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Abstract— With further advancements of autonomous driv-
ing, also larger application scenarios will be addressed, so-called
Operational Design Domains (ODDs). Autonomous vehicles will
likely experience varying operating conditions in such broader
ODDs. The implications of changing operating conditions on
safety and required adaptation is, however, an open challenge.
In our work, we exemplary investigate a vehicle following
scenario passing through altering operating conditions and
Responsibility Sensitive Safety (RSS) as formal model to define
appropriate longitudinal following distances. We provide a
deeper analysis of the influence of switching the safety model
parameter values to adapt to new operating conditions. As
our findings show that hard switches of operating conditions
can lead to critical situations, we propose an approach for
continuously adapting safety model parameters allowing for a
safe and more comfortable transition. In our evaluation, we
utilize driving simulations to compare the hard switching of
parameters with our proposal of gradual adaptation. Our re-
sults highlight the implications of changing operating conditions
on the driving safety. Moreover, we provide a solution to adapt
the safety model parameters of an autonomous vehicle in such
a way that safety model violations during transition can be
avoided.

I. INTRODUCTION

Automated Vehicles (AVs) are currently exploiting artifi-
cial intelligence driven advancements in perception and plan-
ning, supported by a more digitally connected driving expe-
rience. However, despite these advancements, they still face
the challenge of safely operating in all possible situations in
an open-world context. Therefore, assuring the safety of AVs
in diverse environments is paramount for their deployments
on public roads. In order to handle the open-world context,
AV developers take an incremental approach of supporting
limited Operational Design Domains (ODDs) [1] and plan
for further extension in later deployment phases. The real-
world will require an AV to support large and multifaceted
ODDs and their varying operating conditions with assurable
safety. One prominent example of a formal parameterized
mathematical model to define how to drive safely, is the
approach of Responsibility Sensitive Safety (RSS) [2]. It is
based on the assumption that the parameters selected for
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the RSS safety model implicitly depend on the supported
ODD. A runtime switch of the parameterized safety models
will presumably lead to altered safety considerations. For
example, switching to more conservative RSS safety model
parameters will lead to stricter behavioral constraints, e.g.,
increased demand in the longitudinal distance to other vehi-
cles. Such suddenly occurring new safety demands can be
difficult to reconcile at runtime and may cause undesired
safety violations.

In this work, we identify the implications of changing
operating conditions on AV safety and analyze the impact
of required switching of safety model parameters. For this,
we utilize an exemplary use case of a highway vehicle
following scenario with the RSS safety model supervising
the longitudinal following distance. We derive metrics to
determine the influence of operating condition changes and
to derive if the transition will lead to safety violations.
Our approach provides means to identify if a transition
between different operating conditions in an ODD is safely
possible. Moreover, to overcome the problem of sudden
safety violations according to operating condition changes,
we introduce a proposal of gradually adapting the associated
parameter values while remaining compliant to the safety
model all the time. In our evaluation, we run simulations
of the vehicle following scenario with changing operating
conditions, modeled as rain intensity, and compare hard
switching of safety model parameters with our proposal. We
can show that changes of operating conditions can impact
AV safety and should be explicitly considered. Our proposed
approach enables a smooth transition while being compliant
with the changing minimum longitudinal distance all the
time.

The remaining of the paper is structured as follows.
In Section II, we introduce key concepts from automated
driving safety and our running vehicle following example.
Section III provides related work to our research. In Section
IV we present our mathematical analysis of implications
of operating condition changes. Our further evaluation in
driving simulations is outlined in Section V. Finally, we
conclude this paper with an outlook to future work in
Section VI.

II. BACKGROUND & MOTIVATION

Assuring safety remains paramount when moving from
prototypes to real world mobility solutions. In times of un-
certainty introduced by ML techniques, formal model-based
approaches have seen a wider adoption to make provable
safety guarantees. An ODD specification is extensively used



to model the safety considerations of an AV. The SAE-
J3016 standard defines a set of operating conditions like
environment, geographical restrictions, etc. as Operational
Design Domain (ODD), under which a given driving au-
tomation system or feature thereof is specifically designed
to function [1].

A. RSS Safety Model

RSS is an example for a formal mathematical model that
defines what it means to drive safely, by defining a safety-
envelope1. The five key rules of RSS capture the common-
sense behavior model usually adopted by us humans to drive
safely. This involves maintaining a minimum safe distance
dsafe from other traffic participants. The minimum safe-
longitudinal distance as prescribed by RSS is shown in (1).
An AV is considered to be RSS safe if its longitudinal
distance d to a lead vehicle fulfills: d ≥ dmin. The selection
of the RSS parameters p = {bmax, bmin, ρ, amax} implicitly
depend on the chosen ODD.

dmin =
[
vegoρ+
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v2f
2bmax

]
+

(1)
where,

ρ - response time of the ego-vehicle [s],
bmax - reasonably foreseeable maximum deceleration of

front-vehicle [m/s2],
amax - maximum acceleration for ego-vehicle during ρ in-

terval [m/s2],
bmin - minimum deceleration ego-vehicle maintains after ρ

interval [m/s2].

B. Motivational Example

For researching the influence of changes of operating
conditions on a driving system’s safety, we focus in this
work on the longitudinal distance. Therefore, we utilize a
simplified example of a vehicle following scenario on a
highway. In this, an AV ego-vehicle with speed vego, follows
a lead front-vehicle driving at speed vf , and maintains an
inter-vehicle distance d. A safe following distance dsafe must
be maintained, i.e., d ≥ dsafe. This distance depends on
the present operating conditions and subject, e.g., to weather
changes like rain or snow.

Fig. 1: Motivational example

1surrounding region of an AV serving as a safety buffer to prevent
collisions

Considering different operating conditions require a switch
in safety parameters from pi to pj , let the RSS safe distances
be dmin,i and dmin,j respectively. We assume that the
initial situation is safe with respect to the current operating
conditions, i.e., d > dmin,i, cf. Fig. 1. However, a switch
to pj would require a following distance of dmin,j , where
dmin,i < d < dmin,j . Thus, a critical situation occurs,
when sudden demand in the following distance ∆ijdmin =
(dmin,j − dmin,i) leads to a safety violation. Generally, this
would be treated like an ADS failure triggering a minimal
risk maneuver. In this paper, we focus on the longitudinal
distance and thus, utilise the safe distance to the front-vehicle
dsafe as main safety criterion which must be respected by
the ego-vehicle.

III. RELATED WORK

Besides research on more dynamic approaches [3], exist-
ing AV safety assurance relies on static techniques which
utilise the ODD specification for building safety argu-
ments [4][5]. The RSS safety model parameters are chosen
based on the driving situation and implicitly depend on the
supported ODD [2][6]. The parameter selection defines the
level of conservative driving behavior. A single universal
RSS parameter set for all operating conditions, thus, may
neither be practical nor always safe. Additionally, from
a safety standpoint, inclusion of new operating conditions
would require a complete re-validation of the entire AV.

Risk-aware RSS leverages the probabilities of possible
driving situations and their associated behaviors, and adapts
the RSS safety model to the calculated risk [7]. The RSS+
approach performs additional checks using the motion pre-
dictions about other traffic participants and their influence
on (ego,lead) vehicle behavior, to perform pro-active risk
mitigation [8]. The runtime restriction approach in [9] mon-
itors the AV capabilities to keep its performance model
alive at runtime. Resulting self-awareness enables the system
to perform switches between a set of predefined degraded
operation modes, further limiting the AV support to a smaller
subset of its supported ODD.

However, all of these approaches have in common that
they focus on a single, narrow ODD only. Yet, when adopting
larger real-world scenarios, changing operating conditions
are expected. A change in operating conditions would re-
quire changes to the safety model (or parameter values) at
runtime and remain our work’s primary focus. To this end,
we investigate the safety implications of changing safety
model parameters by the example of RSS, stemming from
transitioning through different operating conditions during
AV operation.

IV. PRESERVING SAFETY DURING CHANGING CONTEXTS

AV safety has been a widely researched field and mainly
addressed by limiting their application to a predefined ODD,
required for SAE Level 1-4 of autonomy [1]. However, this
leads to severely degraded or completely prohibited operation
of AVs, when their operating conditions change. Examples
are sudden downpour, emergency vehicle in vicinity, etc.



Hence, when application of AVs is more and more targeting
real-world operation, they will encounter changing operating
conditions more frequently given the inherent high environ-
ment variability.

Formal parametric safety models like RSS supervise the
safe driving behavior in a defined ODD. However, the selec-
tion of universally applicable RSS parameters is particularly
challenging. For instance, the Chinese ITS standard defines
the maximum braking of a vehicle bmax as 6.1 m/s2 [10],
while the analysis of HighD data-sets suggest a bmax >
10m/s2 on highways [11]. Besides regulatory perspective,
the change in risk associated with operating under different
operating conditions would require selection of conservative
or permissive parameters. Different parameter values would
be required for different operating conditions for a practically
feasible solution.

A. Challenges of Switching Safety Model Parameters

To alleviate the problem associated with driving using
global worst-case parameters in a large ODD, a straight-
forward solution is considering several subsets of operating
conditions with better tailored parameters and switching
safety model parameters at runtime. However, as the safety
implications of such a switch are generally not considered
and therefore, unclear, we investigate this in the following. In
our following scenario, a transition to operating conditions
with more conservative parameters would require the ego-
vehicle to increase its following distance. A decrease of the
minimal distance is not safety-critical and thus, we focus
on increasing following distances. As example, we consider
the vehicles travelling on a highway while maintaining a safe
distance according to RSS rules. If it suddenly starts raining,
operating conditions alter from no rain to low rain requiring
safety model parameter changes. After the transition to the
new parameters, the demand in dmin suddenly rises very
strongly. For instance, in case of RSS, this demand in dmin

could be attributed to increase in ρ and decrease in bmin in
rainy situation. For further analyzing the influence on vehicle
safety through such operating condition changes, we assume
an inter-vehicle distance of do at the earliest time td when
the situation becomes unsafe because of the parameter switch
pi→j .

When looking at RSS as exemplary safety model, the
vehicle can compensate a change in following distance
with the proper-response [2] of braking by decelerating
with bmin,j + ∆b. A worst case situation with respect to
the longitudinal distance is the emergency braking of the
front-vehicle after a parameter switch, which we, therefore,
consider in the following. A collision is avoided when a non-
zero inter-vehicle distance (d > 0) with both vehicles in
standstill can be achieved with the specified proper-response,
see (2a).

do + dfront,EB − dego,∆b > 0 (2a)

dego,∆b = (vego ·ρj+
1

2
amax,j ·ρj2)+

(vego + amax,j · ρj)2

2(bmin,j +∆b)
(2b)

where,
dfront,EB - distance travelled by front-vehicle during emer-

gency braking until full-stop,
dego,∆b - distance travelled by ego-vehicle with initial accel-

eration of amax,j in interval [td, td + ρj], and later
constant braking with bmin,j +∆b until full-stop.

The minimum value of additionally required braking ∆b to
avoid a rear-end collision can be calculated based on the
required increase of minimal distance after the operating
conditions change ∆ijdmin, cf. (3). In our further analysis,
we assume the distance before the switch being equal to the
required minimal distance do = dmin,i under the previous
operating conditions.

∆b > bmin,j

(
∆ijdmin

dego,EB −∆ijdmin

)
(3a)

dego,EB =
(vego + amax,j · ρj)2

2bmin,j
(3b)

Given an individual maximum braking capacity of ego-
vehicle bego, we can derive the maximum difference of
minimal distances dmin which can be safely compensated
by braking in any situation, i.e., also in case of front-vehicle
emergency braking. In general, we assume that a vehicle
is capable of determining its current braking capabilities
bego, e.g., its detection accuracy can be improved further
by test-braking during non-critical situations or improved
interactions between braking system and electronic stability
control [12]. The maximum extent of ∆ijdmin at t = td
which can be safely compensated by harder braking can be
derived by (4).

∆ijdmin

∣∣∣
td

= dego,EB

(
1− bmin,j

bego

)
, bmin,j < bego (4)

Equation (4) enables an AV to determine, if it can resume
the dynamic driving task after a transient safety violation
– i.e., in this case, not complying with the minimal safe
distance. If the increase in needed longitudinal distance
after operating conditions change is larger than ∆ijdmin,
a maneuver leading to a minimal risk condition must be
triggered to avoid the potential hazard.

B. Transition Time to Safety

After analyzing that a safety violation is possible because
of changing operating conditions, it is of particular interest
from safety perspective how long such a risk is present for
the system. For this, we interpret the violation of the dmin,j

value after switching to pj as a fault in the ADS operation.
According to the ISO26262 functional safety standard [13], a
fault-tolerant ADS system can switch to an Emergency Oper-
ation mode if a safe state cannot be reached directly/timely. It
defines an emergency operation time interval (teoti) as time-
span during which an emergency operation is maintained,
and an emergency operation tolerance time interval (Teotti)
as maximum value of teoti without an unreasonable level of
risk (cf. Fig. 2).



Unreasonable risk must generally be determined for the
individual system and situation. Thus, we target to provide a
way to calculate the required Teotti which must be tolerable
for the short-term safety violation, i.e., not lead to an
unreasonable risk. This corresponds in our application case

Fig. 2: Handling safety violations based on the emergency
operation mode specified in ISO26262 [13]

that an AV can continue operating under the new operating
conditions with unsafe distance as long as it can achieve
a safe state within a pre-defined Teotti. The safe state is
reached, when the ego-vehicle meets the safety rule on the
minimal distance to the front-vehicle again. RSS considers
such tolerable times as well by defining a so-called Danger
Threshold time [2]. For our analysis, we define tet as time
when the ego-vehicle has adjusted to a safe minimal distance
again, which is dsafe = dmin,j .

tet = td + tf + teoti (5)

where,
teoti - emergency operation time interval,
tf - fault detection time interval, i.e., in the case of RSS,

the response time of the ego-vehicle ρj .
For deriving the minimum distance according to RSS at

time tet, we consider a proper-response with braking force
bmin,j . Without loss of generality, we further assume the
front-vehicle is continuously driving with constant velocity.
Based on this, we can calculate the specific safe inter-vehicle
distance at time tet, with (6).

dmin,j

∣∣∣
tet

= do + dfront − dego (6)

where,
dfront - distance travelled by front-vehicle travelling at con-

stant velocity vf for the time interval [td, tet],
dego - distance travelled by ego-vehicle after application of

RSS proper-response for the time interval [td, tet].

dego = dego,j +
(
vego,j · teoti −

1

2
bmin,j · t2eoti

)
(7a)

vego,j = vego + amax,j · ρj (7b)

dego,j = vego · ρj +
1

2
amax,j · ρ2j (7c)

Since we assume a safe distance before changing operating
conditions at time td, we can substitute do = dmin,i

∣∣∣
td

. With
this and (6), we can compute the teoti required to handle the
new operating conditions as shown in (8).

teoti =
∆ijdmin

∣∣∣
td
+ dego,j + xo − vf · ρj

vf + ρj(amax,j + bmin,j)
(8a)

xo =
ρj · amax,j

bmin,j

(
vego,j +

1

2
ρj
(
amax,j + 2bmin,j

))
(8b)

Thus, we can calculate the time which must be tolerable to
operate in emergency mode, i.e., less than the minimum dis-
tance required by the safety rule. For this reason, changes in
operating condition could be accepted as reasonable risk and
safe, when this transition time is derived to be acceptable. It
is to be noted that, the mathematical calculations shown in
this paper involves point-calculations for the single vehicles
and must be adopted when being applied to real systems.
Similarly, without loss of generalization, we assume correct
perception for our analyses.

C. Safely Adapting to New Operating Conditions

Even though, it poses a fallback strategy, adopting an
emergency operation mode should be avoided and kept as
limited as possible. Thus, in order to re-enter a safe-state
quickly in the maximum tolerable time Teotti, the ego-
vehicle might be required to brake harder than bmin,j for
the entire emergency operation interval.

The ego-vehicle is considered safe, if current ego-vehicle
braking capability bego is large enough to reduce the distance
quickly in less time than allowed maximally by Teotti i.e.,
the maximum tolerable time derived by the safety analysis.
The individual value of extra braking ∆bT for a specific
ego-vehicle required to comply with Teotti can be computed
using (9).

bego ≥ bmin,j +∆bT , teoti ≤ Teotti (9)

However, it should be noted that in the event of the front-
vehicle drastically reducing its speed during the adaptation
time, e.g., by performing an emergency braking, a collision
might still be possible. This is the case, as the calculation
depends on teotti which is calculated assuming the front-
vehicle traveling with constant speed.

D. Comfortably Adapting to New Operating Conditions

For allowing a smoother and comfortable transition to new
operating conditions, we can leverage that in most cases
the switch to new operating conditions can be anticipated.
In addition to a vehicle’s own sensors like LIDAR to
detect water puddles, the knowledge of connected vehicles
(e.g., weather forecasts, icy road warnings) can be used for
prediction of changing operation conditions, for instance,
through exploiting existing infrastructure sensors or V2X
communication.

To avoid transient safety violations, we propose a con-
tinuous adjustment of the safety model parameters based
on anticipated changes of the operating conditions. In our
use case, this corresponds to adjusting RSS parameters
resulting in increased following distances and avoiding steep
demand in a new dmin. The ego-vehicle could, thus, pre-
emptively start adjusting to new operating conditions. Such



a preventive and defensive driving behavior change does
not negatively affect the vehicle safety. Moreover, with the
prediction capabilities of modern AVs, the expected loss
in driving performance due to wrong temporary increases
in the following distances should be low. In our use-case,
we switch the RSS parameters linearly, given a prediction
time-horizon Tp, cf. (10). Moreover, it is possible to alter
individual parameters depending on their influence on the
computation of dmin with different than linear adaptations.
However, this is currently out of scope for this paper and
part of planned future work.

dpij
dt

=
∆ij{bmax, bmin, ρ, amax}

Tp
(10)

Additionally, to our analysis, we evaluate the impact of
changing operating conditions and our proposed approaches
for handling safety model parameter changes by simulation.

V. EVALUATION

In this section, we further evaluate our findings and
influence of adapting safety model parameters to comply
with new operating conditions by simulations. We highlight
the practical limitations when switching RSS parameters
at runtime in a simulated vehicle following scenario. In
comparison, we evaluate our proposed approach which uses
a fixed prediction time-horizon to adapt RSS safety model
in our example scenario.

A. Scenario Setup

For simulating our vehicle following scenario on high-
way, we use the CARLA driving simulator [14] (Version
0.9.12). CARLA has an inbuilt RSS [6] integrated sensor
and restrictor to detect unsafe situations and to enforce RSS
proper response, respectively. In our evaluation, the changing
operating conditions are modeled as weather changes, re-
quiring the vehicles to transition through NoRain, LowRain,
and HeavyRain operating conditions, in that particular order.
The RSS parameters for individual operating conditions are
chosen for exemplary vehicle types based on [15][11] (cf. Ta-
ble I). To study the influence of the changing conditions on
the driving safety, the ego-vehicle follows the simple driving
strategy of adjusting to the same speed as the front-vehicle,
as long as no safety intervention through the RSS restrictor is
triggered. The front-vehicle travels with maximum allowed
speed, adjusting to harsher weather conditions by reducing
its speed.

TABLE I: RSS Parameter assumptions

OC amax[m/s2] bmax[m/s2] bmin[m/s2] ρ[s]

NoRain 3.5 8.0 4.0 0.5
LowRain 2.5 6.0 3.0 0.5
HeavyRain 1.5 4.0 1.0 0.5

B. Results & Discussions

Within the described highway following scenario, we
compare different behavior to handling operating condition
changes in simulation: direct switching and continuous ad-
justment of safety model parameters, i.e., in this case RSS
parameters.

1) Direct Switching of Parameters: Initially, we simulated
our vehicle following scenario on highway, in which the RSS
parameters are immediately adapted to the new operating
condition. The change of the individual RSS parameters can
be derived from Fig. 3a-i. As expected, the direct adoption of
new parameters leads to significant changes of the minimal
safe distance. A most significant steep demand in this dRSS

min

is occurring when shifting from LowRain to HeavyRain
operating conditions, cf. Fig. 3a-ii. As the minimal distance is
violated (d < dRSS

min ), the RSS restrictor is triggered as safety
intervention. If the front-vehicle now would need to carry
out hard braking, a rear-end collision could be unavoidable
through braking of the ego-vehicle. Thus, such driving with
an unsafe following distance poses a safety risk.

As it can be expected that AVs encounter varying operating
conditions, even within fixed ODDs, they must be able
to flexibly adapt their safety model parameters to reflect
the actual risk under current operating conditions. Depend-
ing on the specific ODD, some operating conditions will
likely be encountered more frequent than others, requiring
more frequent adaptations. Thus, based on our findings,
we recommend taking such changes of operating conditions
and their influence on safety model parameters and their
assumptions explicitly into account, when moving forward
to extending currently very limited ODDs of autonomous
vehicle prototypes.

2) Continuous Adjustment of Parameters: In order to
alleviate the need to perform severe interventions when
switching safety model parameters (i.e., hard braking in
our case), we propose to perform these switches gradually
(cf. Section IV-D). We simulated our vehicle following
scenario by preemptively switching the RSS safety param-
eters, as shown in Fig. 3b-i. We assume a prediction time-
horizon corresponding to 150 simulation frames, with the
scenario simulated at 20fps. The gradual preemptive param-
eters switch can be derived by Fig. 3b-i. In comparison to the
hard switching of parameters (cf. Figure 3a), this resulted in
the ego-vehicle slowing down before approaching the change
from LowRain to HeavyRain. By this, an actual inter-vehicle
distance between the vehicles greater than the required safe
distance d ≥ dRSS

min could be maintained during the changing
operating conditions (cf. Fig. 3b-ii). An early adjustment
to more conservative parameters does not negatively impact
safety in either of the operating conditions. These results
indicate that continuously switching safety model parameters
can adequately mitigate risks present during changes in
the operating conditions. In our example with the safety
according to RSS longitudinal distance, the risk corresponds
to operating in a too small distance for a prolonged duration.
Nevertheless, our investigations have been carried out with



(a) Sudden Switching of RSS Parameters (b) Continuous Adjustment of RSS Parameters (ours)

Fig. 3: Driving Profiles from simulated evaluation.

respect to RSS as exemplary rule-based safety model, we
expect similar influence of changing operating conditions
to other safety models. In summary, our results show that
changes in operating conditions pose additional risks which
need to be considered in safety analysis, e.g., ISO/PAS 21448
(SOTIF) [16]. Anticipating changes in operating conditions
can be used to pro-actively adjust safety model parameters
gradually, allowing for safe operation in larger ODDs.

VI. CONCLUSION AND FUTURE WORK

One main concern for the real world adoption of auto-
mated vehicles (AVs) is safety with respect to the open world.
When operating scenarios are extended, an AV will face
changing operating conditions. We analyzed the influence of
this on AV safety by the example of Responsibility Sensitive
Safety (RSS). Within our mathematical analysis, we derived
metrics to assess if a change in operating condition and ac-
companying adaptations to the safety model can be handled
safely. Additionally, we propose a risk mitigation approach
by means of continuous changing of safety model param-
eters. Our evaluation in a driving simulation environment
highlights the challenges of changing operating conditions
by the example of rain scenarios in a vehicle following
scenario. Our proposed approach of continuously adapting
safety model parameters is capable to adjust to new operating
conditions while meeting the safety demands. In future work,
we will further investigate influence of context changes on
an AV’s utility and safety.

REFERENCES

[1] S. A.E. Taxonomy. Definitions for Terms Related to Driving Automa-
tion Systems for On-Road Motor Vehicles (J3016). Technical report,
Technical report, Society for Automotive Engineering.

[2] Shai Shalev-Shwartz, Shaked Shammah, and Amnon Shashua. On a
formal model of safe and scalable self-driving cars. arXiv preprint
arXiv:1708.06374, 2017.

[3] Mario Trapp, Daniel Schneider, and Gereon Weiss, editors. Towards
safety-awareness and dynamic safety management. IEEE, 2018.

[4] Magnus Gyllenhammar, Rolf Johansson, Fredrik Warg, DeJiu Chen,
Hans-Martin Heyn, Martin Sanfridson, Jan Söderberg, Anders
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