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Realtime Global Optimization of a Fail-Safe Emergency Stop Maneuver
for Arbitrary Electrical / Electronical Failures in Automated Driving*
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Abstract—1In the event of a critical system failures in auto-
mated vehicles, fail-operational or fail-safe measures provide
minimum guarantees for the vehicle’s performance, depending
on which of its subsystems remain operational. Various such
methods have been proposed which, upon failure, use different
remaining sets of operational subsystems to execute maneuvers
that bring the vehicle into a safe state under different envi-
ronmental conditions. One particular such method proposes
a fail-safe emergency stop system that requires no particular
electric or electronic subsystem to be available after failure,
and still provides a basic situation-dependent emergency stop
maneuver. This is achieved by preemptively setting parameters
to a hydraulic / mechanical system prior to failure, which
after failure executes the preset maneuver ‘blindly”. The focus
of this paper is the particular challenge of implementing a
lightweight planning algorithm that can cope with the complex
uncertainties of the given task while still providing a globally-
optimal solution at regular intervals, based on the perceived
and predicted environment of the automated vehicle.

I. INTRODUCTION

The optimization of emergency maneuvers has been the
subject of comprehensive research, with a wide range of
solutions addressing different notions of what constitutes an
“emergency” in this context: From a fully operational vehicle
encountering challenging environmental conditions (e.g. [1]
for model-predictive pedestrian avoidance; [2] for reactions
to unexpected traffic situations; [3] for collision avoidance
for cooperative vehicles), to various stages of degraded
capabilities of subsystems under various internal and external
conditions (e.g. [4], [5]), including incapacitation of the
responsible human driver for systems up to SAE level 3 (e.g.
(6], [7D.

Degraded capabilities of the ego vehicle include single- or
multiple-point faults, which can be addressed by redundant
systems to provide a fail-operational behavior (cf. [8]),
possibly including graceful degradation (cf. [9]) by reducing
active vehicle functions depending on the occurring failure
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Fig. 1: Motivating example: The ego vehicle E is equipped with a hydraulic
piston accumulator, whose pressure is released onto the brakes in case of
a severe system failure. To provide a situation-dependent maneuver, the
pressure is controlled by a valve, which is adjusted at periodical intervals
Atplan prior to failure, to prepare for a possible emergency. Since failure
can occur any time within the upcoming Aty (or never at all), not one
single braking trajectory can be planned, but instead a continuous range
X of trajectories (and stopping distances) can occur, displaced over failure
time. In the given scenario, the safest decision would be to decelerate gently
enough to avoid a rear-end collision with car R, yet strongly enough to not
enter the road ahead Y. The goal of the proposed algorithm is to minimize
the risks W(z, s) over time ¢ and arc length s within the region X with very
limited computational effort.

modes, or at least fail-safe behavior, which provides minimal
functions to assure safety in case of a failure. In each case,
the chosen fallback behavior depends on the assumed set
of remaining operational systems; a single failed sensor is
more easily compensated than a fusion or planning unit;
approaches to address various kinds of failure modes are
given in [4], [10].

An approach to establish a lower bound of possible safety
is proposed in [11], where a situation-adaptive emergency
stopping maneuver is provided without requiring the use of
any electric or electronic system after the moment of failure;
the system can therefore be used as a fallback for any failure
mode where no superior dedicated solution can efficiently be
implemented. To achieve this behavior, motivated in Fig. 1, it
uses a hydraulic / mechanical subsystem to brake the vehicle
to a halt, and an electronic system, required only prior to
failure, which periodically adjusts the hydraulic / mechanical
system to an optimal, situation-dependent braking decelera-
tion, preemptively for the case of a failure before the next
optimization interval.

This paper focuses on the planning task of the described
system, addressing the choice of an appropriate planning
model, and especially its efficient computational solution,
since the purpose of the system as a last-resort fallback
demands a lightweight implementation. To this end, Sec. II
provides a brief overview of the system presented in [11];
Sec. III establishes the basic mathematical model for the
emergency maneuver planning; Sec. IV describes the pro-
posed approach to render the problem tractable for realtime
computation; and Sec. V describes an efficient approach to
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solving this problem algorithmically. The performance of
the resulting algorithm, which provides a globally-optimal
decision for the current planning step, is discussed in Sec. VI
both in terms of result quality and of computational effi-
ciency. Section VII summarizes the main conclusions and
provides an outlook to possible future extensions.

II. SYSTEM OVERVIEW

The system’s goal is to assure that an “optimal”, situation-
dependent emergency stop maneuver is executed without
requiring any electric or electronic components after the
time of failure, #g,;. This is achieved, as described in [11]
and shown in Figs. 2 and 2b, by electronically presetting
hydraulic / mechanical components prior to failure in an
“optimal”, situation-dependent way, such that upon failure,
only hydraulic / mechanical processes are required to execute
the preset maneuver. If no failure occurs, the hydraulic /
mechanical components remain inactive, and the planned
emergency maneuver is not executed.

This section will briefly outline the system, as far as
relevant to the maneuver optimizer (D in Figs. 2a and 2b),
whose optimization algorithm is the subject of this paper and
will be detailed in Secs. III through V.

The optimization algorithm D determines, at regular in-
tervals Afp.n, a target braking deceleration dyey, which is
used to adjust a pressure regulation valve B. If the system
fails within the current interval (i.e. before the next step of
the optimizer), pressure is released immediately, regulated
by the valve, to act on the brake master cylinder, executing
an emergency stop using the preset anex. The optimizer
has to determine some a,.; based on the vehicle’s current
situation at f,oy (e.g. traffic, vehicle dynamics, predictions
with uncertainties), conditioned on the assumption that the
vehicle fails before the next planning cycle at #yoy + Afplan =:
tplan- Since the electric/electronic (E/E) system is still live
upon optimization, E/E components can be used to determine
anexts Such as processors and data from the vehicle sensors.

On the other hand, the computation must be extremely
lightweight, since under typical conditions, the system should
rarely ever be required at all; and it must be able to cope
with additional complications, arising from uncertainty of the
exact time of failure, and from the non-negligible time the
pressure regulation valve B takes to reach the state apex;.

The final requirement is that the optimizer be consistent
with a given regular maneuver planner; this allows to nat-
urally specify its key parameters based on the parameters
of the regular maneuver planner, and, more importantly, to
reuse results to reduce computational effort.

To assure predictability of the lateral motion, moderate
force is applied to maintain the current steering wheel angle
upon failure (while still allowing a human driver to inter-
vene), such that the lateral motion of the vehicle can be as-
sumed to be an arc with known curvature. The optimizer can
thus make use of path-velocity decomposition (PVD, [12]),
without optimizing lateral motion, and accounting only for a
limited added degree of positional uncertainty, which further
includes uncertainties in perception and prediction, road
friction and initial speed due to measurement uncertainties
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(a) Reduced layout of the system originally presented in [11]. Upon failure of the
EJE systems (right), detected by a watchdog mechanism E, the hydraulic / mechanical
subsystem (left, originally in [13]) engages. Valve B opens and releases the pressure
from piston accumulator A towards the pressure regulation valve C, whose state is
adjusted by the maneuver optimizing unit D (the subject of this paper) at regular
intervals to choose the optimal deceleration profile for the vehicle’s current situation.

At,
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2
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(b) Exemplary timing diagram of the developed system, as in [11]. Prior to failure, the
emergency planning system D computes a new target deceleration apex; at regular
intervals (spaced by Afyan), used to set a pressure regulation valve C. The valve
transitions for some time fyaye (hatched areas) before reaching dnex. (For simplicty,
we consistently denote the hydraulic valve state directly by its associated, calibrated
deceleration, in the sense that the valve is preset to achieve this deceleration.) When
the watchdog signal ceases, the lock valve B releases the pressure onto valve C, whose
current state freezes upon failure and effects a constant braking deceleration.

Institute of Vehicle System Technology (FAST) at KIT.

Fig. 2: Overview of the system controlled by the optimization algorithm.

or accelerations at the moment of failure. An experimental
evaluation of the predictability of vehicle motion for this use
case is provided in [11], which describes in more detail how
uncertainties are included in the planning process.

III. MATHEMATICAL MODEL

As previously stated, we aim to define the emergency
planning problem such that it is consistent with regular
maneuver planning of the automated vehicle. Therefore,
we first describe the assumed problem statement of the
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Vehicle speed vo < 45m/s (= 160km/h, 100 mph)
Braking decelerations a € [-9m/s%,-1m/s?]

Planning horizon than = 10s

Replanning interval Atgan = 0.25s

Valve speed k = 100ms™?

Valve transition time Atyave < 0.08s = (dmax — Amin)/K

TABLE I: Numerical reference values of relevant parameters introduced
throughout the paper, used only where explicitly indicated and exclusively
to provide realistic orders of magnitude, without loss of generality.
regular maneuver planning, and then derive the statement of
emergency maneuver planning from a special case thereof.

A. Regular Planning

The regular trajectory planning we assume to be modeled
as a variational problem, as used e.g. in [14]-[16]. In this we
consider the trajectory of the ego vehicle to be sufficiently
determined by its trajectory

£ [tow- o] = RXR,  £0) = [&(0), &0] , (1)
describing the ground coordinates of its rear axle center up
to the prediction horizon. With the assumption of negligi-
ble tire slip, which strictly aligns the vehicle body with
the trajectory’s tangent, most common parameters such as
heading, yaw rate or individual wheel speeds and angles can
be derived given the basic vehicle geometry [17].

As stated in Sec. II, the maneuver is executed with a
constant steering wheel angle, to allow for path-velocity
decomposition (PVD): We may consider a parametrization
of £ by arc length, its path &(s), together with an appropriate
timing along this path o (), such that £(t) = &(o(¢)). In the
context of PVD, we assign penalty costs to a timing by using
a functional of the form

Plo()] = f "t Lt o), S0, o)), ()

now

T
s

where we write o(-) to denote that the penalty is ac-
cumulated over the single parameter ¢ of s. For regular
trajectory planning, L uses the local (at f) derivatives to
assign penalty costs e.g. for risks, comfort, traffic rule
compliance, efficiency and ecology. For the evaluation of
emergency stop maneuvers, we simplify the problem by
using L(t, o(?), %0‘(1‘), ...) =2 W(t, (1)), which is sufficiently
expressive to assign risk penalties to time—space coordinates
that the vehicle should not traverse (e.g. coordinates of other

dynamic objects) or stop on (e.g. railway tracks).

B. A Single Stopping Trajectory

The basic element of the emergency stopping problem
description is a timing o (¢, vo, ffi1, @) Which drives at constant
speed vo until f#;, and then decelerates with some negative
a until it comes to a halt.! This timing is given by

vo t for ¢ < tg
o (t, vy, thil, d) =< S for t > ta 3)
Vo traql + A i) (thm”)- else,

INote that we strictly use fg; as the instant when the emergency
deceleration engages. Any deterministic delay between actual failure and
deceleration onset, such as by hydraulics, brake pad motion or signal times
that can be determined a-priori, is considered included.
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where the stopping time and distance are given by

2
' = il —Vvo/a and sa = Vol — Vy/2a. 4)

With the trajectory shape completely specified by param-
eters Vo, fil, @, the Euler—Lagrange form (2) of the penalty
cost functional can be expressed as a penalty function:

dWa. o). 5)

Inow

Thereby, the optimization simplifies to a* € arg min, P(a).

P(vo, trait, a) := Plo(-, vo, ti, )] =

C. Adaptation to the Actual Problem

The actual planning problem, however, is more complex
than optimizing P for a. At each planning instant of the
vehicle (i.e. strictly before the emergency), vy is known,
but fp; is not: The system may fail at any time within
the planning interval Ty, = [tmw,tplan).2 With a relatively
short Afpja, (cf. Tab. ), it is considered unlikely that there is
considerable prior knowledge about when tg; would occur
within Tpia, so we assume a uniform #ei ~ U(Tplan)-

Along with the unknown #g,, even a is unknown: Since
a is a mechanical parameter (namely the state of valve C
in Fig. 2a), it cannot be switched instantaneously. Instead,
if the optimal valve state from the previous planning cycle
Was dprey, and our (yet undefined) optimization process
obtains an.x as the next optimal solution, the valve will
take some non-negligible interval [f,ow,?vaive] tO transition,
modeled linearly as fyaye = fnow + K (Gnext — dprev) USING a
signed “valve speed” k with signk = sign(@nexi — Gprev)-
For example, for values as in Tab. I, the probability of
failure during valve transition can be up to 32 %. We note
that a » U(Tpra): If valve motion is approximately linear
with a, but ty,ve < Afplan, a is uniformly distributed during
[#10w> tvaive], but constant thereafter, with #,y. depending on
Gprey — Gnext- We therefore denote the unknown value as
@(Aprev, Anext tait) and find the actual curve family to be

o (t, vo, tail, a(apreVa Anexts Ifail))- (6)
The complete planning problem thus presents itself as
minimizing the expected penalty value for a choice of apex
a* € arg min ﬁ(P(...,anext, D), (7)

Anext

using (- ) as the non-normalized expected value over fg;,

tplan
(P(..., Gnexts ---)) ::fdtfail P(vo, tra1, a'(aprev, nexts tai))- (8)
t

now

For its solution, we note that P depends on W(t,s) (the
risk predictions), which is typically not analytic but an array,
so analytic solving is not feasible. Iterative solvers have
difficulty guaranteeing time or quality constraints (cf. [18]),
and for realtime safety applications, we require both. This
points to discretization and subsequent global optimization
of the discretized set, yet a direct, exhaustive solution of (7)
OVer dyex 18 prohibitive for lightweight realtime applications:
To test any a, we must evaluate all 7, and each #g; yields

2Do note that it may (and typically should) not fail within Tplan at all;
however, since any planned action is only executed iff the system fails,
the failure within T, acts as a stochastic precondition in the planning.
Thereby, all modeling is independent of p(fail), which would typically be
difficult to determine.
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os the timing for = o -2 sz = I(t,0(t, Iplans next)) — L(t, 0 (1, thow, Gnext)) (15)
5s ffa(i;j’now ) B which allows to specify I as required in (10) as
O Tnows ++-)s
_5m 0
4 | always brakes s2 _ Tfaﬂ
e PR g o I(t,5) = ds W) g (16)

3s . ..
To compute (16), we require anail /6s, intuitively the
2s density of trajectories passing through some space segment
vo=15m by change in failure times. We distinguish between the
Is prey = —4 3 following sets of sub-trajectories, as shown in Fig. 4:
s
OS . . . .
iy om T S0m om s . fub traJ}t:,ctorleslA1 thait hav;: no.t failed Xﬁt anq hen.ce
Fig. 3: Areas covered for different choices of apex; overlap, starting with 1e OI_I t e_ regularly p.anne trajectory . trajectories
the timing (¢, fhow, --.)- This motivates the attempt to use an antiderivative start in this set at the instant ¢ = #,,,, with the common
of W(t,s) w.r.t s to determine the expected value of penalties accumulated point o (tyow) = 0, but branch off to a different set (B or

within the area for a particular choice of dpex C) once they fail. Since the entire planning process is

conditioned upon the assumption that failure is certain
within [fyow, plan], the longest sub-trajectory in this set
lasts until #,;, when it is the last to fail and branch off.
The set A is special in that all sub-trajectories therein
overlap perfectly, but their density decreases with .

« Sub-trajectories B that have failed, but the valve had not

a timing o(¢) to be integrated over (as in (5)) to evaluate
its cumulative penalty costs P. Hence, we are looking for
ways to simplify the computation by reusing computations,
not between planning cycles (we consider each planning step
a new problem), but within a single cycle.

IV. PROBLEM SIMPLIFICATION yet reached ayey. These sub-trajectories decelerate with

First, we note that at the beginning of each planning varying decelerations [@prey, Gnext]. As seen in Fig. 4,

cycle, the following parameters are known: The current these sub-trajectories can cover a wide interval over s
vehicle speed vy, the current valve state apry, as well as the for large lanext — Gprevl- If dpext = aprev, B is empty.

parametric constants oy, fplan and fy,. Optimization result o Sub-trajectories C that have failed, and the valve did

iS dnexts Whereas fryii € [fnows fnow + Afplan] always remains reach a4 before that. These sub-trajectories all deceler-

unknown. We introduce the three-parametric shorthand ate with dnex, and are only spaced by the vehicle driving

along its original path for a longer time.
O-(I’ Tail» anext) = O'([, V0, Hfail» a(a'prew (next» tfail))s (9) & g P &

. . The sub-trajectories within these sets are given b
and state the goal to establish some easily precomputed I 4 J 1es witht gt y

(an antiderivative w.r.t. s), to achieve a form oAt trn) = Vot (17)
hzn
(P(..., Gnext, -..)) = t dr ( It o(t, tylan »Gnext)) Bt tra) = Vot + %(aprev + Ktggi)(t — tei))? 1 < tw (18)
o range over possible fj (10) Volfail — V%/(z(aprev + Klfai1)) else, and
—
- I(t, U(t, Inow » anext)) ) C _ Vot + %anext(t - tfail)z [ <In 1
such that (a) time steps up to fy,, can be treated indepen- o i) = Volfail — v%/(Zanm) else. (19)

dently, and (b) to evaluate one candidate danex;, We must

5 - . ’ Using this distinction, we state for the expected penalty costs
no longer integrate over all timings (= trajectories) for all

_ (A B C
possible #zi;, but instead look up in the precomputed 7. The (P(..., pexts ) = (P)" +(P)" +(P) (20)
first condition (a) can be readily rearranged by where (P)A, ..., (P)C are the expected penalty costs for sub-
pian hzn trajectories within A through C, namely, by the boundaries
(P(..., Anexts -- dtfallf dt W(t, o(t, thail, Gnext)) (11) of integration shown in Fig, 5,
Taow Taow
. Iplan (plan plan
where we may apply ljublmt s theorem to obtain (PYA f f At W(t,..) = f At (tgan—t) W(t,vo1) (1)
hzn plan thow how
f f digair W(t, 0°(2, trait, Gnext)), (12) e o e
fhow  tnow B
since all physically possible timings are necessarily contin- P ftn . t“:itml] W, ..y + f e ft i WG, (22)

now

uous and all intervals are closed. For (b), we seek some
I(t, 0(t, thail, Anext)) that is easily precomputed (“pre” in the fotan oo ,pla"
sense of before picking any candidate dpex;), SO we must (P)C f dtfml w(,..)+ f f dtr WG, .. (23)
integrate over s instead of f#g;, since evaluating o (¢, fai1, Gnext) Ivalve

requires anex. Hence we mean to establish a substitution
function 7g; s.t. for any valid arc length s

Lyalve Iplan Lyalve

where the ellipses (“...”) denote oA (¢, tfail) through o (1, trai)

o(t, Tl (L, 8), Anext) = s and thus (13)  from the previous (17)—(19) respectively, such that
zplan w <gpldn‘;;ex[> o u (P(o., nexts ) = (PYA + (PYB +(P)C. (24)
f; . frait Wt 00, i, Gent)) = ot ti ag)t ) o5 s I We note that sub-trajectories contained in A lie on the reg-
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Fig. 4: The set of all possible sub-trajectories for a given transition is
composed as follows: The set A of sub-trajectories that have not failed yet
(thin light blue line); the set B of sub-trajectories that ensue for failures
at some ffi) € [fhows fvalve) Which brake with intermediate accelerations
[@prevs anow); and the set C of sub-trajectories for failures fgi € [tvalves fplan]
that brake with the target deceleration of anex (hatched green). The latter
two we further distinguish into B, , By and C,., Cg b1y whether the vehicle
already has stopped (indicated by the dashed [suw,?m] line).

ularly planned trajectory and range up to f;—thus, neither
their shape nor their density is affected by the choice of dpey;-
Therefore, (P)* is a constant term in the optimization that
does not affect the solution a*. We thus need not specify a
substitution function for (P)* to obtain a* in (7).3 For (P)B
and (P)C, we define the substituted integrals via limits, to
avoid integrating over discontinuous boundaries. We define

falve B(t,1-62) o8
(P)B = f dr fﬂ ds W(t,s) —
£ TB(t,thow) ds t,s
B,
fhn 0Bt vatve) o8
+ f dr f ds W(t, s) —— (25)
Halve T€5 0B (t,tow) 6s t,s
B,
plan oB(1,1-g4) (9TC
and (P)C = f dr f ds W(t, s) —
fane+es  JC(Lhane) s |,
C
Thzn B(tstplan) aTC
+ f dr fo ds W, s) Z— (26)
Iplant&6 oC(t,lvalve) as t,s
C,
A _1; B C
such that  (P) — (P = lim (P)} + (P)§ 27)
£—

under &1 > & and &3 > &4. The existence of this limit is
shown in [19]. To derive the substitution functions 78 and
7€, we distinguish the sets B and C further into regions while
the vehicle still moves, and regions where it already stopped,
namely B = B, U By and C = C, U C,, cf. Fig. 4.

1) B,—Vehicle decelerating, valve stopped in transition:
In this case, we find for the trajectories

B 2
o (8, Vo, tails aprev) =vit+ %(aprev + K teait)(F = Ttail) (28)
3 2 2
KL . a Kt a t
fail prev > prev
= 231 +( 5~ Kt) tfaﬂ+(3 - aprevt) tail F VoI + , (29)

3 Also note that, since we aimed to pose the emergency planning problem
as consistent with the regular maneuver planning, which minimizes the
penalty costs of the regular trajectory, (PyA should typically be very low.

kamo.one

tpl;m
lplan |
Ifail
Lyalve
Tnow —
now Lyalve t Ihzn

Fig. 5: We distinguish between trajectories which have not failed/decelerated
yet (A, solid light blue), trajectories where the valve was activated in an
intermediate state (B, solid dark blue), and trajectories where the valve was
activated in its constant state anext (C, hatched green). The subsets B, B,
and C;, C, defined to obtain simple boundaries for integration in (21)—(23).

where the absolute value of the third-order term is,
in the exemplary quantities of Tab. I, bounded by
|k/2) £ .| < 2.6cm.* As this will typically be considerably
lower than positional uncertainty of the predictions, we
approximate s by omitting this term to proceed with

2

2

a Kl Qprevl

~ prev 2 prev
(TB() = (_ - Kt) tfail+(3 - aprevt) Trail Vol +

2

> (30)

B B £ sign(x)

B _
Tral (1, 8) = o
»>

\/,83—4(1',7,+4a,s 31D

with a, = %aprev—l(t, B = %Ktz—aprevt and vy, = v0t+%aprevt2.
It can be seen that ‘rgﬂ(t, s) is not uniquely determined at s.

Particularly we find that
ot
Otrain
where arc length s reaches an extremum over fg; and several
arc lengths may occur twice along #p,; (details in [19]).
2) Bg—Vehicle at rest, valve stopped in transition: In this
case we have the trajectories

3k
=0ty =t+

Y — (32)
trail ot 2 aprev - 4 Kt

B (1, trait) = Vo trait — Ve /(2 Gprev + 2 K tiaid) (33)

which gives
N —Ba * sign(x)
Tt s) = /3'2—g N/ v (34)
(o1
with aw = 2vok, Ba = 2Voaprey — 2«5 and ya = —v(z) - 2aps.
Again looking for singular points gives the solutions
1
ooB —Aprey £ —3KVo
=0e1, = , (35)
atfail Itail»f fail K

for k < 0, of which only 7} = (=aprey + +/~-)/k can lie within
[*10w> tvaive], and only for specific parameters:

(36)
By Tab. 1, this condition is satisfied only for vy < 1.62m/s;
under relevant conditions, o® is non-singular w.r.t. f;.

3) C,—Vehicle decelerating, valve reached apey: In this
case we have the trajectories

c 1 2
o (8, i) = Vot + 3 Anext (F — i)

+ 2
el € [fnows fvalve] © vo < =2 Clnext/K

(37

and Tc’i(l‘ 5) = Qnext T £ V=2 nex Vo T + 2 Qpext §
fail \*? -

(38)

Apext

4Since in the case of the valve stopping in transition we have fgj < tyalve-
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which is strictly ‘rmll tall *for 1> tey.
4) Cg—Vehicle at rest, valve reached a,ex: This final case
contains the trajectories

- V(z)/(2 Anext)

with 75,8, 8) = 5/vo + v0/(2 nex)-

aC(t, tri) = Vo thai (39)

(40)

5) Partial Derivatives of T, (t, s) over BU C: The results
of the previous sections give the partial derivatives of 7 (as
required in (25) and (26)) as

sign(k)

S > Sm
o8 VBr —dary,s +4ays
— = 41)
9s |5 1 sign(k)(Ba + 4k 5)
—_— = else, and
2vo 2vg Vﬁ% —4anyn
1
C s> S
% = ) \V—apext V2vot + 25 - (42)
s 18 vO1 else.

V. PROBLEM SOLUTION
Having established d7/ds now allows us to compute 7 (z, s)
by (16), to approximately optimize (P(..., dnext, ---)) in (7).

A. Discretization

We use the discretizations A for prediction time and As
for stopping distance to define the following sets:

T ={7]7=taow +mAt, # < tiyn, m€{0,1,2,..}} (43)

$={s]s=0m+nAs, nef0,1,2,..}} (44)
Sty={s|se€8, omn®) <5< Tmn(®} (45)
AA { Amins Amin + Aa ceey Omax — Aa’ Amax } (46)

where o min(f) and o« (f) are the shortest and longest
possible stopping trajectories respectively,

Omin(?) = (1, Irait = (Gmax — aprev)/Ks Gmax) 47

and o max() = 0(t, trail = (Amin — aprev)/K’ Gmin)- (48)
We introduce the additional simplification that variations
in penalty costs at different apey for sub-trajectories within

t € [thows thow + At] are negligible. Their positional difference
is (based on the values in Tab. I) bounded by

=4.5cm, 49)

which, again, is likely far lower than accuracies in environ-
ment modeling. In turn, if At > #v (as applies here), we
may simplify the statements in (25) and (26) to

thm B (1 tvaive) B

ds W(l ) fdll

B (tthow)

Vot — (vo r+ 1 5 Gmax At) amdx A

<P(a Anexts

(PC = f
w+At

Inoy

flhzn
IplantE6

(50)

tnn3w+At Ls

B(1.1-e4) 97C
ds W(t, s) —_—

(1 tvanve)

(t rplzm) 8TC
f ds W(, s) —_—
C(ttvatve)

t.s

(D

t,s

kamo.one

which eliminates the term over B;, as well as the limits for
&1, &, & and &s.

B. Area under B

We precompute the antiderivative relative to the initial
trajectory o (t, tril = thow) (Which decelerates with ape, and
is hence invariant to acx), by using

ot B
WB(, §) = W7, §) —2t f““ (52)
78
as IP(1,8) = ~WP(I, o (F, tuow)) + Z Wh(@ ). (53)
{se€8 (1) | s<5)
Due to this, we then can evaluate a given dpey via
PB(& anext) = | -Z-B(f’ O-(f’ fvalves anext)) | (54)

C. Area under C

For argﬂ /ds as in (42) we distinguish between its domain
C, (where it depends on auex) and Cg (where it does
not). We hence define the following arrays which are both
invariant With apex:

c

ot W(i, $)
WO (1,8) = Vednen W(E, §) —21| = ’ (55)
o ds |, \2wi-25
and W (7, 5) = W@, $), (56)

which can be accumulated to give the antiderivatives
7%, %) =Z WS (7, s) and IS(F, §) =Z WS (7, 5). (57)
{se8 ()| s<5}) {s€8 ()] s<5}
These can then be used to evaluate a given apey: For the
case of o (2, ffail, dnext) lying entirely within C, for all fp; €
[fvalves Eplan], WE have

rPe (f, Gnext) = ( 7% (f,o(, fplam Gnext))
Co(? (7 7
=1 (1, o (1, Lyalve» Anext)) )

For the case of o(t, tg1, anext) lying entirely within Cg for all
tfail € [tvalve7tplan]a we have

V —Anext (58)

1
Ca(? _ Cagp (77
P(1, apext) = V_ ( I, o, Tplan, Gnext))
0
Cagp (7 7
—I™*(t, o°(Z, tvalve» (next)) ) .

For cases which transition between C, and Cg by crossing
[su,fa] (cf. Fig. 4), we evaluate each side separately.

(59)

VI. PRACTICAL RESULTS

The algorithm was evaluated on different platforms using
different parameters. For the risk predictions in W(¢, s), both
purely synthetic noise fields were used, as well as data from
simulated traffic scenarios.

To verify the results and to relate computation speeds, the
proposed implementation described here was compared to a
direct solution of (7): To achieve comparable result quality,
fra Was discretized into Ty such that, during a transition,
any intermediate arc length § € § is evaluated at least once,
as is the case with the proposed algorithm. For each dyey € A,
the direct solver computes and minimizes (P) by (8), and
therein computes P(..., fgi, ...) by (5); the proposed solver
precomputes 7B, 76 7€ and then for each aney € A,
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1000 ms -
proposed M direct 272.1ms
87.7 ms
100ms IT2ms 306ms
10.9 ms
10ms —7gmg
Oms
i7-2600 i5-470UM Raspberry Pi 3

(a) Worst-case execution times on different systems on a logarithmic scale. The
proposed algorithm reduces the computation time consistently to about 11 % of that
of the direct computation.

50 ms
40 ms
30ms
20 ms
10 ms

B direct

proposed

Oms
2m/s

10m/s 20m/s 30m/s 40m/s

(b) Execution times on an i7-2600 over different v(, for a maximum allowed braking
distance of 100m (dashed) and 200 m (solid). A shorter maximum distance reduces
computation times at high v because gentler decelerations (causing longer braking
distances) can be ruled out a-priori.

Fig. 6: Comparison of execution times between the proposed algorithm
(green) and the direct computation by various relevant factors.

computes and minimizes P® + P& + PC accumulated over
f, via (54), (58), (39).

Experimental results using random Brownian noise fields
for W(t,s) (cf. Fig. 7) and simulated traffic scenarios (in
[11]), show that the numerical results of both approaches
agree within the numerical tolerance, such that both can,
in particular, be used equivalently to obtain the optimization
result a*. The key goal of the proposed optimization method,
however, is to achieve a significant decrease in computational
effort with respect to the direct solution.

Formally we note that the algorithms have fundamentally
different worst-case complexities: If memory for W(z, s) is
not considered, the direct algorithm can work with negligible
space, opposed to the proposed algorithm that stores several
intermediate results of size O(|S||T|). However, the compu-
tation time is considerably higher to achieve accurate results:
The effort of O(A||T||Tral) corresponds to O(A||T1S1), if
|Tta11| is chosen to provide accurate results as described above;
in contrast, the proposed algorithm provides the accurate
global solution at O(S| (T + A]|T]).

In practical scenarios, this corresponds to an approximate
average factor of 8 in computation time between the pro-
posed and the direct solver (or a reduction of about 89 %,
Fig. 6a) when tested on an Intel 17-2600 processor (at 3.4
GHz base clock speed and 3.8 GHz turbo clock speed), an
Intel 15-470UM processor (1.33 GHz base, 1.86 GHz turbo)
and an ARM Cortex A53 (1.2 GHz in a Raspberry Pi 3).
Besides the stated complexity parameters, effort also depends
on vehicle speed vy: At a given maximum braking distance
Smax, gentler decelerations can be ruled out at higher speeds,
since their trajectories would exceed sp,y. Either solver can
considerably reduce effort by truncating the search space this
way, as shown in Fig. 6b.

kamo.one

10s

W(z, s)

10m 20m 30m 40m 50m 60m 70m 80m 90m 100m
K

(a) Result at vg = 30 2: To avoid high values of W(z,s), the optimal choice is to

maintain the valve setting at dprey = dpext = —5.5 m/s?. Since the valve does not

transition, B is empty; the width of the enclosed area only results from the vehicle

motion within [fyow, fplan], corresponding to set C.

Om

Ifail
10s
W(t, s)
8s
6s
t
4s
2s
Os
Om 10m 20m 30m 40m 50m 60m 70m 80m 90m 100 m
K
(b) Result at vy = 15 %: The algorithm decides to transition from @prey = —2.2 m/s?
t0 dpexe = —3.0,m/s? to avoid the high penalties in areas (dashed ellipses). The largest

area of W(t, s) is swept by the transition; in contrast to (a), later fri produce shorter
stopping distances as the stronger deceleration outweighs the vehicle’s motion at vy.

0.25s —

0.20s

0.15s
Iail
0.10s

0m - 4om

(c) Result of (a), with g on a separate axis: The transition area B is wide, but swept
only for 0.008 s or 3.2 % of the time, due to the relatively minor change in valve state.
It overlaps with the area C of constant motion with vy, such that along fg,;, several
stopping distances s are attained twice, once if the valve fails in transition, and once
after it has reached apex.

Fig. 7: Examples of optimization results on Brownian noise fields, as used
in [19], illustrating the effects of constant vehicle motion (a) if the valve
state is not changed; and of valve transition (b, c) leading to reoccurring
stopping distances at increasing fr,;. Results of realistic traffic scenarios can
be found in [11].
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VII. CONCLUSION AND OUTLOOK

We have presented the problem of planning an optimal
decision for a fail-safe emergency stop system, which can
adjust a single hydraulic parameter ape that governs the
braking deceleration in the event of a failure. This predictive
approach allows to adapt the deceleration to the environment
of the automated vehicle, and yet does not require any E/E
components after failure. Optimization of aey has to take
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