straight-line emergency braking with a 
preset deceleration is assumed first. The deceleration value is 𝐷ego,e = 5 m/s2, which is the maxi-
mum ensured deceleration 𝐷max for any road type included in this research. 

 
24 Reschka, A.: Diss., Fertigkeiten- und Fähigkeitengraphen von automatisierten Fahrzeugen (2017), pp. 139–141. 
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In Chapter 7, collision risks which cause the current situation to be unsafe for applying the SOET are 
investigated. When a straight-line emergency braking with 𝐷ego,e = 5 m/s2 is applied, some of the 
collision risks can be avoided in the following situations: 

• In situation 02 (Chapter 7.2), when the ego-vehicle has not started shifting back to the lane 
center, a straight-line emergency braking prevents it from colliding with the object who is 
being overtaken. 

• In situation 03 (Chapter 7.3), when the ego-vehicle has not started switching back to the ego-
lane, a straight-line emergency braking prevents it from colliding with the object who is being 
overtaken. 

• In situation 04 (Chapter 7.4), when the ego-vehicle has not started switching to the opposite 
lane, a straight-line emergency braking prevents it from colliding with the oncoming object. 

• In situation 05 (Chapter 7.5), when the ego-vehicle has not started switching to the opposite 
lane, a straight-line emergency braking prevents it from colliding with the object from behind. 

• In scenario 06 (Chapter 7.6), when the ego-vehicle has not started switching to the opposite 
lane, a straight-line emergency braking prevents it from colliding with the oncoming object 
who is entitled to go through the road narrowing first. 

• In situation 08 (Chapter 7.8), when the ego-vehicle has not started turning left, a straight-line 
emergency braking prevents it from colliding with the oncoming object. 

• In situation 09 (Chapter 7.9), when the ego-vehicle has not started turning right, a straight-
line emergency braking prevents it from colliding with the off-lane object who is going to 
cross the intersection. 

In these situations, the method of emergency braking is competent to be the fallback of the SOET. 
Other collision risks which cannot be avoided by this method are: 

• In the above listed situations where the collision is avoided, the risk still exists if the ego-
vehicle has already started turning. Moreover, when the ego-vehicle velocity deviates too 
much from the road direction, the emergency braking might lead the ego-vehicle off the road. 

• In situation 01 (Chapter 7.1), the emergency trajectory with 𝐷ego,e = 5 m/s2 is identical to 
the SOET with 𝐷ego,SOET = 5 m/s2. Therefore, when a collision risk occurs due to applying 
the SOET, the risk cannot be avoided by the fallback plan. 

• In situations 13, 19 and 23 (Chapter 7.8), the straight-line emergency trajectory would still 
lead the ego-vehicle into the intersection, thus colliding with the object who is driving quickly 
on the priority road. 

• In situations 15 and 17 (Chapter 7.8), the emergency trajectory is identical to the SOET, there-
fore the initial collision risk cannot be avoided. 
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Furthermore, compared to the SOET, applying the emergency braking might cause additional colli-
sion risks: 

• At a road narrowing, when the emergency braking is applied, the deceleration might be insuf-
ficient, which causes the ego-vehicle to drive into the road narrowing and collide with static 
signs or obstacles inside. 

• When the speed of the ego-vehicle deviates from the road direction, the ego-vehicle might go 
off the road or collide with objects on the opposite lane when following the straight-line emer-
gency trajectory. 

• On curved roads, the ego-vehicle might go off the road or collide with objects on the opposite 
lane when following the straight-line emergency trajectory. 

• When the ego-vehicle enters an intersection with the intention of turning left or right, the ego-
vehicle might collide with objects outside its initially planned path when following the emer-
gency trajectory in a straight line. Moreover, the ego-vehicle might go off the road at a T-
shape intersection or a roundabout. 

In the above listed situations where collision risks caused by the SOET cannot be avoided, or addi-
tional collision risks occur, it is not advisable to apply the method of straight-line emergency braking 
with 𝐷ego,e = 5 m/s2 as a fallback for the SOET. 

When a full emergency braking is applied, it takes shorter distance for the ego-vehicle to achieve a 
safe stop compared to an emergency braking with regulated deceleration, so the ego-vehicle is less 
likely to intersect the predicted trajectories of other objects. As a result, the collision risks caused by 
the SOET are more likely to be avoided. With a shorter travelling distance before stopping, the ego-
vehicle is less likely to encounter the above listed additional collision risks as well. However, the full 
braking increases the risk of a rear-end collision when an object is following the ego-vehicle. Also in 
this case, passengers inside the ego-vehicle tend to hurt themselves more often. Therefore, whether 
to apply a regulated braking or full braking is still dependent on the current situations. 

8.3 Evaluation of Identification Method 

The method developed in this work for the Safety Check Module (SCM) to identify whether the 
current situation is safe for the SOET to be applied is critically evaluated in this subchapter. It is 
worth mentioning that the developed MATLAB program to calculate the required object deceleration 
𝐷obj,req does not represent the complete identification process. At the start, amongst all the objects 
within the detection range of the ego-vehicle, the SCM needs to select those objects, whose predicted 
trajectories 𝜉obj intersect the planned 𝜉SOET, for further identification. When they do intersect each 
other, the SM  then has to figure out where the intersection point 𝑝int is, and figure out parameter 
values including 𝑥ego,int,init, 𝑥obj,int,init and 𝜃v. The developed calculation program can be imple-
mented only after these procedures are completed. 
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In this work, it is assumed that the object moves with a constant 𝑣obj,init. When the identification 
method is applied in real-world situations, the predicted object trajectories from the prediction module 
are applied, which are much more complicated than 𝜉obj assumed here. This results in more compu-
tational effort for the system, and is likely to prolongate the recognition process timewise. The as-
sumption of 𝜉obj in this work act as a fallback in case the prediction module is deemed to be implau-
sible by the SCM. 

The robustness of the calculation program requires to be improved, as there are intrinsic correlations 
or restrictions regarding the input parameters. For example: 

• Either 𝑥ego,int,init or 𝑥ego,afterint,init must be zero, as they represent the ego-vehicle position 
before and after 𝑝int in the current situation. 

• The angle of speeds 𝜃v must be in the range of 0° ≤ 𝜃v ≤ 180°. 

Therefore, parameter misinputs into the program are likely to cause wrong output 𝐷obj,req, or even 
lead to the program stuck in the loops. When testing the identification process, input parameters must 
be assumed based on realistic situations, so that current and reasonable outputs are obtained. 

One advantage of the process is that exact values of 𝐷obj,req are figured out. Therefore, the critical 
deceleration value 𝐷obj,crit is highly adjustable and not necessarily 5 m/s2, as is set in this work. 
Moreover, the value of 𝐷ego,SOET is also adjustable to design different SOET profiles. 
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9 Conclusion and Outlook    

In automated driving L4 or above, an emergency fallback is required for the automated driving system 
(ADS) to bring the ego-vehicle to a safe-stop condition, when the ego-vehicle encounters an internal 
failure or external hazardous event. This work introduces speed-overriding emergency trajectories, 
abbreviated to SOET, as one of the safe-stop approaches. The main purpose of this work is to inves-
tigate in which situations the application of the SOET leads to additional collision risks, and to pro-
vide a methodology on identifying whether the SOET can be safely implemented in the current situ-
ation. 

The concept of the SOET is introduced in the beginning. The SOET is planned on the path of the last 
safe trajectory provided by the trajectory planner. The speed profile of a SOET consists of two phases. 
The first phase is exactly the same as the last safe trajectory. In the second phase, the SOET guides 
the ego-vehicle to brake at a preset deceleration value 𝐷ego,SOET, until the ego-vehicle comes to a 
standstill. Afterwards, two different strategies of planning and implementing the SOET are presented. 
The first strategy plans the SOET only after the unsafe event occurs, which reduces the computational 
effort. Whilst in the second strategy, a SOET is planned every time a safe trajectory from the trajec-
tory planner is received. This strategy prepares the SOET earlier and saves time for planning other 
safe-stop approaches in case the SOET is unsafe to be applied. 

The literature research is then conducted on state-of-the-art emergency trajectories. Amongst the cur-
rent four approaches available, including emergency braking, driving along the last planned path, 
roadside stopping and non-stop emergency trajectories, the approach of looking for an appropriate 
roadside position to stop the ego-vehicle has drawn most of the attention, as it brings minimal risk 
for the ego-vehicle, but with great technical difficulties. At the moment, there have not been any 
studies where the ego-vehicle follows the last planned path whilst decelerating, which is exactly the 
approach of SOET. Besides, this work investigates into the studies on the terms of automated driving, 
including scenery, scene, situation and scenario. These studies share in common that a scenery is a 
collection of static elements within the road environment, while a scene is created by adding the 
dynamic elements into a scenery. Moreover, the designated actions of these elements are described 
in a situation, and a scenario describes the temporal development of the elements and lasts for a 
certain period of time. 

Afterwards, the necessary prerequisites for applying the SOET are listed. For the ADS, reliability of 
the ego-sensors, the localization module as well as the Safety Check Module (SCM) must be ensured. 
Sufficient sensing ranges and angles are required for the environment sensors to detect all potentially 
unsafe objects. Sufficient initial trajectory lengths should be available for the ego-vehicle to achieve 
a standstill, and the prediction of other traffic participants needs to be long enough into the future in 
case of potential collision risks. Apart from the requirements on the ADS, other general requirements 
are analyzed as well. The SOET should be compatible with normally planned trajectories. When im-
plementing the SOET, planned movement of the ego-vehicle should not exceed the current road fric-
tion limit, and the reaction time for the ego-vehicle should at least match the human reaction time of 
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0.7 − 1.5 s. In addition, other traffic participants are expected to follow traffic rules and respond 
properly to emergency situations. 

The potentially unsafe situations for applying the SOET are derived. First, the definition of situation 
is clarified based on the literature research. A situation consists of the scenery, the motion-dynamic 
elements as well as their states, intended goals and resulting actions. The operational design domain 
(ODD) for the SOET is then specified. The SOET is applied on roads with a speed limit of 𝑣lim = 30 
or 50 km/h, built of asphalt or concrete and in dry, wet or dirty conditions. Only roads with one lane 
per travel direction and intersections which stretch out to no more than 4 directions are included. The 
traffic participants included in the ODD are dual-track motor vehicles, motorcycles and bicycles, 
while only daytime is included in terms of environment conditions. On the basis of definitions and 
ODD specifications, sceneries, scenes, scenarios and situations which are potentially unsafe for the 
SOET to be applied are successively derived. Basic sceneries include one-lane road, two-lane road, 
road narrowing, intersection with priority rules and right-before-left intersection. Scenes correspond-
ing to zero points of the SOET are created by adding the ego-vehicle and other motion-dynamic 
objects to the sceneries, and giving them ambiguous initial positions and velocities. Scenarios are 
derived by setting goals as well as consequent actions and events to the traffic participants. Eventually, 
situations are created by combining these goals, actions and events with the relevant aspects from the 
scenes. As a result, 26 parameter-unspecific situations are derived which might be unsafe for the 
application of the SOET. The safety of the specific situations is identified later in this work. 

After the derivation of potentially unsafe situations, a methodology is developed for the SCM to 
identify whether it is safe to apply the SOET under the current situation. First of all, the criticality 
metric for the identification is introduced. In this work, the metric of required deceleration is applied, 
which represents the braking effort required for an object to avoid colliding with the ego-vehicle. The 
critical object deceleration 𝐷obj,crit is 5 m/s2, as this is the maximum deceleration ensured to be 
available on any road condition within this research. The situation is deemed to be unsafe when the 
required object deceleration 𝐷obj,req is higher than 5 m/s2. Based on this metric, the identification 
process is designed. First, amongst all the objects surrounding the ego-vehicle, those objects are se-
lected whose predicted trajectories intersect the SOET of the ego-vehicle. The intersection point of 
the trajectories is then figured out, and the relative distances from each traffic participant to the inter-
section point are measured, as well as the angle of the two speeds at the intersection point. Afterwards, 
a calculation program is developed in MATLAB and applied to figure out the required object decel-
eration, and compare it to the critical deceleration to identify the safety of the current situation. 

The main part of this work is to identify when the situations derived above are unsafe for the appli-
cation of the SOET by utilizing the developed methodology. In each situation, reasonable situation-
specific speeds of the ego-vehicle and the object 𝑣ego,init and 𝑣obj,init, as well as dimensions of the 
object 𝑙obj and 𝑤obj are selected. The relative distance 𝑥ego,int,init from the ego-vehicle to the inter-
section point 𝑝int is fixed, and the angle of speeds 𝜃v is estimated according to trajectory shapes at 
𝑝int. Based on these parameters, values of required object decelerations 𝐷obj,req in relation to relative 
distances 𝑥obj,int,init from the object to 𝑝int are calculated and plotted, so that the 𝑥obj,int,init ranges 
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with 𝐷obj,req beyond 𝐷obj,crit can be intuitively observed. In general, 8 types of situations are unsafe 
when 𝑥obj,int,init falls below a critical value. When the object is moving in the same direction as the 
ego-vehicle, results indicate similar critical 𝑥obj,int,init values under different ego-vehicle and object 
speeds. When this is not the case, the critical 𝑥obj,int,init value increases significantly with higher 
speeds. 

In the end, the method of SOET is evaluated, and the potential of applying the SOET is analyzed. 
Feasibility of the SOET is investigated on roads with different speed limits 𝑣lim. The SOET is feasible 
on roads with 𝑣lim = 30 km/h. When 𝑣lim = 50 km/h, it is much more difficult to apply the SOET, 
yet still possible providing further improvements are achieved. It is not feasible to apply the SOET 
When 𝑣lim > 50 km/h. Furthermore, the method of straight-line emergency braking is analyzed as 
the fallback when the SOET is unsafe to be applied. This method avoids collision risks caused by the 
SOET in some of the unsafe situations when the ego-vehicle has not started changing the direction, 
but it might lead to additional risks in that the ego-vehicle goes off the road or collides with objects 
outside the initially planned path. In the end, the identification strategy is critically evaluated. The 
developed program for calculating 𝐷obj,req does not represent the complete identification process, 
and its robustness needs to be improved. The advantage of this strategy is that the values of 𝐷obj,crit 
and 𝐷ego,SOET are highly adjustable.  

Overall, this work presents a practical method to identify whether the SOET can be safely applied 
under different situations, and investigates comprehensively into the situations within the specified 
ODD. However, further effort needs to be delivered to verify and validate this method. Correlations 
between 𝐷obj,req and parameters other than 𝑥obj,int,init are to be explored more in detail. Since this 
method is highly simplified when applied in this work, further improvements could be made to bring 
the modelled situations closer to reality. Besides, further developments are possible for the approach 
of the SOET itself. For example, 𝐷obj,crit can be variable according to different traffic participants, 
e.g., a lower 𝐷obj,crit should be applied for a bus or truck compared to a typical passenger car. More-
over, it is possible that the ADS designs the 𝐷ego,SOET dynamically according to the current situation 
providing the relevant modules work properly without failures. Nevertheless, this work has conducted 
an in-depth analysis on the safety of the SOET, and provided a solid foundation for the future re-
search. 
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Appendix 

MATLAB codes of general identification strategy in Chapter 6.3: 
clearvars; 

close all; 

clc; 

  

%% Initial Conditions 

x_ego_int_init = 0;  % position of ego-vehicle before intersection point (m) 

x_ego_afterint_init = 0;  % position of ego-vehicle if it already passes intersection point (m) 

x_obj_int_init = 15;  % distance between object and intersection point (m) 

v_ego_init = 30 / 3.6;  % initial ego-vehicle speed (m/s) 

v_obj_init = 30 / 3.6;  % initial object speed (m/s) 

theta_v = 0 / 180 * pi;  % angle between speeds when ego-vehicle reaches intersection point (rad) 

l_obj = 5;  % object length (m) 

w_obj = 2;  % object width (m) 

  

l_ego = 4.8;  % ego-vehicle length (m) 

w_ego = 2.1;  % ego-vehicle width (m) 

t_r = 1;  % object reaction time (s) 

t_interval = 1;  % time interval between ego-vehicle initial state and start of deceleration (s) 

t_res = 0.1;  % brake response time (s) 

t_b = 0.4;  % brake build-up time (s) 

D_ego = 5;  % ego-vehicle deceleration on SOET (m/s^2) 

  

D_obj_req = NaN;  % required object deceleration (m/s^2) 

D_obj_array = 0:0.01:10;  % object decelerations for trial (m/s^2) 

D_crit = 5; % critical deceleration (m/s^2) 

  

d_t = 0.01;  % time step (s) 

  

%% Solve D_obj_req 

x_ego_afterint_max = NaN;  % maximum ego-vehicle moving distance inside intersection area 

if (theta_v > 0) && (theta_v < 90 / 180 * pi) 

    x_ego_afterint_max = l_ego + w_obj / sin(theta_v) + w_ego / tan(theta_v); 

elseif theta_v == 90 / 180 * pi 

    x_ego_afterint_max = l_ego + w_obj; 

elseif (theta_v > 90 / 180 * pi) && (theta_v < 180 / 180 * pi) 

    x_ego_afterint_max = l_ego + w_obj / sin(theta_v) - w_ego / tan(theta_v); 

end 

  

x_ego_max = v_ego_init * (t_interval + t_res + t_b / 2) + v_ego_init^2 / (2 * D_ego);  % maximum 

ego-vehicle moving distance on SOET 

x_ego_max_cruise = v_ego_init * (t_interval + t_res + t_b / 2);  % maximum cruising distance of ego-

vehicle before braking 

  

if (x_ego_afterint_init > x_ego_afterint_max) || (x_ego_int_init > x_ego_max) 

    D_obj_req = 0;  % no collision occurs if ego-vehicle already passes intersection area or can't 

reach intersection point 

else 

    if x_ego_int_init <= x_ego_max_cruise  % ego-vehicle is still cruising when reaching intersec-

tion point 

        t_ego_int = x_ego_int_init / v_ego_init; 

        t_ego_left_cruise = t_interval + t_res + t_b / 2 - t_ego_int;  % time left for ego-vehicle 

cruising after reaching intersection point 

        if t_ego_int < t_interval 

            t_ego_left_light = t_interval - t_ego_int;  % time before brake lights turn up 

        else 

            t_ego_left_light = 0; 

        end 

        v_ego_int = v_ego_init;  % ego-vehicle keeps initial speed when reaching intersection point 

    else 

        x_ego_int_brake = x_ego_int_init - x_ego_max_cruise; 

        t_ego_int_brake = (v_ego_init - sqrt(v_ego_init^2 - 2 * D_ego * x_ego_int_brake)) / D_ego; 

        t_ego_int = t_ego_int_brake + t_interval + t_res + t_b / 2; 

        t_ego_left_cruise = 0; 

        t_ego_left_light = 0; 

        v_ego_int = v_ego_init - D_ego * t_ego_int_brake;  % ego-vehicle has slowed down when reach-

ing intersection point 

    end 

    x_obj_cruise = v_obj_init * t_ego_int; 
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    x_obj_int = x_obj_int_init - x_obj_cruise;  % distance to object when ego-vehicle reaches inter-

section point 

    if x_obj_int < -(l_ego + l_obj) 

        D_obj_req = 0;  % object already passes ego-vehicle, no collision occurs 

    elseif x_obj_int <= 0 

        D_obj_req = 10;  % object inside intersection area when ego-vehicle arrives, collision defi-

nitely occurs 

    else 

        for k = 1:length(D_obj_array) 

            D_obj = D_obj_array(k); 

            x_rel = x_obj_int; 

            x_ego_afterint = x_ego_afterint_init; 

            v_obj = v_obj_init; 

            v_ego = v_ego_int; 

            t = 0; 

             

            while (v_ego > 0) || (v_obj > 0)  % collision avoided when both TPs come to standstill 

                if theta_v == 0 

                    x_rel = x_rel + v_ego * d_t - v_obj * d_t; 

                elseif (theta_v > 0) && (theta_v < 90 / 180 * pi) 

                    if x_ego_afterint <= l_ego 

                        x_rel = x_rel - v_obj * d_t; 

                    elseif (x_ego_afterint > l_ego) && (x_ego_afterint <= l_ego + w_obj / 

sin(theta_v)) 

                        x_rel = x_rel + v_ego * d_t * cos(theta_v) - v_obj * d_t; 

                    elseif (x_ego_afterint > l_ego + w_obj / sin(theta_v)) && (x_ego_afterint <= 

x_ego_afterint_max) 

                        x_rel = x_rel + v_ego * d_t / cos(theta_v) - v_obj * d_t; 

                    end 

                elseif theta_v == 90 / 180 * pi 

                    x_rel = x_rel - v_obj * d_t; 

                elseif (theta_v > 90 / 180 * pi) && (theta_v < 180 / 180 * pi) 

                    if x_ego_afterint <= - w_ego / tan(theta_v) 

                        x_rel = x_rel + v_ego * d_t / cos(theta_v) - v_obj * d_t; 

                    elseif (x_ego_afterint > - w_ego / tan(theta_v)) && (x_ego_afterint <= w_obj / 

sin(theta_v) - w_ego / tan(theta_v)) 

                        x_rel = x_rel + v_ego * d_t * cos(theta_v) - v_obj * d_t; 

                    elseif (x_ego_afterint > w_obj / sin(theta_v) - w_ego / tan(theta_v)) && 

(x_ego_afterint <= x_ego_afterint_max) 

                        x_rel = x_rel - v_obj * d_t; 

                    end 

                elseif theta_v == 180 / 180 * pi 

                    x_rel = x_rel - v_ego * d_t - v_obj * d_t; 

                end  % calculate relative distance between ego-vehicle and object 

                if x_rel <= 0 

                    break  % collision occurs 

                end 

                 

                x_ego_afterint = x_ego_afterint + v_ego * d_t;  % count ego-vehicle moving distance 

                if x_ego_afterint > x_ego_afterint_max 

                    break  % ego-vehicle leaves intersection area 

                end 

                 

                if t > t_ego_left_cruise 

                    v_ego = v_ego - D_ego * d_t;  % ego-vehicle decelerates after initial cruising 

                end 

                if v_ego < 0 

                    v_ego = 0;  % ego-vehicle stops 

                end 

                 

                if t > t_ego_left_light + t_r + t_res + t_b / 2 

                    v_obj = v_obj - D_obj * d_t;  % object decelerates 

                end 

                if v_obj < 0 

                    v_obj = 0;  % object stops 

                end 

                 

                t = t + d_t;  % time increase 

            end 

             

            if x_rel > 0  % no collision occurs 

                D_obj_req = D_obj; 

                break 

            end 

        end 
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    end 

end 

  

if isnan(D_obj_req) 

    disp('Impossible for the object to avoid collision by braking!');  % no deceleration value can 

avoid collision 

else 

    disp(['Minimum required deceleration for the object D_obj_req = ' num2str(D_obj_req) ' m/s^2']) 

    if D_obj_req > D_crit 

        disp('Unsafe for the object to avoid collision by braking!'); 

    else 

        disp('Safe for the object to avoid collision by braking'); 

    end 

end 
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