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(57) Abrégée/Abstract:
A robotic system implements a collision avoidance scheme and includes a first robotic manipulator and a first controller configured
to control the first robotic manipulator for movement along a first pre-planned actual path. A second controller is configured to
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(57) Abrege(suite)/Abstract(continued):
control movement of a second robotic manipulator for movement along a second pre-planned intended path and deviating

therefrom to move In a dodging path away from the first pre-planned actual path based upon determining a potential collision with
the first robotic manipulator without prior knowledge of the first pre-planned actual path.
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(57) Abstract: A robotic system implements a
collision avoidance scheme and includes a first
robotic manipulator and a first controller config-
ured to control the first robotic manipulator for
movement along a first pre-planned actual path. A
second controller is configured to control move-
ment of a second robotic manipulator for move-
ment along a second pre-planned intended path
and deviating therefrom to move in a dodging
path away from the first pre-planned actual path
based upon determining a potential collision with
the first robotic manipulator without prior knowl-
edge of the first pre-planned actual path.
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ROBOTIC APPARATUS IMPLEMENTING COLLISION AVOIDANCE
SCHEME AND ASSOCIATED METHODS

The present invention relates to the field of robotics, and, more
particularly, to collision avoidance for robotic manipulators and related methods.
Robotic systems are commonplace 1n fields such as manufacturing. Indeed,
manufacturing plants typically employ robotic systems mcluding numerous robotic
manipulators to perform various tasks. To avoid damage to the robotic manipulators,
it 1s helpful to control the robotic manipulators according to a collision avoidance
scheme. As such, a variety of collision avoidance schemes for robotic systems have
been developed.

Some collision avoidance schemes work by constraining cach robotic
manipulator to pre-planned collision free paths. For example, one such collision
avoldance scheme 1s disclosed 1n U.S. Pat. No. 5,204,942 to Otera et al. Such a
collision avoidance scheme typically requires reprogramming to accommodate cach
and every change made to the pre-planned paths of the robotic manipulators. In a
manufacturing process that 1s routinely altered and updated, the collision avoidance
system of Otera ¢t al. may be disadvantageous due to the necessary repeated
reprogramming thereof.

Other collision avoidance schemes may model a workspace and divide
it into different zones. Certain robotic manipulators may be forbidden to enter certain
zones, or only one robotic manipulator may be allowed 1nto a given zone at a time.
U.S. Pat. No. 5,150,452 to Pollack et al. discloses such a collision avoidance scheme
for a robotic system. The robotic system includes a controller storing a model of the
workspace that 1s divided into an occupancy grid. The controller controls the robotic
manipulators of the robotic system such that only one robotic manipulator may
occupy a cell of the occupancy grid at a given time. This collision avoidance system
may reduce the efficiency of a manufacturing plant, particularly 1f there are a variety
of differently sized robotic manipulators and the cell sizes of the occupancy grid are

sized to accompany the largest robotic manipulators. Further, since this robotic
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system operates based upon a model of the workspace, any change to the workplace
may require an update of the model, which may be time consuming.

Other attempts at collision avoidance schemes for robotic systems
include a controller that actively looks for potential collisions between robotic
manipulators. For example, U.S. Pat. No. 4,578,757 to Stark discloses a collision
avoldance scheme for a robotic system that models each robotic manipulator of the
system as a number of overlapping spheres. As the robotic manipulators move along
pre-planned paths, the distance between each sphere of nearby robotic manipulators 1s
calculated by a controller. These calculated distances indicate a risk of collision
between two adjacent robotic manipulators. When the risk of collision exceeds a
threshold amount, at least one of the robotic manipulators may be slowed down as 1t
travels along 1ts pre-planned path, or even stopped completely. Such a collision
avoldance scheme, however, may reduce the efficiency of a manufacturing plant
employing the robotic system due to the stopping of robotic manipulators and the
associated delays in the manufacturing process.

As explained, these prior approaches may render a manufacturing
process employing their respective robotic systems inefficient. Moreover, robotic
systems employing these prior approaches may be difficult and/or costly to adapt to
new applications or to the addition of additional robotic manipulators. As such,
further advances 1n the field of collision avoidance schemes may be desirable.

In view of the foregoing background, it 1s therefore an object of the
present invention to provide a more efficient collision avoidance scheme for a robotic
apparatus.

This and other objects, features, and advantages 1n accordance with the
present invention are provided by a robotic manipulator that detects a potential
collision with another robotic manipulator, and moves 1n a dodging path based upon
detection of the potential collision. More particularly, the robotic apparatus may
compris¢ a first robotic manipulator, and a first controller configured to control the
first robotic manipulator for movement along a first pre-planned actual path. In

addition, the robotic apparatus may include a second robotic manipulator, and a
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second controller configured to control movement of the second robotic manipulator
for movement along a second pre-planned intended path. The second robotic
manipulator deviates therefrom to move in a dodging path away from the first pre-
planned actual path based upon determining a potential collision with the first robotic
manipulator and without prior knowledge of the first pre-planned actual path.

This collision avoidance scheme advantageously allows the first pre-
planned actual path of the first robotic manipulator to be reprogrammed without
necessitating a reprogramming of the second pre-planned intended path. This may
reduce the time 1t takes to adapt the robotic apparatus to a new application.

The first controller may generate first drive signals for the first robotic
manipulator, and the second controller may determine the potential collision based
upon the first drive signals. Additionally or alternatively, the first robotic manipulator
may 1nclude at least one joint, and a joint sensor cooperating with the at least one joint
and the first controller for determining positioning of the at least one joint. The
second controller may determine the potential collision based upon the positioning of
the at least one joint of the first robotic apparatus. This may allow the determination
of potential collisions more accurately and with the use of less processing power than
through the use of an 1mage sensor. Of course, the second controller may also
determine the potential collision based upon an 1mage sensor or joint position sensor
in some embodiments.

The second controller may repeatedly determine a distance between
the second robotic manipulator and the first robotic manipulator, and, may compare
the distance to a threshold distance to thereby determine a potential collision. In
addition, the second controller may also repeatedly determine an approach velocity
between the second robotic manipulator and the first robotic manipulator, and the
second controller may also determine the potential collision based upon the approach
velocity.

Furthermore, the second controller may also repeatedly determine an
approach velocity between the second robotic manipulator and the first robotic

manipulator, and the second controller may also determine the potential collision
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based upon the approach velocity. The second controller may move the second
robotic manipulator at different speeds based upon the approach velocity. The second
controller may also repeatedly determine an acceleration of the first robotic
manipulator, and the second controller may also determine the potential collision
based upon the acceleration.

In addition, the second controller may store a gecometric model of the
first and second robotic manipulators, and the second controller may determine the
distance between the second robotic manipulator and the first robotic manipulator
based upon the geometric models. The use of geometric models may greatly reduce
the processing power consumed 1n determining potential collisions.

Each geometric model may include a series of buffer zones
surrounding a respective robotic manipulator. The second controller may determine a
potential collision between the second robotic manipulator and the first robotic
manipulator based upon an overlap between the buffer zones. In addition, the second
controller may move the second robotic manipulator at different speeds based upon
which respective buffer zones are overlapping.

The second pre-planned intended path may be based upon a sequence
of desired velocities. The second controller may move the second robotic manipulator
along the dodging path based upon a sequence of dodge velocities to avoid the
potential collisions while closely following the sequence of desired velocities of the
second pre-planned mtended path.

The second robotic manipulator may comprise at least one joint, and
the second controller may determine the sequence of dodge velocities based upon a
force on the at least one joint. Additionally or alternatively, the second controller may
also determine the sequence of dodge velocities upon kinetic energy of the second
robotic manipulator. Determining the sequence of dodge velocities based upon a force
or torque on the at least one joint, or based upon kinetic energy of the second robotic
manipulator, may advantageously constrain the second robotic manipulator from
advancing along a dodge velocity or path that would be potentially damaging to 1ts

hardware.
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The sequence of dodge velocities may comprise at least one velocity in
cach of a plurality of physical directions. The second controller may determine the
sequence of dodge velocities based upon a plurality of convex sets of allowable
velocities.

A method aspect 1s directed to a method of operating a robotic
apparatus according to a collision avoidance scheme to avoid a collision with a first
robotic manipulator controlled by a first controller for movement along a first pre-
planned actual path. The method may comprise controlling a second robotic
manipulator with a second controller for movement along a second pre-planned
intended path. The method may further include controlling the second robotic
manipulator with the second controller for movement in a dodging path away from
the first pre-planned actual path based upon determining a potential collision with the
first robotic manipulator and without prior knowledge of the first pre-planned actual
path.

FIG. 1 is a schematic side view of a robotic apparatus implementing a
collision avoidance scheme, 1in accordance with the present invention.

FIG. 2 1s schematic perspective of the robotic apparatus of FIG. 1.

FIG. 3 1s a schematic block diagram of a further embodiment of a
robotic apparatus implementing a collision avoidance scheme, 1n accordance with the
present mnvention.

FIG. 4 1s a graph 1llustrating the selection of a dodge velocity by the
robotic apparatus of FIG. 3.

FIG. 5 1s a schematic block diagram of yet another embodiment of a
robotic apparatus implementing a collision avoidance scheme, in accordance with the
present invention.

FIG. 6 1s a perspective view of the robotic apparatus of FIG. 5.

FIG. 7 1s a schematic side view of a robotic manipulator surrounded by
a series of buffer zones, 1n accordance with the present invention.

FIG. & 1s a flowchart of a method of operating a robotic apparatus

according to a collision avoidance scheme, 1n accordance with the present invention.
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FIG. 9A 1s a schematic side view of first and second robotic
manipulators.

FIG. 9B 1s a schematic side view of first and second robotic
manipulators including vectors used in determining the dodging path.

FIG. 9C 1s a schematic side view of first and second robotic
manipulators including vectors used in determining the dodging path.

FIG. 10 1s a chart 1llustrating the calculation of an approach velocity
using in determining the dodging path.

The present invention will now be described more fully heremafter
with reference to the accompanying drawings, in which preferred embodiments of the
invention are shown. This mvention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled 1n the art.
Like numbers refer to like elements throughout, and prime and multiple prime
notations are used to indicate similar elements 1n alternative embodiments.

Referring mnitially to FIGS. 1-2, a robotic apparatus 9 implementing a
collision avoidance scheme 1s now described. The robotic apparatus 9 includes a first
robotic manipulator 10 and a first controller 15 configured to control the first robotic
manipulator for movement along a first pre-planned actual path 11a, 11b. In addition,
there 1s a second robotic manipulator 12 and a second controller 20. The second
controller 20 1s configured to control movement of the second robotic manipulator 12
for movement along a second pre-planned intended path 13. The second controller 20,
without prior knowledge of the first pre-planned actual path 11a, 11b, causes the
second robotic manipulator 12 to deviate from the second pre-planned intended path
13 to move 1n a dodging path 14a, 14b away from the first pre-planned actual path,
and thus the first robotic manipulator 10, based upon determining a potential collision
therewith. Further details of the derivation of the dodging path 14a, 14b will be given

below.
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Those skilled in the art will recognize that the robotic apparatus 9 may
include any number of robotic manipulators and that the first and second robotic
manipulators 10, 12 may be any suitable robotic manipulators, for example, robotic
welding arms, or robotic claws for handling objects and/or tools. Of course, the first
and second robotic manipulators 10, 12 may be different types of robotic
manipulators and may vary in size.

The first pre-planned actual path 11a, 11b, in other embodiments, may
include continuous or discontinuous movement 1n any direction, and may include
movement of joints 26 of the first robotic manipulator 10. Likewise, the second pre-
planned intended path 13 may, in other embodiments include continuous or
discontinuous movement 1n any direction, and may include movement of joints 27 of
the second robotic manipulator 12. In the embodiment as shown 1n FIG 1, the paths
have been simplified to lincar movements for clarity of explanation.

The application of this collision avoidance scheme, at three discrete
moments 1n time, 18 1llustrated in FIG 1. Here, the first robotic manipulator 10 1s being
controlled by the first controller 15 (FIG. 2) for movement along the first pre-planned
actual path 11, including a first segment 11a beginning at a first time (T1), continuing
along a second segment 11b at a second time (T2) and ending at a third time (T3).

A second controller 20 (FIG. 2) 1s controlling the second robotic
manipulator 12 for attempted movement along the second pre-planned intended path
13. However, at T1, the second controller 20 detects that the second robotic
manipulator 12 would collide with the first robotic manipulator 10. Therefore, the
second controller 20 causes the second robotic manipulator 12 to instead follow the
dodge path, segments 14a, 14b, so that, at T2 and T3, it does not collide with the first
robotic manipulator 10. The dodge path 14am, 14b not only takes the second robotic
manipulator 12 out of danger of colliding with the first robotic manipulator 10, but
may also advantageously follow the second pre-planned intended path 13 as closely as
possible. In the illustrated example, the second robotic manipulator 12 illustratively
ends up 1n a same position at T3 as where 1t would have been had it followed the

second pre-planned intended path 13.
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Those skilled 1n the art will understand that the second controller 20
may repeatedly search for potential collisions with the first robotic manipulator 10,
and may repeatedly adjust the dodge path 13 based thereupon, for example, every 2
milliseconds.

A further embodiment of the robotic apparatus 9’ 1s now described
with reference to FIG. 3. Here, the first controller 15’ comprises a memory 17’
cooperating with a processor 16’ for controlling the first robotic manipulator 10’ for
movement along the first pre-planned actual path. The processor 16° sends drive
instructions to the drive signal generator 18°, which 1n turn generates and sends first
drive signals to the first robotic manipulator 10°. The first robotic manipulator 10’
moves along the first pre-planned actual path based upon the first drive signals.

The second controller 20° comprises a processor 21° and a memory 22°
cooperating for controlling movement of the second robotic manipulator 12° along the
second pre-planned intended path. Here, the second pre-planned intended path 1s
based upon a sequence of desired velocities. The processor 21° sends drive
instructions to the drive signal generator 23°, which in turn generates and sends
second drive signals to the second robotic manipulator 12°. The second robotic
manipulator 12° moves along the second pre-planned intended path based upon the
second drive signals.

The processor 21° determines a potential collision with the first robotic
manipulator 10’ without prior knowledge of the first pre-planned actual path. To
etfectuate this determination, a communications interface 24’ of the second controller
20’ 1s coupled to the communications mterface 19’ of the first controller 15° to read
the first drive signals. The processor 21° cooperates with the communications
interface 24’ to thereby determine a potential collision based upon the first drive
signals. This advantageously allows a quick and accurate determination of the
velocity of each portion of the first robotic manipulator 10° and thus the first pre-
planned actual path.

When the processor 21° determines a potential collision of the second

robotic manipulator 12° and the first robotic manipulator 10°, 1t causes the second
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robotic manipulator to deviate from the second pre-planned path and instead move 1n
a dodging path (away from the first pre-planned actual path and thus the first robotic
manipulator) based upon a sequence of dodge velocities.

The processor 21° may select each of the sequence of dodge velocities
from a set of potential dodge velocities. Such a set of potential dodge velocities 1s
illustrated 1n the two-dimensional graph of FIG. 5. The crosshatched areas in FIG. 5
indicate velocities that, if followed by the second robotic manipulator 12°, would
result 1n a collision with the first robotic manipulator 10°. The polygonal non-
crosshatched arca of FIG. 5 indicates a set of collision free dodge velocities. The
second pre-planned intended path may be based upon a sequence of desired velocities,
and, 1n selecting each of the sequence of dodge velocities, the processor 21° may
choose dodge velocities closest to the desired velocities. As shown 1in FIG 4, the
selected velocity SV 1s shown adjacent to the intended velocity 1V.

The dodge velocities may also be based, among other factors, on a
torque on a joint of the second robotic manipulator 12° and/or a kinetic energy of the
second robotic manipulator (or based upon some objective function dealing with the
robot - some kinematic, dynamic, ¢tc., rule for choosing desired velocities - however
optimal 1s defined for the robot system). For example, certain joints of the second
robotic manipulator 12’ may have a torque limit, and moving the robotic manipulator
at a velocity that would cause those joints to exceed that torque limit 1s undesirable.
Basing the dodge velocities on a torque on a joint or a kinetic energy of the second
robotic manipulator may advantageously help ensure that the second robotic
manipulator 12’ 1s not damaged during movement according to the sequence of dodge
velocities, or that a tool or object carried by the second robotic manipulator 1s not
damaged during movement according to a dodge velocity. The determination of these
dodge velocities will be described 1n detail below.

With additional reference to FIG. 5, yet another embodiment of a
robotic apparatus 9” implementing a collision avoidance scheme 1s now described.

The first robotic manipulator 10” and first controller 15 are similar 1n structure and
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and thus no further description thereof is needed.

The second controller 20 comprises a processor 21”°, memory 227,
drive signal generator 23, and communications interface 24” as described above with
reference to the second controller 20°. However, here, the memory 22 stores
geometric models of the first and second robotic manipulators. The processor 21” of
the second controller 20” may generate the geometric models, or this data may be
communicated to the second controller and stored 1n the memory 22” thereof.

To generate the geometric models, each robotic manipulator 107, 12”
1s first represented as a set of gecometric primitives. The geometric primitives include
points, line segments, and rectangles. To complete the geometric models, the first and
second robotic manipulators 10, 12” as then represented as swept spherical bodies.
These swept spherical bodies comprise the set of points that are at a specified
distance/radius from a respective geometric primitive. If the primitive 1s a point, the
resulting body 18 a sphere. If the primitive 1s a line segment, the body 1s a cylinder
with spherical endcaps, also known as a cylisphere. If the primitive 1s a rectangle, the
body 1s a box with rounded edges. For case of reading, these bodies will hereinafter
be referred to as “cylispherical shells,” but it should be appreciated that they may take
other shaped, as described above.

As shown 1n FIG. 6, a gecometrically complex set of objects (here,
robotic manipulators) can be approximated by a collection of cylispherical shells. To
more¢ clearly illustrate the distinct cylispherical shells, the geometric primitive for
cach shell 1s superimposed over the shell. Each robotic manipulator 10”, 12 1n FIG.
6 1s approximated by eight cylispherical shells (as can be seen from the eight line
segments for cach). As a result, the complete geometric model of the robotic
manipulators 107, 12” and their surroundings at a given instant can be represented by
a list of bodies, the respective body types (1.€. point, line segment, or plane), the

locations of the corner/end points on each body, and the radius associated with each

body.
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The primary advantage of using such a method for approximating the
robotic manipulators of the robotic apparatus 1s the simplicity 1n calculating the
distance between the robotic manipulators. The distance ;. &y between objects 7 and

1S simply

o }i. A ; Sy
e L Y, “:'_‘: ~ - 1 “p h \ " . .{'._;. : T
A F BT Gl Ny e (1)

where ¢ ;. k118 the distance between the primitives of objects 7 and * and »; and . are
the radn of objects j and 4 respectively. Calculating the distance between the
primitives (points, line segments, rectangles) has a relatively straightforward closed-
form solution 1n some cases.

Increasing the number of cylispherical shells used per robotic
manipulator can improve the accuracy of the gecometric model, but at the cost of
increased computation time. Those skilled 1n the art will appreciate that this 1s not the
only possible method of simplifying the geometric model of the robotic apparatus.
Any representation of the robotic apparatus that allows geometric calculations to be
performed quickly would be an acceptable substitute.

As will be described below with respect to the calculation of a
sequences of dodge velocities, a constraint generation portion of this collision
avoldance scheme creates limits on the motion of the second robotic manipulator 127
based on how close it 1s to colliding with the first robotic manipulator 10”. This 1s
accomplished by creating a set of three buffer zones 26, 277, 28” for cach geometric
primitive. This 18 1llustrated in FIG. 7, where the geometry of one link of the second
robotic manipulator 12” has been modeled. The geometric primitive chosen 1s a line
segment (not shown). Cylispherical shells with three different radu are then
constructed from this single geometric primitive.

In applying this collision avoidance scheme to the robotic apparatus of
FIG. 5, the buffer zones 267, 277, 28” may be the same shape as the gecometric
models, for example, and the processor 21”° may alter the dodge path based upon

detecting an overlap between buffer zones of the first and second robotic manipulators

107, 12”.
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Referring still to FIG. 7, the buffer zones include a reaction buffer zone
267, an cquilibrium buffer zone 27”, and an object buffer zone 28”. The reaction
buffer zone 26” and equilibrium buffer zone 27” are used to gradually apply changes
to the motion of the second robotic manipulator 12> as 1t approaches the first robotic
manipulator 10”. The object butfer zone 28” 1s the lower bound on how close the
second robotic manipulator 12 should be allowed to be to the first robotic
manipulator 10”. In particular, the object buffer zone 28” of the second robotic
manipulator 12” should not be allowed to contact the object buffer zone of the first
robotic manipulator or a collision may result.

Referring again to FIG. 3, the processor 21” controls movement of the
second robotic manipulator 12” for movement along the second pre-planned intended
path via the drive signal generator 23”, as described above. One or more visual
sensors, 1llustratively a visual sensor 25”, (can be any type of sensors, position sensor,
motion sensor, ¢tc.) are coupled to the communications interface 24”. Those skilled 1n
the art will understand that the image sensor (visual sensor 25”) may be any suitable
image sensor, such as a camera, and that there may be a plurality of such sensors.
Additionally or alternatively, in other applications, there may be other types of
sensors, for example radar or sonar.

The processor 21” determines a distance between a shell of the second
robotic manipulator 12” and a shell of the first robotic manipulator 107, based upon
the visual sensor 257, to detect a potential collision between the first and second
robotic manipulators 10”, 12”. The potential collision may be detected based upon a
butfer zone of the second robotic manipulator 12” overlapping a buffer zone of the
first robotic manipulator 10”.

In response to a potential collision, the processor 217 controls the
second robotic manipulator 12” for movement 1n a dodge path to avoid a collision
with the first robotic manipulator 10”. The dodge path may depend upon which buffer
zones of the first and second robotic manipulators 10, 12” overlap each other. For
example, 1f the reaction buffer zones 26 of the first and second robotic manipulators

107, 12” overlap, the dodge path may take the second robotic manipulator 12 away
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from the first robotic manipulator 10”, but at a lesser speed than the approach speed
thercof. Since the reaction 26 buffer zones may be defined so as to be relatively large
in comparison to the geometric model of their respective robotic manipulator, the
second robotic manipulator 12” may simply not need to move at a speed greater or
equal to the approach speed of the first robotic manipulator 10”. Movement at such a
lesser speed along the dodge path may conserve power, or may reduce wear and tear
on the second robotic manipulator 12”.

If the equilibrium buffer zones 27” of the first and second robotic
manipulators 10”, 12” overlap ecach other, the dodge path may take the second robotic
manipulator 12” away from the first robotic manipulator 10> at the approach speed
thercof. This may help to avoid a collision that would otherwise be unavoidable were
the second robotic manipulator 12” to move at a slower speed. If the object butfer
zones 28” of the first and second robotic manipulators 107, 12” contact cach other,
the dodge path may be an emergency stop. Morcover, 1f the object buffer zones 28” of
the first and second robotic manipulators 10, 12” contact cach other, the second
controller 20” may shut down the robotic apparatus 9”.

For compactness, cach geometric primitive and the three shells
associlated with 1t shall collectively be referred to as a “body,” denoted &. The set of
bodies can be divided into two sets. The set of “robotic manipulator” bodies, &, are the
bodies that are a part of the second robotic manipulator. The set of “object” bodies, &,
are the other bodies (including the first robotic manipulator).

For each robotic manipulator body &, = # 1t 18 helpful to then determine
the set of the bodies . « {11 that could possibly collide with 1t. This 18 done 1n
three steps. The first step 1s performed off-line prior to executing the collision
avoidance scheme, and includes manually removing potential collision pairs {;. &
from the list of possible collisions. Potential collision pairs removed 1n this step may
not be checked for at any point in the collision avoidance scheme. This 1s primarily
used to allow neighboring bodies to overlap each other without being flagged as a

collision.
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For example, in FIG. 6 some of the robotic manipulator bodies overlap
cach other. In this case it would be desirable 1gnore the overlap between neighboring
bodies. However, this 1s not the case for all pairs of robot bodies. For example, it 1s
desirable to prevent collision between certain bodies and the base of the robotic
manipulator, the collision pair for those bodies would not be removed from the list of
possible collisions.

The second step 18 performed after begimmning execution of the collision
avoldance scheme. The purpose of this step 1s to quickly check whether potential
collision pairs ¢4, &} are far enough apart that they can be 1ignored at this instant. To
implement this step, bounding boxes have been constructed around bodies 1n the
workspace. The bounding boxes of each potential collision pair (¥, 4,1 are compared
and 1f the bounding boxes do not overlap, that {%,, . pair can be excluded from the list
of possible colliding bodies. This step 1s fast and may quickly eliminate potential
collisions from consideration.

In the third step the actual distance between the bodies 1s calculated
based upon the pairs {4, % that were not eliminated 1n the first two steps. In particular,
the distance between the gecometric primitives associated with the bodies 1s calculated.
Because of the simple geometric primitives chosen, this can be calculated very

quickly. The output of this step 1s the shortest distance ,{;. i} between the primitives

of i#:;, &3, and the points on each of the primitives corresponding to this shortest
distance. For the i pair of {4, &,y considered, this distance 1s referred to as #;, and these
points are referred to as ey, (the “collision point™), and ip»; (the “interfering point™),
where ¢p; 18 on body &, and ip; 1S on body #.

It 1s worth noting that 1t may be helpful to modify the collision and
distance check method described hereinbefore 1f a different gecometric modeling
approach were used.

Given the current state of the robotic apparatus (as represented by the
gcometric model) and the set of possible collisions, 1t 1s helpful to generate constraints

on the allowed motion of the robot 1n order to avoid these collisions. In addition to

avolding collisions (both with the first robotic manipulator and with itself), 1t 1s
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helpful for the motion of the second robotic manipulator to not violate 1ts joint angle
[imits or joint velocity limits.

To effectuate this, a set of linecar inequality constraints on the
commanded velocity of the first robotic manipulator 1s created. For convenience,
these limits are formulated 1n the end-etffector (task space) in the implementation
described here. Note that because the Jacobian mapping of joint velocities to task
space velocities 1s linear, these constraints can be expressed in either the joint space or
the task space and they will still be linear. As a result, the set of allowable velocities
of the robot at this instant forms a convex set. This structure 18 advantageous as it
allows formulation of the velocity selection problem as a convex optimization. This
optimization can be calculated very efficiently, which may allow collision-free
motions to be computed 1n real time.

The form of the convex optimization problem 1s

YUVERREE S foi X

(2)

TR DR RIUR S RN & ey o iy e -
’ . . - .
¢ l{}t(‘,-.f"_ 2 g -:-“-\h.} R Lo dy con g Y

where there are x sitmultaneous 1mnequality constraints. The objective function f:¢x} can
be any function that produces desirable or “optimal” behavior when minimized. It 1s

desirable to minimize the error between the actual end-effector linear and angular

.?'.'

velocity {»* .7} and the desired end-effector linear and angular velocity (% "}

L]
QRSN

Thus, the following function was chosen.

;op S o ,‘,-8\}' | ’ . ::_
FolX ) ({0 e N X e (3)
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o r‘.".‘ ‘\1 '\ . J':‘ ;.! .\!-
x= WL T xes W (4)
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.....

where W 1s a weighting matrix with appropriate unit terms such that all of the

elements of x have the same units:

s
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For example, a valid choice would be « == 1%, In other cases it may be desirable to
have additional criteria included 1n the objective function. For example, with
redundant manipulators additional terms can be added to the objective function to
represent optimal use of the self-motion of the robot, provided the resulting jiix: 1s a
convex, twice-differentiable function.
Given the objective function, 1t 1s helpful to define the constraint functions fix.
Constraints due to joint angle limits and joint velocity limits are generated.

There are two different cases of joint limits: joint angle limits and joint
velocity limits. As explained above, 1t may be desirable to base the dodge velocities
on these limits, so 1t 1s helpful to accommodate both cases with a single set of upper

and lower joint velocity limits. To do this, a vector that contains all of the upper limits

on allowable joint velocities at this instant 1s formed

.ﬁnh{ (6)
where the value of each 4..; depends on the current angle of joint ::

T s D e (7)

That 1s, the joint i 1s nominally upper bounded by a user-specified
velocity limit (typically the rated velocity limit of the joint), but if joint i has begun to
exceed 1ts joint limit 1ts upper velocity limit 1s 0 and the angle may not be allowed to
increase further. A similar vector of lower limits on allowable joint velocities 1s

created:

‘
A N ‘ .,
Q powE 5 : (8)
1 \ |
\ s
Lf{ 5s
where
e , ‘ . )
Sy :Zf}(i SR N, 'f.i.ri. R {{‘? Sapdida 8 (9)
J'f.;;{ RS oo .
Y -, - T
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Given the values for the upper and lower joint limits 1n (7) and (9) the

Instantaneous limit on ¢, can be stated as

Girg i S G, (10)
Equation (10) may be restated using (6) and (8) as

8 d € R 8! (11)
where ¢ 15 a vector that selects the terms corresponding to the i joint:

S HEE B tl (12)

Note that { inotation 1s used to indicate that a vector 1s a unit vector.
The constraint functions f:{x; corresponding to the right portion of (11) (1.¢. the upper

[1mats) are:

S ISR 0 R
By € SR Gy (13)

(7Y =4 (14)

and assuming that the second robotic manipulator 1s not 1n a singular configuration, J

can be mnverted and substitute (14) into (13):

(r’ - "

LR B S w8

h: J i f | ) Ty U (15 )
""'s} L ",!{ . ’

Using the fact that W "W = 1, 1t can be 1nserted into (15) and group

terms:
N A T R T £ DT
%8 TTWTR W [\ | } <R Qu
kf: v (16)
where
Ry, 8T TTWO (17)

Dividing through by the magnitude of (17) produces:
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The constraint functions f:is} corresponding to the left portion of (11)

5  (1.. the lower limits) may then be created similarly:
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10 Combining coefficients of (19) and (24) for all « joints produces
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Then the set of 2» constraints due to joint limits simplifies to

15 where
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As described above, the collision and distance check generates pairs of

potential collision points: the collision point ¢p, and the interfering point iy, For each
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potential collision, 1t desirable to constrain the velocity of «y, toward iy Graphically,
this 1s 1llustrated in FIG. 9. In Fig. 9a, a robotic manipulator and an object near 1t are
represented by their respective geometric primitives (line segments 1n this case). In
Figs. 9b and 9c¢ there are dashed lines between the two pairs of possible collision
points. Fig. 9b shows the potential collision between an external object and the
robotic manipulator, and Fig. 9¢ shows the potential collision between the robotic
manipulator and itself. In each case a unit vector &, 1n the collision direction (directed
from ¢p, towards i) 1S constructed. In addition, the velocity of «p, 18 denoted as v,
and the velocity of ip; 1S denoted as v.....

The limit on the motion of «p, towards i, may be restated as

,.h‘(‘

N L
‘..\ (.'E-.‘{ .s.\: " !5-:9;\ 27

where «.; 18 the greatest allowed “approach velocity” of «p, towards i, The manner 1n
which =.; 18 specified can be varied depending on the desired collision avoidance
behavior. In the described embodiments, multiple shells (reaction, equilibrium, and
safety) have been constructed for each body 1n order to create a smoothed approach

velocity ., which 1s expressed as:
il Chadfi g ( Fp {tj.,-:,\. )
PRI 1oy Wiy T S -
| I £ Bt $ A SR (28)

where 4. 1s the distance between «p, towards ip,, +,.; 1S the sum of the reaction radii of
the two bodies, r.; 1S the sum of the equilibrium radi1 of the two objects, and «:; 1S the
greatest approach velocity allowed when «4,, 1s halfway between +,; and #.... The
resulting greatest allowed approach velocity 1s plotted 1n Fig. 10 as a function of the
separation distance. Note that the equation 1s valid (and thus used) when r,, > &; = €.
When the objects are separated by exactly the sum of their equilibrium
radi1, the avoidance velocity should equal the velocity of the interfering point along
the collision direction to ensure that they do not get any closer. As the separation
distance 1ncreases to the sum of the reaction radii, the avoidance velocity increases to

infinity, effectively 1ignoring the constraint. When the objects are closer than the sum

of their equilibrium radii, the avoidance velocity 1s lowered to force them apart. If 4,
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drops below #.; (the sum of the safety radu of the two bodies) an emergency stop of
the robotic apparatus may be triggered. Note that the rule chosen 1n (29) can be
replaced by any equivalent function.

Given «,. the left side of (28) should be expanded to express the
velocity of op; 1n terms of the robot joint velocities. This 1s accomplished by treating
i as 1f 1t were the end-effector of the robotic apparatus and creating a “partial
Jacobian matrix” (J...,) for this point. In other words, the robot 1s virtually truncated at
oy, and the effects of joints between «y, and the robot base are considered. Utilizing

the Jacobian relationship for serial manipulators v... 18 expressed as
Vog: = dop G (29)

In the case shown 1n Fig. 9b where the potential collision 1s between

the robot and another object J.... 18
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where there are j joints between «p, and the ground. In the case of potential collision
between the robotic manipulator and itself, as is shown 1n Fig. 9c, the motion of the
joints below ip, does not affect the distance between ¢p. and ip..

Thus the effects of these joints can be 1gnored and 1., can be

formulated as
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where there are + ~ 1 joints between iy, and the ground. Substituting

(30) 1nto (28) produces

& Jop G S (32)

200)-



CA 02773712 2012-03-08
WO 2011/035069 PCT/US2010/049187

Using (14) and substituting for
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and using the same approach as (16), W *W 1s inserted and terms are grouped:
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5  where
Ko, oo b Jop d W (35)

Eqn. (35) 1s thus reduced to

N

xsrd By 36)
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Dividing through by the magnitude of (306)

10 produces:
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Thus the limits due to the " potential collision (28) reduce to
Al x g ke, (38)

Combining the coetficients of (39) for »: potential collisions produces

-

L s
s b, = | (39)
which can be combined with (26)
A= M pe {‘*‘ (40)
FA B, |

such that the constraints on the manipulator’s velocity due to joint angle limits, joint
velocity limits, potential collisions with other objects, and potential collisions with

20  1tself are expressed within the single set of equations

Ax i b (41)
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To achieve the desired form of the constraints, (42) 1s rearranged to

Ax - h (42)

where each six}1s represented by the ¢ row of the left side of (43). Thus the total
number of constraints 18 s == i < i,

Before continuing, the special cases that cause this method to fail shall
be discussed. First, 1t 18 helpful for the robotic manipulator to be 1n a non-singular
configuration. This 1s typically achieved through appropriate selection of joint limits
to avoid singular configurations or using additional software to transition the robotic
manipulator through the singularity and then resuming the collision avoidance
algorithm. Also, 1n the case where the range space of I, (1.¢. the set of all possible
velocities of «y:,) 18 orthogonal to ¢, then the left side of (33) equals zero regardless of
the choice of 4. In this case the robotic manipulator cannot move «p, away from ip. at
this instant. This scenario 1s rare, and can be overcome by adding additional logic
that commands the robotic manipulator to move «y, such that the orthogonality
condition changes and the collision avoidance algorithm can resume.

Restating (2), the collision avoidance algorithm has been reduced to a

constrained optimization of the form:

(43)
siufveot o SIS, e ]
The objective function §;ixi and constraint functions fiix}..... f.ix})are
detailed 1n (3) and (42), respectively. In addition, j, ... . : R* — R are convex and

twice continuously differentiable. Thus convex optimization techniques are
applicable.

Convex optimization 1s a subject of extensive study within
mathematics. Here, an interior point method of solving the convex optimization has
been chosen. In particular, the logarithmic barrier method 1s employed. This method
1s well-suited because 1t 1s very fast, can handle an arbitrarily large number of
inequality constraints, and the accuracy of the result (bounding the error) can be

mathematically proven.
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Briefly, the optimization 1s illustrated in Fig. 4, where each constraint
f.ix;creates a set of velocities that are disallowed. When all :: constraints are
combined, the remaining set of allowable velocities 1s convex. The basic approach of
the logarithmic barrier method 1s to model each 1nequality constraint as a logarithmic
penalty function that grows to infinity as x approaches the fiix; == i barrier. These
penalty functions are added to the objective function #:{x:, and an unconstrained
optimization of x i1s performed via an iterative descent method (typically Newton’s
method). This value of x 1s then refined by scaling the magnitude of the penalty
functions and again optimizing x via the descent method. This process 1s 1terated to

find x..., the optimal value of x. Then using (4) and (14) the optimal joint velocities

fic?:‘:k:f. drc

(:i st B ‘} 3 \xf‘ et :"‘:,:,}:.-3, ( 4 4)

These joint velocities are commanded to the robotic manipulator.
After they are executed for the duration of the specified time interval, the algorithm 1s
repeated.

With respect to flowchart 30 of FIG. 7, a method of operating a robotic
apparatus according to a collision avoidance scheme 1s now described. After the start
(at Block 31), at Block 32 a first robotic manipulator 1s moved along a first pre-
planned actual path. At Block 33, a second robotic manipulator 1s moved along a
second pre-planned intended path.

At Block 34, a distance between the second robotic manipulator and
the first robotic manipulator 1s determined and compared to a threshold distance to
determine a potential collision. At Block 35, a decision 1s made. If there 1s no
potential collision, at Block 36, the movement of the second robotic manipulator
along the second pre-planned intended path 1s continued. If there 1s a potential
collision, at Block 37, the second movement of the second robotic manipulator 1s
deviated from the second pre-planned intended path to move 1n a dodge path away
from, but closely following, the first pre-planned actual path. Block 38 indicates the
end of the method.
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Amended Claims

1. A robotic apparatus (9, 9', 9") implementing a collision avoidance
scheme, comprising:

- a first robotic manipulator (10, 10', 10";

- a first controller (15, 15, 15") configured to control said first robotic
manipulator for movement along a first pre-planned actual path (11a, 11b)
through first drive signals;

- a second robotic manipulator (12, 12', 12"); and

- a second controller (20, 20', 20") configured to control, through second drive
signals, movement of said second robotic manipulator for movement along a
second pre-planned intended path (13) and deviating therefrom to move in a
dodging path (14a, 14b) away from the first pre-planned actual path based
upon determining a potential collision with said first robotic manipulator
without prior knowledge of the first pre-planned actual path,

wherein the first and the second controllers are configured to
communicate with each other through first and second communications interfaces
(19, 24') so that the second controller determines a potential collision based upon
the first drive signals,

wherein the second pre-planned intended path is based upon a
sequence of desired velocities;

wherein said second controller is configured to move said second
robotic manipulator along the dodging path based upon a sequence of dodge
velocities while choosing the velocities closest to the sequence of desired velocities,

the dodge velocities being based, at least upon a plurality of convex
sets of allowable velocities, a kinetic energy of the second robotic manipulator and/or
a force on at least one joint of the second robotic manipulator. |

2. The robotic apparatus of Claim 1, wherein said first robotic
manipulator comprises at least one joint and a joint sensor cooperating with said at
least one joint and said first controller for determining positioning of the at least one
joint; and wherein said second controller is configured to determine the potential
collision based upon the positioning of the at least one joint.

3. The robotic apparatus of Claim 1, wherein said second controller
IS configured to repeatedly determine a distance between said second robotic
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manipulator and said first robotic manipulator and to compare the distance to at least
one threshold distance to thereby determine a potential collision.

4, The robotic apparatus of Claim 1, wherein second controller is
configured to repeatedly determine a distance between said second robotic
manipulator and said first robotic manipulator, and to determine a potential collision
with said first robotic manipulator based upon the distance; wherein said second
controller is configured to store a geometric model of said first and second robotic
manipulators; and wherein said second controller is configured to determine the
distance between said second robotic manipulator and said first robotic manipulator
based upon the geometric models of said second robotic manipulator and said first
robotic manipulator.

S. The robotic apparatus of Claim 4, wherein each geometric model
includes a series of buffer zones surrounding a respective robotic manipulator; and
wherein said second controller is configured to determine a potential collision
between said second robotic manipulator and said first robotic manipulator based
upon an overlap between the respective buffer zones of said second robotic
manipulator and said first robotic manipulator.

6. The robotic apparatus of Claim 5, wherein said second controller
is configured to move said second robotic manipulator at different speeds based
upon which respective buffer zones are overlapping.

7. The robotic apparatus of Claim 3, wherein said second controller
is also configured to repeatedly determine an approach velocity between said second
robotic manipulator and said first robotic manipulator; and wherein said second
controller is also configured to determine the potential collision based upon the

approach velocity.

8. The robotic apparatus of Claim 3, wherein said second controller
is also configured to repeatedly determine an approach velocity between said second
robotic manipulator and said first robotic manipulator; and wherein said second
controller is also configured to determine the potential collision based upon the
approach velocity.
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Q. The robotic apparatus of Claim 1, wherein said second robotic

manipulator comprises at least one joint; and wherein said second controller is
configured to determine the sequence of dodge velocities based upon a force on said

at least one joint.
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PUTENTIAL DODGE VELOCHTIES
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UTIC MARIPULATOR ALONG A HIRM
-PLANNED ACTUAL PATH
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ETWEEN THE SECORD ROBOTI(

MANIPULATOR AND THE HRST ROBOTIC MARIPULATOR AND
¢ 10 A THRESHOLD DISTANCE 1O

DETERMINE A POTENTIAL COLLISION
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 CONTINUE MOVING SECOND ROBOTIC MANIPULATOR ALONG THE
SECOND PRE-PLARNED INTENDED PATR ;
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SECOND ROBOTIC MANIPULATOR TN A ﬁgggms PATH |

MOVE THE ‘
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