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Abstract

This paper addresses autonomous navigation and goal
acquisition for mobile robots operating in difficult, clut-
tered environments. In particular a hierarchical approach
to navigation is of interest, which subdivides the prob-
lem into global and local components. Local planners at-
tempt to search the continuum of actions for a best (safest,
efficient) route towards a goal. To achieve real-time
performance, the search space is often sampled in low-
dimensional action or state space. This paper explores a
relaxation-based approach that optimizes the sampled ac-
tion space for the perceived environment. The gradient-
based approach minimizes the cost of each motion in the
path set until convergence into a local optimum is reached.
Simulation experiments show that relaxed arc sets offer
better approximations of the acceptable path continuum
and lead to safer navigation in rough terrain and dense
obstacle fields. Additional experiments explore the ben-
efits of sampled action spaces composed of higher-order
action primitives (clothoids) and a graduated fidelity in-
spired lookahead technique.

1 Introduction

Mobile robot navigators attempt to traverse unknown
or partially known terrain towards some goal. Some ap-
plications, particular planetary exploration, require au-
tonomous navigation to operate efficiently as only peri-
odic, high-latency communication with the robot is pos-
sible. Reliable and robust operation is also important as
physical access to the platform is impractical (if not im-
possible) in such applications.

Computational resources of contemporary mobile
robots are typically scarce. It is therefore common to
subdivide the navigation problem into planning approxi-
mate routes to the goal (global planner) and controlling
the robot to follow the global path and deviate around ob-
stacles (local planner) [14, 15, 5, 6]. The global planner
reasons over large distances and typically disregards the
vehicle mobility constraints in order to reduce computa-
tional complexity. Such a planner may produce a path
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Figure 1. : A representation of common hierarchical
techniques for mobile robot navigation. A local planner
searches a path set for a feasible, safe maneuver towards
the goal. A global planner searches in a two-dimensional
state space (grid) to estimate the cost-to-goal from the end
of each path in the path set.

path set

that is difficult or impossible to follow by the physical
robot. It is therefore essential to design sophisticated lo-
cal planners, which computes feasible motion commands
while taking into account the information provided by the
global planner and satisfying both mobility and environ-
ment constraints.

Navigation of mobile robots from the initial pose to
the specified goal is typically performed by a series of
motion steps. Each step consists of evaluating an array
of motion alternatives, a path set, selecting the most at-
tractive one and executing this motion. Figure 1 shows
an example path set as well as two global paths from the
endpoints of two paths in the path set.

Hierarchical navigators select actions by minimizing
a cost function composed of a weighted sum of local and
global path cost:

min: WiClocal + WgCglobal (1 )

In Equation 1, ¢, describes the goodness of a specific
path based on local criteria such as obstacle avoidance
and cgj054 rates the path from the perspective of the global
planner. Goodness is itself a application-specific quan-
tity that is often composed of energy, risk, utility, or some
combination of the three.

One type of local planner searches a discrete set of
constant curvature arcs in a path set [6]. While search in
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Figure 2. : An example of several approaches to local
planner path set generation. Fixed path sets of arcs and
clothoids uniformly sample an action space to find a fea-
sible route through the binary obstacle field. Relaxed path
sets can optimize primitive motions to pass between ob-
stacles and increase the number of safe candidate actions.
Clothoids provide additional flexibility (S-turns) to pass
through configurations of obstacles that even relaxed arcs
cannot.

a one-dimensional path space is efficient, there are obsta-
cle configurations where this approximation of the con-
tinuum may limit performance. For a number of environ-
mental configurations, including narrow corridors, roads,
and cluttered obstacle fields, a particular sampling of dis-
crete arcs may artificially constraint the performance of
the navigator.

Two potential avenues for improving the performance
of path set based navigators include relaxation and modi-
fied sampling techniques (Figure 2). If cost-gradients can
be extracted from small perturbations of the sampled mo-
tions, paths can be optimized for a particular local plan-
ning problem to improve the path set quality. A second ap-
proach moves beyond arcs to higher-order primitives (e.g.
clothoids) to more effectively represent the reachable state
space.

This paper continues with a review of the prior art
in mobile robot navigation in Section 2. Section 3 dis-
cusses the advantages and drawbacks of several types of
path parameterization. Section 4 outlines path set relax-
ation of mobile robot navigation applied to arc-based and
clothoid-based path sets. Section 5 presents several exper-
iments to address the performance benefits of relaxation
and path sets using different motion primitives. The paper
concludes with a discussion of the results and prior work
in Sections 6 and 7.

2 Related Work

Outdoor robot navigation and obstacle avoidance has
received a great deal of attention over the last several
decades. Hans Moravec’s work on the Stanford Cart was
a particularly notable early effort in this domain [10]. The

Cart utilized a variant of a bug algorithm [9] for driving to-
ward a specified goal position, while avoiding previously
unknown obstacles, detected using stereo vision. The Au-
tonomous Land Vehicle (ALV) [2] was also capable of au-
tonomous navigation. It traversed partially unknown out-
door environments by attempting to follow global guid-
ance toward the goal, via pre-defined waypoints, utiliz-
ing a local control architecture that was responsible for
generating immediate actions of the robot. That architec-
ture was developed as a set of low-level behaviors that
reacted to the sensed environment. The behaviors in this
set received votes depending on certain detected features,
and the winning behavior took control of the vehicle until
the next round of voting was conducted. A sense-plan-act
loop implemented in this manner inspired a great deal of
modern work in this domain.

Stentz and Hebert [16] extended the ideas behind the
ALV and Moravec’s work, and proposed an autonomous
navigation system that joined a behavior-based local con-
trol architecture with a motion planner capable of gener-
ating higher-level, global, guidance toward the goal. The
former component was implemented as a set of constant-
curvature arc primitives, where an element was suitably
chosen for execution based on the environment. The latter
was D*, a deterministic graph search algorithm, operating
on a grid representation of the environment, capable of in-
corporating updated environment information via reusing
previous computation [17]. This system was further re-
fined in follow-up work [5, 15]. A system that similarly
features the local and global planning components was
successfully demonstrated for exploration of Mars [14].
Similar solutions are employed for autonomous robot nav-
igation to this day [6]. In this paper we follow the same
approach, yet extend it by considering clothoid motion
primitives, endowed with relaxation capability. Other
work has demonstrated navigation search spaces with al-
ternative representations including polynomial curvature
splines [3]. The search space construction technique in
[3] also biases the sampling of the motions in the path set
based on the estimated global path cost and environmental
constraints.

Improving the quality of robot motions is often posed
as an optimization problem. Much work was done in mod-
ifying motions without regard to obstacles [8, 7]. More
recently, obstacle-aware path optimization methods were
developed, both for parametric [4] and non-parametric
[12, 1, 13] path representations. Our approach is most
closely related to the former. Its contribution is in lever-
aging path optimization methods in the aforementioned
two-tier autonomous navigation architecture in order to
improve the local motion alternatives of the robot.

3 Motion Representation

The parameterization of the motion primitives consid-
ered by the local planner is an important factor for naviga-
tion. Such parameterization represents an approximation
to the continuum of all the motions that are executable by



the robot. On the basis of Taylor’s theorem, any feasible
vehicle motion can be parametrized as a curvature poly-
nomial in arc length s:

k(s) =ko+kis+...+k,s" )

Accordingly, a path is entirely defined by its length L and
the parameter vector k:

k= [ko, ki, ..., k,]T € R}

An arc-shaped path is described by a single parameter, its
curvature:

k(s) =ky, s€][0,L] 3)

Arc-based motion planners have been used by a wide
range of outdoor mobile robots [14]. The simplicity of
arcs is beneficial in many aspects, but simultaneously lim-
its the flexibility of robot motions. The set of poses that
can be reached by following an arc for a fixed distance is
given by a single curve in the configuration space (x,y, 6):
for every accessible position (x, y) there is exactly one as-
sociated heading value 6 and a unique path.

Introducing an additional parameter leads to paths
whose curvature changes linearly with curve length. Ac-
cordingly, the shape of a clothoid of length L is described
by the parameter vector k= [ko, k117, which defines the
curvature of the path:

k(s) =ko+kis, sel0,L] “4)

The advantages of clothoids compared to arcs are twofold.
First, the reachable subset of the configuration space for
a fixed-length path is no longer a curve, but a three-
dimensional surface. This yields greater flexibility: the
position of the path endpoint is no longer related to a par-
ticular heading angle. Additionally, clothoids feature a
larger variety of shapes compared to arcs. This may be
highly advantageous for obstacle avoidance, since a spe-
cific position (x,y) can be reached by various different
paths. The drawback of clothoids (or any higher-order
polynomials than arcs) is the mobility system requirement
that curvature may vary while the mobile robot is travel-
ling. From these considerations we conclude that plan-
ner performance can be improved for many mobile robots
simply by using a path set composed of clothoids instead
of arcs. This specific conjecture is experimentally studied
later in Sections 5.2 and 5.3.

4 Path Relaxation

The principle of path relaxation can be applied to arcs,
clothoids, or any arbitrary motion primitive. Based on
the assumption of planar environments we use a cost map
(Cmap(x,y)) to assign a certain cost to every point (x,y) in
the plane. The objective function for relaxation is the cost
of a path, which we define as the integral of the cost map
along the path as follows,

L
(k) := fo Cmap(Xp (K, $), y, (K, $)) ds 5)

where x, and y, describe the course of the path in the

world coordinate frame. The parameters K cannot take
arbitrary values, since curvature is typically limited to
a maximum value «,,,, > 0 (potentially large) by system
constraints. Point-turn motions (infinite curvature) are
treated similarly, as discussed in later in the section. We
define the set S™*! € R™*! of all feasible paths as follows.

§™ = (k€ R™ | k(5)| < Knax Y5 € [0,L]}  (6)

Given the above definitions, path relaxation can be formu-
lated as a constrained optimization problem:

min:  c(k) @)
st kesm!

where §"*! € §™*! is a subset of feasible paths containing
the initial path. Typically relaxation is applied to a set of
N motion primitives {l??, e E?V}, and the optimization of
each path is constrained to a certain region S”*! around its
initial parameters, such that every point in §"*! is covered
by at least one of these regions. This guarantees that the
entire range of feasible motions is searched for local min-
ima of cost, and ensures that a certain selection of motions
is maintained for subsequent selection via Equation 1 — an
attractive property from the point of view of completeness
of the local planner.

In general, the integral (5) cannot be computed in
closed form. The cost of a path K of length L is there-
fore approximated by the sum of N, cost measurements
along the path, denoted by 6(/?):

N.—1

o) % &(R) := As ) emap(xp(K, iA5), yp(k, iAs))  (8)
i=0

Thereby, the resolution is given by As = L/(N, — 1). For
the purpose of path relaxation, the cost map cyqp(x,y)
must be defined in such a way that the objective func-
tion 6'(1?) allows computation of a well-behaved numerical
gradient driving the paths away from obstacles (Section
5.1.1).

4.1 Arcs

The most basic version of path relaxation consists of
varying the curvature of an arc (3), such that its cost in-
duced by the underlying map is minimized. According to
(6), the set of feasible arcs is given by

1
S" ={ko € R| = kyax < ko < Kpax) -

Consequently, the curvature range for relaxation of a sin-
gle arc kg is an interval S !:

Sy =tkoeS" |ky— Ak <ko<kj+Ak'}CS'

The relaxation algorithm for constant curvature arcs,
presented in Algorithm 1, computes the optimal curvature
in a given range S| using gradient descent with a fixed step
size 0k, which is reduced in the vicinity of a minimum in



Algorithm 1: RelaxArc(k?, Ak™, Ak)

Require: ok > 0, 0k > 0
Input: Initial curvature and range for relaxation
Output: Curvature of relaxed arc

6'0 — f‘(kg), 6+ — é(kg + 6Kmin): T« é(kg - 6Kmin)
if ¢~ < ¢pand ¢~ < &* then

L o0k « =0k
else if ¢~ > &) and ¢* > & then

L return k{

knewv kulda kg — kg

é\'neWa 6old — é\'0

coll — CheckCollision(kg)

while |0«| > 0k, dO

while ¢,.,, < ¢,q do

Cold €<= Cpew

knew < kpew + 0K

coll,y < coll

coll « CheckCollision(k;,,)

if coll,;; = false and coll = true then
| return k,j,

kold — knew

6‘”@VV — 6(kne‘v)

if ¢,.» < ¢, then

if ke > KO + Ak* + 6k then
| return k) + Ax*

if Kyer < k) — Ak + 6k then
| return k) — Ak~
if 6‘new = 60ld then
| return k., — Ok
L ks — knEW

if Kye,y — Ok = k) then
L knew — kg

else
L knew — knew - 26k

é\'old’ é\'new — é\‘(knew)

| Ok « Ok/2
return k;

order to increase accuracy. We determine the direction for
curvature change based on the gradient in the cost function
¢(+) at the initial curvature value, and repeatedly modify
the curvature by o«. This is carried out as long as the cost
of the arc decreases in every step and the curvature stays
inside S!. If the cost starts to increase inside S}, a local
minimum has been crossed. In this case, curvature is set
to the value of two steps before and relaxation resumes
with a reduced step size. This procedure is repeated until
the step size falls below a certain minimum value 0k;,.
Using a fixed step size is advantageous for our application.
It guarantees that the algorithm does not escape the given
region for relaxation.

Some mobile robots have the ability to perform point
turns. Slightly modified, Algorithm 1 can be used to find
the optimal heading change for such a maneuver. The ap-
plication of the algorithm to this problem is straightfor-

ward: the only modification concerns the parameter that
is varied, where curvature is replaced by heading.

4.2 Clothoids

In order to represent a feasible motion, a clothoid of
length L, as defined in (4), must satisfy

k()| = |ko + k18| < Kax Vs €[0,L] .

Due to the linearity of «(s), it is sufficient to constrain the
curvature at the beginning and the end of the path. Conse-
quently, the set of feasible clothoids, S2, is given by

S2 = {[ko, k11" € R? | |ko| < Kmaxs ko + k1 LI < Kinax)

which represents the area of a parallelogram in the param-
eter space (ko, k1), as illustrated in Figure 3 (left).
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Figure 3. : Left: parallelogram of all feasible clothoids
of length L, S?. Right: region for relaxation of a single
clothoid, S f

The region for relaxation of a single clothoid, denoted
by S2, is a subset of S? containing the initial clothoid.
When relaxation is applied to a set of N clothoids of length
L, each initial clothoid appears as a point inside the paral-
lelogram S2. Since it is desirable that the the entire area
of §? is covered by the relaxation region of at least one
clothoid in the set, a good choice for S? is a small paral-
lelogram with the same skew angle ¢ as the parallelogram
S2, as shown in Figure 3 on the right.

Algorithm 2 for clothoid relaxation represents a vari-
ant of gradient descent. Given the initial clothoid parame-
ters [k, k(l)]T and the parallelogram S 2 defining the bound-
aries for relaxation, kg and k; are iteratively modified by
certain step sizes 0k and ok;until either a local minimum
of the cost function ¢(-) is found or the boundary of § f
is reached. Standard gradient descent employs step sizes
proportional to the gradient components. However, this
may yield excessively large step sizes where gradients are
high. This is especially undesirable in our case, since the
minimization is constrained to a relatively small region.
We therefore introduce upper and lower bounds for the
absolute values of the step sizes, denoted by (6k1 s 6k6‘) and
(6K, 6k’1‘), respectively:

okl < |5k;| < ok, i€ {0,1})
Given the components of the numerical gradient of ¢(:),
denoted by dkj and dk;, the respective step sizes are com-
puted via a Gaussian mapping as follows (o is a design



Algorithm 2: RelaxClothoid(k, kY, S 7)
Require: 0 <ex 1, 0<h <1,
0 < okl < ok8, 0 < 6k} < k"
Input: Initial parameters and range for relaxation
Qutput: Parameters of relaxed clothoid

coll « true

dko,dk; < 0

Oko, 0k « 1

k(’; — kg, ki k(l)

while |6ky| > € or |0k;| > € do

coll,g < coll

coll < CheckCollision(kg, k)

if coll,; = false and coll = true then

*

| return [k .. k] ]
dko g — dko, dki1q < dk
dky — (e(ky + h, k) = &(kg, kD) /h
dky « (&(ky, ky +h) — e(ky, k1) /R
if dk() . dk()ygld < 0 then

| Ok — 6kfy/2, Ski « ok /2
if dk; - dkl’gld < 0 then

| Ok — Ski /2, k| «— 6k{/2

Sko — sgn(dko) - (SkY — (5kb — kL) - exp(—%))
i

ki « sgn(dky) - (k" — (6k' — 6k%) - exp(—3,%))
Koota < *os Kl o < Ky
kg — ki — oko, ki « k} — ok
if [ko, ki]7 ¢ S? then
Skls — Skit/2, 6k§) — ok)/2
Sk — okY/2, oky — Sky/2
ko = Koorar K1 < K1 oia
return [k}, k}]”
parameter):
aK?
5k; = sgn(dk;)(6k" — (Sk* — 6khe™>7), i€ {0, 1}

The upper and lower bounds for the step sizes are reduced
to one half of their current values when either the cor-
responding component of the gradient changes its direc-
tion (crossing of a minimum) or the boundaries of S? are
passed, in which case additionally ko and k; are set to their
previous values. This enables both accurate solutions and
reasonably fast convergence.

S Experimental Results

This section presents simulation experiments of the
presented techniques for path set relaxation and varying
motion parameterization. Section 5.1 discusses imple-
mentation of the cost map, motion alternatives, relaxation,
and navigation lookahead. Sections 5.2 and 5.3 compare
the performance of four path set alternatives composed
of fixed arcs, relaxed arcs, fixed clothoids, and relaxed
clothoids.

5.1 Experimental Setup
5.1.1 Cost Map Representation

In the simulation experiments the environment is rep-
resented by a two-dimensional grid-based map. Every
map cell covers an area of 20 x 20 cm and has an integer
cost value in the range [0, ¢;;14x], With ¢, = 255. Circular
obstacles are used to represent impassable areas. In order
to provide a reasonable gradient in the cost function ¢&(-),
such an obstacle appears in the map as an approximation
of a two-dimensional Gaussian function G(r), defined as
follows.

_2
G(V) = Cpax - € 27

The cost at a point (x,y) in the plane, denoted by
Cmap(x,y), is computed using bilinear interpolation be-
tween the values of the four closest map cells. Interpo-
lation is necessary for the computation of numerical gra-
dients of ¢(-).

5.1.2 Motion Alternatives and Relaxation

In the experiments local planners applied with N = 23
motion alternatives (either arcs or clothoids) of equal
length 3 m and a maximum curvature of 1 m~'.

The arc-based path sets are designed such that the
samples are evenly distributed between the maximum
and minimum curvatures (+k,,,,). Path relaxation is per-
formed by relaxing each arc within the curvature range
between its two neighbors in the initial set.

The clothoid-based path sets consist of N points in-
side the parralelogram S? of all feasible motions. In or-
der to assure that the mobile robot can move forward on a
straight line as well as perform turns with maximum steer-
ing, we choose one clothoid with zero curvature and two
with maximum curvature (kg = *K,4x, k1 = 0). The re-
maining clothoids are equally distributed on the two lines
ki(ko) = (—ko = Kknax/2)/L inside the parallelogram. The
dots in Figure 3 illustrate the clothoids used in the path set
experiments. The illustration further shows the selected
boundaries for relaxation in the form of small parallelo-
grams. Note that every point in the space of feasible mo-
tion parameters is covered by the relaxation regions of at
least two initial clothoids, except for the two small paral-
lelograms at the top left and the bottom right.

5.1.3 Lookahead

As outlined in Section 1, using a global planner dis-
regarding the vehicle constraints yields potentially infea-
sible paths. As a consequence, it may occur that there
is no feasible forward motion, once the mobile robot has
reached the endpoint of the path computed by the local
planner, even though the global planner has found a path
from this point to the goal. This is undesirable, since it
requires a backward motion or a point turn in order to
continue navigation. Figure 1 illustrates the problem: the
global planner has computed a path from the endpoints of
both paths A and B to the goal. However, if the mobile
robot follows path B, it will end up facing an obstacle,
unable to move in forward direction.



Graduated fidelity [11] is a technique used to decrease
the complexity of motion planning search spaces over
long distances to improve runtime performance. This idea
can be applied to local planner path sets by elongating the
end of each path segment with a straight line (Figure 4).
At the point where the local planner path segment con-
nects with the lookahead line, heading is preserved but
curvature may be discontinuous. Likewise at the intersec-
tion of the lookahead line and the global planner, path po-
sition is continuous but heading is allowed to vary instan-
taneously. This technique gradually reduces the fidelity of
paths in the path set to improve the likelihood of finding a
safe, traversable path through the environment.

Llookahead line segment

original path
rover

Figure 4. : Lookahead: the original path is elongated by
a straight line segment for cost evaluation.

We denote the mobile robot’s position by P,, the end-
point of the actual path to be executed by P, the end-
point of the lookahead line segment by P; and the path
between any two of these points as drawn in Figure 4 by
P;P;. Given a set of motion alternatives, selection of the
optimal one is performed as follows.

o If at least one path is free up to P;, the path that min-
imizes wy - Cipcal(PrP) + Cgiopat(Py) is chosen and ex-
ecuted up to P,,.

e If no path is free up to P;, but there is at least
one that is free up to P,, the path that minimizes
wy - clml(er) + Cglopal(Pp) is selected, and the mo-
bile robot executes only one half of the path between
P, and P, before replanning.

e If no path is free up to P,, a backward motion or a
point turn is chosen.

This lookahead technique assures a certain amount of
free space in front of the mobile robot, once it has fol-
lowed the selected path. This is highly beneficial, as it re-
duces the probability of the mobile robot being unable to
move forward due to infeasibility of the global path. Most
importantly, situations where it directly faces an obstacle
are avoided.

5.2 Random Pose Experiments

In this set of experiments, we analyzed the planners’
ability to find collision-free paths given arbitrary obstacle
arrangements. To that purpose, we defined a large set of
different robot poses, which were superimposed on maps
consisting of randomly placed obstacles. For each pose
and each planner we recorded whether at least one feasible
path could be detected. Figure 5 shows the result of these

experiments for arcs and clothoids of length L =3min a
map containing obstacles with radius R = 0.8 m. The plots
indicate the percentage of all poses where the different
planners were unable to find a feasible path. The experi-
ment consisted of 8784 poses in total, represented on the
left in Figure 5. Since the obstacles in the map were ran-
domly distributed, this number includes poses where find-
ing a collision-free path is trivial as well as poses where
it is impossible. In these cases, the type of motion alter-
natives has no influence on the planner’s ability to find
an admissible path. The more interesting cases are there-
fore those where at least one, but not all of the planners
succeeded or failed, which occured 513 times during the
experiment. The chart on the right shows the failure rates
regarding only these poses.

Total Failure Rates Relative Failure Rates

40% 80%

30% 60%
[ fixed arcs
[ relaxed arcs

o o

20% 40% M fixed clothoids
M relaxed clothoids

10% 20%

0% 0%

Figure 5. : Results of random pose experiments.

The results in Figure 5 demonstrate the benefits of
path relaxation. Using relaxed arcs or clothoids instead
of fixed paths improves performance in terms of fail-
ure rates. In particular, path sets composed of relaxed
clothoids yield significantly better results than fixed arcs,
fixed clothoids, or relaxed arcs. The advantage of using
more expressive parameterizations for path set motions
(fixed clothoids versus fixed arcs) is also evident.

5.3 Navigation Experiments

This section presents a second experiment quantify-
ing the performance of navigators built with different path
sets. These experiments simulate a mobile robot navigat-
ing to a goal position through an environment composed
of randomly placed obstacles. The same set of experi-
ments was undertaken for all four planners, and their per-
formance was compared.

Cost maps with 1000 x 1000 cells were used, corre-
sponding to a size of 200 X 200 m, and were populated by
randomly distributed Gaussian obstacles of equal radius
R. The difficulty of the terrain is determined by the obsta-
cle density, which is defined as the percentage of the area
occupied by obstacles. The experiments simulate perfect
mobile robot path following as well as perception and lo-
calization. However, the perception horizon is limited to a
radius of Rp.,. = 10 m around the mobile robot’s position.
For global planning, we use D* in an 8-connected grid,
where the states correspond to the cells of the cost map
and the cost to go from a cell to one of its neighbors is the
weighted sum of the distance and the cost values of the
two cells. The local planner evaluates a set of motion al-
ternatives of length L by computing the local cost of each
path according to (8). The path to be executed by the mo-



bile robot is chosen according to (1), where global cost is
defined as the D* value of the cell hit by the path endpoint.
When the mobile robot has completed this motion it stops,
the map is updated and the next motion is computed.

Start and goal are set to two opposite map corners.
In order to keep the number of parameters affecting nav-
igation performance low, we only allow the mobile robot
to move forward and declare navigation as failed, as soon
as it encounters a situation where it is unable to find any
collision-free forward motion. Our primary measure for
the quality of a certain local planner is therefore its failure
rate in a series of navigation experiments with different
maps. We also measured the average length of the path
from the start to the goal. We did not discover any signif-
icant differences between the four planners, which reas-
sures us that the proposed method does not have adverse
effects with respect to arc-based local planning.

Figure 6 shows the influence of our lookahead tech-
nique on mobile robot navigation. These results have been
obtained with a planner using fixed arcs of length L = 3 m
in maps with obstacles of radius R = 0.8 m. The experi-
ment included 50 different maps for each of the four ob-
stacle density values. Path selection is performed as ex-
plained in Section 5.1.3, using a lookahead distance of
1 m.

100%
80%
60%
40%
20%

0%

25% 30% 35% 40%
Obstacle Density

l without lookahead
[ with lookahead

Failure Rates

Figure 6. : Navigation using fixed arcs: influence of
lookahead

The failure rates indicate the percentage of experi-
ments where the mobile robot did not reach the goal. It
can be seen that the probability of failure decreases when
the motion planner uses lookahead. In experiments with
different parameters (shorter motion alternatives or larger
obstacles) lookahead had a similar effect. We conclude
that lookahead is beneficial even for a robot that drives
at very slow speed and stops after every motion step for
replanning. In our experiments, increasing the lookahead
distance to 1.5 or 2m did not further improve the naviga-
tor performance. For the subsequent comparison of fixed
and relaxed paths, we therefore use a lookahead distance
of 1 m.

Figure 7 shows the results of our navigation exper-
iments with the four different local planners. The in-
dicated failure rates are based on 150 individual experi-
ments for each planner and each obstacle radius (0.8 and
1.6 m), featuring three different obstacle densities (30, 35
and 40%, 50 maps each). Note that the only difference
between the four planners is the set of available motion
alternatives. In the case of fixed arcs and clothoids, this

set is the same in every step, whereas in the other two
cases the paths are adapted to nearby obstacles using our
relaxation algorithms.

The results demonstrate the benefits of path relaxation
for navigation. The failure rates are significantly lower
when using a set of relaxed motions, especially in the case
of clothoids. Furthermore, it can be seen that using a set of
fixed clothoids instead of arcs decreases the probability of
failure as well. The qualitative distribution of failure rates
corresponds to the one of the random pose experiments
(cf. Figure 5), which supports the initial hypothesis.

50%

40%
obstacle
30% radius:
W08m
20% 016m
10%
0%

relaxed arcs fixed clothoids relaxed clothoids

Failure Rates

fixed arcs

Figure 7. : Results of simulated navigation experiments
for path sets composed of fixed arcs, relaxed arcs, fixed
clothoids, and relaxed clothoids. Each bar is based on 150
experiments and indicates the percentage of cases where
the goal has not been reached.

The presented results have been obtained using mo-
tion alternatives of length L = 3 m. We repeated the ex-
periments with shorter paths (L = 0.5 m), which increased
the failure rates due to short-sightedness of the planner.
Relaxation was not able to improve the performance of
the short actions. This can be explained by the fact that
for L = 0.5m a set of 23 fixed paths already provides a
very dense sampling of the action space.

The cost of relaxation in terms of runtime mainly de-
pends on the resolution As for path cost computation, as
introduced in (8). Using small steps between cost mea-
surement points on a path yields accurate results and helps
avoiding relaxation onto obstacles, but increases the com-
putational effort. The results presented above have been
obtained using a resolution of As = 1cm. As expected,
each relaxation-based navigator required more time to
evaluate the path sets. Compared to fixed arcs, runtime
of the local planner in each step increased by approxi-
mately a factor 10 for arc relaxation and a factor 70 for
clothoid relaxation. In experiments with reduced reso-
lution of As = 15 cm, these factors could be reduced to
around 1.5 and 7, respectively. Thereby, the results of
relaxed clothoids were almost identical to the ones ob-
tained with high resolution, and relaxed arcs performed
only slightly worse than with more accurate relaxation.

6 Conclusion

This paper explored path set relaxation and parame-
terizations for mobile robot navigation. The experimental
results demonstrate that relaxation improves performance



of the navigator but also increase the computational com-
plexity. In applications where safety is more important
than speed, path set relaxation can be an effective ap-
proach to find the most efficient and minimum-risk routes
through an environment. Path set relaxation can also be
employed as it is needed, particularly when the fixed path
set cannot identify a single safe route in the local planner.
Furthermore, we have shown that a planner using a path
set composed of fixed clothoids can outperform a planner
with the same number of arcs. Finally, we have presented
a planner lookahead technique for local planners based on
the principles of graduated fidelity. The experiments have
shown that path set lookahead is a beneficial step between
local and global planners in hierarchical navigator archi-
tectures when global planners violate mobility constraints
of the platform.

7 Future Work

On-demand or iterative path set relaxation is an im-
portant next step to decrease the computational require-
ments of the presented techniques. Path set relaxation
might be a useful mode before human intervention where
it can try to find a possible route through the environment.
Additional quantitative experiments with different envi-
ronments and path sets measuring the runtime, memory,
and performance of the different navigators would provide
better insight on the tradeoff between path set quality and
real-time performance.

Another interesting area of research involves apply-
ing relaxation to more complex primitives than clothoids
and other path set parameterizations. In particular these
relaxation techniques could apply to path sets generated
by sampling in the terminal state space of motions [3].
Rather than bias the sampling based on the global planner
cost alone, each motion in the path set could be optimized
based on the combined local/global path cost.
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