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Abstract: We present a path planning algorithm for 
robot manipulators working in an initially known environ- 
ment. An eficient method constructs the configuration space 
(C-space) of the robot and expands a local minima free nu- 
merical potential field in it. So the robot is able to move 
very fast and collision-free within its workspace ( W-space). 
An extension of that principle allows the robot to handle au- 
tonomously new obstacles appearing in its W-space in a fast 
manner. We have implemented the planner on our 6 degrees 
of freedom (DOF) - considering 5 of them' - space robot 
ROTEX working within a tight workcell.' In order to reduce 
the off-line computation time of the C-space, the C-space may 
be only partially constructed taking approximately 5 minutes 
on a Silicon Graphics IRIS Indigo R4000. Pathfinding solu- 
tions for many practical situations are then produced in less 
than 1 minute. 

I. Introduction 

The basic path planning problem consists of finding a 
collision-free path for a rigid robot in a static environment 
being cluttered with rigid objects, connecting its start and 
goal configurations and perhaps optimizing certain criteria 
(i.e. shortest path, minimum time, minimum energy etc.). 

A variety of planners has been implemented and it is 
recognized that the solution of the path planning problem in 
its generality is almost intractable [2]. 

The computational complexity of the above problem 
grows drastically with the number n of degrees of freedom 
(DOF). A variety of 3 DOF systems has already successfully 
been implemented [31,[41,[51,[61,[71,[81. 

The path planning problem for robots with more than 
3 DOF (n 2 4) presents an actual research topic of great 
interest and is in particular very important for real robot 
applications. It can be treated by the so-called exact methods, 

' Our robot consists of 6 rotational links. The rotation of the 6th axis 
doesn't change the position of the origin of the gripper coordinate system, 
but only its orientation. 

integrated in the spacelab of shuttle Columbia during the German 
D2-mission in spring '93 [l]  

which guarantee - in case a solution does exist - to find it, 
at the cost of extensive computation time [91,[10]. 

The most promising algorithms are based on powerful 
heuristics [11],[12],[13]. They do not guarantee to find an 
existing solution, but consume much less computation time. 
Satisfactory results are reported for planners considering line 
robots even with many DOF [14],[15] or dealing with 3D 
robots with up to 4 DOF [16]. Further planners for real 
robots are slow [17],[18],[191,[20]. 

Extensions of the basic path planning problem, like 
the ability to operate collision-free in real-time in an en- 
vironment containing new static or moving obstacles, in- 
crease drastically its solution difficulty and computational 
complexity. 

Considering the above observations, it leads to the ne- 
cessity for developing a fast planner for real robots with 
many DOF, capable of producing solutions operating in a 
static environment and of dealing with a changing environ- 
ment providing small reaction times compared to the robot's 
motion speed. We have developed our planner under these 
aspects; so initially we had to choose a method, which seems 
to satisfy our requirements. 

The most popular methods like cell decomposition [21] 
and roadmap methods [22] construct some kind of connect- 
ing channel between the start and goal configuration. As 
illustrated in [22], such methods are practicable for n I 4. 
New obstacles appearance or redefinition of start or goal 
configuration means complete reconstruction of the moving 
channel within the configuration space (C-space). This is a 
very time consuming procedure. 

Khatib pioneered the potential field methods [23] im- 
plementing a collision avoidance algorithm for mobile robots 
or line robots with up to 4 DOF operating within a dynamic 
environment. The disadvantage of this method is the ap- 
pearance of local minima and their restrictive role to the 
planning procedure, so that it often fails to reach the goal 
configuration. The local minima can be removed by har- 
monic potential functions; successful results have been re- 
ported for mobile robots and robot manipulators with up to 
3 DOF [8],[24]. 
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Latombe et al. introduced numerical potential fields 
[15] applying to 3D C-spaces and the “distributed repre- 
sentation approach” [ 141 handling many DOF, up to 31 as 
reported. The examples refer to line robots only and not 
always to a 3D workspace (W-space). 

We use a numerical potential field in the discretized 
C-space of our robot manipulator and initially consider a 
static environment. 

The remainder of our paper is organized as follows: 
Section I1 discusses the set-up of the also discretized 

W-space, section III the construction of the C-space, and 
section IV the modelling and expansion of the potential field 
in the C-space and the path finding procedure herein. 

In section V experimental results are reported. Section 
VI deals with the problem of a changing environment and 
section VI1 with the ability of our planner to find a path very 
fast in the partially constructed C-space (another than in 111). 
In section VI11 a conclusion is presented and how we intend 
to extend our planner. 

11. The W-space 
We assume that the W-space of a robot contains r 

obstacles Bi, (i = 1, ..., r) with arbitrary shapes. Then the 
free space is defined by: 

w,.,, = W-UI==,Bi 

We model the W-space by a binary-valued 3D array, let 
us call it the W-array. This W-array, as a discretized repre- 
sentation of the W-space, results from mapping the continu- 
ous Cartesian W-space in world coordinates into an equidis- 
tant 3D-grid. In the W-array free regions are indicated by 
ones and obstacle-regions by zeros. 

This distinction of our W-space in free and non-free 
space is a preparational step for the construction of the 
C-space (as illustrated in the following section) and for the 
on-line collision avoidance (sections V1,VII). 

111. The C-space 
A configuration q of a robot A is represented by a vector 

(91, . . . , qn)T, that uniquely defines the position of any point 
of the robot in its W-space. We denote with n the dimension 
of the C-space, which equals to the number of DOF. The 
C-space is the set of all possible configurations considering 
the mechanical constraints [25]. 

We model the C-space as a joint angle space containing 
all possible configurations under consideration of the joint 
angle limits. 

Now the problem is to construct the C-space obstacles 
CBi (i = 1, ..., r), that means to map the obstacles Bi from the 

W-space into the C-space. With A(q) we denote the subset 
of the W-space, filled by A at configuration q. 

Each obstacle Bi maps into the C-obstacle CBi , defined 
by the set of configurations: 

CBi = { q  E C I A(q) n B i  # 0) 

The set of the collision-free configurations from the 
C-space is then defined by: 

C, ,ee  = C - Ur==,CBj 

This mapping from a low dimensional space (W-space) 
into a higher dimensional space (C-space) is an unsolvable 
problem. For low dimensional C-spaces this mapping can 
be realized with great effort [22]. 

Therefore we avoid the direct mapping of each obsta- 
cle Bi to the set of the corresponding collision-configurations 
CBi, following another way to construct the C-space obsta- 
cles, based on the consideration: 

a configuration q of a robot A is collision-free if no 
intersections exist between the robot and its non-free 
W-space. 

Similar to the W-space, we represent the discretized 
C-space by a ndimensional array, let us call it the C-array. 
According to our experiments and for simplicity we further 
assume n = 5. We neglect the 6th joint angle in the C-array 
modelling, because the rotation of the 6th axis does not 
change the position of the gripper coordinate system (figure 
1). 

Now we have to examine if every element of the 
C-array represents a collision-free configuration or not. This 
would be a very time consuming procedure, if we had to 
examine each element of this C-array. We accelerate the 
C-array construction by avoiding redundant checks, i.e. if 
a link collision is detected, then collision for every further 
link, lying between the actual one and the robot gripper, 
is registend. Based on this observation, we developed the 
following algorithm, which simplifies and accelerates the 
collision checks accordingly: 

1. Initialize each element of the C-array with a great 
number M, representing a collision-free configuration. 

2. Consider the 1st link of the robot and neglect each 
further link. In our case (see figure l), link 1 rotates 
around its own axis, therefore a collision check for every 
discretized value of qJ is not necessary. 
Consider the 2nd link of the robot and neglect each 
further link. Repeat the following steps for every dis- 
cretized value k, (normalized from 1 to climit13) of 41: 

climitl ,..., climits result by the joint angle limits and the discretization 
step be choosen for their discrete representation. Thus climiti is the number 
of the particular discrete joint angle values. So the C-array contains climitl 
x climitz x c h i t 3  x climih x climig elements.. 

3. 
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for every discretized value k2 (normalized from 1 

Get the exact position of link 2 in its W-space 
through the forward kinematics. 
To accelerate the collision checking procedure con- 
sider first a number of points, let us call them 
“critical points”, from 2nd link (see figure 1). If 
they lie in the W M ,  that m a n s  if the respective 
elements of the W-array have the value 1, then go 
on testing further points in the 2nd link. Interrupt 
the search, if a non collision-free point of the 2nd 
link has been detected. 
Assuming link 2 collides for the k-th discretized 
value of qJ and the I-th value of 42, then enter the 
value 0 at the following elements of the C-array: 

to climit2) of 42: 

i l  = k  
iz = 1 
i3 = 1, ..., clirnit3 
i 4  = 1, ..., climit4 
i5 = 1, ..., climits 

redundant collisions 

4. Move on in a similar way to the following links, that 
means consider only the actual link and neglect the fol- 
lowing ones. In addition, make use of the C-array 
elements set to zero to avoid unnecessary collision 
checking. 

For example, if we consider the 3rd link and its position 
in the W-space according to the k-th discretized value 
of 41, the Z-th of 42 and the m-th of 43, we check (before 
doing a collision test ) if 

C-arPaYkimir j5 = 0 
with 

i4 an arbitrary value in {O, ..., climih}, 
i5 an arbitrary value in {O, ..., climits). 

In this manner, interpreting the construction of the 
C-array elements as a tree expansion, only the “living leafs” 
(elements with the value M, also non-colliding configura- 
tions) are entered step by step into the graph and a selective 
expansion takes place. 

Notes: 

During the collision test for link 5 we do not neglect 
the 6th link and end-effector, but we consider them as 
an extension of the 5th link. 
We begin the collision check for link 5 by examining if 
the end-effector or link 6 hit on the robot-base, because 
this is not guaranteed through joint-angle limits. 

a. 

b. 

Figure 1: The ROTEX robot within its workcell. The critical 
points from link 2 due to the collision avoidance are marked. 

IV. Potential field expansion in the 
C-space and path searching in it 

According to section III, the C-array has been built in 
such a way, that its elements contain the values 0 (collision- 
configurations) or M (noncollision-configurations). 

Then a numerical potential field is expanded, based on 
a “wave expansion” algorithm. In the following we describe 
this procedure: 

Given a goal configuration q(q1, ...,qj) in the C-space, 
we check out if it collides in the W-space. If 
not, then we discretize q to the non-colliding dis- 
cretized configuration q k ~ ,  ..., k5), that means the ele- 
ment C-QPTQYklkaksk,k5 contains the value M. Then 
we assign the value 1 to this element. 
The so-called 1-neighbors of k (only one coordinate dif- 
fers by one discretization step from the coordinates of 
k) are considered, that means we consider the 10 neigh- 
bors having coordinates included in the set: 

These neighbors are checked if they are “legal”, in the 
sense that their coordinates belong to the predefined 
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joint limits and they correspond to collision-free config- 
urations. We consider the subset of the "legal" neigh- 
bors, to which no potential value has been assigned yet: 

for every IC, : 0 I ki < climiti 
and C*rfa! /k lkak3k,ks  = M 

Elements satisfying these conditions are assigned the 
value 2 and temporarily stored in a list LI.  
Repeat step 2 with all elements of L,, constructing 
sequentially the lists L2, ..., L,,,, which contain elements 
with the value 3, ..., m+l respectively, until no neighbor 
with the value M can be found. 

3. 

1, : goal configuration 

Figure 2: 2D C-space and potential field expansion therein. 

A path between the given start and goal configuration 
exists, if the element of the C-array corresponding to the 
start configuration contains a value different from 0 or M. 

An example for a 2D C-space, the expansion of the nu- 
merical potential field therein and a path example are illus- 
trated in figure 2. In this example the path between the given 
configurations is found by considering the 8 2-neighbors (up 
to two coordinates differ by a single discretization step) of 
the particular start configuration. Then the "legal" neighbor 
with the smallest value is chosen. 

We want to point out two significant advantages of our 
algorithm: 
a. The existence of a path connecting two arbitrary con- 

figurations can be examined by considering local infor- 
mation only (the potential field value of the start con- 
figuration). 

b. If a solution path exists, it is guaranteed that it will be 
found (no local minima exist, which would prevent the 
planner from reaching the goal configuration). 

V. Experimental results 
We have implemented our algorithm on a Silicon Graph- 

ics IRIS Indigo R4000 Workstation. 
The robot operates in a narrow workcell (1016mm x 

823" x 403") containing several objects, which form 
additional obstacles, as can be seen in figure 1. Hence, 
collision avoidance plays a very important role. 

The construction of the W-space array takes approx. 3.5 
sec for a resolution of 1 cm. The largest amount of the off- 
line computation time is consumed for the construction of 
the C-array. For 2.86 x lo6 configurations it takes approx. 
55 minutes. In this case the expansion of the potential field 
in the C-array needs only 7.1 sec. 

The joint angle resolution is different for each angle, 
so that a step angle change for each DOF provides approxi- 
mately the same movement of the robot wrist. 

Each motion step requires the evaluation of 242 neigh- 
bors, which is the number of 5-neighbors for a 5D space 
(3"- 1, n: the dimension of the C-space). Dependent on the 
C-space =solution, an on-line collision check of robot posi- 
tions lying between two sequential discretized configurations 
has to be made. We apply a linear interpolation in the carte- 
sian space. Taken this into account, the computation time 
for each step takes approx. 0.4 sec - 0.6 sec. A typical path, 
such as shown in figure 3 is produced in approx. 2.8 sec. 

Figure 3: Typical path within the workcell. 
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VI. Operating in an environment 
with new obstacles 

Figure 4: Complex path within the workcell. 

One main advantage of our algorithm is its ability to 
construct very quickly another path connecting a new start 
configuration to the goal configuration. For a more com- 
plicated path than shown in figure 3, it needs approx. 4.6 
sec (figure 4). Comparable planners [ 17],[ a ] , [  191 require 
higher computation times lying in the order of few minutes. 
A direct and exact comparison is in these cases not possible 
because both of the different working environment of the par- 
ticular robot (i.e. a cluttered environment or one with o d y  a 
few obstacles) and of the different computers, on which the 
algorithms have been implemented. In [20] the same prob- 
lem is handled, but the planner requires significant higher 
computation time. 

In the case of a new goal configuration, the potential 
field has to be reexpanded from this new goal configuration. 
As mentioned above, this procedure takes only approx. 7.1 
sec. 

It can be concluded that our planner is able to oper- 
ate very fast in a known environment, completing real-time 
requirements not only for slow motions, but for large ve- 
locities, too. After these encouraging results, we decided 
to test out our planner in an initially known environment, 
augmented with new obstacles appearing during operation. 

The apparent problem could be solved with the trans- 
formation of the new W-space obstacles into the C-space, 
but as illustrated in section 111, this mapping is a very diffi- 
cult, if not even impossible procedure. In addition, it makes 
sense only if the new obstacles are static ones, this means 
they will not change their position and orientation within the 
W-space till the experiment is completed. 

Thus our basic idea is to provide an additional collision 
checking during the path findiig procedure. This on-line 
collision avoidance has been implemented in a different way 

stated in section 111: 

Because of the neighborhood of sequential configura- 
tions, it is known which of the coordinates of the next 
configuration differ from the current configuration co- 
ordinates (one to maximum five). 
Taking this into account we check only the links which 
have to move during the transition to the following 
configuration. We begin the collision check at the last 
link. 

The appearance of new colliding configurations plays 
an important role in the path finding procedure. For each 
searching step the 242 5-neighbors are considered. The 
configurations with the smallest potential value (i.e. v) are 
taken into account and if they collide, then a neighbor- 
configuration having a potential value increased by 1 (v+l) 
has to be chosen. If all the 5-neighbors with the potential 
value v+l collide, then the subset from the 5-neighbors with 
potential value v+2 are considered and so on. This procedure 
may cause local minima in the potential field. In relation to 
this strategy we make the following observations: 

1. If all 5-neighbors have greater potential values than the 
actual one, then the current configuration is a local 
minimum of the potential field. Following the above 
stated strategy local minima can be avoided. To prevent 
getting trapped into the same local minimum in the next 
searching step, we forbid the choice of configurations 
belonging to the current path. 
The selection of a non-colliding neighbor from the par- 
ticular set of equipotential neighbors means to handle an 
ambiguity. This ambiguity can be overcome by choos- 
ing the first “legal” neighbor found. In this case a zigzag 
path probably arise. In order to eliminate these zigzag 
moves we have also implemented other methods, which 
are based on certain sorting criteria applied to a subset 
of equipotential 5-neighbors. We favorize the following 
one: the line connecting the start and goal configura- 
tions (in the Cartesian space) is computed as well as the 
distance from the particular neighbor of the above s u b  
set to this line. Then the neighbor showing the shortest 

2. 
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distance is selected, so we call this criterion the ‘‘short- 
est distance criterion”. 
In the worst case each neighbor-configuration collides, 
so it is impossible to plan the next motion step and to 
reach the goal configuration. 

3. 

Figure 5: Path within a changed environment. 

Figure 5 shows the computed path for the same start  and 
goal configurations as in figure 3, but within a changed envi- 
ronment. The computation time for each step contains 0.4 - 
2 sec and for the complete path approx. 5.2 sec, under appli- 
cation of the “shortest distance criterion” explained above. 
If the first “legal” neighbor is chosen, then the computation 
time is about 10% lower. 

Assuming that the new obstacles will remain in the 
workcell for the rest of the experiment, we enter the value 
0 in the respective element of the C-array during operation. 
So our planner learns the changes that have been made in 
the W-space. 

As stated above, the elements set to zero might cause 
local minima in the potential field. Usually there is enough 
time between the execution of two tasks in a workcell. So 
a reinitialization of the potential field is possible, which will 
cause the local minima to disappear. 

As mentioned in section V, the computationally most 
intensive task is the construction of the C-array. The need 
for fast path finding for many practical situations led us to 
the following ideas. 

VII. Path planning in a partially 
constructed C-space 

In this case we don’t apply the methods presented in 
section 111, but the following ones: the collision avoidance 
algorithm does not take in account all the links of the robot, 
but only the origin of the gripper coordinate system. 

With this algprithm we only partially con2truct the 
C-space, call it C -space, such that C j r e e  C Crree. We 
represent the discretized CI-space by the CI-array. 

Therefore an on-line collision avoidance while path 
searching is required (similar to section VI). We apply the 
searching technique illustrated $I VI and enter the value 0 to 
the respective element of the C -array, each time a collision- 
configuration has been found. 

The off-line construction of the C‘-array requires about 
5 minutes. The path planning problem illustrated in figure 
6 needs only 3.8 sec. For more complicated paths a re- 
expansion of the potential field is recommended for further 
smoothing of the path. The example illustrated in figure 7 is 
solved within 88 sec, time for a reexpansion included. 

U 

Figure 6: Typical path in the partially constructed C-space. 

We have experimented with other CI-spaces too, i.e. 
with C -spaces resulting from the collision avoidance of one 
link only, or from the collision avoidance based on some 
critical points of the robot links, like those illustrated in 
figure 1. 
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Figure 7: Complex path in the partially constructed C-space. 

VIII. Conclusion and further work 
The algorithm presented is able to quickly produce a 

collision-free path in a partially constructed C-space (section 
VII), and in another working mode to compute off-line all 
the collision-configurations of a discretized C-space. This 
initialization takes place once and is the main reason for the 
ability of our method to produce a path in real-time (section 
V), even in a changed environment (section VI). 

Our planner cao be characterized as a gross motion 
planner for transfer motions, producing “through-points’’ in 
the C-space and guarantees a collision-free path. A further 
extension of the planner would be necessary to provide the 
capability of generating exact trajectories, which are required 
for assembly tasks. Until now, we solve such problems 
by introducing a mode-switch into a sensor-based operating 
mode [ 1],[26]. 

The problem of dealing with a dynamically chang- 
ing environment is of great interest today. Freund et 
al. present a very interesting concept handling multi- 
robot systems and moving or stationary obstacles [27], but 
introducing restrictions in the number of DOF of the robots 
and in the dimension of the W-space. Reports using high 
parallelized algorithms [28] show no satisfactory reaction 
times. Our algorithm is parallelizable with respect to the 
construction of the C-space and the evaluation of the neigh- 
bor values during the path searching procedure. The essence 
of our future work will deal with handling moving obstacles, 
but preserving good reaction times. 

The path planning method presented provides a very 
helpful tool, which has been applied up to 5 DOF for real 
3D robots. It can be adopted to other robot configurations 
without significant effort. The knowledge of the joint angle 
limits and the forward kinematics map is necessary. The 
exact dimensions of every joint and link are required for the 
collision avoidance. 

The limits of the extension to more than 5 DOF are set 
by the main memory size of the computer and the real-time 
capabilities of the evaluation of the surrounding neighbors 
from the particular start configuration (section V). For 6 DOF 
the extension is practicable even on conventional hardware 
platforms, but for more than 6 DOF very powerful computers 
are required (the size of the C-array grows exponentially 
with the number of DOF). 

In summary, we were able to exceed the limit of 4 DOF 
for fast path planning of real robots. The results present a 
powerful (sections V,VII) and extendable method (section 
VI). 
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