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Abstract

In many robotic applications motions must be executed robustly in dynamic and partially unknown environments.
Despite this requirement most motion planning algorithms assume the environment to be known and changes to be
predictable. The planning problem in dynamic environments can be decomposed into a planning and an execution
phase. In this paper we describe a new framework for the execution of motion plans for robots with many degrees
of freedom in dynamic environments. An initial valid trajectory is incrementally modified according to changes in
the environment to maintain a collision free path. This framework is particularly well suited for redundant systems
and mobile manipulation, as it allows motion specification of a subset of the degrees of freedom of the robot, greatly

simplifying the task of robot programming.

1 Introduction

The robust execution of planned robot motion in dy-
namic environments and in the presence of uncer-
tainty is essential for achieving intelligent robot be-
havior. In mobile manipulation this problem becomes
particularly challenging because the execution of a
task has to be integrated with reactive collision avoid-
ance for robots with many degrees of freedom.

Reactive collision avoidance for manipulators or mo-
bile platforms is a well-studied problem [9, 6, 1, 10].
Due to the recent interest in mobile manipulation
more advanced methods are being investigated to in-
corporate obstacle avoidance with limited coordina-
tion between manipulator and mobile base [3, 15, 17,
12].

Most of the motion planning algorithms for robots
are based on the assumption that changes in the en-
vironment during planning and execution are known
a priori [10]. However, most applications in robotics
require robots to operate in environments that change
unpredictably. To allow the execution of motion plans
in dynamic environments the global planning process
can be augmented with a fast, reactive obstacle avoid-
ance component.

With this augmentation, an initial motion plan can
be generated under the assumption that all obsta-
cles are known [16]. During execution the robot devi-
ates from the planned path, guided by potential fields
caused by previously unknown or moving obstacles.
The planner attempts to rejoin the original path at
a later point that remained unaffected by changes in
the environment. To escape local minima of the po-

tential function fast local replanning can be applied
[4]. These approaches have only been applied to low-
dimensional configuration spaces.

Deviating from a pre-planned path, however, can re-
sult in local minima that require replanning [4, 16].
To overcome this problem the concept of elastic bands
was introduced [14]. A path is represented as a curve
in configuration space, called elastic band. It is in-
crementally modified according to the position of ob-
stacles in the environment to maintain a smooth and
collision-free path. The concept of elastic bands was
extended to nonholonomic robots [5].

The first planner for dynamic environments that has
been shown in practice to achieve real-time perfor-
mance addresses the problem of planning for two
cooperating robot arms [11]. The planning task
is decomposed into lower-dimensional problems that
can be solved efficiently. The extension to higher-
dimensional problems cannot preserve the real-time
performance of these methods.

In this paper we introduce a new framework, called
the elastic strip, that allows the execution of motion
plans for robots with many degrees of freedom in dy-
namic environments [2]. This approach is based on
the idea of decomposing the problem of motion plan-
ning in dynamic environments [16, 14] into a global
planning phase, in which certain assumptions about
the environment are made and a reactive execution
phase, in which the planned path is updated accord-
ing to changes in the environment.

The reactive modification of trajectories, however,
does not completely eliminate the need for replan-
ning. It allows continuous execution of motion until



a new motion plan has been computed. This new
plan can then be used to update the elastic strip.

2 Elastic Strip Framework

2.1 Overview

The basic idea of the elastic strip framework is similar
to elastic bands [14]. We assume that a collision-free
path for a planning problem has been obtained us-
ing an arbitrary planning method. The resulting tra-
jectory is incrementally modified by external forces
originating from obstacles in the environment and in-
ternal forces applied to shorten and smoothen it.

Figure 1: Bubbles on an elastic band

The key to efficiency of the elastic band is its use of a
local description of the free space around each config-
uration. With only one distance computation in the
workspace a hypersphere of free configuration space
is computed. This hypersphere is called bubble [13].
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.

The difficulty with the elastic band lies in its use of
the configuration space representation to describe the
local free space around a robot configuration. As the
number of degrees of freedom of the robot increases,
the estimate of the local free space around a configu-
ration becomes extremely conservative. An excessive
amount of bubbles are then needed to cover the elas-
tic band, affecting the real-time performance of the
algorithm.

To minimize the impact of the dimensionality of the
configuration space on the computational complex-
ity of the algorithm and thereby its real-time perfor-
mance, we choose to represent the trajectory in the
robot workspace. This trajectory must be maintained
in such a way that the volume swept by the robot dur-
ing execution of the trajectory remains in free space.
This volume can be imagined as a strip of elastic ma-
terial that is deformed by approaching obstacles and
shortens as obstacles recede.

The properties of an elastic strip differ from elastic
material. Since we are not restrained by the physical
laws of elasticity, we choose the effects of forces on
the elastic strip to implement some desired behavior
during reactive collision avoidance.

2.2 Rigid Body Representation

During the execution of a trajectory a robot sweeps
out a volume in the workspace. The trajectory is
collision-free if no obstacle is inside this volume. To
warrant collision avoidance the volume has to be com-
puted 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 free of collision. 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 de-
tection. 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 introduce
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 §;, indicated 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 &;.

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



2.3 Representing Local Free Space

To compute a bubble in the elastic band approach,
a distance measurement to a point in the workspace
has to be translated into a hypersphere in configu-
ration space. When the free space is represented in
the workspace, the distance computation translates
directly into a bubble in the workspace. Let p(p)
be the function that computes the minimum distance
from a point p to any obstacle. The workspace bub-
ble of free space around p is defined as

B(p) ={q:llp—dll < p(p)}

An approximation of the local free space around a
rigid body b in configuration ¢ can be computed by
generating a set of workspace bubbles centered on the
spine. This set of bubbles is called protective hull Pg.
The local free space or protective hull 7);2 of a robot
‘R at a configuration ¢ is described by the union of
protective hulls of each rigid body of R,

PR =P
bER

Figure 4 shows a protective hull of the Stanford Mo-
bile Platform. Note that a single workspace bubble
may contain multiple rigid bodies or even the entire
robot, implying that for large clearances a simple de-
scription of the local free space suffices.

Figure 4: Protective hull of the Stanford Mobile Plat-
form amidst spherical obstacles

2.4 Connectedness of Elastic Strip

An elastic strip S¥ = (q1,¢2,43," - -, qn) is a sequence
of configurations ¢; on the trajectory 7 of the robot
‘R. The local free space of a configuration is described
by the protective hulls P} .

Since each configuration g; is guaranteed to be free
of collisions by the protective hull P, it remains to
be shown that the union of all protective hulls con-
tains the volume V77-2 swept by the robot along the
trajectory. The condition of feasibility of trajectory
T described by S¥ is

vE cvE= |J PR (1)

1<i<n

This is illustrated in Figure 5, where three consecu-
tive 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 pro-
tective hull.

Figure 5: Protective hulls covering a trajectory

It suffices to describe a procedure that verifies the
existence of a path between two consecutive protec-
tive hulls P} and PX,. By applying this procedure
repeatedly the condition of feasibility (1) can be en-
sured.
We will make the assumption that every point on a
rigid body b moves on a straight line as b transitions
from ¢; to gi+1. This ignores the effect of rotation.
However, this effect can be bounded and taken into
account at a computational expense, when computing
the protective hull of b. The justification for this as-
sumption 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 simplifica-
tion but not an inherent limitation of the approach.
Using this assumption the path of each rigid body b
can be examined independently. If a trajectory be-
tween ¢; 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 g;y1 is guaranteed if the
volume V7b:',i+1 swept by b along 7;:4+1 is contained
within the protective hulls of the configuration ¢; and
qi+1,

Vh. C(PIUPY,). &)
To verify condition (2) the union ¢ = P} UPL,; is
examined. If b can pass through U/ on a straight line
trajectory form g; to ¢;+1 then the existence of a tra-
jectory V. . contained within P} UP},, is guaran-
teed.
If for all rigid bodies b € R the union of their protec-
tive hulls PP UP? ', 1 is large enough to allow a straight-
line trajectory, we say that two consecutive protective
hulls PR and P, are connected.

i1

2.5 Forces Acting on the Strip

Whereas elastic material is homogeneous and its prin-
cipal 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 = (q1, g2, ¢3) for an arm mounted on a
mobile base.

mnql mnq2 mnq3

Figure 6: Principal structure of elastic strip

The internal forces acting on the elastic strip are
generated by the virtual springs attached to control
points in subsequent configurations along the trajec-
tory. Let p;'- be the position vector of the origin of the
frame attached to the j-th joint of the robot in config-
uration ¢;. We use these points as control points. The
internal contraction force F:,’;t caused by the springs
attached to joint j is defined as

i—1
int __ J i+1 i—1 i i—1
J Jj

where di is the distance [|p} —p;+1|| in the initial, un-
modified trajectory and k. is a constant determining
the contraction gain of the elastic strip.

These forces cause the elastic strip to contract, main-
taining 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 elonga-
tion.

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

1k, (dy — d(p))? if d(p) < dy
Vear (P) = { 8 ( ®) othérv)vise ’
where d(p) is the distance from p to the closest ob-
stacle, dy defines the region of influence around ob-
stacles, 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
F:)Zt = _VVezt = kr(dO - d(p))ma

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

2.6 Elastic Strip Modification

Let S = (q1,¢2,43," -, qn) be an elastic strip. When
S is subjected to the forces described in section 2.5, it
is deformed by altering each of the configurations g;
in turn. To change a configuration according to the
internal and external forces, these forces have to be
mapped to joint torques.
For collision avoidance in the absence of a task re-
quirement, we use the Jacobian J, associated with
the point p at which the force Fy, is acting for this
mapping. The joint torques I' caused by Fy, are given
by

T =J.Fp. (3)
Joint limits can be avoided using a potential field
function [6].
The dynamic model of the system can be used to
compute the joint displacements caused by the joint
torques. The displacements for a configuration g; de-
fine the new configuration ¢}, resulting in the modified
elastic strip " = (q1,---, 4}, -, qn). S’ represents a
valid trajectory, only if the protective hulls P;_1, P}
and P;;1 are connected. This is verified using the
procedure described in section 2.4.
If P} and P;41 are not connected, the elastic strip S’
becomes invalid. This means that the trajectory rep-
resented by S8’ cannot be proven to be collision-free,
using the representation of local free space associated
with §’. In order to reconnect P/ and P;; inter-
mediate protective hulls are inserted into the elastic
strip.
As obstacles recede from the vicinity of the elastic
strip, the protective hulls of configurations increase
in volume and potentially move closer together. This
can result in protective hulls P;_; and P;;1 to be
connected. In that case ¢; is redundant and can be
removed from S.

2.7 Motion Behavior

Given a planned motion, the elastic strip allows a
robot to dynamically modify its motion to accom-
modate changes in the environment. For redundant
mechanisms this modification is not uniquely deter-
mined and may be chosen depending on the task. A
transportation task for a mobile manipulator, for in-
stance, can be described by the motion of the mobile
base, while only a nominal posture of the arm and
load are specified. For a manipulation task, the de-
scription consists of the motion of the end effector
and its contact forces, while only a nominal posture
of the mobile base and arm is given. In both cases
some degrees of freedom are used for task execution,
while others can be used to achieve task-independent
motion behavior.

The elastic strip also provides an effective framework
for executing partially described task. If only those



degrees of freedom necessary for execution have been
specified, reactive obstacle avoidance combined with
an attractive potential to the desired posture can
complete the robot control in real-time. With a par-
tial plan, however, the elastic strip can be subjected
to local minima.

3 Motion Execution

The framework for combining motion behavior and
task execution relies on the operational space dy-
namic control structure of redundant robots, summa-
rized below. The operational dynamics for a robot
are [7]

AF)% + p(x, %) + p(x) = F, (4)

where x is the vector of the m operational coordinates
describing the position and orientation of the effector,
and A(x) is the m x m kinetic energy matrix associ-
ated with the operational space. u(x,x), p(x), and F
are respectively the centrifugal and Coriolis force vec-
tor, gravity force vector, and generalized force vector
acting in operational space. These equations of mo-
tion describe the dynamic response of a manipulator
to the application of an operational force F at the end
effector. For non-redundant manipulators, the rela-
tionship between operational forces F and joint forces
Tis

I = J"(q)F, (5)
where J(q) is the Jacobian matrix. For redundant
systems the above relationship becomes

r=J"(F + [I- 7" (@7 (@] To,  (6)

with
J() = A~ (q)J" (a)A(q), (7)

where J(q) is the dynamically consistent generalized
inverse, A(q) the joint space mass matrix, and A(q)
the mass matrix associated with the operational space
[7, 8].

Equation 6 provides a decomposition of the joint
torques into those caused by forces at the end effec-
tor (JTF) and those that only affect internal motion

([I - JT(q)jT(q)] I‘o). This decomposition can be

used to achieve different kinds of task behavior. Sim-
ple obstacle avoidance without the incorporation of
task behavior can be achieved by using equation 3 to
map internal and external forces to joint torques.

To ensure the execution of a task specified in a par-
ticular task frame f, the internal and external forces
are mapped into the null space of the Jacobian J;
associated with the task frame. This corresponds to
the sets of tasks where the end effector is required to
move on a certain trajectory and the redundant de-
grees of freedom can be used for obstacle avoidance.

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

Simple obstacle avoidance behavior can be easily aug-
mented by specifying a desired posture for the robot.
This posture can be chosen according to some op-
timization criterion, for example, to minimize the
torques to support the load.

4 Implementation

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. In this example, all links
of the robot are subjected to the moving obstacle.
The elastic strip is represented by a set of intermedi-
ate configurations, displayed as lines connecting joint
frames.

The approaching obstacle deforms the elastic strip
to ensure obstacle avoidance. As the obstacle moves
away, internal forces cause the elastic strip to assume
the straight line trajectory. Our current implemen-



tation achieves an update rate for the elastic strip in
Figure 7 of 10 to 15 Hz on an SGI Indigo2.

5 Conclusion

The elastic strip framework is an efficient approach
to real-time obstacle avoidance for robots with many
degrees of freedom. It is particularly well suited for
mobile manipulation, since it allows the integration
of task-level behavior with collision avoidance in dy-
namic and uncertain environments.

An elastic strip represents the workspace volume
swept by a robot along a pre-planned trajectory. This
representation is incrementally modified by external,
repulsive forces originating from obstacles to main-
tain a collision-free path. Internal forces act on the
elastic strip to shorten and smoothen the trajectory.
To represent the volume swept by the robot the no-
tion of a protective hull is introduced. A protective
hull represents the local free space around a configu-
ration and can be computed efficiently. A sequence of
these hulls is used to contain the robot at any point
along the trajectory, thus ensuring collision avoid-
ance. The effectiveness of the elastic strip framework
is demonstrated in real-time path modification for the
Stanford Mobile Platform, a nine degree of freedom
manipulator, in a dynamic environment.
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