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Abstract

The elastic strip framework presented in this pa-
per is a new approach to real-time obstacle avoid-
ance for robots with many degrees of freedom. The
avoidance behavior can be integrated with task
erecution, o capability necessary for the appli-
cation of mobile manipulation to dynamic real-
world environments. The elastic strip initially
represents a collision-free path generated by a
planner. As the environment changes, the elas-
tic strip is incrementally modified to maintain
a smooth, collision-free path. Since the elastic
strip is entirely represented in workspace, costly
computation in a high-dimensional configuration
space is avoided. This results in an efficient mod-
ification procedure for the elastic strip, even for
robots with many degrees of freedom. The gen-
eral framework of elastic strips is introduced and
its application to obstacle avoidance during task
execution is discussed.

1 Introduction

The robust execution of planned robot motion
in dynamic environments and in the presence
of uncertainty is essential for achieving intelli-
gent robot behavior. In mobile manipulation
this problem becomes particularly challenging be-
cause the execution of a task has to be integrated
with reactive collision avoidance for robots with
many degrees of freedom.

Recent research in control structures for mo-
bile manipulation has resulted in an effective
approach to task description and execution for
arm/base systems at the object level (Khatib
et al. 1996). Compliant motion and force con-
trol strategies allow multiple arm/base systems
to cooperate with a decentralized control struc-
ture, accomplishing complex manipulation tasks.

Reactive collision avoidance for manipulators
or mobile platforms is a well-studied problem
(Krogh 1984; Khatib 1986; Arkin 1987; Latombe
1991). Due to the recent interest in mobile ma-
nipulation more advanced methods are being in-
vestigated to incorporate obstacle avoidance with
limited coordination between manipulator and
mobile base (Carriker et al. 1989; Seraji 1993;
Yamamoto and Yun 1995; Nassal 1996). These
approaches are mainly concerned with positioning
the base according to a manipulator-dependent
cost function and suspend task-level behavior to
perform collision avoidance. Mobile manipula-
tion, however, requires obstacle avoidance during
task execution.

In this paper we present a new approach to
real-time path modification for robotic systems
with many degrees of freedom. It extends the
elastic band framework proposed in Quinlan and
Khatib 1993. The new approach, called the elas-
tic strip, is an efficient framework for collision
avoidance for robots with many degrees of free-
dom. In addition, it allows for the integration
of collision avoidance with the execution of ma-
nipulation tasks. Furthermore, it maintains the
topological properties of the path and therefore
is immune to local minima.

The efficiency of this approach is based on
the fact that all computations are carried out di-
rectly in the workspace, avoiding the computa-
tional complexity of high-dimensional configura-
tion spaces. We present the general algorithm
and illustrate coordination schemes for obstacle
avoidance and task execution.

2 Arm/Base Coordination

The operational space equations of motion of a
manipulator are (Khatib 1987)

AX)X + p(x, %) + p(x) =F, (1)



where x is the vector of the m operational co-
ordinates describing the position and orientation
of the effector, and A(x) is the m x m kinetic
energy matrix associated with the operational
space. u(x,%), p(x), and F are respectively the
centrifugal and Coriolis force vector, gravity force
vector, and generalized force vector acting in op-
erational space.

These equations of motion describe the dy-
namic response of a manipulator to the applica-
tion of an operational force F at the end effector.
For non-redundant manipulators, the relationship
between operational forces F and joint forces I is

I =J"(q)F, (2)

where J(q) is the Jacobian matrix.

For redundant systems it can be shown that
the relationship between joint torques and oper-
ational forces is

T =J"@F + [I- (@7 (@] To,  (3)

with
J(@) = A" (q)J" (q)A(a), (4)

where J(q) is the dynamically consistent general-
ized inverse. This relationship provides a decom-
position of joint forces into two dynamically de-
coupled control vectors: joint forces correspond-
ing to forces acting at the end effector (JTF)
and joint forces that only affect internal motions,
(=77 @7" (@]To).-

Using this decomposition, the end effector can
be controlled by operational forces, whereas in-
ternal motions can be independently controlled
by joint forces that are guaranteed not to alter
the end effector’s dynamic behavior.

This can be applied to integrate task behavior
with task-independent behavior, such as collision
avoidance. In equation (3) F are the commanded
forces at the end-effector to accomplish the task
and T’y are the joint forces mapped into the null
space to implement task-independent behavior.

3 Elastic Band Framework

3.1 Overview

An elastic band (Quinlan and Khatib 1993) is a
discretized curve in the configuration space of a
robot, representing a collision-free path. This
path is initially obtained from a motion plan-
ner and subsequently subjected to artificial forces.

Objects in the environment exert external, repul-
sive forces on the elastic band, ensuring obsta-
cle avoidance. Internal forces act to shorten and
smoothen the path, imitating the physical behav-
ior of elastic material. The framework has been
extended to non-holonomic robots (Khatib et al.
1997).

The key ingredient for
the efficiency of the mod-
ification procedure for the
elastic band is the descrip-
tion of local free space
around it. With only
one distance computation
in the workspace a hyper-
sphere of free configura-
tion space can be com- Figure 1: Bubbles
puted. This hypersphere on an Elastic Band
is called bubble (Quinlan 1994). By covering
the entire elastic band with overlapping bubbles
we can guarantee that the path it represents is
collision-free. This is illustrated in Figure 1.

3.2 Limitations

The elastic band framework represents the trajec-
tory of the robot and the local free space around it
in the configuration space. This entails disadvan-
tages that make an application of the approach
to mobile manipulation difficult.

In mobile manipulation the task is described
in terms of end-effector motions. A joint space
trajectory is an unnatural representation for this
motion. Since the elastic band approach is based
on joint space trajectories, it is impractical for
application to mobile manipulation.

In the elastic band framework the estimate of
the local free space around a configuration be-
comes excessively conservative, as the number of
degrees of freedom of the manipulator increases
(Quinlan 1994). As a consequence, an excessive
amount of bubbles is needed to cover the elastic
band, affecting the real-time performance of the
algorithm.

4 Elastic Strip Framework

4.1 Overview

The basic idea of the elastic strip framework
is similar to elastic bands (Quinlan and Khatib
1993). A trajectory is incrementally modified by
external forces originating from obstacles in the
environment and internal forces are applied to



shorten and smoothen it.

To minimize the impact of the dimensionality
of the configuration space on the computational
complexity of the algorithm and thereby its real-
time performance, we choose to represent the tra-
jectory in the workspace.

Whereas with elastic bands a configuration of
the robot could be described as a point in configu-
ration space, a workspace description of that con-
figuration consists of the robot’s workspace vol-
ume. Similarly, in the elastic band framework a
bubble represents a configuration free space hy-
persphere; this corresponds to an obstacle-free
workspace volume in the new approach.

A robot trajectory will then be represented by
the workspace volume swept by the robot during
the motion along the path, as opposed to a one-
dimensional curve in configuration space. This
volume can be imagined as a strip of elastic ma-
terial that is deformed by obstacles and shortens
when obstacles are removed.

The behavior of the elastic strip differs in cer-
tain aspects from elastic material. Since we are
not restrained by the physical laws of elasticity,
we choose the effect of forces on the elastic strip
to be task dependent, thereby integrating colli-
sion avoidance and task execution.

4.2 Rigid Body Representation

During the execution of a trajectory a robot
sweeps out a volume in the workspace. The tra-
jectory is collision-free if no obstacle is inside this
volume. To warrant collision avoidance the vol-
ume has to be computed using a model of the rigid
bodies in motion and checked against obstacles in
the environment.

Figure 2: Illustration of a spine

A rigid body can be approximated by a line
segment that is parameterized by a varying width.
We call that line segment the spine of the rigid
body. The width specifies the free space required
around the line segment for the body to be colli-
sion free. In Figure 2 the spine of a transparent
PUMA 560 link is shown as the black line along
its central axis; the volume associated with the

spine encloses the link.

As a rigid body comes closer to obstacles, the
model described above might result in incorrect
collision detection. To address this difficulty the
representation of rigid bodies can be generalized
to describe rigid bodies at an arbitrary level of
detail.
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Figure 3: Covering a body with spines

The basic idea of this generalization is to intro-
duce more spines to cover the volume of the rigid
body with increasing accuracy as the distance to
obstacles decreases. In Figure 3 the rectangular
cross section of a body and its circular covering
by spines are shown for different resolutions §;, in-
dicated by the dotted region. The three pictures
could also be interpreted as the evolution of the
volume description as the rigid body approaches
an obstacle at distance d;.

For the sake of simplicity we assume in the
remainder of this paper that the volume of a rigid
body is described by a single spine.

4.3 Representing Local Free Space

To compute a bubble in the elastic band ap-
proach, a distance measurement to a point in the
workspace has to be translated into a hypersphere
in configuration space. When the free space is
represented in the workspace, the distance com-
putation translates directly into a bubble in the
workspace. Let p(p) be the function that com-
putes the minimum distance from a point p to
any obstacle. The workspace bubble of free space
around p is defined as

B(p) ={a:llp—dll <pP)}

An approximation of the local free space
around a rigid body b in configuration g can be
computed by generating a set of workspace bub-
bles centered on the spine. This set of bubbles is
called protective hull Pé’. The local free space or
protective hull ’sz of arobot R at a configuration
q is described by the union of protective hulls of
each rigid body of R,

PR =] P
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Figure 4 shows a protective hull of the Stanford
Mobile Platform. Note that a single workspace
bubble may contain multiple rigid bodies or even
the entire robot, implying that for large clear-
ances a simple description of the local free space
suffices.

Figure 4: Protective hull of the Stanford Mobile
Platform amidst spherical obstacles

4.4 Connectedness of Elastic Strip

An elastic strip SF = (PR, PR, PR,---,PR)isa
sequence of protective hulls P* representing the
local free space of a configuration ¢; on the tra-
jectory T of the robot R.

Since each configuration g¢; is guaranteed to be
free of collisions by the protective hull P, it re-
mains to be shown that the union of all protective
hulls contains the volume V77—2 swept by the robot
along the trajectory. The condition of feasibility
of trajectory T described by ST is

vEcvE= U PR (5)

1<i<n

This illustrated in Figure 5, where three consec-
utive protective hulls cover the trajectory of the
robot. The initial and the final configuration are
shown. An obstacle is reducing the size of the
intermediate protective hull.

Figure 5: Protective hulls covering a trajectory

It is sufficient to describe a procedure that ver-
ifies the existence of a path between two consec-
utive protective hulls P® and P . By applying
this procedure repeatedly the condition of feasi-
bility (5) can be ensured.

We will make the assumption that every point
on a rigid body b moves on a straight line as b
transitions from g¢; to ¢;+1. This ignores the effect
of rotation. However, this effect can be bounded
and taken into account at a computational ex-
pense, when computing the protective hull of b.
The justification for this assumption is that two
adjacent configurations will be similar enough for
this effect to be insignificant when the robot is
close to an obstacle. This is a simplification but
not an inherent limitation of the approach.

Using this assumption the path of each rigid
body b can be examined independently. If a tra-
jectory between ¢; and ¢;41 exists for all rigid
bodies b € R, one exists for R.

The existence of a trajectory 7; ;41 for a rigid
body b from configuration ¢; to ¢;+1 is guaran-
teed if the volume V2, = swept by b along Ti,i+1
is contained within the protective hulls of the con-
figuration ¢; and g;11,

VE . S (PIUPL). (6)

To verify condition (6) the union & = P? U
Pl , is examined. If b can pass through U on a
straight line trajectory form g; to ¢;41 then V%,,Hl
is contained within P} UP?, ;. Hence, condition
(6) holds and 7; ;41 must be collision-free.

If for all rigid bodies b € R the union of their
protective hulls P?UP?, , is large enough to allow
a straight-line trajectory, we say that two consec-
utive protective hulls P and P, are connected.

4.5 Forces Acting on the Strip

Whereas elastic material is homogeneous and its
principal physical properties do not vary over its
volume, this is not true for an elastic strip. In this
framework an elastic strip can be seen as a two-
dimensional grid of links and springs. Figure 6
illustrates that for the elastic strip S = (g1, ¢2,93)
for an arm mounted on a mobile base.

The internal forces acting on the elastic strip
are generated by the virtual springs attached to
control points in subsequent configurations along
the trajectory. Let pj- be the position vector of
the origin of the frame attached to the j-th joint
of the robot in configuration g;. We use these
points as control points. The internal contraction
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Figure 6: Principal structure of elastic strip

force Fz”;t caused by the springs attached to joint
j is defined as

. it ) . .
Fit = k, (—le ;™ -pi ) - (P} - p§-1)> ,
J

where df is the distance ||p; —p}*!|| in the initial,
unmodified trajectory and k. is a constant deter-
mining the contraction gain of the elastic strip.

These forces cause the elastic strip to contract,
maintaining a constant ratio of distances between
every three consecutive configurations. Note that
the force acting on the control points depends
only on the local curvature of the elastic strip
and not on its elongation.

The external forces are caused by a repulsive
potential associated with the obstacles. For a
point p this potential function is defined as

$kr(do —d(p))® if d(p) < do
— 2T
Veat (P) = { 0 otherwise

’

where d(p) is the distance from p to the closest
obstacle, dy defines the region of influence around
obstacles, and k, is the repulsion gain.

The external force Fg”t acting at point p is
defined by the gradient of the potential function
at that point:

d

Fgﬂﬂt = =VVeut = kr(dO - d(p))m:

where d is the vector between p and the closest
point on the obstacle.

4.6 Elastic Strip Modification

Let S = (q1,92,43, - ,qn) be an elastic strip.
When § is subjected to the forces described in
section 4.5, it is deformed by altering each of the
configurations ¢; in turn. To change a configura-
tion according to the internal and external forces,
these forces have to be mapped to joint torques.
The choice of this mapping is task-dependent.

For collision avoidance in the absence of a task
requirement, we use the Jacobian J associated
with the point p at which the force Fy is acting
for this mapping. The joint torques T' caused by
Fy are given by

I =J.Fp. (7

Joint limits can be avoided using a potential field
function (Khatib 1986).

To implement collision avoidance during the
execution of a task the joint torques computed
in equation (7) have to be mapped into the null
space associated with the Jacobian J of the task
frame, as shown in equation (3).

The dynamic model of the system can be
used to compute the joint displacements caused
by the joint torques. The displacements for a
configuration ¢; define the new protective hull
P}, resulting in the modified elastic strip &' =
(P1,---,P},---,Pp). S represents a valid trajec-
tory, only if the protective hulls P;_1, Pj, and
P41 are connected. This is verified using the
procedure described in section 4.4.

If P} and P;;1 are not connected, the elastic
strip S’ becomes invalid. This means that the
trajectory represented by S’ cannot be proven to
be collision-free, using the representation of local
free space associated with §’. In order to recon-
nect P; and P;y1 intermediate protective hulls
are inserted into the elastic strip. By imposing
constraints on the transition from P; to P; this
procedure can be guaranteed to succeed.

As obstacles recede from the vicinity of the
elastic strip, the protective hulls of configurations
increase in volume and potentially move closer to-
gether. This can result in protective hulls P; and
Pit2 to be connected. In that case P;41 is redun-
dant and can be removed.

5 Experimental Results

The results of a preliminary implementation are
shown in Figure 7. The framework is applied to
the Stanford Mobile Platform, a PUMA 560 robot
arm mounted on a holonomic mobile base with a
total of nine degrees of freedom. The elastic strip
is represented by a set of intermediate configura-
tions, displayed as lines connecting joint frames.

The approaching obstacle deforms the elastic
strip to ensure obstacle avoidance. As the obsta-
cle moves away, internal forces cause the elastic
strip to assume the straight line trajectory. Our
current implementation achieves an update rate



Figure 7: Elastic strip for a 9-dof robot incrementally modified by a moving obstacle

for the elastic strip in Figure 7 of 10 to 15 Hz
on an SGI Indigo2. In the Figure the stationary
obstacles of the environment have been removed.

6 Conclusion

The elastic strip framework is an efficient ap-
proach to real-time obstacle avoidance for robots
with many degrees of freedom. It is particularly
well suited for mobile manipulation, since it al-
lows the integration of task-level behavior with
collision avoidance in dynamic and uncertain en-
vironments.

An elastic strip represents the workspace vol-
ume swept by a robot along a pre-planned trajec-
tory. This representation is incrementally modi-
fied by external, repulsive forces originating from
obstacles to maintain a collision-free path. Inter-
nal forces act on the elastic strip to shorten and
smoothen the trajectory.

To represent the volume swept by the robot the
notion of a protective hull is introduced. A pro-
tective hull represents the local free space around
a configuration and can be computed efficiently.
A sequence of these hulls is used to contain the
robot at any point along the trajectory, thus en-
suring collision avoidance.

Experiments are presented demonstrating the
elastic strip framework to operate in real-time for
a trajectory of the Stanford Mobile Platform, a
nine degree of freedom manipulator, in a dynamic
environment.
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