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This article presents a practical approach for solving the findpath problem for industrial robots,
and entails determining the path through space that a robot will follow in completing its tasks.
The findpath problem consists of two phases, mapping and quick search. Mapping is based upon
defining the fundamental obstacles in a workspace and their images in configuration space. The
search phase consists of building a free subspace by slice configuration of these obstacles, in
which a model of each obstacle is generated by evaluating slices of the area under consideration,
and then planning a collision-free path. To achieve these objectives, the authors propose an
analytical model for mapping fundamental obstacles. For more complex obstacles, they discuss
several mapping algorithms and linear interpolation. The proposed approach, combining the
analytical model with the algorithms and interpolation, can be used in real-time path planning
for robot transfer movements, consisting of a robotic gripper and its payload, over a range of

industrial applications.

INTRODUCTION

The use of robots for assembly operations in flexible manu-
facturing systems is essential for increasing productivity and
improving the versatility of potential applications. A central
problem of robot assembly operations is finding collision-free
paths for robotic ‘pick-and-place’ transfer movements [1].
For instance, when a robot executes an operation, such as
“Place object A on table T,” its planner should generate a
path from a specified starting configuration to a specified
goal configuration that avoids all collisions with a known set
of stationary obstacles in real space. The planner should also
be able to modify this path quickly to avoid unforeseen ob-
stacles in dynamic environments.

This article presents a practical approach to solving the
findpath problem for industrial robot manipulators among
three dimensional (3D) obstacles. The approach presented
has the following advantages:

(3 It can generate collision-free paths for robot transfer
movements with a payload in real-time.
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[ It is simple to implement using a small micro-
computer.

(3 It can be adapted to most industrial robots.

(3 It can deal with cluttered environments and
nonconvex polyhedral obstacles.

A great deal of research has been devoted to the findpath
problem during the past ten years. One frequently used
method for path planning is the local approach [2-7]. In this
method a path is hypothesized and tested for potential colli-
sions. The advantage of the local approach is that it is inde-
pendent of robot type and is suitable for path planning for
robots with large degrees of freedom [2, 5]. The drawback to
this method is that in identifying a potential collision it pro-
vides little information on how a path may be modified to
avoid this or other collisions [8]. To improve the method’s
performance in searching for collision-free paths, powerful
heuristics must be used to guide the search. Thus, the local
approach requires considerable computational time for colli-

© 1993 American Society of Mechanical Engineers




[image: image2.jpg]FIG. 1. a,b) Multiplicity of the inverse kinematics of a PUMA 560 robot

sion detection in terms of the robot’s kinematics and geom-
etry as well as the obstacles’ geometries.

Lozano-Perez investigated the findpath problem using
the configuration space approach in two steps: first, by map-
ping obstacles into configuration space (the set of all spaces
determined by a robot’s position and orientation), and then
by searching for an appropriate path of safe configurations
[9]. One of the most widely used approaches to obstacle
mapping is decomposing the configuration space into regular
or irregular cells, for example, as in [9-19]. However, these
approaches are not efficient enough to be practical in real-time
path planning because large amounts of computation time are
needed to deal with the robot’s kinematics and geometry as
well as the obstacles’ geometries for obstacle mapping before
searching for a path.

By using fundamental obstacles defined in a workspace,
the space within which a robot can reach with a particular
orientation, and the images of the obstacles defined in con-
figuration space, the computational time for obstacle map-
ping can be greatly reduced [20, 21]. The approach to ob-
stacle mapping used here differs from the approach in [20] as
follows:

0 Analytical models for mapping fundamental ob-
stacles are proposed by taking the robot’s geometry
into consideration (thus the models are more general
than those in [20]);

(3 Algorithms for mapping more complex obstacles us-
ing the fundamental area and fundamental obstacles
are presented;

(3 The boundaries of configuration obstacles are repre-
sented by line segments rather than decomposed
cells;
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O The configuration obstacles of a robot’s payload are
roughly computed for transfer movements, because
the difference between a robotic arm and its payload
is that the geometry of the payload is not static
information.

The approach for building a free space is more efficient for
path searching than the cell decomposition approach because
the efficiency of path searching using the cell decomposition
approach depends on the size of the cells generated. If the
decomposed cells are large, the searching process is fast, but
path searching may fail because of the loss of accuracy; if
the decomposed cells are small enough, collision-free paths
can be found, but the search process requires more execution
time. The new technique for path searching used here differs
from the cell decomposition approach by constructing a free
subspace with slice configuration obstacles. This can reduce
the problem of finding a path in 3D space to a problem in
two-dimensional (2D) space.

This article is organized into six sections: Following the
Introduction, in the second section the authors propose ana-
Iytical models for mapping fundamental obstacles in terms of
arobot’s kinematics and geometry. In the third section, they
present approaches to mapping more complex obstacles using
fundamental obstacles and their images and techniques for
computing approximate configuration obstacles of a robot’s
payload. In the fourth section, they discuss an approach to
building a free subspace by slice configuration obstacles and
use the algorithm A* and linear interpolation to plan collision-
free paths in the subspace. In the fifth section, they report
actual, graphical simulation results with respect to an indus-
trial robot. In the sixth section, they discuss the advantages
and the deficiencies of the proposed approach.
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[image: image3.jpg]MAPPING FUNDAMENTAL OBSTACLES

The Fundamental Area and Fundamental
Obstacles

The most important step in any configuration space approach
to the findpath problem is mapping any obstacles in a robot’s
workspace into the robot’s configuration space. The workspace
is a space within which the robot’s gripper end can reach with a
particular orientation. A robot’s configuration is specified by a
set of parameters that determine its position and orientation.
The set of all possible configurations is defined as the robot’s
configuration space. Obstacle mapping computes the images of
obstacles, called configuration obstacles, in the configuration
space, that is, all robotic configurations that would collide with
obstacles in the workspace.

Obstacle mapping consumes a large amount of time and
computer memory because computing boundaries between a
robot and the obstacles in its workspace must deal with the
multiplicity of the robot’s inverse kinematics, as shown in Fig.
1, and their geometries in 3D space. However, notice that the
kinematics and the geometry would be static information for a
given industrial robot. Therefore, this information may be pre-
processed to improve mapping performance. This leads to the
idea of defining a fundamental area and fundamental obstacles
in the robot’s workspace, as introduced in [21].

Since most robots” workspaces — for example cylindrical,
spherical, and Cartesian workspaces — are symmetrical, they
can be formed by the continuous motion of an area around the
symmetrical axes of the workspace. Such an area is known as
the fundamental area of a robot. This idea is adaptable to most
industrial robots. Each robot has its own kinematics and geom-
etry that determine its workspace; and, therefore, it has its own
fundamental area. Figure 2 shows the fundamental area of a
PUMA 560 robot manufactured by Unimation, Inc. Since there
are various collision cases, the fundamental area can be divided
into four regions, as shown in Fig. 2. In region 1, only the fore-
arm would collide with an obstacle, while in region 3 only the
upper arm would collide with an obstacle. Both the upper arm
and the forearm would collide with an obstacle in region 2. In
region 4, no collision between the arms and obstacles would
occur due to joint limits.

A grid is used to discretize the fundamental area. Points
of intersection on the grid are defined as fundamental ob-
stacles, FO,,where i = 1, 2, ..., n, because these points have
the most fundamental geometry (i.e., they are dimension-
less). An important feature of fundamental obstacles is that
they are independent of obstacles in a dynamic environment
and can represent the robot’s workspace in combination with
the fundamental area. The distance, , between two neigh-
boring fundamental obstacles is chosen to be 40 mm because
& is smaller than the radius of the robot’s wrist (approxi-
mately 42.5 mm) and can avoid collisions between the arms
and obstacles if obstacles are surrounded by fundamental
obstacles. Some of the fundamental obstacles FO,, are shown
in Fig. 2 as examples.
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FIG. 2. Fundamental area, fundamental obstacles, and main
fundamental obstacles

Analytical Models for Mapping Fundamental
Obstacles

The image CO,(FO)) of a fundamental obstacle in configura-
tion space represents all of a robot’s configurations that would
collide with the fundamental obstacie. Normally, the robot’s
kinematics and geometry determine the image CO,(FO,).

By using the Denavit-Hartenberg method. the kinematics
of the PUMA 560 robot can be written as [22]:

X =a,c0s0, cos0, —d, sin 6,
+ a3 cos 0, cos(8, + 65)
+ (dy +dg)cos 0, sin(0, + 05)

(03}

¥ = a,sin @, cos B, + d, cos 6,
+ aysin 6, cos(8, + 0;) (@]
+ (dy + dg)sin 8, sin(8, + 65)

z =—a,sin®, — aysin(6; +6,)

+ (dy + dg)cos(, +6;) ®
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[image: image4.jpg]FIG. 3. Graphical model of the PUMA 560 robot

if the joints @, 8, and 6 are assumed to be zero, as shown in
Fig. 3. Table 1 lists the DH-parameters a,, d,, a,, d,, and d,;.

Mapping a fundamental obstacle FO, = z.)means
computing all configurations that would collide with FO,. First,
the fundamental obstacle FO, mustbemappedusmg!hcndeal
ized robot’s model (regardless of the robot’s geometry) [17].
Replacing (d, +d,) in Egs. 1-3 with a variable d, representing
a point on the center line of the forearm, as shown in Fig. 4d,
the solution to the inverse kinematics can be obtained

FIG. 4. g-&,d)mmgmu-kmoddslormppingn
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[image: image5.jpg]FIG.5. Images of fundamental obstacles of the robotic model and its geometry

The authors suppose that the fundamental area is located
at the position 6, = 0 (in this case y = d,). This is reasonable
because the robot’s workspace is symmetric. Increasing d,
from

Do = 4‘73, "‘Zg, "’2|

10 dj 4 = (dy + dg)in Egs. (5-8), obtains the image
CO(FO,) for the idealized model shown by the dashed
curves in Fig. 5.

In fact, the image CO,(FO,) must be modified by con-
sidering the robot’s geometry to avoid collisions. Because of
the thickness, d , of the forearm shown in Fig. 4bc, the for-
bidden region of the joint 8, becomes

] 2] s 94080
XB, Xe‘

= ©)
arctan| 2. |- qpepun| %2 = 090
g, o,

0, =
\

To compute the forbidden region of the joints 6, and 6,, the
functions f (d) and f(d) of the variable d, must be defined to
represent the upper and lower sidelines of the forearm
shown, respectively, in Fig. 4d. Obviously, in this case the
forbidden region of the joints 6, and 8, must be enlarged and
its upper boundary, 8,, and its lower boundary, 8,, should

us

be computed by 8, =6, +A8, and 6, =6, - 6,, where A0,
and A8, are the modified quantities of the forbidden regions
caused by f (d) and £(d). To determine A8, and A8, , the
joint 8, must be increased or decreased on the basis of the
image COL(FO), computed from the idealized robotic model.
When the upper sideline f,(d)) or the lower sideline f(d,) con-
tacts the fundamental obstacle, FO,, the solution to A8, and
A8, is obtained according to the geometric relationships in
Fig. 4d.

L —aman(ﬂ] (10)
L

AB;, = arcsin| —2&
Ja2 +a?

R, d
A8y = arcsin tarctanl L | (1)
Jd2+a? 4

where dj= (R, —R INd +d))d,and R and R are the
radii of the left and right ends, respectively, of the forearm in
Fig. 4d. The image CO,(FO)) of the model with the robot’s
geometry is shown by solid curves in Fig. 5. If d, <R __, there
are no real solutions in Egs. 10-11. In that case, 8, and 6,
should be equal to the joint limits 8, =225° and 8, = —45°.
If a fundamental obstacle is located in region 2 or 3, its
image with respect to the upper arm must be computed. In
general, the image related to the upper arm is a rectangular
configuration obstacle with 83 =(0,,, 8,,,)- Figure 6 shows

min®

'
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[image: image6.jpg]G.6. Images CO,(FO,)and CO,(MFO),) in configuration space

the images of the fundamental obstacles given in Fig. 2.
Because FO, and FO,; are located in region 2, both the upper
arm and the forearm are taken into consideration when their
images COR(FO,) and COR(FO,,) are computed.

By observing these fundamental obstacles and their
images, the authors have developed the following generali-
ties [22, 23]:

[0 The shape and size of the image, CO,(FO,), only
depend on the distance between the fundamental ob-
stacle and the original point, that is, the radius, r, is

—xgx +z§'

Q The image, CO,(FO), for different i only shifts
along the axis 6, in the configuration space while its -
shape remains unchanged; and its center (-9, 90°)
depends on the fundamental obstacle’s angle

H{FO,

(13)

Using these properties, the number of images, CO,(FO),
can be greatly reduced and saved. The fundamental obstacles,
located on the positive half of the axis X, , can be defined as
‘main fundamental obstacles, MFO,. A translation operator
M, (-0) that translates the images CO,(FO,) a distance of
—0 along the 6, in the configuration space can also be defined.
The examples for computing images CO,(FO)) by using the
main fundamental obstacles and the translation operator are
presented in [22]. Obviously, the images of fundamental ob-
stacles located on the negative half of the axis X, can be
computed by the operator My () on the basis of the images
CO.(MFOK) as shown in Fig. 6a—e. Therefore, it is sufficient
to save the images CO,(MFO) as basic knowledge for map-
ping more complex obstacles. For the PUMA robot, the




[image: image7.jpg]authors have used the images of 23 main fundamental obstacles
to construct a database. The main fundamental obstacles
MFO, with i = 7 belong to region 3; i =8, ..., 11 to
region 2; and i .., 23 to region 1.

COMPUTING CONFIGURATION OBSTACLES
Mapping Obstacles in the Space 6, 6,6,

Because fundamental obstacles and their images describe the
key relationship between a workspace and its configuration
space, mapping a 3D obstacle, O,, in the space 6,6,8, can be
performed efficiently. First, the motion intervals must be
computed for the joint 8, in which the fundamental area
would cut the obstacle O, as follows:

1. Assign the initial values 6, =ccand @ =—o.

2. Compute the joint value 6, of a vertex of O, by using

Eq. 4.
3. Select®,  =min(8, .0 )and®, =max(®, 6.
4. Repeat steps 2 and 3, until all vertices of O, are treated.

When the fundamental area moves from 6, 106,
with a step length A@ , it decomposes the obstacle O, into a
finite set of 2D obstacles, S/Or Then, fundamental obstacles
can be used to model the 2D obstacles, SIO, [22]. Figure 7
shows the 2D obstacles §0,, and S0, as well as their corre-
sponding fundamental obstacles. For each fundamental ob-
stacle, FO,, its approximating main fundamental obstacle,
MFO, , can be found and the image CO,(MFO,) can be ob-
tained in the database. Then the image CO,(MFO,) can be
approximately calculated by

COR(FO,;) = Mg, (~0)COR(MFO, )|-¥0, =r\F0,) (14)

where the parameter ¥ is determined by Eq. 13. With the
union operation

CO(5,0,) = COx(FO,) U ..U COx(FO,) U ... (15)

the configuration obstacle, CO,(S0)), is computed. Figures
8e~f show the configuration obstacles COR(S0,) and
COR(S0,). Equation 15 is a determination of the contours
of COL(FO,). The approach used here is to compute the
maximal values for the upper boundaries and the minimal
values for the lower boundaries of CO,(FO,), as shown in
Figs. 8c—f. By using the union operation again,

COR(0,) = COR(S,0,) U ... U COR(S,0,) U ... (16)

the obstacle O, is mapped into the configuration space.

FIG.7. Slice obstacles SIO,l and S0, as well as their approxi-
mating fundamental obstacles, FO,,.

FIG.8. Configuration obstacles CO,(S0,) and CO,(S0,,)
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[image: image8.jpg]FIG.9. Model for computing payload configuration obstacles

Payload Configuration Obstacles

Frequently, a robot moves with a payload in ‘pick-and-place’
operations. In this case, the out-of-bounds regions for the
robotic movements should be larger than those without the
payload, because of the added bulk of the payload. The diffi-
culty of precomputing payloads is that during operation the
robot may select from several different payloads that have
different geometries. In robot transfer movements, the robot
should quickly near the goal configuration (it is not necessary
to reach the goal configuration), therefore a range of motion
should be swiftly determined in which collision-free paths
can be planned that include a robot’s orientations with a pay-
load. For this purpose, the space in which the payload moves
is modeled with a cylinder, as shown in Fig. 9a. At 8, = 0:

= Xp, + 1 cost

=zg, + 1 sint
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Increasing the parameter ¢ from zero to 21t and solving
Egs. 5-8, the configuration obstacles of the payload can be
obtained as shown in Fig. 10. Since the configuration ob-
stacles are similar to ellipses, they can be approximated by

F(0,,0;) = K,03 +2K,0,0; + K02
+2K,9, +2K 0, + K, =0

(18)

In order to determine the parameters K, K, K, K, K. and K,
the authors choose three points (8, 6,), (0 0],) and(e 9),
as shown in Fig. 11, thalcmrespond toﬂ:econﬁgumuunsm
Fig. 9b-d and use the conditions

IF(8,,8;) o (19)
®,

OF(8,,685) 2EOL0,) (20)
00,




[image: image9.jpg]FIG. 10. Tmages of payload fundamental obstacles

Figure 11 shows the configuration obstacles for the pay-
load computed by Eq. 17 and Egs. 5-8 (the dashed curves in
Fig. 11), and their approximations computed by the elliptic
Eq. 18 (solid curves in Fig. 11). Combining the configuration
obstacles in the space 66,6, with those of the robot’s pay-
load, the configuration obstacles for the payload can be ob-
tained in the planning paths for robot transfer movements.
Figures 12a and b show the configuration obstacle CO,(O,)
without the payload and with it, respectively.

FIG. 11. Payload configuration obstacles and approximations

PLANNING PATHS

Construction of a Free Subspace

Before searching the paths, a free space should be constructed
on the basis configuration obstacles. The basic goal for

1 a free space is to avoid dealing with
unimportant parts of the configuration space that do not affect
the search for a collision-free path. Figure 13a shows an
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[image: image10.jpg]FIG. 12. a) Configuration obstacle CO,(O,) without the robot’s
payload; b) Configuration obstacle CO,(O,) with the robot’s
payload

ideal configuration obstacle as well as a starting configura-
tion and a goal configuration. A visibility graph regarding
the configuration obstacle is constructed by dashed lines in
Fig. 13a. In comparison, notice that all paths in the graph
from the starting configuration to the goal configuration are
longer than the paths limited on a cross-section plane in Fig. 13b.
If a free subspace can be constructed on the cross-section
plane, the problem of path searching can be simplified, be-
cause it becomes a 2D space problem. For the construction
of such a free subspace, slice configuration obstacles on the
cross-section plane should be computed. The problem is that
an infinite number of cross-section planes can be built
through the starting configuration and the goal configuration.
In order to find a short collision-free path, a cross-section
should be chosen so that its slice configuration obstacles have
minimal area. For the PUMA 560 robot, a cross-section plane

a8, + b8, +c8; +d =0 @n

should be parallel to the axis 8, because the joints 8, and 6, are
coupled and projections of configuration obstacles on the
plane 6,08, are not strongly concave. The normal vector (a, b, ¢)
in Eq. 21 is determined by the cross product of two vectors

6, -0y,
Vi =0y — 0y @2
03, — By
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FIG. 13. a) A visibility graph in 3D space; b) The visibility
graph on a cross-section plane

and

v, =|0 (23)

where (8, ,6,.6,)"and (9“. 92.,03‘)’ are the position vectors
of the starting configuration and the goal configuration, re-
spectively. By solving v, X v,, the following solutions are
obtained:

a=0
b= (0, - 05,) (24)
c=(8;, —6y,)

In order to guarantee that the starting configuration and
the goal configuration are located on the cross-section plane,
the parameter d in Eq. 21 must be determined by

d = —aby; — bB;, — cby, (25)

Since the boundaries of configuration obstacles are repre-
sented by a set of line segments, computing slice configura-
tion obstacles requires: first, determining intersection points
between the boundaries of configuration obstacles and the



[image: image11.jpg]cross-section plane, as shown in Fig. 13b; and second, connect-
ing all intersection points according to their sequences. Figure
14a shows a starting configuration and a goal configuration

q, = (11.14,2.98,129.13,0,0,0)
q, = (~45.82,25.04,13431,0,0,0) (26)

and CO,(O,) without the robot’s gripper. Figure 14b shows
the slice configuration obstacle on a cross-section plane.

Searching Paths for the Joints 6,, 6,, and 6,

To determine the shortest distance path in a graph, the well
known algorithm A* can be used [25]. This allows the use of
heuristic information. In this case, the evaluation function for
selecting the node g, (configuration) is represented by

£*=la, - a,] + minja, - q, @

where g, — g, is the actual cost of reaching node q, from
the starting node g, (configuration), and ||q,, —q,| is the
estimate cost for traveling from node q, to goal node q,
(configuration).

Using the algorithm A*, a collision-free path can be found

q, = q, =(11.14,2.98,129.13,0,0,0)
q, = (0.0,6.0,130.0,0,0,0) 28)
q; = (-33.0,6.0,130.0,0,0,0)

q, = q4 = (-45.82,25.04,134.31,0,0,0)

for the example in Fig. 14. Figure 15 shows graphical simu-
lation results of robot motions on the path.

FIG. 14. a) Starting and goal configurations {q,, ¢}, a cross-
section plane, and CO,(0,); b) Starting and goal configurations
{q,,,} and a slice configuration obstacle

Planning Paths for Orientation Movement

Because CO,(0) with the robot’s payload ensures that the
gripper and payload do not collide with O, under arbitrary
orientations, a linear interpolation can be used to plan a
robot’s orientation movements in terms of the orientation
vectors (8,0, , 6,)" and (9". 65'. 96‘)’ of the starting con-
figuration and the goal configuration.

FIG. 15. a-c) Graphical simulations of robot motions on a collision-free path
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[image: image12.jpg]FIG. 16. a) Tasks for robot ‘pick and place’ operations: b) Configurations q,, and q ., and an environment.

Since all defined cross-section planes are parallel to the
axis 8, values of ®, must be chosen as a scale to interpolate
orientation movements of the robot gripper by

6, -6y,
- 29
01 — By

6, =0, +1(0,, —0y,)
65 = 85, + W(Os, —05,)
05 = 85, + 1(Bs, — Bg,)

30)

where 8, is determined while the collision-free path for the
joints 8, 8,, and 6, is planned.

GRAPHICAL SIMULATION

In this section, the authors use the graphical simulation tech-
nique to demonstrate the proposed approach [26, 27]. Figure
16b represents a starting configuration q, ., and a goal con-
figuration L According to a given task, the robot should
pick objects A, B, and C and place them on table 7 shown in
Fig. 16a. First, the robot should move from q,, 0 q ., t0
pick A. Figure 17a shows a slice configuration obstacle on
the cross section determined by q,,,, and q,,,,. Using the
slice configuration obstacle, a free subspace can be con-
structed and then a collision-free path can be planned in the
free subspace for the joints 8, 8,, and 8, by the algorithm A*
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and for the joints 8,, 6,, and 6, by the linear interpolation.
This path is given by

Uiy = 01 = (~42.08,~10.02,176.62, 0, ~76.59, ~42.08)
q, = (-32.52,-23.37,209.52,0,-58.35,-32.52)
g = (~3.69,-23.37,209.52, 0, ~3.64,-3.69)

Qi = Qs = (13.67,-0.53,150.75,0,29.78,13.67)  (31)

Figure 18a shows graphical simulations of robot motions
on this path. Figure 18b shows the configuration

Qapicty = (13.70,10.73,138.47,0,30.80,13.67)  (32)

to pick object A. Next, a collision-free path can be planned
for the robot to place the object A on the table, 7. Figure 17b
shows a slice configuration obstacle related to this operation.
The planned path is given by

Qs = @ = (13:70,-0.53,150.75,0,29.78,13.67)

4, = (-0.39,-25.27,175.04,0,28.65.-0.39)

45 = (-3.69,-27.59,181.04,0,28.38,-3.69)
oty = s = (~13.95,29.56,182.01,27.55,-13.95) OV

Figure 18c shows graphical simulations of robot motions on
the path. Figure 18d shows the configuration

Qi(place) = (~13.95,25.88,180.03,0,25.86,~13.95) (34)



[image: image13.jpg]FIG. 17. a) Slice configuration obstacle for L P andq,,:b) Slice configuration obstacle for L P and q,,,-

FIG. 18. a) Graphical simulations of robot motions on the path fromq, Gulﬂgmdnnq‘ to pick object A;
) Graphical simulations of robot motions on the path fromq, . toq . :d) G piace) 10 Place object A
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[image: image14.jpg]to place object A on 7. Using the approach discussed above,
paths for operations to pick up objects B and C and to place
them can be similarly planned.

DISCUSSION

Using the proposed analytic models for mapping fundamen-
tal obstacles, an efficient data base can be constructed to
save these images for mapping more complex obstacles. In
fact, very little computer memory is needed to save the im-
ages of the main fundamental obstacles (e.g., 23 images for
the PUMA 560 robot). Since the robot’s kinematics and ge-
ometry are preprocessed, the mapping computation time is
greatly reduced, and is a linear function of the number of
fundamental obstacles to be mapped. The mapping time for
the 3D obstacle, O, in Fig. 1 is approximately 324 ms with a
25 Mhz 80386 CPU. A free subspace constructed by slice
configuration obstacles has fewer nodes and provides shorter
paths, because the problem becomes one of searching the
path in 2D space. The search time for the paths in Fig. 18 is
approximately 52 ms.

By computing the configuration obstacles for a robot’s
payload with a cylinder, a range of motion can be obtained in
which collision-free paths for transfer movements with the
payload to a near goal configuration can be planned. How-
ever, the robot may not near the goal configuration due to the
loss of its workspace if a payload is large. In this case, orien-
tation movements may be planned within the configuration
obstacles of the payload because the cylinder represents the
maximal range of a payload’s motions and the volumes pro-
duced by payload motions are usually its parts. Meanwhile,
collisions between the arms and obstacles can be detected
using their own configuration obstacles during a payload’s
motions, because the configuration obstacles for each arm
can be decomposed, as shown in Fig. 6. The main deficiency
of this approach is that it is difficult to plan paths for a robot
with many degrees of freedom by directly using this approach.

CONCLUSIONS

The proposed analytic models are more efficient that the
traditional models generated by simplifying robotic arms as
line segments and enlarging obstacles in terms of the robotic
geometry before mapping obstacles because the analytic
models contain the robotic geometry [18]. This model can be
used to map fundamental obstacles with respect to a robotic
arm with complex geometry. If the functions f(d) and f(d)
accurately represent the upper and lower sidelines of the ro-
botic arm, the images of fundamental obstacles can be exactly
computed.

This practical approach to solving the findpath problem,
which uses 2D analytical models with algorithms and interpo-
lation, can be adapted to most industrial robots because the au-
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thors define a fundamental work area and fundamental obstacles
in terms of the kinematics and geometry of a given robot.

Computing configuration obstacles based on fundamen-
tal obstacles and their images is also suitable to search a
collision-free path among concave obstacles because a con-
cave obstacle can be modeled by fundamental obstacles as a
convex obstacle. Furthermore, the approach presented can be
made parallel for dealing with a robot with more degrees of
freedom.
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