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Approach to Derive Verifiable Performance
Requirements for Accident Avoidance

Despite the fact that behavioural competencies will help the automated vehicle to not
cause accidents or drive defensively to stay away from conflicts, there are situations
where automated vehicles have to react to unexpected situations where other traffic
participants cause situations which can end up in accidents. It is the task of the
automated driving system — like it is the task for human drivers — to perform evasive
actions, if possible.

The aim of this annex is to provide guidance as to when accidents become
unavoidable, and under which circumstances accident avoidance can reasonably be
expected.

For this, simple logic models, the so-called safety models, are introduced. They provide
assumptions how traffic rule violations and misbehaviour by other traffic participants
could be dealt with and use physical properties and fundamental driving dynamics to
further detail conditions for accident avoidance.

They shall not be used to prescribe specific behaviour, but to understand in which
conditions accident avoidance can be reasonably expected. Also, the characteristics
for typical / generic vehicles given below should not be used to calculate accident
avoidance for the specific vehicle in the approval process, but for typical / generic
vehicles. The reason for this is that low required accident avoidance capabilities could
be a wrong incentive in the vehicle design process.

1 Introduction and Definition

The aim of this annex is to further specify the methodology to derive the threshold to
separate between collisions that have to be avoided and those where only mitigation
is required. The aim is NOT to prescribe a specific behaviour of the ADS in any given
critical situation. This is only about the outcome, which can be expected. In a
mathematical & logical sense, for any given situation, there will be a function depending
on variables that partly describe a scenario, delivering a Boolean “true” or “false” for
whether the collision needs to be avoided, and vice versa for whether mitigation is
acceptable:



Avoidance[0; 1] = fsqretymoaer(Scenario variable 1, scenario variable 2, ...),

Mitigation[0; 1] = 1 — foqfetymoder(Scenario variable 1, scenario variable 2, ...).

It is envisioned that concrete ADS regulations, (being) built by using the guidelines as
specified here, may contain either a concrete scalar threshold (example: avoid
accidents for a driving speed below 42 km/h, see UN R152), or formulate a concrete
fsafetymodel Where all parameters are specified (simplified example from UN R157: when
cut-ins of other vehicles occur before a specific TTC, the collision needs to be avoided,

the resulting function as given in the regulation would be:

fsafetymodel = [1 for TT CLanemtrusion > (Urel/(2'6m/82) + 0355), 0 OtherWise].

Choosing appropriate model(s) depends, amongst others, on:

the balance between risk to the ADS itself vs. risk towards the accident partner
(e.g. for pedestrians, it would very likely be acceptable to have a slightly
increased risk for the typically belted ADS occupants when the risk for the
pedestrian would be significantly reduced, e.g. by earlier or stronger brake
intervention),

the assumed anticipation level (e.g. is it feasible to anticipate actions of other
traffic parameters and start countermeasures earlier, or will it be a simple
reaction to faults),

the environmental condition parameters. (e.g. what level of friction is typically
available where the ADS are travelling),

the balance between efficiency and acceptable remaining risk (e.g. passing a
pedestrian with no acceptable risk would be possible only with very low speeds,
which would render the current sidewalk close to streets infrastructure useless
for automation).

These factors will be different for different situations, or in other words: there would be
different fsaretymodel i fOr different critical situations anticipated to occur in the operational
domain of the concrete ADS regulation in pseudo-code:

Example Regulation XXX =

{Situation / parameter range 1, avoidance = fsafetymodel,1(parameters a,b,c);

# address pedestrian accidents in urban areas

Situation / parameter range 2, avoidance = fsafetymodel 2(parameters d,e,f);



# address car-car accidents with cut-in on motorways...}.

The following paragraphs summarize the safety performance models that can be used
to assess the behavioural competency of an ADS based on the scenario.

2 Characteristics of Safety Models

This section aims at describing a set of safety models, their general characteristics and
possible ranges for their defining parameters.

The safety models can be grouped into models for the performance in accident
avoidance and behaviour models for conflict avoidance, see Table 1. The difference
between those two is that the accident avoidance models can be used to understand
to what extent accident situations — caused by other traffic - are unavoidable, while
conflict avoidance models formalize strategies for the behaviour of an ADS to not come
into conflict. Should this be included here then?

Table 1: Overview of Safety Models

Model Explanation

Performance Requirements for Accident Avoidance

Last Point to Steer | Estimate avoidance and mitigation in longitudinal traffic,
typically used for driver assistance & active safety

Safety Zone Estimate avoidance and mitigation in cross-traffic accidents
with VRU
Careful and | Estimate avoidance and mitigation in longitudinal traffic cut-in

Competent Human | situations, using reaction characteristics of good human driver
Driver

Fuzzy Surrogate | Estimate avoidance and mitigation in longitudinal traffic cut-in
Safety Model situations, taking anticipation of other vehicle behaviour into
account

Performance Requirements for Conflict Avoidance

Responsibility A general approach on safety distances both longitudinally
Sensitive Safety and laterally that can prevent accidents based on
assumptions for parameters of other vehicles

Safety Force Field | A general approach on safety distances both longitudinally
and laterally that can prevent accidents when all actors obey
the concept




2.1 Last-Point-to-Steer (LPS, Ref.: AEBS HDV 03.03).

This model assumes an emergency braking intervention in longitudinal traffic is
justified at the latest as soon as a collision cannot be avoided by steering anymore and
can be used to calculate the expected speed reduction by braking, given the relative
speeds between both traffic participants. It is applicable to longitudinal traffic conflict
situations, however in most cases, the automated vehicle will be required to avoid all
longitudinal accidents. For rare cases with obstacles that are detectable really late, this
process could still be used.

Verifiable performance requirements are derived with the following steps:

1. Calculate the time to collision or distance up to which it is possible to steer
around the other vehicle.

2. Calculate the possible speed reduction by braking, when braking starts at that
time.

A typical traffic situation is shown in Figure 1 below.
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Figure 1: Configuration

Step 1 — calculate the last point to steer

Assuming a constant and maximum lateral acceleration, the process of laterally shifting
the ego vehicle is given by

=trequired

YO = [ Fmardt® = [25¢2]

This leads to the following trequired required to shift the ego vehicle’s lateral position by

Ay:
_ 2Ay
trequired - Vmax.

Note that this equation describes a turn as shown in Figure 2 below.
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Figure 2: Trajectory for steering around another vehicle

A trajectory that would be more suitable for traffic situations with less space results in
the following time to steer:

2 |-

trequired,same direction = - .
Ymax

This is a trajectory where the ego vehicle is pointing in the same direction as before
the shift, as shown in Figure 3 below.
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Figure 3: Trajectory for steering around and maintaining direction, thus being efficient

Note that for most vehicles, the maximum absolute accelerations depend on the tire-
road-friction, but there might be limitations due to center of gravity, see below.

Step 2 — calculate the resulting impact speed, if any

When the time to collision or distance at the start of brake intervention is known, it is
possible to calculate the resulting speed reduction. For this, the TTC to steer needs to
be slightly modified to account for the brake force build-up time:

1
TTCBrake,effective = TTCsteer + E ) tbuildup

The relative impact speed then depends on the relative speed v,,;,, the minimum
possible acceleration X,,;; (which by convention is always negative for braking! The
maximum possible deceleration would by convention always be positive) and the
effective TTC at brake onset.

The TTCarake effective IS Sufficient for avoidance in this case:



VUrel
2:(—%min)

TTCBrake,effective =

In this case, the resulting relative impact speed is 0. If not, the relative impact speed
IS:

= 2 . . (=%
vrel,impact—\/vrel,o_z TTCBrake,effective vrel,o ( xmin)-

Summary of the process

It is possible to derive concrete performance requirements from the assumption that a
brake intervention is justified when steering around the obstacle is not possible
anymore. In the course of this, there are certain parameters that need to be specified:

1. The maximum lateral and longitudinal accelerations, depending on the road
surface condition (dry / wet / snow / ice).

2. If the regulation applies to heavy vehicles, there could be a limitation of lateral
acceleration by typically high centre of gravity.

3. It needs to be decided whether the vehicle should typically be pointing in the
same direction as before (which results in higher times to steer around, hence
earlier brake intervention and lower impact speeds), or whether a last possible
steering avoidance should be taken into account (hence lower times to steer
around and higher impact speeds).

4. Finally, the characteristics of a typical brake system need to be defined, mainly
the assumed brake force build-up time.

When these four decisions have been made, an equation for the allowed relative
impact speed as function of the relative speed and of the required lateral shift exists.
Note that from a regulatory point of view, the requirements should be applicable to all
vehicles in the scope, so they should not take specific values of a concrete vehicle into
account.

A final equation could look like this and needs to be filled with as much parameters as
possible.

A 1
— 2 . / Y . . (=%
Urelimpact = \/vrel,o -2 (2 i + 2 tbuildup) Urel,0 ( xmin)-



2.2 Safety Zone (SZ, Ref.: AEBS HDV 03.03).

This model assumes an emergency braking intervention with cross-traffic is justified
as soon as the collision partner is no longer able to not enter the path of the ego vehicle
AND a collision will occur.

Verifiable performance requirements are derived with the following steps:
1. Calculate the time to collision when the pedestrian enters the safety zone.

2. Calculate the possible speed reduction by braking, when braking starts at that
time.

Step 1 — calculate the time to collision when the pedestrian enters the safety zone

The general configuration for cross-traffic VRU accidents is as shown in Figure 4
below.
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Figure 4: Configuration for safety zone model

If no brake intervention occurs, both collision participants will reach the point of collision
at the same time. Thus, the Time To Collision can be calculated independently by
assessing the time needed for each participant to reach the point of collision:

TTC = 2 and TTC = 22

VVRU Vego

The TTC (valid for both the vehicle and the vulnerable road user) when the vulnerable
road user has reached the safety zone is then

_ Yimpact |, Ysafetyzone
TTCEntry,SafetyZone - + .

VVRU VVRU

Note that the result of this equation is very sensitive to the impact position. The current
Regulation (UN) No. 152 defines the impact position as the center of the vehicle:

_w
Yimpact = ; )



however accidentology suggests that there is no preferred impact position in vehicle-
VRU-accidents.

Step 2 — calculate the resulting impact speed, if any (copied from last point to steer
model, above)

When the time to collision or distance at the start of brake intervention is known, it is
possible to calculate the resulting speed reduction. For this, the TTC to steer needs to
be slightly modified to account for the brake force build-up time:

1
TTCBrake,effective = TTCEntry,SafetyZone + E ’ tbuildup-

The impact speed then depends on the speed v,, longitudinal friction p and the
effective TTC at brake onset:

Vimpact = \/Ug —2- TTCBrake,effective Vo UG-

Summary of the process

It is possible to derive concrete performance requirements from the assumption that a
brake intervention is justified when steering around the obstacle is not possible
anymore. In the course of this, there are certain parameters that need to be specified:

1. The width of the safety zone, the impact position of the vulnerable road user on
the vehicle front and typical VRU speed for each kind of VRU needs to be
selected.

2. The typical width of vehicles needs to be defined.

3. Finally, the characteristics of a typical brake system need to be defined, mainly
the assumed brake force build-up time.

When these three decisions have been made, an equation for the allowed impact
speed as function of the speed exists. Note that from a regulatory point of view, the
requirements should be applicable to all vehicles in the scope, so they should not take
specific values of a concrete vehicle into account.

A final equation, in this case for center impacts, could look like this:

_ 2 . rrYsafetyzone | Yimpact 1 . o
Vimpact = |Vo — 2 (( + ) + = tbuildup) Vo U*g.
VVRU VYRU 2



2.3 Careful & Competent human driver (CC, Ref.: UNECE Reg. 157 Annex
3 83.3).

o This model assumes the characteristics of a typical driver with regard to threat
detection, reaction time delay, brake application to identify what a human
intervention to e.g. a cut-in maneuver would be.

To be filled by the champion for this specific model or to be removed.

2.4 Fuzzy Surrogate Safety Model (FSSM, Ref.. UNECE Reg. 157 Annex 3
§3.4).

To be filled by the champion for this specific model or to be removed.

2.5 Kinematic Lane Change (K-LC).

To be filled by the champion for this specific model or to be removed.

2.6 Responsibility Sensitive Safety (RSS, Ref.. Shalev-Shwartz et al.,
2017).

To be filled by the champion for this specific model or to be removed.

2.7 Safety Force Field (SFF, Ref.: D.Nister et al., 2019).

To be filled by the champion for this specific model or to be removed.

3 Physical parameters

3.1 Environment parameters and basic driving dynamics

One of the most important parameters regarding the environment is the friction
coefficient, a placeholder for the complex force behaviour of tires. Every change of
motion of any vehicle requires forces between the vehicle and the surrounding. For the
large majority of all vehicles, aerodynamic effects® and active changes in wheel load?
can be excluded for influencing dynamic movement.

Actual tire behaviour is typically modelled using longitudinal and lateral tire slip and
camber angle, all three generating horizontal forces. The dynamics of forces typically
is constrained more due to the actor dynamics (speed of brake force increase, change

1 There will always be an aerodynamic resistance, called drag, but this drag belongs to the driving
resistance factors (compensated by the engine to maintain a constant speed) and is not used for
dynamic control of the vehicle, except for race cars.

2 Changes in wheel loads by control of active or semi-active suspension change wheel loads only for a
short duration, with the opposite effect after that.


https://www.sciencedirect.com/science/article/pii/S0001457522001798#b0195
https://www.sciencedirect.com/science/article/pii/S0001457522001798#b0195

in wheel sideslip), so it is justified to use scalar values for longitudinal and lateral friction
instead, for the sake of simplicity they can be considered equal:
Ko = Hiateral = Hlongitudinal -

Assuming an ideal distribution of the forces between all wheels (something taken care
of by driving dynamics control systems ABS and ESC nowadays), the maximum lateral
and longitudinal accelerations, if not limited the location of the center of gravity, are
given by multiplying the corresponding p with g:

|| <p-g,

Vl<u-g.
If acceleration in two directions is combined, longitudinal and lateral acceleration needs
to follow the following equation:

Vi +§2 <.
Typical values and sources are given in Table 2 below.

Table 2: tire-road-friction parameters

Parameter Typical Quantity

M, M1 and motorcycles 1.0

Maximum longitudinal or lateral | 10 m/s?
acceleration, M1

, other vehicles 0.6...0.7

Maximum longitudinal acceleration, | 6...7 m/s?

other

W lateral, other 6...7 m/s? if center of gravity
permits

[ on wet roads 0.6

[ on snow 0.3

[ onice 0.1

Maximum acceleration on wet | 6 m/s?

roads

Maximum acceleration on snow 3 m/s?

Maximum acceleration on ice 1 m/s2




3.1.1 Limits for achievable acceleration

There might be cases when the lateral of longitudinal accelerations are limited by the
centre of gravity in such a way that high decelerations would lead to lift-off of the rear
wheel (as can be seen in motorcycles) or high lateral accelerations would lead to
tipping of the vehicle.

First, a vehicle starts to tip over or capsize when one of the wheel loads becomes zero.
This can easily be calculated when evaluating the equilibrium of torques around the
“other” wheel, see Figure 5.

Vehicle seen from front or rear

Centrifugal Force Center of Gravity

Weight Force

Ego

Point for calculating Vehicle
equilibrium of torques

Figure 5: Lateral acceleration limit due to tipping

The maximum lateral acceleration, assuming a center of gravity in the central
symmetry plane, then becomes

w

Ymax,tipping = 2 heos

with the wheel base w.

Another, quite comparable, situation is braking, when the inertia force counteracting
the brake force is possibly able to pitch the vehicle, see Figure 6.
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Figure 6: Pitching of a braking vehicle

In this situation, the maximum possible deceleration before pitch occurs (which
happens when the rear wheel load becomes zero) is given by

Enin pitching =—% (negative since for deceleration, the acceleration is

negative).
3.2 Other road user and vehicle characteristics

When using safety models, characteristics for the typical behaviour of other road users
is relevant as well. The quantities can be found in Table 3 below.

Table 3: other road user and vehicle characteristics

Parameter Typical quantity
Pedestrian walking speed 5 km/h

Pedestrian running speed 8...10 km/h

Pedestrian acceleration 10 m/s? in all directions
Bicycle cycling speed 15...25 km/h

Bicycle longitudinal acceleration 5...6 m/s?

Bicycle lateral acceleration 6...7 m/s?

Stopping distance for pedestrian 0.3m

Stopping distance bicycle 1.5....4.8m




Impact position pedestrian Center for typical
regulations; equally spread
in accidontology

3.3 Component characteristics

The build-up time is typically 0.1 to 0.5 seconds (the lower value corresponding to
linearly actuated brake pumps, the higher value for conventional ESC pumps) for
reaching 10 m/s?; it can be linearly scaled down for lower decelerations.

There is typically no limitation for the minimum possible acceleration (=the maximum
possible deceleration) due to the brakes itself, all modern brake systems are built to
reach the maximum possible deceleration and maintain that at least for the duration of
a full braking event.

4 Example for the Application of Safety Models to Define

Concrete, Verifiable Performance Criteria

Defining a guideline, outlining what ADS regulations should include, is a necessary
and important first step, however it should not be the end of the FRAV process: The
more concrete the criteria will become, the more harmonized ADS regulations around
the world will become.

As detailed in Document FRAV-26-07, Germany believes that an intermediate step
should be chosen before detailing exact performance criteria: proposing a process to
come to these criteria using safety models. This idea had been further refined in the
“Dynamic Driving Task” workstream of FRAV over the last nine Months, yet a concrete
proposal for a process needs to be developed in the next time and needs to be
referenced from within the current FRAV guideline document, if annexed to it.

We propose to focus on this work in the following months and discuss the results of
this work at the latest in detail at the next FRAV physical meeting (March 2023,
Coventry.

To show what exactly could be the outcome of a proposed process, the following is the
set of (to a small extent simplified for better explainability, see yellow notes) critical
situation requirements from the EU regulation on automated driving, Regulation (EU)
No. 2022/1426, formalized in the pseudo-code.

Regulation (EU) N0.2022/1426 =
{



# General

Do not cause accidents &
Follow traffic regulations &
(no collision for fsafetymodel,i=1) &
Thehaviourmodel,i=1)

# Requirements are fulfilled if the ADS does follow all relevant traffic regulations, does
not cause accidents, does not have any collisions when the safety models require
collision avoidance (however, when collisions are deemed unavoidable, e.g. due to
violation of rules by others, collision avoidance is not required), and finally matches the
requirements from the behaviour models.

Flexibility: Note that Regulation (EU) No. 2022/1426 allows vehicle manufacturers to
use different performance requirements in case there is proof that they would lead to
comparable safety.

Scenario dependency: Note that the requirements as shown below are stated in
combination with possible scenarios.

# Collision avoidance required for cutting in of other vehicles:

In a mathematical & logical sense, for any given situation, there will be a function
depending on variables that partly describe scenario, delivering a Boolean “true” (1) or
“false” (0) for whether the collision needs to be avoided, and vice versa for whether
mitigation is acceptable:

fsafetymodel LaneChange from other vehicle = [1 for TT Cranemtrusion > (‘Urel/(2'2.4m/82) + 0.165) &
standing passengers; 0 otherwise]

fsafetymodel,LaneChange from other vehicle = [1 fOr TTCLanemntrusion > (Vrel/(2-6m/s?) + 0.25s) & not
standing passengers; 0 otherwise]

/* This is oversimplified for the sake of clarity, since Regulation (UN) No. 157 defines
additional parameters like e.g. the violating traffic must have been visible for a time of
0.72 seconds and others.

The concrete values for the above equations were derived from the safety model “Last
Point to Brake” [1], assuming that a deceleration level of 2.4 m/s? can be achieved after
a delay of 0.1 s and a ramp up time of 0.12 s after the lane intrusion of the other vehicle
(standing passengers are considered to be able to cope with decelerations of 2.4 m/s?),
or 6 m/s? after a delay of 0.1 s and a ramp up time of 0.3 s. Note that since during the
ramp up time, the brake deceleration increases, thus it is counted half [1] .

The time to collision for start of braking in order to avoid an accident in general is the
following:



v 1
TTCAvoid = ﬁ + tdelay + Etramp—up (1)

with the relative velocity between two objects travelling longitudinally in the same
direction v,.;, the deceleration d and the ramp-up time to achieve this deceleration
tramp—up, @SSUMING linear increase of the deceleration, and a delay before brake
intervention tgejqy. */

# Collision avoidance required for leading vehicle slower / braking / standing:

fsafetymodeLIeading traffic = [1 for collision avoidance; O otherwise]

[* The assumption here is that the automated vehicle, travelling behind a general
vehicle, shall be able to avoid all collisions with slower, braking or standing vehicles or
traffic participants ahead simply by controlling its own speed in an appropriate manner.
*/

# Collision avoidance required for VRU crossing:

fsafetymodel,crossing pedestrian, urbanrural = [1 for collision avoidance & vvenh <= 60 km/h &
wru <=5 km/h ; 0 otherwise]

fsafetymodel,crossing bicycle, urban/rural = [l for collision avoidance & vveh <= 60 km/h & vvru
<= 15 km/h ; O otherwise]

I* The parameters for the equations above are derived from the safety model “Safety
Zone” [3] as applied during the development of Regulation (UN) No. 152, assuming a
safety zone of 0.65 meters for the pedestrian and a vehicle total width of 2 m (meaning:
the vehicle starts to brake when the pedestrian is 0.65 m from the vehicle path), or
3.95 m for the bicycle, which leads to an assumed brake intervention of the ADS at
1.19 s (during which the VRU travels from the beginning of its safety zone to the center
of the vehicle path), with a deceleration of 9 m/s2 and a ramp-up time to achieve this
value of 0.54 s, those brake characteristics are in line with the assumptions from
Regulation (UN) No. 152. The resulting avoidance speed for these brake
characteristics, following equation (1), is then 60 km/h. */

fsafetymodel,crossing obscured pedestrian, urban/rural = [l for Veollision-Vinitial >= 20 km/h & vvenh >
60 km/h | vvru > 5 km/h ; O otherwise]

fsafetymodel,crossing obscured bicycle, urban/rural = [l for Vcoliision-Vinitial >= 20 km/h & vven > 60
km/h | vwru > 15 km/h ; O otherwise]

[* Following the same considerations as stated above, the speeds are above the
calculated avoidance speeds, so avoidance by the ADS cannot be expected. However,
a speed reduction of 20 km/h for the ADS is expected, which is pragmatically taken
from Euro NCAP pedestrian test requirements. */

# Behaviour for merging into traffic:




Comparable to the discussions above, in a mathematical & logical sense, for some
situations, there could be a function depending on variables that partly describe
scenario, delivering a Boolean “true” (1) or “false” (0) for whether the behaviour of the
ADS was acceptable. Regulation (EU) No. 2022/1426 explicitly defines the clearance
between the ADS and crossing traffic or traffic:

fbehaviourmodel,merging into privileged traffic = [1 for TTCdyn > ('Ue + va)l(2-3mlsz) + 1.53); 0
otherwise]

[* The concrete values for the above equations were derived in principle from the safety
model “Careful and Competent Human Driver” [2], assuming that a comfortable
deceleration level of 3 m/s2 can be achieved without ramp-up of the deceleration, but
within a reaction time of the careful and competent human driver of 1.5 s. These
braking considerations are valid for the other vehicle, already traveling in the lane
where the automated vehicle merges into. */

# Behaviour for crossing traffic:

fbehaviourmodel crossing privileged traffic = [1 for TTCayn > (vc)/(2:3m/s?) + 1.5s); O otherwise]

[* The considerations here are the same as above: The manual driver of the other
vehicle needs to be able to comfortably brake for the crossing vehicle (reaching 3 m/s?2
with a reaction time delay of 1.5 seconds), thus the time to collision between both
vehicles shall never fall below the value as given above. */

}



