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Abstract 

Real-time replanning is a prerequisite f o r  motion exe- 
cution in unpredictably changing environments. This 
paper presents a framework that allows real-time re- 
planning in high-dimensional configuration spaces. 
Initially, a planning opemtion generates a path. The 
path is augmented by a set of paths homotopic to  it. 
This set is  represented implicitly by a volume of free 
space in the work space. Effectively, this corresponds 
to delaying part of the planning operation for  the ho- 
motopic paths until motion execution. During exe- 
cution reactive control algorithms are used to  select 
a valid path from the set of homotopic paths, using 
proximity to  the environment as a simple and effective 
heuristic and thereby significantly pruning the search 
in the configumtion space. Experimental results are 
presented to  validate the real-time performance of this 
framework in high-dimensional configuration spaces. 

1 Introduction 
Algorithms to generate robot motion have historically 
been divided into motion planning algorithms [12] and 
control algorithms [7]. While this distinction is vague 
and some algorithms cannot be exclusively attributed 
to either of these categories [6, 131, it is based on sev- 
eral fundamental properties of those methods. Motion 
planning algorithms are considered to generate a path 
that respects global motion constraints, whereas con- 
trol algorithms only use local information to determine 
a motion command. Furthermore, motion planning 
algorithms compute the path prior to the motion ex- 
ecution, whereas control algorithms are determining 
motion commands based on feedback during motion 
execution. In addition, planning methods are gener- 
ally complete or resolution complete, while control al- 
gorithms only optimize a local objective function and 
may therefore cause suboptimal behavior. This also 
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holds for reactive methods, such as the potential field 
approach that exhibits local minima [9]. Generally, 
motion planning methods are of high computational 
complexity, whereas the computations for most con- 
trol algorithms can be performed many times per sec- 
ond. 

In unpredictably changing environments the ap- 
plicability of motion planning algorithms is limited. 
Moving obstacles can invalidate a previously gen- 
erated motion by obstructing the computed path. 
Should such a situation occur, a planning operation is 
computationally too complex to continuously recom- 
pute a new path in real time. Control algorithms, on 
the other hand, can react to sudden changes in the en- 
vironment, but might fail to achieve the desired goal 
configuration. This paper presents the latest results 
on the elastic strip framework [2, 41 which integrates 
planning and control algorithms into a motion gener- 
ation approach, allowing real-time replanning in high- 
dimensional configuration spaces. 

2 Integration of Planning and 
Control 

The computational complexity of motion planning 
methods is mostly determined by the cost of comput- 
ing the free space. This can be attributed to two 
properties: Firstly, the search space has to be ex- 
plored globally, and secondly, the size of the search 
space grows exponentially with the dimensionality of 
the configuration space. Attempts to render motion 
planning algorithms more efficient have taken these 
two properties as starting points. 

The most efficient planning algorithms for high- 
dimensional configuration spaces avoid the computa- 
tion of an explicit free space representation. The free 
space is computed and represented implicitly, by ap- 
plying sampling techniques to the configuration space 
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[8]. This does not eliminate the dependency of the 
computational complexity on the dimensionality of the 
configuration space. The required number of samples 
to accurately represent the free space depends on the 
clutteredness of the configuration space, which gener- 
ally increases with its dimensionality. Furthermore, 
these algorithms still have to explore the entire con- 
figuration space. 

In an attempt to reduce the computational com- 
plexity of planning algorithms, methods methods were 
devised that use heuristics to locally explore the con- 
figuration space until a path is found [l, 51. Those 
heuristics take advantage of information about the 
workspace to guide the local search in configuration 
space. The search relies on iterative or recursive meth- 
ods to compute the boundary of free space around 
a particular configuration. For these methods the 
amount of computation will increase with the number 
of degrees of freedom of the robot because the extent 
of the free space region must be explored along every 
dimension of the configuration space. 

The framework presented in this paper is applica- 
ble to replanning and therefore addresses a narrower 
problem than the approaches mentioned above. Mo- 
tion planning methods reduce the complexity of mo- 
tion planning by representing configuration space ob- 
stacles implicitly and by using workspace information 
to guide the exploration of configuration space. The 
elastic strip framework presented in the next section 
goes one step further: it delays the exploration of the 
configuration space until execution. This exploration 
can be performed very efficiently using reactive con- 
trol algorithms and proximity information from the 
workspace. 

The underlying idea is to represent a set of homo- 
topic paths by the workspace volume a robot would 
sweep out along them. This can be done without 
considering the kinematic properties of the robot, 
i.e. without exploring the configuration space. The 
prerequisite is the existence of a valid path, called can- 
didate path. Assume a planner has generated such a 
candidate path and it lies entirely in free space. The 
free space around the candidate path must contain 
the volume swept by the robot along paths homotopic 
to the candidate path itself. Those paths are rep- 
resented implicitly by an approximation of the free 
space around the candidate path, rather than com- 
puting them explicitly. During execution this set of 
homotopic paths can be searched very efficiently for 
an alternate valid path, should the candidate path be 
invalidated by changes in the environment. 

Using such a representation, planning and control 

can be integrated very tightly: The path generated by 
a motion planner is transformed into a more general 
representation by augmenting every path with an im- 
plicit representation of paths homotopic to it. Control 
algorithms can then be used during execution to effi- 
ciently search that space to find a valid path, should 
the original one become invalid due to changes in the 
environment. This is the underlying principle of the 
elastic strip framework, described in the next section. 

3 Elastic Strips 
The elastic strip framework allows real-time replan- 
ning by integrating planning and control. This inte- 
gration relies on two important components: a simple 
representation of sets of homotopic paths and an ef- 
ficient method of selecting a valid path from this set. 
Those components will be described in this section. 

3.1 Sets of Homotopic Paths 
An elastic strip represents the free space around 
an existing path using a set of overlapping balls of 
workspace. Using only one distance computation, the 
free space around a point p in the workspace can be 
computed. Such a ball of free space is called bubble 
[13]; it contains all points q that are close to p than 
the closest obstacle and is defined as 

B(P) = { Q : IlP - !Ill < P(P)ll  

where p(p) computes the minimum distance from p to 
any obstacle. 

Figure 1: Protec- 
tive hull around the 
Stanford Mobile 
Manipulator 

A set of bubbles is used to 
describe the local free space 
around a configuration q of a 
robot R . This set is called 
protective hull PF and is de- 
fined as 

P; = U w. 
P E R  

Not every point p E R needs 
to be covered by a bubble. 
A heuristic is used for se- 
lecting a small set of points 
yielding an accurate descrip- 
tion of the free space around 
configuration q .  An example 
of a protective hull around 
the Stanford Mobile Manip- 
ulator is shown in Figure 1. 
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Along the path U a sequence of configurations 
qo, . . . , qn is chosen. This sequence is called an elastic 
strip Sz if the union of the protective hulls Pi" of the 
configurations qi ,  1 5 i 5 n fulfills the condition 

vu72 GR= U P?, (1) 
l_<i_<n 

where Vu" is the workspace volume of robot R swept 
along the path U. The union of protective hulls 
is called elastic tunnel. An example of an elastic tun- 
nel is shown in Figure 2. Five configurations of the 
Stanford Mobile Manipulator along a given path are 
displayed. The overlapping bubbles of free space are 
shown as transparent spheres. The spherical obstacle 
in the middle is restricting the size of the bubbles. For 
clarity, other obstacles are not shown. 

Figure 2: Elastic tunnel in the presence of an obstacle 

Relating the elastic strip framework to the discus- 
sion in section 2, the initial path U corresponds to the 
candidate path, and the elastic tunnel implicitly repre- 
sents a set of paths homotopic to it. Referring to figure 
2, it is easy to imagine how the volume swept by the 
robot along the path U is contained within the elastic 
tunnel 7. It is also intuitive that the volume swept by 
the robot along a path U' that is homotopic to U and 
was obtained by a slight modification of U, would also 
be contained within the elastic tunnel. Therefore, an 
elastic tunnel can be viewed as a representation of a 
set of paths homotopic to the candidate path. As the 
elastic tunnel can be computed very efficiently with 
very few distance computations, this constitutes the 
first component necessary for the integration of plan- 
ning and control described in the previous section. 

3.2 Selection of a Path 

Given a candidate path and an implicit representation 
of a set of paths homotopic to it, an algorithm is re- 
quired to efficiently select a path from the elastic tun- 
nel, if the candidate path is invalidated by changes in 
the environment. For this algorithm to be as efficient 
as possible, a simple potential field-based control al- 
gorithm is used. Rather than exploring the entire con- 
figuration space, it maps proximity information from 
the environment into the configuration space, using 
the kinematics of the manipulator. 

The robot is exposed to forces, acting in the 
workspace, that affect the selection of a path by incre- 
mentally modifying the candidate path. These forces 
are derived from three potential functions, the exter- 
nal, internal, and posture potential, V&, ,  Vint, and 
V,,, , respectively. The external, repulsive potential 
Vext is defined as a function of proximity to obsta- 
cles. Minimizing this potential effectively maximizes 
the clearance the path has to obstacles in the environ- 
ment. For a point p on the robot the external potential 
is defined as follows: 

where d ( p )  is the distance from p to the closest obsta- 
cle, do defines the region of influence around obstacles, 
and ICr is the repulsion gain. The force resulting from 
this potential that acts on point p is then given by: 

where a?is the vector between p and the closest point 
on the obstacle. Intuitively, the repulsive potential 
pushes the robot away from obstacles, if it is inside 
their influence region. Using the external forces to 
select a new candidate path is different from a purely 
reactive approach, since the global properties of the 
path are maintained and local minima can be avoided. 

External potential alone would suffice in most cases 
to select a new candidate path, as repulsive forces keep 
the robot in free space. If an obstacle deforming a path 
would recede, however, the path would never shorten. 
Virtual springs attached to control points on consecu- 
tive configurations of the robot along the elastic strip, 
as depicted in Figure 3, can achieve this effect. Let 
p$ be the position vector of the control point attached 
to the j-th joint of the robot in configuration qi. The 
internal contraction force caused by the spring con- 
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necting to joint i to joint j is defined as: 

where d j  is the distance llp; - pylll in the initial, un- 
modified trajectory and k, is a constant determining 
the contraction gain of the elastic strip. 

9, % q3 

Figure 3: Principal structure of elastic strip 

Using the external and internal forces, the elastic 
strip behaves like a rubber band. Obstacles cause it to 
deform, and as obstacles recede it assumes its previous 
shape. The forces are mapped to joint displacements 
using a dynamic model of the manipulator. This re- 
places configuration space exploration with a directed 
search, guided by workspace forces. This procedure 
is virtually independent of the dimensionality of the 
configuration space. 

In case of redundant manipulators, a third poten- 
tial is introduced. The potential Vposture can be used 
to define a preferred posture for the robot in absence 
of other constraints. This allows, for example, to 
maintain the most stable or energy-conserving posi- 
tion when manipulating a heavy load. Based on the 
dynamically consistent decoupling of task execution 
and null space motion [3, lo], the motion resulting 
from these three potentials can be combined with the 
motion required for task execution. Motion in the null 
space of the task is used to avoid obstacles, shorten 
the trajectory, and achieve a desired posture without 
influencing task execution. 

3.3 Updating the Sets 

A roadmap captures the connectivity of the free space 
as a network of one-dimensional curves. As we are 
interested in dynamic environments that give rise to 
the need of replanning, it cannot be assumed that the 
roadmap will remain accurate. As a consequence for 
the replanning paradigm described in this paper, the 
sets of homotopic paths need to be updated in accor- 
dance with changes in free space connectivity. For ex- 

ample, an obstacle crossing a hallway from one side to 
another, introduces a second candidate path through 
the hallway in the roadmap, as it moves away from 
the wall and can now be passed on either side. Af- 
ter contact with the opposing wall is made, the two 
candidate paths are merged again. 

The motion of obstacles in the environment can 
cause substantial changes in the connectivity of the 
free space. Ultimately, the reinvocation of a motion 
planner is needed to guarantee completeness. In most 
practical environments, however, the motion of ob- 
stacles translate to small changes of overall free space 
connectivity. Since the goal is to avoid a costly motion 
planning operation, local planning methods or heuris- 
tics can be used to update the roadmap. This subsec- 
tion presents two of those local replanning operations 
that are integrated with the elastic strip framework. 
For further details please refer to [2]. 

Figure 4: Local replanning 

In populated environments, the most frequent type 
of change impacting the candidate path, is an obsta- 
cle crossing the path. As a result, it is deformed, as 
can be seen in the first image of Figure 4. By impos- 
ing constraints on the internal forces acting between 
two adjacent configurations along the elastic strip, the 
obstacle can be allowed to “pop through” the elastic 
strip, as shown in the top row of images of Figure 4. 
Internal forces then will reconnect the path, after the 
obstacle has passed. If internal forces cannot recon- 
nect the path, a different local replanner or a global 
motion planner can be invoked [2]. 

Alternatively, the roadmap computed by the plan- 
ner could always be maintained as a set of alternative 
routes. These routes can become invalid, if obstructed 
by obstacles. The obstacle will cause portions of the 
the original roadmap to change. If the obstruction is 
removed, however, the path in the original roadmap 
can again become a valid candidate path. This is il- 
lustrated in Figure 4, where a moving obstacle causes 
a path to be deformed. Further obstacle motion un- 
blocks the original candidate path, which now is valid 
again and represents the shortest path between the 
two points. 
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4 Experimental Results 
The elastic strip framework was tested in simulation 
and experimentally on various robotics [2]. Figure 
5 shows two experiments with the Stanford Mobile 
Manipulator, a nine degree-of-freedom robot, consist- 
ing of a holonomic base and a six degree-of-freedom 
PUMA 560. The first series of images in Figure 5 
shows how four PA-10 robots move into the path of 
the Stanford Mobile Manipulator. The first image of 
this sequence shows the candidate path, as computed 
by the pIanner. The subsequent pictures show how a 
new path is selected in real-time, as the motion of ob- 
stacles invalidates the original path. The replanning 
operation in the nine-dimensional configuration space 
is performed about 10 times per second on a 400 MHz 
Pentium PC. For simpler examples replanning rates of 
up to 100 Hz were achieved. The path is smoothended 
during execution. The other sequence of images shows 
a similar experiment for two Stanford Mobile Manip- 
ulators. 

5 Conclusion 
Conventionally, the link between planning and control 
is a path. To execute the path, it is first converted into 
a trajectory and then executed by control algorithms. 
Such a path can be represented as a set of via points, a 
parametric descriptions of joint positions as a function 
of time, or as a navigation function [Ill. 

The elastic strip framework relies on the existence 
of a valid candidate path, previously obtained by a 
planner. Using the notion of elastic tunnel as an im- 
plicit representation of sets of homotopic paths as the 
connecting link, the elastic strip framework realizes 
a much tighter integration of planning and control 
than previous approaches. This integration allows to 
delay the exploration of the configuration space nec- 
essary for plan generation until execution, rendering 
replanning significantly more efficient. Experiments 
have proven the elastic strip framework to be an effec- 
tive and efficient way of performing replanning in real- 
time, even in high-dimensional configuration spaces. 

The replanning operation performed by the elas- 
tic strip framework is incomplete and may result in 
suboptimal paths. It can be augmented with other re- 
planning primitives that allow to handle most practi- 
cal situations. Ultimately, elastic strips cannot replace 
planning itself if changes in the environment are sub- 
stantial and the elastic strip framework cannot find a 
valid candidate path, the reinvocation of a complete 
planner becomes necessary. 
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Figure 5: On the left: Four manipulator arms move into the path of the Stanford Mobile Manipulator; replanning 
using elastic strips is performed in real-time to maintain a valid path. The path is indicated by lines connecting 
points on conscutive configurations along the elastic strip. It is converted into a smooth trajectory during 
execution. On the right: A Stanford Mobile Manipulator moves into the path of another one. The path is 
updated in real-time to avoid a collision. 
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