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ROBOTIC MANIPULATORS BASED ON PRE-DEEINED TIME-OPTIMUM TRAJECTORY
SHAPE

BACKGROUND OF THE INVENTION

Field of the Invention: The present invention relates to
robotic manipulators and, more particularly, to a method
and means for the reliable and numerically efficient
generation of constrained time-optimum trajectories for the
simple and compound or blended moves of single-arm, dual-

arm, and multi-arm robotic manipulators.

Prior Art: Single-arm, dual-arm, and multi-arm, i.e.,
single end effector, dual end effector, and multi end
effector, robotic manipulators are used in various types of
transport apparatus in embodiments well known in the prior
art. Examples of typical transport apparatus including
such embodiments are described in U.S.Pat.Nos.4,730,976,
5,180,276, 5,404,894, 5,431,529, 5,647,724, 5,655,060,
5,765,983, and in pending U.S. application Ser. No.
09/163,844, the latter having an assignee in common with
this application, and the disclosures of all of which are
incorporated herein by reference.
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In an embodiment such as used with a substrate transport
apparatus, the transport arms have the end effectors
mounted thereon for carrying substrates, such as
semiconductor wafers or flat panel displays, through
suitable trajectories for processing. The substrate is
typically held by means of frictional force between the
substrate and the end effector, which force may Dbe
supplemented or accompanied by a vacuum or electrostatic
holddown in some applications. Therefore, the substrate
will slide if the inertial force at the substrate exceeds
the holding force securing it to the end effector, so that
the transfer time is 1limited by the magnitude of this
holding force. Furthermore, additional constraints, such
as limited velocity and jerk, are typically required for
safe operation and trajectory tracking reasons.

Accordingly, a computationally efficient system that
calculates a transfer trajectory without causing the
substrate to slide and without violating prescribed
constraints is required for maximum substrate throughput
levels. In an existing approach, e.g., refer to
U.S.Pat.No.5,655,060, a backward trajectory (backward from
the end position of the move) and a forward trajectory
(forward from the start position of the move) are
calculated iteratively and blended. However, the present
state of the available methods, in this exemplary approach
and other embodiments, for achieving iterative trajectory
generation with the known multi-arm robotic manipulators is
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fraught with problens. For example, generally among these
methods the existence of a reliable solution to the
iterative computation is not guaranteed and the
calculations are computationally demanding and time
consuming, leading to delays, especially in the abort

function. Suboptimal acceleration profiles and defective
trajectory profiles cause accelaration tracking
difficulties and throughput 1loss. Trajectories change

drastically for small variations in departure and
destination positions. A large memory is required to store
trajectory points, and different settings are required for

different arms/speeds.

A number of typical defects that occur with existing
trajectory generation in substrate transport apparatus are
illustrated in the acceleration vs. time profiles in
Figures 1 - 10, with the defects being indicated by
circles. Specifically, Figures 1 - 6 variously show radial
extension of the arms and Figures 7 - 10 show rotational
movement. It will be seen that the smoothness of the
acceleration profiles is interrupted at the portions of the

curves indicated by the circles.

Another drawback of the existing approach, typified by that
in U.Ss.Pat.No.5,655,060, is that individual moves must be
executed sequentially with no provision for blending simple
moves into a single trajectory to create a single smooth
transfer path. The sequential execution requires stops
between the individual moves and increases the overall
travel time.

Problem to be Solved:

Thus, there is a need in the art for an approach that will
achieve trajectory generation in multi-arm robotic
manipulators with reliable and numerically efficient
calculation of time-optimum trajectories having easy-to-

track or continuous acceleration profiles for controlling
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the movement of the multi-arms of the manipulators. There
is also a need for an approach that generates trajectories
for simple moves that can be blended to create a smooth
non-stop transfer path, and a method to achieve this
blending.

Objects:

It is accordingly an object of the present invention to
provide a method and means for the reliable and numerically
efficient generation of time-optimum trajectories with
easy-to-track or continuous acceleration profiles for
controlling the simple movement of multi-arm robotic
manipulators, such as an extension and retraction move
along a straight 1line, or a rotary move following a
circular arc, with velocity, acceleration, and jerk

constraints.

It is another object of the invention to provide a system
for the reliable and numerically efficient generation of
time-optimum trajectories with smooth acceleration profiles
for controlling the movement of multi-arm robotic
manipulators in a substrate transport apparatus, such as,
but not limited to, an extension and retraction move along
a straight line, or a rotary move following a circular arc,
with velocity, acceleration, and jerk constraints on the

arm-mounted end effector carrying a substrate.

It is a further object of the invention to provide a system
for the reliable and numerically efficient generation of
time-optimum trajectories for simple and blended moves of
multi-arm robotic manipulators, such as, but not 1limited
to, an extension and retraction along a straight line or a
rotary move following a circular arc, with velocity,

acceleration, and jerk constraints.

It is also an object of the invention to provide a system

and method for generating trajectories for simple moves of
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multi-arm robotic manipulators, which moves can be blended

to create a smooth non-stop transfer path.
SUMMARY OF THE INVENTION

The present invention is directed to providing a method and
means for the reliable and numerically efficient generation
of time-optimum trajectories with easy-to-track or
continuous acceleration profiles for simple and blended
moves of multi-arm robotic manipulators, such as, but not
limited to, an extension and retraction move along a
straight line or a rotary move following a circular arc,
with velocity, acceleration, jerk, and in some cases jerk
rate, constraints. A time-optimum trajectory is understood
to be the set of the position, velocity, and acceleration
profiles which describe the move of a selected end effector
along a given path in the shortest time possible without
violating given constraints, with a special case being an
optimum abort trajectory, which brings the moving arm into
complete rest in the shortest time. More particularly, the
invention involves firstly identifying the set of
fundamental trajectory shapes which cover all possible
combinations of constraints for a given category of moves,
e.g., a move along a straight line or along a circular arc;
next, decomposing the fundamental shapes into segments
where a single constraint is active; and, then, determining
the time optimum paths in the segments. As a result, a
unique design of time-optimum trajectories is produced

based on a set of pre~defined trajectory shapes.

The invention also involves the blending of simple moves
into a single trajectory by decomposing trajectories of the
individual moves into their orthogonal components and
overlapping them for a given time interval, which results

in a non-stop move along a smooth transfer path.

BRIEF DESCRIPTION OF THE DRAWINGS
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The features of the present invention are set forth in the
following description, taken in connection with the

accompanying drawings, wherein:

Figures 1 - 10 show prior art acceleration profiles,
acceleration vs. time plots, illustrating typical defects
within the circles that occur with existing trajectory

generation in substrate transport apparatus. More
particularly,:
Figures 1 - 4 variously show radial extension of the arms

with acceleration constraint active (at 1least one end
effector loaded);

Figures 5 and 6 show radial extension with acceleration
constraint inactive (end effectors unloaded) ;

Figures 7 - 9 show rotational movement with acceleration
constraint active (at least one end effector loaded); and
Figure 10 shows rotational movement with acceleration

constraint inactive (end effectors unloaded).

Figures 11 - 19 show acceleration profiles illustrating
exemplary time-optimum trajectory shapes for moves of a
single-arm robot, and in some cases a multi-arm robot,
along a straight line in accordance with the invention.
More particularly,:

Figure 11 illustrates the generic trajectory shape for
moves along a straight line; and

Figures 12 - 19 contain shapes derived from the generic
shape of Figure 11 and illustrate fundamental trajectory
shapes for movement along a straight line with the numbers
indicating so-called trajectory nodes, i.e, the points that

divide the trajectories into segments.

Figures 20 - 25 summarize corresponding trajectory shapes

to those of Figures 12 - 19 for abort trajectories.

Figure 26 illustrates the acceleration profile of the
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generic time-optimum trajectory shape for moves of a
single-arm robot and a multi-arm robot, along a circular

arc in accordance with the invention.

Figures 27 - 32 show a full set of the fundamental
trajectory shapes derived from the generic form shown in
Figure 26, and Figures 33 and 34 illustrate the
corresponding shapes for abort trajectories.

Figures 35 - 49 illustrate shapes of exemplary time-optimum
trajectories for radial moves of a dual-arm frog-leg robot
with unequally constrained arms in accordance with the
invention. More particularly,:

Figure 35 illustrates the generic trajectory shape;

Figures 36 - 47 contain fundamental trajectory shapes
derived from the generic shape of Figure 35 with the
numbers indicating so-called trajectory nodes; and

Figures 48 and 49 show the corresponding shapes for abort
trajectories.

Figure 50 illustrates trajectory blending by schematically
depicting, on the left side (a), the path for an exemplary
sequential move consisting of two straight-line segments,
from point 0 to 1 and from point 1 to 2 on the path, and on
the right side (b), an exemplary sequential move along a
straight line and along a circular arc, from point 0 to 1

and 1 to 2, respectively.

Figure 51 illustrates other examples of the trajectory
blending of two straight-line moves showing round
substrates following two straight-line segments, from point
0 to 1 and from point 1 to 2, on the left side (a) for the
sequential case, and, on the right side (b) for a compound
move, wherein the center of the substrate does not actually
move through point 1 but rather follows the .smooth path

indicated.
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Figure 52 illustrates examples of the trajectory blending
of two moves along a straight line, i.e., segments from
point 0 to 1 and from point 2 to 3, and a move along a
circular arc, the segment from point 1 to 2, showing round
substrates following the respective segments, on the 1left
side (a) for the sequential case, and, on the right side
(b) for a compound move, and wherein the left side (a) case
represents the path according to the prior art and the
right side (b) represents an optimum transfer path for
round substrates undergoing compound moves in accordance
with the invention.

Figures 53 - 58 show acceleration profiles, acceleration
vs. time plots, illustrating further comparisons of the
acceleration profiles in accordance with the invention and
those obtained with the iterative approach of the prior
art. More particularly,:

Figure 53 shows the case for a single arm robot with radial
extension and acceleration constraint active (end effector
loaded) ;

Figure 54 shows the case for a dual-arm frog-leg robot with
radial extension and acceleration constraint on one end
effector A active (loaded) and acceleration constraint on
the other end effector B inactive (unloaded);

Figure 55 shows the case for a dual-arm frog-leg robot with
radial extension and acceleration constraint on end
effector A inactive (unloaded) and acceleration constraint
on end effector B active (loaded):

Figure 56 shows the case for a dual-arm frog-leg robot with
radial extension and acceleration constraints on end
effectors A and B inactive (unloaded);

Figure 57 shows the case for rotational move with
acceleration constraint active (at least one end effector
loaded) ; and

Figure 58 shows the «case for rotational move with

acceleration constraint inactive (end effectors unloaded).
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DETATLED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention involves a method and means for
controlling the moves of multi-arm robotic manipulators in
transport apparatus to produce reliable and numerically
efficient generation of time-optimum trajectories with
easy-to-track or continuous acceleration profiles during
transport arm movement with simple and blended moves. A
time-optimum trajectory is understood to be the set of the
position, velocity, and acceleration profiles which
describe the move of a selected arm along a given path in
the shortest time possible without violating given
constraints, with a special case being an optimum abort
trajectory, which brings the moving arm into complete rest
in the shortest time. The invention 1is directed to
overcoming the interruptions that occur, due to the typical
defects in existing trajectory generation in substrate and
other transport apparatus, such as are illustrated in the
prior art acceleration profiles of Figures 1 - 10 by the
portions of the curves surrounded by circles, as well as
other disadvantages of the existing approach, i.e.,
typified by U.S.Pat.No.5,655,060. The invention may be
used to smooth arm movements such as extension and
retraction moves along a straight line, or a rotary move
following a circular arc, with velocity, acceleration, and
jerk constraints. In contrast to the existing approach,
wherein a backward trajectory (backward from the end
position of the move) and a forward trajectory (forward
from the start position of the move) are calculated
iteratively and blended, the smoothing or reliable and
numerically efficient generation of time-optimum
trajectories for simple and blended moves, is achieved by
the steps of: identifying the set of fundamental trajectory
shapes which cover all possible combinations of constraints
for a given category of moves, e.g., the move along a
straight 1line or along a circular arc; decomposing the

fundamental shapes into segments where a single constraint
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is active; and, determining the time optimum paths in the
segments. The desired trajectory is then generated by
assembling the appropriate segments into the path of the
trajectory. Thus, the invention produces a unique design
of time-optimum trajectories based on a set of pre-defined
trajectory shapes and can be used to provide a method of
calculating trajectories for compound moves via blending.

More particularly, a reliable and numerically efficient
blending of trajectories for simple moves of multi-arm
robotic manipulators into a non-stop compound move along a
smooth path, is achieved with the present invention by:
decomposing trajectories for the individual simple moves
into independent, e.g., orthogonal, components, overlapping
the independent components of the trajectories for the
individual simple moves for a given time interval, and
combining the overlapped components into a trajectory that
provides a non-stop move along a smooth path.

Implementation of the invention is graphically illustrated
in Figures 11 - 58. For purposes of the following
description, as suggested above, "single-arm robot" denotes
a robotic manipulator equipped with a single end effector,
a "dual-arm robot" denotes a robotic manipulator equipped
with two end effectors, and the general "multi-arm robot"
denotes a robotic manipulator equipped with multiple end
effectors. Both single-arm and dual-arm robot arrangements
may be of the well-known two-link type or of a frog-leg
design, such as disclosed respectively in U.S.Pat.Nos.
5,765,983 and 4,730,976, incorporated herein by reference.
Also mentioned are the "BiSymmetrik" and “"Leapfrog" arm
designs, disclosed in U.S.Pat.Nos.5,180,276 and 5,647,724,
incorporated herein by reference, and which names are
trademarks of Brooks Automation, Inc., the assignee of the

present application.

In general, different sets of constraints are considered
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for each end effector of the robot. Typically, a set of
constraints may include the maximum allowable velocity,
acceleration, jerk, and jerk rate, which are imposed on the
center point of the end effector. Examples of basic
categories of moves are presented: a move along a straight
line for a single-arm robot (Figures 11 - 25), a move along
a circular arc for a single-arm robot (Figures 26 - 34), a
radial move for a dual-arm frog-leg robot with certain

constraints (Figures 11 - 25) and with other constraints
(Figures 35 - 49), and a rotational move for a dual-arm
robot (Figures 26 - 34), where the trajectory is generated

for one of the arms (end effectors) of the dual-arm robot.
Further, in addition to the foregoing simple moves, the
blending of simple moves into a single trajectory is also
described (Figures 50 - 52).

The fundamental shapes for each of the four categories are
found as simplified versions of the generic shape which
corresponds to the case when all of the constraints are
active.. Each of the shapes have a set of conditions
associated with it which determine whether the shape can be
used for the particular move. For example, sets of
conditions associated with selected shapes are as follows:
Example 1: The conditions that must be satisfied for the
shape in Figure 12, i.e., the most complex shape for a
straight-line move, are:

(t1 > to) and (t3 > t3) and (tg > ts), i.e., segments 0-1,
2-3, and 5-6 exist.

Example 2: The conditions that must be satisfied for the
shape in Figure 19, 1i.e., the simplest shape for a

straight-line move, are:

max |3| < Jmax and max |a| < amax and
te(to,t2) te(to,t2)

max |v| < vmax

te(to,t2).

Trajectories generated by the method of the invention are
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completely defined by a set of nodal points which typically
may include time, position, velocity, acceleration, jerk,
and jerk rate. The corresponding position, velocity, and
acceleration profiles are constructed from the nodal points
using the set of equations associated with the selected
trajectory shape.

The generic trajectory shapes for the basic categories of
moves, their mathematical description, and the depiction of
the associated fundamental shapes will now be described.

SINGLE-ARM ROBOT MOVE ALONG A STRAIGHT LINE:

To begin with, a move of a single-arm robot along a
straight 1line in accordance with the invention is
considered, which move is constrained by maximum velocity,
acceleration, Jjerk and jerk rate imposed on the center
point of the end effector. Exemplary time-~optimum
trajectory shapes are shown in Figures 11 - 19, wherein the
segment identifiers refer to the following parameters:

a = acceleration (m/sz)

aj = acceleration at node i (m/sz)

apax = maximum acceleration (m/sz)

d = rate of change of jerk (m/s4)

di = rate of change of jerk at node i (m/s4)
Gmax = maximum rate of change at jerk (m/s4)
i = jerk (mw/s?)

Ji = jerk at node i (m/s3)

Jmax = maximum jerk (m/s3)

s = position (m)

si = position at node i (m)

Smax = travel distance (m)

t = time (s)

ti = time at node i (s)

v = velocity (m/s)

vi = velocity at node i (m/s)

Vmax = maximum velocity (m/s).



WO 00/73967 PCT/US00/13362

13

Figure 11 illustrates the generic trajectory shape for
moves along a straight 1line which is composed of 12

segments as follows:

10

15

20

25

30

35

Segment 0-1: J +Imax
Segment 1-2: d -Gmax
Segment 2-3: a +amax
Segment 3-4: d =dnax
Segment 4-5: J -JImax
Segment 5-6: v Vmax
Segment 6-7: v Vmax
Segment 7-8: Jj -Jmax
Segment 8-9: d +dmax
Segment 9-10: a -amax
Segment 10-11: d +dmax
Segment 11-12: j +imax

The corresponding position,
profiles are constructed from the nodal points (i.e.,

si, Vi, ai, Ji, di)

velocity,

acceleration
ti,

using the following expressions:

S = s + vi(t-tj) + 1/2aj(t-t{)% + 1/634i(t-ty)> +
1/24dj (t-t4) %

(4

.1)

v = vi + aj(t-tj) + 1/23i(t-ti)2 + 1/6d;(t-ti)>  (4.2)

a =aj + jj(t-ti) + 1/2dj(t-tj)? (4.3)
t S [tirti+l) ' i= o, 1, T 12 (4'4)

The complete set of the fundamental trajectory shapes
derived from the generic form of Figure 11 are shown in
Figures 12 - 19 which contain shapes derived from the
generic shape of Figure 11 and illustrate fundamental

trajectory shapes for movement along a straight line with
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the numbers indicating so-called trajectory nodes, i.e, the
points that divide the trajectories into segments. The
corresponding shapes for abort trajectories are summarized

in Figures 20 - 25.

SINGLE-ARM ROBOT MOVE ALONG A CIRCULAR ARC:

Next, a move of a single-arm robot along a circular arc in
accordance with the invention is considered, which move is
constrained by maximum velocity, acceleration, and jerk
imposed on the center point of the end effector. Exemplary
time-optimum trajectory shapes are shown in Figures 26 -
32, wherein the segment identifiers refer to the following

parameters:

ac = centrifugal acceleration (m/sz)

amax = maximum total acceleration (m/sz)

at = tangential acceleration (m/sz)

ati = tangential acceleration at node i (m/sz)

atotal = total (tangential + centrifugal) acceleration
(m/s?)

jmax = maximum tangential jerk (m/s3)
it = tangential jerk (m/s3)

Jti = tangential jerk at node i (m/s3)
r = radius of circular arc (m)

s = position (m)

si = position at node i (m)

Smax = travel distance (m)

v = velocity (m/s)

vi = velocity at node i (m/s)

Vmax = maximum velocity (m/s)

t = time (s)

ti = time at node i (s)

Figure 26 shows the acceleration profile, acceleration vs.
time plot, illustrating the generic trajectory shape for
moves along a circular arc. It consists of 8 segments.

Segment 0-1: Jjt = +jpmax
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Segment 1-2: atotal = Aamax
Segment 2-3: jt = =-Jmax
Segment 3-4: v =  Vnax
Segment 4-5: v = Vnmax
Segment 5-6: jt = -Jmax
Segment 6-7: atotal = @apmax
Segment 7-8: jt = +jmax

The total acceleration of the center point of the end
effector can be expressed in terms of its tangential and

centrifugal components:

2 4 2
atotal = /atz_*_acz - \/(dv/dt) +v'/r (4.5)

Therefore, the trajectory in segments 1-2 and 6-7 must
satisfy the following condition:

amax = y(@v/dt)}? +v*/r? (4.6)

Eqg. (4.6) is a non-linear differential equation which, in
general, does not have an analytical solution. It can be
shown, however, that the problem can be solved analytically
in terms of an auxiliary parameter referred to as o here.

The position, velocity and acceleration profiles are then

calculated as:

s =8 +r/2 (a0 - Ai) (4.7)

v = Jra_ sina (4.8)

at = apay COsA (4.9)

where si and of are initial wvalues of s and «,

respectively. Parameter o is related to time t through the



10

15

20

25

30

35

WO 00/73967 PCT/US00/13362

16

following differential equation:
daldt=2,/a_, sin(a)/r (4.10)

Although Eg. (4.10) cannot be solved analytically, its
solution <can be approximated using a third-degree

polynomial in the form of:

o =co + c1 (t-tj) + c2 (t-t{)2 + c3 (t-ti)> (4.11)
where coefficients cp to c3 are determined so that the
initial and final conditions in the time interval of
interest (segments 1-2 and 6-7) are satisfied exactly, and
ti denotes initial time.

The position, velocity, and acceleration profiles are
calculated from the nodal points wusing the following

expressions:

s = si + vi (t-tj) + 1/2 ati (t-ti)? + 1/6 Jei (t-ti)°>
(4.12)

V= vi+at (t-ti) + 1/2 jri (t-tj)?
(4.13)

aj = atji + Jjti (t-tj)
(4.14)

t ¢ (ti, ti+1), i =0, 2, 3, 4, 5, 7 (4.15)
or,

3
o = cpi + c1i (t-ti) + cpi (t-ti)2 + c3i (t-ti)
(4.16)

s =s8i +1r/2 (¢ - Cpi) (4.17)



10

15

20

25

30

35

WO 00/73967 PCT/US00/13362

17

v:,hummmna (4.18)

at = apax COS™ (4.19)
t ¢ [ti, ti+1), i =1, 6 (4.20)
Figures 27 - 32 show a full set of the fundamental

trajectory shapes derived from the generic form shown in
Figure 26, and the corresponding shapes for abort

trajectories are shown in Figures 33 and 34.

DUAL~ARM FROG-LEG ROBOT RADIAL MOVES:

A radial move 1is a straight-line move in the radial
direction with respect to the center of the robot.
Exemplary trajectory generation for radial moves of dual-

arm frog-leg robots will now be described.

The two end effectors of the robot are denoted as A and B.
It is assumed that end effector A is the one performing
the radial move. The move is constrained by the maximum
allowable acceleration and jerk imposed on end effector A,
and the maximum allowable acceleration of end effector B.
In general, the two acceleration constraints are not

necessarily equal. Time-optimum trajectory shapes are
shown in Figures 35 - 47, wherein the segment identifiers
refer to the following parameters:

ap = acceleration of arm A (m/sz)

aai = acceleration of arm A at node i (m/sz)

aAmax = maximum acceleration of arm A (m/s2)

ap = acceleration of arm B (m/s2)

api = acceleration of arm B at node i (m/sz)

aBmax = maximum acceleration of arm B (m/sz)

Jja = jerk of arm A (m/s3)

jai = jerk of arm A at node i (m/s3)

maximum jerk of arm A (m/s3)

I

JAmax
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iB = jerk of arm B (m/s3)
iBi = jerk of arm B at node i (m/s3)
saA = position of arm A (m)
SAi = position of arm A at node i (m)
SB = position of arm B (m)
SBi = position of arm B at node i (m)
t = time (s)
ti = time at node i (s)
va = velocity of arm A (m/s)
VAi = velocity of arm A at node i (m/s)
VB = velocity of arm B (m/s)
VBi = velocity of arm B at node i (m/s)

Two basic cases can be identified based on the values of

the acceleration limits:

Case 1: aAmax < aBmaX H and

Case 2: dAmax > ABmax -

Since acceleration of end effector B never violates aamax
during radial moves for the known designs of dual-arm frog-

leg robots, the acceleration 1limit appax never becomes

active when aamax < AaBmax- Consequently, the same
trajectory shapes can be used in Case 1 as for a straight-
line move of a single-arm robot as described above.

The generic trajectory shape for Case 2 is depicted in

Figure 35. It is composed of 7 segments:

Segment 0-1: ja = +iamax
Segment 1-2: aBp = -aBmax
Segment 2-3: ja = +Jamax
Segment 3-4: ap = aplim
Segment 4-5: jA = =Jamax
Segment 5-6: ap = —aamax

Segment 6-7: A = +)amax
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At the cost of a slight deviation from the optimum
solution, the value of apjim is selected so that max(ap) =
+apmax- Due to this simplification the number of necessary
fundamental trajectory shapes is reduced substantially.

The position, velocity, and acceleration profiles are
calculated from the nodal points according to the following

expressions:

si = sij + Vvij (t-tj) + 1/2 aij(t-t§)? + 1/6 ij(t-t§)>
(4.21)

Vi = vij + ajj(t-ty) + 1/2jij(t-tj)2 (4.22)
aj = ajj + Jij (t-ty) (4.23)
t e [ty,t9+21) , 3 =0,1, , 4 (4.24)
i=Afor j=o0, 2, 3, 4 (4.25)
i=Bfor j=1 (4.26)

The complete set of the fundamental trajectory shapes
derived from the generic form of Figure 35 is given in
Figures 36 - 47. The corresponding shapes for abort

trajectories are depicted in Figures 48 and 49.

DUAL-ARM ROBOT ROTATIONAL MOVE:

The last category of simple moves to be described are the
rotational moves of dual-arm robots, i.e., robotic
manipulators equipped with two end effectors. A rotational
move is performed when the end effectors of the robot move

along circular arcs with a common center.

Again, the two end effectors of the robot are denoted as A
and B. It 1is assumed that end effector A 1is the one
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commanded to perform the rotational move. The move is
constrained by the maximum allowable acceleration and jerk
imposed on end effector A, and the maximum allowable
acceleration of end effector B. In general, the two
acceleration constraints do not have to be equal.

It can be shown that the acceleration limit imposed on end

effector B is never violated if the following condition is

satisfied:

aamax / YA < @Bmax / rB

(4.27)
where:
aAmax = maximum acceleration of arm A (m/sz)
aBmax = maximum acceleration of arm B (m/sz)
ra = radius of rotation for arm A (m)

ryp radius of rotation for arm B (m)

Consequently, the same fundamental trajectory shapes can be
used as for single-arm robots as described above with
respect to Figures 26 - 34. If the condition of Eq. (4.27)
is not satisfied, the trajectory should be generated based
on the radius and the acceleration 1limit associated with

end effector B.

TRAJECTORIES FOR COMPOUND OR BLENDED MOVES:

In many applications, a simple path such as a straight line
or a circular arc is not sufficient alone, such as when
faced with workspace limitations, so that the desired path
must be achieved as a sequence of several moves and the
overall travel time is increased. The time losses are due
to stops between individual moves executed sequentially.
These stops can be eliminated by a blending technique in
accordance with the present invention which will now be

described.
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A system for blending simple moves into a single trajectory
in accordance with the invention is as follows. The
essential approach is to decompose trajectories of the
individual moves into their orthogonal or independent
components, and overlap them for a given time interval.
The decomposition into the orthogonal components is
obtained e.g., by x- and y-decomposition in the cartesian
coordinate system. This results in a non-stop move along a
smooth path. Two examples are presented for illustration,
i.e., the blending of two straight-line moves and the
blending of a straight-line move into a circular-arc path,
which moves are as shown respectively in Figure 50 side (a)
and side (b). Figure 50 schematically depicts, on the left
side (a), the path for an exemplary sequential move
consisting of two straight-line segments, from point 0 to 1
and from point 1 to 2, and on the right side (b), an
exemplary sequential move along a straight line and along a
Circular arc, from point 0 to 1 and 1 to 2, respectively.

Blending of two straight-line moves:

The first sequential move under consideration is
schematically depicted in Figure 50 side (a). It consists
of two straight-line segments, from point 0 to 1, and from
point 1 to 2, on a path. Provided that the trajectories
for the two segments are available, e.g., generated based
on the pre-defined time-optimum trajectory shapes described
above, the position, velocity, and acceleration profiles
for this blended move are obtained using the following

equations:
sx(t) = xp + sa(t)cosop + sp(t-tp + A)cosap (5.1)
sy(t) = yo + sa(t)sinop + sp(t-ta + A)sinag (5.2)

vx(t) = va(t)cosop + vg(t-tp + A)cosap (5.3)
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vy(t) = va(t)sinap + vp(t-ta + A)sinap (5.4)
ay(t) = ap(t)cosop + ap(t~-tp + A)cosap (5.5)
ay(t) = ap(t)sinap + ap(t-ta + A)sinap (5.6)
where:
X0, YO = X-, y-coordinates of point 0 (m)
X1, Y1 = X-, y-coordinates of point 1 (m)

SA, VA, apa= position, velocity, and acceleration profiles

for segment 0 - 1 (m)

SB, VB, ap= position, velocity, and acceleration profiles
for segment 1 - 2 (m)

ta = duration of the move along segment 0 - 1 (s)

A = overlap time (s)

A typical example of blending two straight-line moves is
illustated in Figure 51, which shows round substrates
following two straight-line segments, from point 0 to 1 and
from point 1 to. 2, on the left side (a) for the sequential

case, and, on the right side (b) for a compound move.

Blending of a straight line and a circular arc:

The second sequential move under consideration is
schematically depicted in Figure 50 side (b). It consists
of a sequence of first a move along a straight line, from
point 0 to 1, and then a move along a circular arc from
point 1 to 2. Provided again that the trajectories for the
two segments are available, e.g., generated based on the
pre-defined time-optimum trajectory shapes as described
above, the position, velocity, and acceleration profiles
for the blended move are calculated using the following

equations:

sx(t) = xp + sa(t)cosap + X¢ + rsin[B + sp(1)/r] - x1
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(5.7)
sy(t) = yo + sa(t)sinop + yc + rcos[B + sp(t)/r] - Y1
(5.8)
vx(t) = va(t)cosop + vp(t)cos[B + sp(T)/r] (5.9)
vy(t) = va(t)sinap + vp(t)sin[p + sp(1)/r] (5.10)

ax(t) = ap(t)cosop + ag(t)cos[B + sp(1)/r]
- [vB®(1)/rlsin[B + sp(1)/r] (5.11)

ay(t) = ap(t)sinop + ag(t)sin[B + sp(1)/r]

+ [vp2?(1)/r]cos(B + sp(1)/r) (5.12)
where:
r:'\/(xl —xc+(yl _yc)z (5.13)
B =tan"! [(x1 - x¢)/(vc - y1)]
(5.14)

T =t-tag + A

and

X0, Y0
X1, Y1

Xc, YC

arc (m)
SA, VA, aa
(m/s?)

SB, VB, ap
(m/s?)

ta

A

1

(5.15)

X-, y-coordinates of point 0 (m)
X-, y-coordinates of point 1 (m)
X-, y-coordinates of the center of the circular

position (m), velocity (m/s), and acceleration
profiles for segment 0 - 1

position (m), velocity (m/s), and acceleration
profiles for segment 1 - 2

duration of the move along segment 0 - 1 (s)

overlap time (s)
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An exemplary diagram of the blending of two moves along a
straight line, i.e., segments from point 0 to 1 and from
point 2 to 3, and a move along a circular arc, the segment
from point 1 to 2, is illustrated in Figure 52, which shows
round substrates following the respective segments, on the
left side (a) for the sequential case, and, on the right
side (b) for a compound move. The left side (a) case
represents the path according to the prior art while the
right side (b) represents an optimum transfer path for
round substrates undergoing composite moves in accordance

with the invention.

A further comparison of the invention with the existing
approach (e.g., U.S.Pat.No.5,655,060) is shown in Figures
53 - 58 for a representative set of moves. The plots
confirm that the approach of the invention based on pre-
defined time-optimum trajectory shapes provides defect-free
and easy-to-track profiles. In addition, in the existing
approach, an angular jerk constraint is imposed on the arm
driving motors, so that the maximum jerk at the center of
the end effector is not constant and its variation depends
on the Xinematics of the arm. In contrast, with the
invention the jerk constraint is imposed directly on the
center of the end effector. This change leads to improved

travel times as will be seen in Figures 53 - 56.

It will therefore be appreciated from the foregoing
description that the present invention offers many
advantages over the systems of the prior art, such as, its
reliability for any combination of arm dimensions, speed,
and departure/destination positions, and the elimination of
all types of defects since it results in ideal acceleration
profiles. Further, the resulting trajectories are time-
optimal, or suboptimal for certain radial moves of dual-arm
frog-leg robots, and achieves shorter travel times due to

the constant jerk limit imposed on the center of the end
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effector for straight-line moves. It offers easy-to-track
trajectories for straight-line moves with smooth

acceleration profiles, and is computationally efficient,
typically being more than 100x faster than the existing
iterative approach. Due to the faster computation
capability, shorter abort times and abort travel distances
are guaranteed. The invention is less memory demanding
with a maximum of 12 trajectory nodes stored (for the
categories of moves <considered), and it eliminates
different settings of the trajectory generator for
different arms and speeds. It is applicable to all of the
arms of the transfer apparatus, including two-link and
frog-leg designs and particularly "BiSymmetric" and
"Leapfrog" arm designs, and supports compound moves with a

blended transfer path.
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CIATIMS
is claimed is:
1. A method for reliable and numerically efficient

generation of constrained time-optimum trajectories with

easy-to-track or continuous acceleration profiles for the

arm movements of robotic manipulators to produce time-

optimum arm movement along a transfer path, comprising the

steps of:

identifying the set of fundamental trajectory shapes
which cover a given set of constraints for a given
category of arm movements along a transfer path;

determining the set of conditions associated with each
fundamental trajectory shape which determine whether

the shape can be used for a particular arm movement;

decomposing said fundamental trajectory shapes into

segments where a single constraint is active;

determining the time-optimum trajectory solutions for

the segments:;

combining the time-optimum trajectory solutions of the

segments into time-optimum trajectory shapes; and

producing a time-optimum arm movement along the
transfer path by selecting the time-optimum trajectory
shape that can be used for the arm movement based on
the determinations from determining the set of

conditions.
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2. The method as in claim 1 wherein the arm movements
are of a single-arm robot, the transfer path is a straight
line, and the set of constraints comprises maximum
velocity, acceleration, jerk and jerk rate in the vicinity
of the acceleration limit.

3. The method as in claim 1 wherein the arm movements
are of a single-arm robot, the transfer path is a circular
arc, and the set of constraints comprises maximum velocity,
total acceleration, and tangential jerk.

4. The method as in claim 1 wherein the arm movements
are of a dual-arm robot comprising an end effector A and an
end effector B, the transfer path comprises radial moves,
and the set of constraints comprises maximum velocity,
acceleration, Jjerk and jerk rate in the vicinity of the
acceleration 1limit on end effector A, and maximum

acceleration on end effector B.

5. The method as in claim 1 wherein the arm movements
are of a dual-arm robot comprising an end effector A and an
end effector B, the transfer path comprises radial moves,
and the set of constraints comprises maximum Jjerk and
acceleration on end effector A, and maximum acceleration on
end effector B.

6. The method as in claim 1 wherein the arm movements
are of a dual-arm robot, the transfer path comprises a
rotational move, and the set of constraints comprises

maximum velocity, total acceleration, and tangential jerk.

7. The method as in claim 1 wherein said transfer

path comprises a straight-line and an arc.

8. The method as in claim 1 wherein said robotic
manipulators are provided with end effectors and the

trajectories are constrained by velocity, acceleration,
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jerk and jerk rate limits that are imposed on the centers

of the end effectors of the robotic manipulator.

9. The method as in claim 1 wherein said robotic
manipulators are provided with end effectors and the step
of identifying the set of fundamental trajectory shapes
comprises:

minimizing the time required for the robotic

manipulator to travel a set distance to a final point

from a start point along a transfer path; and

avoiding a command of an acceleration that would
exceed a holding force between an end effector and a

substrate supported thereon.

10. An apparatus for reliable and numerically
efficient generation of time-optimum trajectories with
easy-to-track or continuous acceleration profiles for the
arm moves of robotic manipulators to produce time-optimum
arm movement along a transfer path, comprising:

means for pre-defining the set of fundamental
trajectory shapes which cover all possible
combinations of constraints for a given category of

arm movements along a trajectory path;

means for determining the set of conditions associated
with each fundamental trajectory shape which determine
whether the shape can be used for a particular arm

movement;

means for decomposing said fundamental trajectory
shapes into segments where a single constraint is

active;

means for determining the time-optimum solutions for

the segments;
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means for combining the time-optimum solutions of the

segments into time-optimum trajectory shapes; and

means for producing time-optimum arm moves of the
robotic manipulators along the transfer path by
selecting time-optimum trajectory shapes that can be
used for the particular arm moves based on the
determinations of said means for determining the set

of conditions.

11. Apparatus as in claim 10 wherein the robotic
manipulators comprise a single-arm robot, the transfer path
is a straight line, and the set of constraints comprises
maximum velocity, acceleration, jerk and jerk rate in the

vicinity of the acceleration limit.

12. Apparatus as in claim 10 wherein the robotic
manipulators comprise a single-arm robot, the transfer path
is a circular arc, and the set of constraints comprises

maximum velocity, total acceleration, and tangential jerk.

13. Apparatus as in claim 10 wherein the robotic
manipulators comprise a dual-arm robot comprising an end
effector A and an end effector B, the transfer path
comprises radial moves, and the set of constraints
comprises maximum velocity, acceleration, jerk and jerk
rate in the vicinity of the acceleration 1limit on end

effector A, and maximum acceleration on end effector B.

14. Apparatus as in claim 10 wherein the robotic
manipulators comprise a dual-arm robot comprising an end
effector A and an end effector B, the transfer path
comprises radial moves, and the set of constraints
comprises maximum jerk and acceleration on end effector A,

and maximum acceleration on end effector B.

15. Apparatus as in claim 10 wherein the robotic
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manipulators comprise a dual-arm robot, the transfer path
comprises a rotational move, and the set of constraints
comprises maximum velocity, total acceleration, and
tangential jerk.

16. Apparatus as in claim 10 wherein said transfer

path comprises a straight-line and an arc.

17. Apparatus as in claim 10 wherein said robotic
manipulators comprise end effectors and the trajectories
are constrained by velocity, acceleration, Jjerk and jerk
rate limits that are imposed on the centers of the end

effectors.

is8. Apparatus as in claim 10 wherein said robotic
manipulators comprise end effectors and the means for pre-
defining the set of fundamental trajectory shapes

comprises:

means for minimizing the time required for the robotic
manipulator to travel a set distance to a final point

from a start point along a transfer path; and

means for avoiding a command of an acceleration that
would exceed a holding force between an end effector

and a substrate supported thereon.

19. A method for reliable and numerically efficient
blending of trajectories for simple moves of multi-arm
robotic manipulators into a non-stop compound move along a

smooth path, comprising the steps of:

decomposing trajectories for the individual simple

moves into independent components;

overlapping said independent components of the
trajectories for the individual simple moves for a
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given time interval; and
combining the overlapped components into a trajectory
that provides a non-stop move along a smooth path.

20. The method as in claim 19 wherein the independent
components of the trajectories for the individual simple
moves are orthogonal and obtained by x- and y-decomposition
in the cartesian coordinate system.

21. The method as in claim 19, wherein the individual
simple moves of the robotic manipulator comprise straight

lines and circular arcs.

22. An apparatus for reliable and numerically
efficient blending of trajectories for simple moves of
multi-arm robotic manipulators into a non-stop compound

move along a smooth path, comprising:

means for decomposing trajectories for the individual

simple moves into independent components;

means for overlapping said independent components of
the trajectories for the individual simple moves for a

given time interval; and

means for combining the overlapped components into a
trajectory that provides a non-stop move along a
smooth path.

23. The apparatus as in claim 22 wherein the
independent components of the trajectories for the
individual simple moves are obtained by x-and y-
decomposition in the cartesian coordinate system.

24. The apparatus as 1in «claim 22 wherein the
individual simple moves of the robotic manipulator comprise
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straight lines and circular arcs.
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