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Freedom

Abstract

Human-like robots are useful in many areas such as deep sea mining and space applications. An efficient
motion planning algorithm for these type of robots will be helpful in achieving task level programming. In this
paper we present a new eflicient algorithm that has successfully computer collision free motions for
anthropometric figures with many degrees of freedom within a clustered environment.
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Abstract

Human-like robots are useful in many areas such as
deep sea mining and space applications. An efficient mo-
tion planning algorithm for these type of robots will be
helpful in achieving task level programming. In this pa-
per we present a new efficient algorithm that has success-
Jully computed collision free motions for anthropometric
Jigures with many degrees of freedom within a cluttered
environment.

1 Introduction

The problem of motion planning for manipulator arms
has been a much researched topic. The problem is usually
defined as finding a path for the robot arm from a given
initial configuration to a final configuration which avoids
collisions with the obstacles in the workspace. Many of
these algorithms are based on the use of configuration
space[8} (Cspace) which is the space of the degrees of
freedom (DOFs) of the robot.

However, it is well known that the worst case time
bound for an exact motion planning algorithm is exponen-
tial in the dimensionality of its configuration space. [1]
[2]. Direct application of the algorithms will be imprac-
tical in cases where the number of DOFs exceeds three.
Practical algorithms that make use of heuristics and spe-
cial search strategies have been devised for robots with
relatively few degree of freedoms. [3)

In this paper, we are particularly interested in a class
of robots which resemble the human structure. They are
characterized by having a torso, two manipulator arms, a
head mounted with vision system and also a lower body
which is either a transport unit or legs. The total num-
ber of DOFs involved are usually fairly large for these
robots. This type of robots are usually designed for tasks
such as deep sea mining, nuclear plant clean-up, space
shuttles operation and bomb handling. Programming at
the joint level for these robots will be extremely tedious.
We feel that having an algorithm that can plan the mo-
tion for this type of robots will be extremely useful in a
lot of applications. In this paper we are going to present
a novel algorithm that handles this task. Besides, our
algorithm can be applied in motion planning for human
figure models. This class of models are useful in areas
like human factor engineering and manufacturing design.
Robots that are hightly human-like are also under devel-
opment in countries such as Japan. Our algorithm will
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Figure 1. The anthropometric figures we used in this pa-
per

again be useful in planning motions for these robots.
Recently, work has been reported on algorithms that
can handle robots with many degrees of freedom. [4][5]
[6]. Latombe’s approach {4] uses an artificial potential
ficld and an optimization procedure to search for the so-
lution. Gupta’s method [5] is a sequential search method.
Our method is closer to Gupta’s. However, the fact that
anthropometric figures are a tree structure with branching
rather than a sequential linkage poses unique challenges
that have not been addressed by any existing algorithms.

2 Hierarchical structure of the anthropo-
metric figures

In this paper, we consider two types of anthropometric
figures (Figure 1). The first type is modelled after a hu-
man being. The second type resembles a bomb discharge
robot.

The basic structure of the figures consists of a torso,
a head and two arms. In addition, Figure 1 (a) has a
pair of legs as the lower body whereas Figure 1 (b) has a
transport unit.

We will use mainly Figure 1 (b) to explain our algo-



rithm. Extension of the algorithm to Figure 1 (a) wili be
explained in a later section.

‘We will present our approach in details in the next few
sections.

3 Our Approach

3.1 Overview

The basic idea of the whole algorithm is to first divide
up the DOFs of the figure into a number of Cspace groups
(C groups). Each C group deals with a n-dimensional
configuration space with the variables being a parameter
characterizing the motion of the preceding group and n—1
DOFs associated with some linkages.

The first stage of our approach is similar to the se-
quential search strategy presented by Gupta [5]. How-
ever, there are significant differences between ours and
his approach. For example, instead of considering one
degree of freedom (DOF) at a time, we extend the notion
further and consider a Cspace group which can involve
a variable number of DOFs. In our implementation, we
consider two in most cases. In this case, we first plan the
path for the first 3 DOFs (q;, g2, ¢a), parameterizes the
path (parameter p), and then plan the path for the next
two DOFs in (p, ¢4, ¢s) and so on. We find that work-
ing in a 3-dimensional space is still practical while it also
has has the advantage of providing more flexibility and
backtracking capability during the planning process and
hence a greater chance of finding a collision free path
successfully.

We also introduce a base point into the figure which
has two translational DOFs and one rotational DOF. This
will situate at the waist joint and make the lower body
of the robot much like a mobile robot with translational
capability. As will be seen, these translational DOFs can
be handled in a similarly efficient way as the other DOFs
in our algorithm.

Moreover, our algorithms are particularly adapted to
the hierarchical structure of the anthropometric figure.
Many specific problems encountered are addressed by the
algorithm and will be explained in later sections. For ex-
ample, the fact that the anthropometric figure is a tree
structure poses unique problems which have to be ad-
dressed specificially.

The organization of the planner is as follow: first the
basic algorithm is then run within each C group to com-
pute a collision free path for the DOFs associated with
this group. Next, the sequential algorithm is run over the
branches and finally a control aigorithm is run over the
whole figure to obtain the final path. After that, a play-
back routine will be called upon to play back the over-
all collision free path for the whole figure based on the
computed information stored within each of these cspace
groups. We will cover the detail of these algorithms in
the next few sections.

3.2 The grouping scheme

Let us now look at the grouping scheme of the cspace
groups before we go into the details of the algorithm.
The 1st cspace group deals with the three DOFs of the
base point. This is the only group that does not contain
a parameter. Each succeeding group consists of one pa-
rameter which characterizes the motion of the preceding

2341

group and a variable number of DOFs (1 or 2 in our im-
plementation). For example, the 2nd group deals with the
parameter from the 1st group and two rotational DOFs
of the waist. The 3rd group handles one parameter and
the third rotational DOF of the waist.

Next we come to consider the torso. The fact that
the anthropometric figure is not a sequential linkage but
rather a tree structure complicates the problem. As can be
seen, the torso branches upward into three separate links,
namely the head and the two arms. The collision free
motion computed for the torso will be considered when
planning the motions of all these three links. However,
there is a potential conflict here as the three links may
come up with a different final motion for the torso. The
problem is further complicated by the nontemporal inter-
pretation of the parameter. All these will be addressed in
more details in a later section.

The ordering we adopt is to compute the right arm first,
then the left arm and finally the head. This is in effect
a depth first traversal of the tree structure. Hence, the
4th group handles the torso parameter and two rotational
DOFs of the right shoulder. The 5th group takes care of
the remaining DOF of the shoulder and the right elbow.
The 6th and 7th group handles the 3 DOFs of the right
wrist. Groups 8, 9, 10, 11 accounts for the left arm and
groups 12, 13 for the head.

4 Basic algorithm - computing a collision
free path within a cspace group

To compute the collision free path for the DOFs in-
volved in a cspace group, we adopt the approximate al-
gorithm by Lozano-Perez based on a configuration space
approach [8] since the resulting algorithm is ready for
machine implementation [7]. We will briefly describe
the algorithm below with a 3-dimensional C group and
highlight some of the design choices that we have made.
Interested reader should refer to the details in [7].

First we compute the forbidden regions within this 3-
dimensional ¢ x 6% configuration space. The forbidden
regions are obtained by first discretizing the legal range
of the joint angle up to a predefined resolution, then at
each increment, checking for collision with the obstacles
in the environment. Areas where no collision can occur
are called free space.

Next adjacent slices are grouped into regions so as to
make use of the connectivity relationship and cut down
the size of the data. We group the slices in the free space
intosgegions as in [7] rather than using visibility graph as
in (5].

The reason is that path computed from the visibil-
ity graphs are inevitably close to the obstacles at certain
points. In fact, certain points on the computed path will
barely miss the vertices of some obstacles. The fact that
the computed path of one group being so close to the
obstacles will leave little leeway for the links involved
in the succeeding group to maneuver. This will greatly
reduce the chance of successfully finding a collision free
path for these groups. Therefore, we choose to use paths
that are close to the center of the free regions. This will
give more space for the links in the succeeding groups to
maneuver.

The next step is to build a graph to represent the con-
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Figure 2: Example of a sequential linkage

nectivity relationship between these regions. Finally, a
collision free path is obtained by searching this connec-
tivity graph starting from the node (region) containing the
initial configuration to the node containing the goal con-
figuration using an A* algorithm.

5 Sequential algorithm - free path for a se-
quential linkage

Before we look at the whole tree structure of the an-
thropometric figures, we first outline how the basic algo-
rithm is applied by the sequential algorithm to compute
a free path for a sequential linkage. This part is similar
to the sequential strategy presented in [S].

Referring to Fig 2, let n be the total number of cspace
groups on this branch. Let the joint DOFs within the
groups be represented by ¢;; where ¢ is the group number
and j is either 1 or 2 since there are either 1 or 2 DOFs
associated with each group. Let r; be the reference vertex
for group . It is basically the far side vertex of the link
associated with the DOFs in the group ¢. Let r;(¢) denote
the trajectory of the reference vertex r;. The initial and
goal configurations of the arm are given as ¢j; and q,.”j,
i=l,n; j = 1,2.

The algorithm is as follows:

1. Compute a collision free trajectory for the links asso-
ciated with group 1. The trajectory of the reference
vertex on this link will be r;(¢).

2.i=2,
3. While (i< n)

(a) along r,'_l(%ocompute a collision-free trajec-
tory for the DOFs in the ith group from ¢f; to
gf; for j = 1,2, using the basic algorithm.

(b) given gq1;(2),q2;(),...,q:;;(t), compute r;(t)
using forward kinematics.

(c) Increment i.
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5.1 Interpretation of the parameter t

The parameter ¢ can either has a temporal [10] or non-
temporal interpretation [S]. If the parameter is interpreted
as time, it means that the complete motion along the path
is determined and that it cannot be changed while planning
the motion of subsequent links in subsequent groups. On
the other hand, if the parameterization of the path is non-
temporal, then only the path is determined. How point
r; moves along this path is determined while planning
the motion of subsequent links. This means that backup
movement is allowed under this interpretation.

We have chosen to use the nontemporal interpretation
of the parameter in most cases since we found that the
backup movement is crucial in finding a collision free path
in most tested environment. The fact that the collision
free path computed for a particular group depends on the
path from the preceding groups has already constrained its
chances of finding a path. Adding the extra constraints
that the parameter ¢ being temporal will leave very little
room for the algorithm.

6 Control algorithm - computing a collision

free path for the whole figure

Now that we have considered computing a collision
free path for a sequential branch, we can go further and
consider the whole tree structure. The basic idea of the
algorithm is to start from the very first group, compute
its free path, parameterize the resulting motion, then re-
peat the procedure for the rest of the body following a
particular traversal order.

Since there are three branches coming out from the
torso, we have to impose an ordering in the groups when
computing the free path. We choose to compute the free
path for the right arm first, then the left arm and finally
the head branch. This is in effect executing a depth first
traversal of the tree structure.

Finally a special playback routine is needed to traverse
the tree, collect the path information computed and play-
back the final coordinated collision free motion.

Note that after we find the free path for the whole right
arm, we have to record all the joint angles along this path.
The information is important in the final stage of playing
back the free path.

There are some specific issues needed to be addressed
in each of these stages. These are explained in details in
the following sections.

6.1 Computing a collision-free path for the very
first group

The first C group differs from all the other groups in
that it is the very first group and therefore deals with DOFs
only. The two translational DOFs and one rotational DOF
make the linkage of the this group behave just like a
mobile robot. However, the linkage associated with this
group is not well defined. It can be either Figure 3 (b),(c)
or (d). The difference lies in what kind of end result
motion you would like to have. Figure 3 (b) has the torso
size equal to the real torso. The path computed for this
linkage will be collision-free for the whole torso in this
orientation. Hence, no torso movement will be needed and
only arm movements may be necessary along this path.
Figure 3 (c) has the torso size equal to the thickness of
the real torso in its upright position. The path computed
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Figure 3: Possible linkages to be associated with the first
cspace group

Figure 4: The figure has to bend forward to avoid obsta-
cles from above.

for this linkage may require some trotation of the torso
in tight situations. Figure 3 (d) has the torso size to be
equal to the minimum dimension of the real torso. The
path computed may require lots of torso movement to
fully guarantee collision free motion at some tight places.
For example, at a certain part of the path the torso may
actually have to bend forward to fully avoid the obstacles.
(Figure 4)

6.2 Resolving the conflicts between different

branches

Although the three branches are attached to the same
rear part of the torso, we do not use the same parameter
t that parameterize the motion of the torso in computing
all these branches.

This is due to the fact that we have allowed the param-
eter ¢ to be interpreted as a nontemporal parameter which
again implies that backtracking is allowed and the values
of ¢ along the computed path may be nonmonotonic. If
we use the same parameter of ¢ for all the first groups
in these branches, the corresponding joint angle values
cannot be computed uniquely during the final playback
phase.

Our solution to this problem is to further parameter-
ize the already parameterized path of the torso. Let us
look at Figure 5 (a). After we have computed motion
for the torso, we parameterize the resulting path with the
parameter, say ¢,. This is the track shown attached to the
torso. Next, we compute the path for the first group of
the right arm based on this parameterized path. For illus-
trative purpose, we assume the right arm has only one C
group. The resulting configuration space for this C group
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Cspace for left arm

Cspece for ight arm

Figure 5: (a) the parameterized path of the torso. (b) the
Cspace and computed path for the C group of the right
arm. t, is the parameter along this path. (c) the left arm
is highlighted. (d) the Cspace and computed path for the
left arm

and the free path may look like the one in Figure 5 (b).

As we follow the computed path, it can be seen that
the values taken by the parameter ¢; is not monotonic.
We choose to parameterize this path again before going
on to compute the path for the left arm. We will call this
parameter along the path ¢, and it is this parameter that
we are using when dealing with the first cspace group of
the left arm. This is shown in Figure 5 (d).

The reason for this extra step will become clear after
we have shown how the overall motion is played back.

6.3 Playing back the free path

After computing the free path for all the linkages, we
need a special routine to coordinate all the computed in-
formation and play back the overall collision free path.

For example, let Figure 6 represent the configuration
space for the last group of the left arm (2-dimensional
space for illustrative purpose). We then discretize the
free path according to a particular resolution. At every
discretized point, say A, there is a corresponding (6,%)
pair standing for the actual angle we should set the corre-
sponding joint DOF to, and also a parameter t referring
to the motion of the preceding group. We first set the
DOF to the ¢ value. Then we use the parameter to trace
back to the preceding group. Note that within this preced-
ing group, the parameter ¢ is monotonic. Hence we can
uniquely determine the corresponding (¢,?) pair within
this group. With the same token, we can trace back to
the group further preceeding this one. We carry on in
this fashion recursively until we encounter the parameter
that accounts for the motion of the first group of the right
arm. Note that at this point, all joint DOFs of the left arm
have already been set to their correct value.

The whole sequence of the right arm movement should
have been recorded at this point. The parameter we are
now considering is the same as ¢, described in the last
section. As discussed above, it is monotonic in values.
Hence, we can uniquely determine the set of angles cor-
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Figure 6: A sample C space for the last group in the left
arm illustrating the playback mechanism

responding to the right arm DOFs. This is exactly the
reason why we have to parameterize the path of the torso
again as we need to have a variable which is monotonic
and so can uniquely determine the angles it is associated
with.

After setting the angles in the right arm, the torso will
be set in a similar fashion.

7 Extension to the Human Model

The above algorithm can be easily extended to run on
the human figure as in Figure 1(a). For a human figure,
the movement of the base point is no longer restricted to
move on a planar surface. Hence, we need to introduce
another translational DOF to the base point. We may need
one more rotational DOF too depending on what kind of
motion we want the figure to have.

The two legs of the human figure can be treated as two
additional links. Since they both connect directly to the
lower torso (a linkage associated with the base point), they
can be applied with the sequential algorithm separately.
There is no complication involved here.

However, only leg movement within a stepping cycle
can be simulated. Leg movement that require preriodic
locomotion cannot be generated by this algorithm.

8 Results and discussion

We have tested our algorithm on a number of cases to
a certain level of success. Figure 7 shows the same figure
reaching through two holes with two arms. These exam-
ples run within a graphical environment named Jack[9]
on a Silicon Graphics Personal Iris workstation. The ini-
tial and final configuration of the figures are specified by
manually adjusting the figures positions. An interactive
technique based on inverse kinematics has greatly simpli-
fied the task [11]. It takes about 9 minutes wall clock
time to compute this example.

Figure 8 shows a second example in which the bomb
handling robot navigates an obstacle cluttered environ-
ment. This is a more difficult test case. We have to finely
adjust the parameters like distance of free path from ob-
stacles and the resolution in order to obtain a reasonable
solution. However, the resulting path are still somewhat
awkward and unnatural. We are currently working on
postprocessing technique to smooth out the resulting mo-
tion.

The fact that we have chosen the solution to be a path
that is near the center of the free space often creates the
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visual effect that the figure is moving in a path which is
farther from the obstacles than necessary. The distance of
the free path from the forbidden region in the configura-
tion space can be set as a variable. The user can first run
the system in default to get a solution and then decrease
this variable to get a more optimal path.

As for the complexity of the algorithm, since the num-
ber of DOFs in a group is upper bounded, the run time for
the basic algorithm can be treated as a constant. Hence
the run time of the whole algorithm without backtracking
is O(p) where p is the total number of DOFs. With back-
tracking, the worst case is that we have to search through
the whole tree and the run time become exponential.

‘When dealing with a human figure, the notion of natu-
ralness will come into consideration. It is still not known
how to quantify natural behavior. Besides, simulating the
walking mechanism by itself is a topic requiring more in-
vestigation and is not readily available for our system at
this point.
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