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Abstract— This paper evaluates and compare three state- among people, it is vital to assert their ability to avoid
of-the-art collision avoidance schemes designed to operate in collisions.

dynamic environments. The first one is an extension of the ; )
popular Dynamic Window approach; it is henceforth called In the last forty years, the number and variety of au

TVDW which stands for Time-Varying Dynamic Window. The ONOmous navigation schemes that have been proposed is
second one called NLVO builds upon the concept ofNon huge €f [2]). In general, these navigation schemes intend to
Linear Velocity Obstacle which is a generalization of the Velocity  fulfill two key purposes: reach a goal and avoid collision
Obstacle concept. The last one is calledcls-AvoliD, it draws  with the objects of the environment. When it comes to

upon the concept of Inevitable Collison States, ie states for o jiiq avoidance, once again, many collision avoidance
which, no matter what the future trajectory of the robotic

system is, a collision eventually occurs. The results obtained Schemes have been proposed. Their aim of course is to
show that, when provided with the same amount of information ~ensure the robotic systems’ safety. However, the analysis
about the future evolution of the environment, Ics-Avoid  carried out in [3] of the most prominent navigation schemes
outperforms the other two schemes. The primary reason for (ie the ones currently used by robotics systems operating

this has to do with the extent to which each collision avoidance . . . .
scheme reasons about the future. The second reason has to doIn real environmentseg [4]-{7]) shows that, especially in

with the ability of each collision avoidance scheme to find a €nvironments featuring moving objectaption safety is not
safe control if one exists. £s-AvoID is the only one which is guaranteedin the sense that collisions can occur even if they
complete in this respect thanks to the concept of Safe Control have full knowledge of the environment future evolution: no
Kernel. _ o _ _uncertainty or spurious information). As shown in [3], col-
Index Terms— Motion Safety; Collision Avoidance; Dynamic jiqiqn ayoidance in dynamic environments is complex since
Environments; Inevitable Collision States, Velocity Obstacles, . . . )
Dynamic Window. it requires to explicitly reason about tifieture behaviourof
the moving objects with &me horizon ie the duration over
which the future is taken into account, which is determined
by the nature of both the moving objects and the robotic
A. Background and Motivations system at hand. Failure to do so yields collision avoidance

Autonomous mobile robots/vehicles navigation has a longchemes with insufficient motion safety guarantees.
history by now. Remember Shakey’s pioneering efforts in
the late sixties [1]. Today, the situation has dramaticalls. Contributions
changed as illustrated rather brilliantly by the 2007 DARPA ) . . .
Urban Challenge The challenge called for autonomous The primary purpose of this paper 1S to e>_<p|_0r_e this
car-like vehicles to drive 96 kilometers through an urbafiMe horizon issue and to show how important it is in the
environment amidst other vehicles (11 self-driving and 55!e3|gn ,Of a truly s_afe collision avoidance scheme. To that
human-driven). Six autonomous vehicles finished the ragghd: this paper W'I,I evaluate and compare three statg-pf-
thus proving that autonomous urban driving could become the-art collision avoidance schemes that have been etiplici

reality. Note however that, despite their strengths, thigadr esigned to hz_indle dynamic envir(_)nments._The first one is

Challenge vehicles have not yet met the challenge of fullgé),n:j [8] and is henceforth .car:Ied’lme;jVarymg .Dynam|r(]:

autonomous urban driving (how about handling traffic lightdVindow (TVDW), it is a straightforward extension of the
popular Dynamic Window approach [6]. The second one

or pedestrians for instance?). build h dlon Li Velocity Ob |
Another point worth mentioning is that at least one ullds upon the concept dion Linear Velocity Obstacle

collision took place between two competitors. This unforgNLVO) [9] which is a generalization of the Velocity Ob-

tunate mishap raises the important issuenajtion safety stacle concept [7]. The last onecs-AvoiD [10], draws

ie the ability for an autonomous robotic system to avoid'Pon the concept ofnevitable Collision St.atesieveloped
collision with the objects of its environment. The size and [11] (aka Obstacle Shadow [12] or Region of Inevitable

the dynamics of the Urban Challenge vehicles make the@ollision [13], [14]). The three collision avoidance schesn
t

I. INTRODUCTION

potentially dangerous for themselves and their envirortme o reason about the future evolution of the environments but
(especially when driving at high-speed). Therefore, befor ey do so dlﬁergntly, each scheme has its own tlme_ horlzgn.
When placed in the same environment and provided with

letting such autonomous systems transport around or move ' -
exactly the same amount of information about the future,

fINRIA, CNRS-LIG & Grenoble University, France. the results we have obtained show thaslAvoib performs
lhtt p: // www. dar pa. mi | / gr andchal | enge. significantly better than the other two schemes.



The primary reason for this has to do with the wayA. Time Varying Dynamic Window

each collision avoidance scheme uses the information aboutrpe Dynamic Window approach is a velocity space based
the future, thus emphasizing the fact that, reasoning abdi5) reactive avoidance scheme where search for adréssibl
the future is not nearly enough, it must be done with agontrols is carried out directly in the linear and angular
appropriate time horizon. In contrast with TVDW and NLVO, e|qcity space [6]. The search space is reduced by the system
Ics-AvolD is the only scheme that reasons over an infinitginematic and dynamic constraints to a set of reachable

time-horizon. The analysis carried out in [10] shows that i{je|ocities /) in a short time intervalt) around the current
Ics-Avoip were provided with full knowledge about the ye|qcity vector (Fig.1a):

future, it would guarantee motion safety no matter what.

Now, it could be argued that infinite knowledge about the Ve ={(v,w)[v € [ve — th AL, ve + Ve AL]A )
future is not available in realistic cases (which is trué)eT W € [we — WpAt,we + W At]}

fact remains thatds-AvolID is the only scheme that is able

to make full use of all the information about the future WhiChacceIerations and breaking decelerations. A velocity is ad

is provided. missible if it allows the system to stop before hittin
The second reason has to do with the decision part er1 objectg/a) y P g

each collision avoidance scheme. In all cases, their dpgrat

principle is to first characterize forbidden regions in aegiv. =~ Vi, = {v,w < \/2pmin (v, W)Us A V/2Pmin (v, W)} (2)

control space and then select an admissible conigabne . . N . .
An admissible velocity optimizing a given cost function

which is not forbidden. Accordingly motion safety also. lected at h i tep. Thi h id th
depends on the ability of the collision avoidance schemg S€'€cted at each time step. This approach considers the
at hand to find such admissible control. In the absenc%bJeCtS in the environment as static. TVDW extends this

of a formal characterization of the forbidden regions, al Cthf(ran(ca)bz)t/aglzlscl{nlrafatlggto?j{egaﬁholrré???; ihse?:tk (?erggrﬂ]sglate
schemes resort to sampling (with the inherent risk of m'g;sinu u J les | :

the admissible regions). In contrast;stAvolID through the :Ir)]V\tlh% short telrtm [8]. In th'bs riS&eth T{VDV\L 'i supenorf t’?h
concept ofSafe Control Kernels the only one for which it ecause 1t reasons about the future benhaviour of the

is guaranteed that, if an admissible control exists, it vl obstgcle;. The extent of the_ look ahead time I set to_e_qual
. the time it takes to the robotic system to stop, if no collisio
part of the sampling set. . X s ) :
occurs during that time the velocity is considered admissib

wherev,, W, Uy andw, are maximal translational/rotational

C. Outline of the Paper (Fig.1b).
The paper is organized as follows: Section Il gives an VS
overview of the collision avoidance schemes used for the e

comparative evaluation: TVDW, NLVO anat-AvolID. Af-
terwards, Section Il details the way each collision avoitka
scheme reasons about the future. Section IV describes the Dynamic WindowV
benchmarking and simulation setup. The benchmark results v,

are presented in Section V. Discussion and concluding re-
marks are made in Section VI.

Actual Velocity

Il. STATE-OF-THE-ART COLLISION AVOIDANCE (a) Dynamic Window.
SCHEMES

As exposed in the introduction, the benchmarking con-
cerns TVDW, NLVO and ts-AvoiD. The first two are ex-
tensions to popular collision avoidance schemes used in rea
world applications: Dynamic Window (DW) and Velocity
Obstacles (VO). DW has been demonstrated at relatively high
speeds (up td m/s) in complex environments with Min-
erva [15], Rhino [16] and Robox [17], robotic tour-guides
that have operated for different time periods in different
places in the United States, Germany and Switzerland. VO Fig. 1: Dynamic Window based approaches.
has been tested with MAId [18], an automated wheelchair
that navigated in the concourse of the central station in Ulm . )

(DE) and during the German exhibition Hanover FairggB: Non-Linear Velocity Obstacles

Ics-AvoID, is the continuation of the work done around the Velocity Obstacles is a reactive approach that operates
ICS concept for safe motion planning in dynamic environin the Cartesian velocity space of the robotic system con-
ments [19], [20] with applications in driverless vehicl@d], sidered [7]. VO takes into account the velocity of the
[22]. moving objects (assumed to be moving with a constant linear

(b) Time-Varying Dynamic Window.



velocity). Each object yields a set of forbidden velocitiess defined as a state for which, no matter what the future
whose shape is that of a cone (Fig.2a depicts the linetrajectory followed by the system is, a collision eventyall
velocity space of the robaotic system, the red conical regiooccurs. £s-Avoib searches the control space of the system
on the right is the set of forbidden velocities that wouldor a control to apply at the next time step. A control is
yield a collision between the roba#l and the moving admissible if it drives the system to a non-ICS state. To test
object B). Should the robotic system select a forbidderior ICS-ness the ICS-Checker presented in [23] is used. If
velocity, it would collide with the moving object at a laterthe current state is not an ICS then it is guaranteed that
time (possibly infinite) in the future. In practice, velaeg Ics-Avoib will find and return an admissible control (Safe
yielding a collision occurring after a given time horizonControl Kernel) [10].

(tg) are considered as admissible. NLVO is an extension
of VO that considers known arbitrary velocity profiles for
the moving objects [9]. NLVO consist of all velocities of All the collision avoidance schemes used in the bench-
A at ty that would result in collision with3 at any time marking make use of a model of the future, that is, they
to <t < ty.As depicted in Figure.2bY LV O(t) is a scaled take into account the future behaviour of the obstacles in
down B, bounded by the cone formed betwedrandB(¢), the environment. The different extent in which they use the
thus, NLVO is a warped cone with apex dtand formally available information have an impact in the decisions they

[11. REASONING ABOUT THE FUTURE

defined as: made and consequently in their overall performance. TVDW
NLVO — U B(t) 3) considers as look ahead the braking time (the time it
to<i<ti t—1o takes to the system to go from its current velocity to a halt).
This time is then state dependent and upper-bounded. NLVO
where E—(fo) is the setB(t) scale down by(t — tp). One use as look ahead an arbitrarily set time horizog){( in

issue (often overlooked) with the VO representation is,thabther words, there is no clear guideline on how to choose
in a closed environment, every velocity is forbidden sirice it an is not a function of the system dynamics nor current
eventually yield a collision. For that reason, both VO andtate. Furthermore, it can't be set to a very large value
NLVO require a time horizorty that cannot be arbitrarily because in closed environments it will render all velositie
large. inadmissibles.¢s-AvoID in accordance to the ICS defintion
reasons in terms of infinite duration. It uses the available
information about the unfolding of the environment up to
infinity. The different look ahead of the collision avoidanc
schemes is illustrated in Fig.3 to emphasize the fact thidt bo
TVDW and NLVO truncate their future model and disregard
any information beyondg andty respectively (even if it's
available). In contrast, this isn't the case farstAvoID.

‘A

Ics-AvoID(o0)

(a) Velocity Obstacles.
NLVO(t 1)

TVDW(t5)

o

s

Fig. 3: Look-ahead of the different schemes.
(b) Non Linear Velocity Obstacles.

Fig. 2: Velocity Obstacles based approaches.
IV. BENCHMARK AND SIMULATION SETUP
To assess the performance of the collision avoidance
C. Ics-Avoip schemes just presented a comparative evaluation was con-
Ics-AvoID is a reactive navigation approach based upoducted. A simulation environment capable of reproducirgg th
the concept of Inevitable Collision State (ICS) [11]. An ICSsame conditions for all the schemes was chosen to conduce



the benchmarking. The robotic system, environment setup A
and implementation is discussed next.

1) Robotic System: Point Mass Moddlet A be modeled
as a disk with point mass non-dissipative dynamicsstéte 23
of A is defined ass = (z,y,v,,v,) Where(z,y) are the
coordinates of the center of the disk and v, are the axial
components of the velocity. A control of is defined by the
pair (uz, u, ) which denote the force exerted by the actuators

along the x- and y-axis respectively. The motion 4fis P B(®)
governed by the following differential equations:
T Vg 0 0
vl | vy 0 0 N
g |~ o [Tl % t]o|w @ W
Uy 0 0 1
with a lgou[)d in the control given by the maximum acceler- Fig. 5: World Model of the future.
uy+u

ation: =+ < a?  wherem is the robot mass.

max

2) Workspace Model:A moves in a closed 2D workspace an identical reproduction of simulation conditions for leac
W (100 by 100 meters), cluttered up with disk-shapedy the collision avoidance schemes in the benchmark. The
moving objects (grown by the radius gff. A total of twenty  intormation about the future behaviour of the objects in the
three objects move with random constant speeds (betweghironment was made available to all the schemes with a

1 to 10 m/s) along complex cyclic trajectories (closed B-|imit of ¢, — 1, 3 and 5 seconds into the future.
splines with 10 random control knots). Figure 4 shows the

trajectories of the objects to illustrate the complexity of V. BENCHMARK

the environment. This setup can theoretically provideruitu  The collision avoidance schemes were tested on a set of
five runs with a duration of two minutes each. We varied the
amount of available information about the future behaviour
of the obstacles in the environment with = 1, 3 and 5
seconds. For each run the number of collisions betwden
and the object®3; are recorded in Table I.

Scheme Run | Collisions | Collisions | Collisions

TF=1(s) | TF=3(s) | TF=5(s)
1 5 6 3
Sy 2 12 4 4
7 ik TVDW 3 5 7 3
& %}r 4 12 2 4
el N S 5 12 2 4
\&r = Sl A L Average: 9.2 42 36
LAy 1 10 2 0
2 8 2 0
NLVO 3 12 2 0
4 3 3 2
5 7 2 2
Average: 8.0 2.2 0.8

; 1 7

Fig. 4. Workspace example, 23 obstacles (represented by > 0 8 g
circles) with random generated velocities and B-Splines Ics-AvoID 3 1 0 0
trajectories. 4 1 0 0
5 1 0 0
Average: 2.0 0.0 0.0

information about the behaviour of the moving objects up to ] . i
infinity. In practice, knowledge is provided until a fixed 8m TABLE I: Benchmarking of collision avoidance schemes.
in the futuret  after which constant linear motion is assumed
(Fig. 5). This to resemble realistic cases where prediction TVDW (Fig. 6) performs poorly in comparison with the
quality degrades as time pass by. other two schemes. One of the main causes of failure is
3) Implementation:The simulation environment and col- the limited extent in which the scheme use the information
lision schemes were programmed entirely in C++ usingvailable about the future trajectories of the objects: as
OpenGL as rendering engine. The random number generatxplained before it limits itself to a small fraction of thme
employed to produce the obstacles trajectories and vigscit at hand {g). In contrast, NLVO (Fig. 7) exploits better the
was seeded with a set of identical numbers to achiewg@ven information. In these rurtg; was set equal toz so all



the available information could be taken into account. NLVC
averages less of one collision per run in the 5 second sett
nonetheless, it fails to guarantee the safety of the syste
when provided with less informationcs-Avoib (Fig. 8)
has the best performance in all the time setups-AvoID

is designed to reason in terms of infinite duration but eve
when dealing with minimal information about the future (1
second) it outperfomed the other two schemes. When give
more information (3 and 5 seconds) not a single collisiol
occured. The results show the importance of the look ahei
time, when a colllision avoidance scheme disregard availab
information its performance is lower compared to those ths
use more.

Fig. 7: NLVO. Black warped cones are forbidden velocities

) @ Aﬁ\a{ for he robotic system.

O

O
?

¥

Fig. 6: TVDW. Admissible velocitiesl(,) are represented in
black, velocities in red are forbidden.

VI. CONCLUSION

We have presented a comparative evaluation with thre
state-of-the-art collision avoidance schemes designéane
dle complex dynamic environments. The results show thz
when provided with the same amount of information abou
the future evolution of the environmen$-AvoID outper- '
forms the others. The reason for this has to do with the extepigy. 8: Ics-Avoip. Black regions are forbidden states (ICS).
to which each collision avoidance scheme reasons about the
future.
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