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(57) ABSTRACT

The present mvention involves a tolerance based motion
controller. The controller 1s capable of processing a group of
tolerance constraints. The tolerance constraints specily
where and when each tolerance constraint 1s to be applied,
along with the information specitying the desired trajectory
of motion. There are also a group of velocity constraints,
speciiying the maximum allowable velocity at each point
along the desired trajectory. This information along with
sensor feedback 1s used to modify the velocity along the
actual trajectory of motion. This results in the time required
traverse the trajectory being as short as possible. Also, the
actual trajectory of motion should never exceed the permis-
sible deviation from the desired trajectory, as specified by
the tolerance constraints, with the velocity always being
bounded by the specified velocity constraint.
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TOLERANCE BASED MOTION CONTROL
SYSTEM

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This appln claims the benefit of Provisional No. 60/099,
625 filed Sep. 8, 1998.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mvention relates to motion control systems. More
particularly, this invention relates to computer-controllable
machine tools.

2. Description of the Related Art
Automation has resulted in the development of motion

controllers capable of signaling actuator devices to eflect
motion in linkages along a desired trajectory performing
useiul work. Motion controller permits increased speed and
precision 1n performing a given task over manual operation.
Robots and automated manufacturing equipment are
examples of a few of the products that utilize motion control
technology. Programming these devices are frequently
accomplished by specifying the desired trajectory as a
collection of line/arc segments, along with the desired
velocity of each segment. With complex trajectories the
velocities for each segment or group of segments 1s often a
constant as optimization along each point in the trajectory

would be very time consuming.

Most trajectory programmers have a fundamental under-
standing of the trade off between velocity and accuracy.
They know that at higher velocities 1t becomes more diflicult
for the control to stay on the desired trajectory and thus
trajectory programmers must make a trade ofl between the
velocity and the precision of motion along the desired
trajectory. These decisions are often based on the program-
mer’s experience and result in an iterative programming,
process where the trajectory 1s executed and then modified
to reduce the velocity 1n sections where an undesirable
deviation from the desired trajectory 1s observed. Thus
programmers control the deviation from the desired
trajectory, and therefore the quality of the motion, by
manipulating the velocity along the trajectory.

Nowhere 1s the attempt to maximize the velocity of
motion control while minimizing the deviation from the
desired trajectory more apparent than with motion control
systems for manufacturing equipment often referred to as
Computer Numerical Controllers (CNC). CNCs may be
used to control manufacturing equipment such as lathes,
grinders and mills. CNCs are computing devices adapted for
the real-time control of machine tools. A numerical control-
ler receives a set of coded nstructions forming a part
program. Part programs are frequently expressed 1n a stan-
dard G&M code language, or a close derivative of this
language based on either the International Standards Orga-
nization (ISO) or the Electronics Industries Association
(EIA) RS-274-D, using codes 1dentified by letters such as G,
M, F. The codes define a sequence of machining operations
to control motion 1n the manufacture of a part. The numeri-
cal controller converts the codes to a series of electrical
signals which control motors attached to a machine tool
cllecting the motion of the tool along the programmed
trajectory.

A motion controller operating a milling machine 1s one
example of CNC. Lathes grinders and coordinate measuring
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2

machines (CMMs) are other examples of manufacturing
equipment which utilize a CNC for motion control. A 3-axis
CNC mulling machine has a head where a tool 1s mounted,
a table movable relative to the tool 1n the X, Y plane. Motors
control motion of the table in the X and Y directions and
motion of tool in the Z direction, establishing an orthogonal
X, Y, Z Cartesian coordinate system. Positional sensors
(encoders or scales typically) provide feedback indicating
the position of the tool with respect to the coordinate system
of the milling machine. The CNC reads 1n a part program
specilying a toolpath trajectory that the tool 1s to follow at
a specified velocity or feedrate. The controller continuously
compares the current tool position with the specified
toolpath, and generates signals to control motors in such a
way that the tool’s actual trajectory matches the toolpath
which 1s the desired trajectory as closely as possible while
the tool moves along the toolpath at the desired velocity.

The deviation of the actual tool trajectory from the desired
trajectory as expressed in the toolpath 1s called machining
error. The machining error may be computed as the distance
between the instantaneous tool position and the desired
trajectory as specified by the toolpath. NC tolerance 1s
defined to be the amount of the permitted machining error
while machining. Motion controllers are expected to main-
tamn good or tight NC tolerance. The machining error
depends on many factors including the performance of the
motion controller and the feedrate selected for traversing the
trajectory during machining. In general, higher feedrates
will result 1n larger machining errors.

Conventional part programs do not explicitly address NC
tolerance 1ssue and the machine tool operator—part pro-
grammer or machinist—must set feedrates to attempt to
address this i1ssue. In fact it can not be expressed using
conventional NC programming languages, such as EIA
RS-274-D, nor do existing motion controllers support the
notion of constraining motion so that a NC tolerance speci-
fication 1s met. One of the operator’s functions 1s to select
teedrates that would result 1n acceptable part quality, while
simultaneously achieving high metal removal rates. The
selection of appropriate feed rates 1s based on the operator’s
experience and general rules of thumb may be obtained from
numerous handbooks and charts (e.g., Machinery’s
Handbook, 24™ edition, Industrial Press Inc., New York
1992). However, the figures from such documents, while
perfectly feasible when used under the correct conditions,
are Irequently inappropriate when applied to specific
machining situations. Published figures fail to account for
local machining conditions such as sudden changes in the
toolpath leaving optimization of the feedrate to the operator.
It 1s dithicult for operator to select feedrate values that
achieve the desired part quality while maximizing the
machine tool’s productivity throughout the part program.

SUMMARY OF THE INVENTION

The present invention relates to an apparatus and method
of automatically modifying motion control based on accept-
able levels of tolerance. The user specifies a desired level of
tolerance, and the motion control device calculates the
maximum permissible feedrate based on the trajectory,
machine, and the desired level of tolerance.

The present invention allows the operator to specify NC
tolerance commands along with motion commands for
execution by CNC. The NC tolerance commands can be
identified using a symbol such as E to distinguish 1t from
conventional symbols such as G, M, F, S, and T when mixed
in with conventional part programs or entered separately
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prior to program execution. The NC tolerance commands
specily at what time and in which area the tolerance con-
straint specified in the command 1s active. The programmer
need not specily feedrate values everywhere. Instead the part
program 1s broken into paragraphs that share the same
maximum allowable feedrate. These paragraphs are selected
based on considerations such as tool size, material, and
machine tool’s characteristics varniables typically used when
determining the feedrate. The machining error need not be
taken into consideration when setting the feedrate, as these
feedrate adjustments will be automatically taken care of by
the control based on the operator’s specified error tolerance,
or “E code”.

The controller will use the programmed information
specifying required NC tolerance at this particular instant 1n
time and will examine the active maximum allowable fee-
drate at that same instant to determine what 1s a permissible
velocity for motion. The controller will execute the toolpath
with the programmed maximum allowable feedrate 1f the
NC tolerance condition can be met. Otherwise, the controller
will reduce the feedrate to a permissible level so that the NC
tolerance condition can be met.

To determine the relationship between feedrate and the
NC tolerance, mappings are required that characterize the
capabilities of a particular machine tool. The mappings
establish the performance of the control on this machine for
the various trajectories (e.g. lines, arcs) and transitions
amongst these trajectories that the control 1s likely to
encounter. In essence the control determines what maximum
permissible feedrate 1s suitable for the various machining
trajectories at different NC tolerance conditions. We refer to
this feedrate mapping as the feedrate limitation because
exceeding this value will result in excessive machining
error, 1.e. exceeding the NC tolerance. The feedrate limita-
tion mapping i1s dependent on the machine, but may be
established once for each machine or class of machines

through experimentation.

The part program 1s first processed by the control in
several steps to separate the NC tolerance commands from
the program. The tolerance constraints specified by the NC
tolerance commands may be stored in a table for use by the
control. Motion commands are examined and 1f found to
span multiple tolerance constraints are divided into smaller
motion command segments such that each segment has a
uniform NC tolerance requirement. The segmented motion
commands are then processed by the control to select a
permissible feedrate according to the limitation mappings,
the programmed maximum allowable feedrate and the tol-
erance constraints stored 1n the table. Each motion command
segment 1s then executed with modified feedrate and there-
fore the specified NC tolerance commands should be satis-
fied. Lastly, feedback from the control i1s used to tweak on
the feedrate 1f 1t 1s found that the machining error 1s
approaching and therefore 1n danger of exceeding the
desired NC tolerance.

Utilizing traditional motion control technology an opera-
tor specifies feedrates and hopes the machining error 1s
acceptable but can not guarantee the machining error within
a specific range. The present invention provides a system
and a method allowing the operator to specily the desired
NC tolerance and having the controller automatically com-
pute the feedrate that productivity 1s as high as possible
while maintaining the NC tolerance. Another benefit of this
invention 1s that the operator no longer has to customize a
program for each of the various machines 1 his shop.
Instead the customization necessary to maximize the
throughput on each machine 1s done automatically by the
motion controller.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

The above mentioned and other features and objects of
this invention, and the manner of attaining them, will
become more apparent and the imnvention itself will be better
understood by reterence to the following description of an
embodiment of the mvention taken in conjunction with the
accompanying drawings, wherein:

FIGS. 1A and 1B show a flowchart diagram of a tradi-

tional machining approach, and the machining approach of
the present invention, respectively.

FIG. 2 1s an example of NC tolerance commands. The
machining area 1s divided into 3 areas each one has a
different requested NC tolerance value.

FIG. 3 shows a graph depicting a situation where a motion
command 1s divided mto motion command segments each
one has a specified tolerance value consistent with the NC
tolerance commands.

FIG. 4 shows a graph depicting the processes of tolerance
based machining.

FIG. 5 1s a flowchart showing the processing of the
parser-interpreter process P1 of the present invention.

FIG. 6 1s a flowchart showing the processing of the
adjuster process P2 of the present invention.

FIG. 7 1s a geometric depiction of a tuning angle.

FIG. 8 1s a flowchart showing the processing of executer
process P3 of the present invention.

FIG. 9 15 a schematic diagram of a controller that may be
employed 1n realizing the present invention.

Corresponding reference characters indicate correspond-
ing parts throughout the several views. Although the draw-
ings represent embodiments of the present invention, the
drawings are not necessarily to scale and certain features
may be exaggerated in order to better illustrate and explain
the present invention. The exemplification set out herein
illustrates an embodiment of the invention, in one form, and
such exemplifications are not to be construed as limiting the
scope of the invention 1n any manner.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The embodiment disclosed below 1s not intended to be
exhaustive or limit the invention to the precise form dis-
closed 1 the following detailed description. Rather, the
embodiment 1s chosen and described so that others skilled 1n
the art may utilize its teachings.

The exemplary embodiment of the present invention
utilizes a computer numerically controlled milling machine
as the system to which tolerance based motion control
technology 1s applied. At any moment when machining, the
tool’s position determined from the feedback reported by the
position transducers (encoders 1n the exemplary
embodiment) may not coincide with the desired trajectory
defined in the tool path of the part program. Generally
speaking 11 the instantaneous tool position 1s thought of as a
point 1n space and the programmed tool path 1s assumed to
be a curve 1n space then machining error at any moment in
time 1s the distance from tool’s position to the ideal tool
path. The NC tolerance 1s the maximum allowable value of
the machining error at a certain time and place, which 1s
represented numerically. Anything which cannot be sensed
or measured through feedback, for example the tool detlec-
tion or surface finish in the exemplary embodiment, 1s not of
concern in this mmplementation. Some CAD/CAM/CNC
systems approximate an ideal curved tool path using
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polygons, 1.e. straight line segments, to specily the desired
trajectory of the tool 1n space. The deviation between the
approximate tool path (polygons) and the ideal trajectory 1s
not the machining error, because where an 1deal curved path
1s unattainable by the machine tool, the polygonal shape 1s
the desired trajectory even 1f not exactly the ideal shape.
Under these circumstances the instantanecous machining
error 1s the distance between the tool position as reported by
the encoders and the approximate tool path trajectory
(polygons) processed by the controller at any moment.

1. Influences on the Machining Error

[

The precision by which any motion controller may effect
motion along a specified path 1s determined by numerous
variables. Certain variables of a motion controller, such as
loop closure rate and the feedback device’s resolution, can
not be manipulated during machining. The controller can
manipulate other variables, for example, variables which
help to realize a predetermined or desired tolerance speci-
fication. One such variable 1s the velocity used 1n traversing
the path. Experience has shown that the feedrate or velocity
1s an 1important variable in controlling the precision 1n which
a control can traverse a tool path. It has been observed that
the manipulation of the feedrate to achueve a given tolerance
constraint 1s often dependent on the specific circumstance 1n
which the controller finds itself at any given instance while
traversing the trajectory. These additional variables intlu-
ence the effect or impact that the feedrate has 1n controlling
the precision of the trajectory manipulation. This section
details the vanables used 1n the exemplary embodiment but
additional vanables exist and may be treated 1n a fashion
similar to that outlined for velocity, curvature, turning angle
and rate of deceleration which are described below. The
exemplary embodiment assumes that the modeling of each
variable’s impact on precision 1s governed by a monotonic
function, however other relationships may also exist.

The velocity or feedrate at which a trajectory 1s traversed
influences the magnitude of the machining error. Generally
at low feedrates the value of the machining error 1s small. As
the feedrate 1s increased the magnitude of the machiming
error also increases. Mathematically the machining error

ERR can be expressed as a monotonic function 11 of the
teedrate F.

ERR = f1(F) (1.1)

Theretore we have an inverse relation

F<g1(ERR) (1.2)

In other words, 1 NC tolerance E 1s given, a feedrate
limitation defining the permissible feedrates at which the NC
tolerance will not be exceeded may be calculated via map-

ping gl:

F<g1(E) (1.3)

In 1ts simplest form, we may say that

ERR=c1xF (1.4)

Where c¢1 1s a constant and therefore we have established the
first feedrate limitation as:

F<F/cl (1.5)
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The curvature of a toolpath also mfluences the value of the
machining error. In the case that the tool path 1s a curve (e.g.,
a 3D arc), the machining error can also be expressed as a
monotonic function 12 of the tool path’s curvature and
teedrate. If the feedrate 1s fixed, then the larger the curvature
C (1.e. the smaller the radius) 1s then the larger the machining
error ERR will be. This ay be expressed as:

ERR=f2(F, C) (2.1)

Therefore another feedrate limitation may be calculated by
solving the above inequality for F

F<g2(ERR, C) (2.2)

In other words, if NC tolerance F and curvature C are
known, a second feedrate limitation may be calculated via

mapping g2:

F<g2(E, C) (2.3)
For the simplest case we may use

ERRZ¢2xEFxC (2.4)
for some constant ¢2.
Theretore the second feedrate limitation 1s

F<E/(Cxc2) (2.5)

The turning angle where two motion commands 1n the
trajectory meet (line-line, line-arc, arc-arc, or arc-line) intlu-
ences the machining error when the velocity through the
turning angle 1s non-zero. The machiming error attributable
to this condition may be assumed to be a monotonic function

13 of the feedrate F and the magnitude of the turning angle
A.

ERR=f3(F, A) (3.1)

Therefore a third feedrate limitation may be calculated by
solving the above mnequality for F giving

F<g3(ERR, A) (3.2)

It NC tolerance E 1s known, the third feedrate limitation 1s

F<g3(E, A) (3.3)
For the simplest case, we may use

ERR = c3xFxA (3.4)
for some constant ¢3.
Theretore the third feedrate limitation 1s

F<FE/(Axc3) (3.5)

Deceleration also influences the magnitude of the machining
error. Assume the control must move the tool along the
toolpath trajectory from pomnt Q1 to Q2. Furthermore
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assume the length of the toolpath segment from Q1 to Q2 1s
L.. Should a feedrate limitation like a sharp turning angle or
a large curvature value necessitate that the feedrate at point
P2 be a small number F(Q2) then the feedrate at point Q1,
F(Q1), has to be restricted 1n such a manner as to ensure that
there 1s enough time to reduce feedrate from F(Q1) to F((Q2)
as the tool traverses the trajectory from point Q1 to point Q2.
(1ven a desirable rate of deceleration, the toolpath segment
length L and the feedrate F(Q2), the largest permissible

feedrate at pomnt Q1 1s a function g4 of L and F(Q2).
Therefore a fourth feedrate limitation may be expressed as

F(Q1)=g4(L, F(Q2)) (4.1)

In the simplest case, we may assume accl represents a
constant desirable deceleration rate. Then the fourth feedrate

limitation can be expressed as

F(Q1)=V(2xaccl)x(L+(F(Q2)2)/(2xaccl)) (4.2)

The constants c1, ¢2, ¢3 1 equations (1.4), (1.5), (2.4),
(2.5), (3.4) and (3.5) can be determined by conducting a
series of experiments on the machine tool 1n question. It 1s
also possible that automatic calibration equipment may be
implemented for each machine tool. These experiments or
calibrations consist of recording the machining error along
a series of feedrates for each feedrate limitation. Generally
speaking, 11 a selected value for any particular constant
results 1n a failure to meet the NC tolerance requirement due
to excessive machining error then the value of the corre-
sponding constant should be increased. If the machining
error 1s much smaller than the NC tolerance requirement
then the corresponding constant can be decreased permitting
a higher velocity or feedrate to be used when traversing a
toolpath trajectory under those trajectory limitation condi-
tions.

In our description of the feedrate limitation conditions it
was assumed that the simplest relationship, a monotonic
function, adequately defined the feedrate limitation, how-
ever other functions may also be used. The use of a function
to establish the mapping used by the control in adjusting the
teedrate 1s one method of implementing a control according
to the present invention.

Alternately a set of tables may be created specifying the
teedrate limitations at specific NC tolerance conditions and
machining situations (curvatures, turning angles and
decelerations). These tables may be determined through
experimentation for a finite set of conditions that may be
encountered by the control. Interpolation method can be
used to obtamn feedrate limitation values based on these
tables. The technology of establishing the feedrate limitation
tables by experiments and the interpolation technology are
standard methods used by computer scientists.

2. Specification of NC Tolerance Conditions.

In the exemplary implementation, a part program consists
of sequence of command lines where each line 1s either a NC
tolerance command or a standard ISO or EIA RS-274-D
command. Other implementations are also possible.

Though the exemplary embodiment assumes that the
desired trajectory of a motion 1s etther a 3D line or a 3D arc
with a constant curvature, curves with non-constant
curvature, including splines and NURB curves are sup-
ported. If a desired trajectory specified by the motion
command 1s complex (e.g., defining a spline curve), the
curvature of the trajectory may change drastically along that
motion command. Such a motion command 1s divided into
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an equivalent collection of new motion commands so that
the curvature varies within a predetermined range of values
in each new motion command. A new motion command that
have non-constant curvature values assume a constant value
of C for the curvature i formulas (2.1), (2.2), (2.3), (2.4)
and (2.5) where C 1s selected to be equal to the largest value
of the curvature for that new motion command.

The NC tolerance commands specily a region and a
tolerance value to be applied to that region along with an
identification number that 1s used as a reference to that NC
tolerance command. In an eflfort to be consistent with the
EIA specification’s syntax, the NC tolerance command 1s

defined as:

Etol Xx1Yvl1Zzl1 Xx2Yy22z211d (5.1)

where capital letters are defined as addresses and lower case
letters are used to denote values. The E address identifies this
command as a NC tolerance command requesting that the
3D rectangular region defined by the coordinates of the
diagonal corners (x1,y1,z1) and (x2,y2,z2) hold the non-zer

NC tolerance value of tol. This specific tolerance command
1s to be idenftified by the integer value 1d. Expressed
mathematically, the NC tolerance value tol 1s active when
the feedback 1ndicates that motion 1s occurring 1n the region

bounded by:

X1ExEx2, vl1EyEy2, 21572572 (3.2)

If an address, X, Y or Z 1s omitted, the NC tolerance
command 1s interpreted such that the value of the corre-
sponding address 1s assumed to be arbitrary. For example,

E0.001 X0.0 YO0.0 X2.0 Y1.0 101 (5.3)
specifies that from now on the region bounded by
0=x=2, 0Sy=] (5.4)

requires that the NC tolerance constraint of 0.001 be
maintained, regardless of the z coordinate value. If the
address 1 1s omitted it 1s assumed that 1dentification number
for this NC tolerance command 1s O.

To delete a tolerance command identified by id, the
tolerance value for the tolerance command to be deleted
must be set to zero as shown 1n the example below.

E 0101 (5.5)

means that the tolerance command with 1d 01 1s deleted.

3. Selection of the NC Tolerance Constraint

It should be clear from the fore mentioned description that
it 1s possible to define overlapping tolerance regions. The
tolerance-based control must deal with this situation 1n a
consistent manner. One method of rectifying this potentially
ambiguous situation 1s explained below. If we assume P=(x,
y, Z) 1s a point 1n 3D space corresponding to the position of
the tool as indicated by the feedback and t0 1s the particular
time 1n which a motion command 1s executed. The point P
may belong to a number of the active NC tolerance regions,
which have been specified up to time t0. The NC tolerance
value at point P at time t0 1s defined as the tolerance value
specified 1n the latest NC tolerance command whose region
covers the point P. An example 1s represented in FIG. 2 and
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FIG. 3. Say there 1s a linear motion command, moving the
tool from point (0,0) to point (3,0), and up to this moment,
three NC tolerance commands have been specified. Say they
are

E 0.01 101 (5.6)
E 0.001 X1 Y-2 X4 Y1 102 (5.7)
E 0.005 X2 Y-1 X5 Y2 103 (5.8)

Under these conditions the machining space 1s divided 1nto
three areas Al, A2 and A3, with tolerance specified as 0.01,
0.001 and 0.005 respectively. One may assume that the
machining space, which has been divided into tolerance
regions, 1s like a computer screen with overlapping windows
as 1s indicated by FIG. 2.

In order that the tolerance based motion controller elffects
linear motion from point (0,0) to point (3,0) we see that
motion will be bounded by three separate NC tolerance
constraints. Therefore the linear move command may be
partitioned into three segments: from point (0,0) to point
(1,0) where the specified NC tolerance 1s 0.01; from point
(1,0) to pomnt (2,0) where the specified NC tolerance 1s
0.001; from point (2,0) to point (3,0) where the specified NC
tolerance 1s 0.005. (See FIG. 3)

Though this implementation allows for the construction of
complex tolerance constraints most typical NC part pro-
gramming applications utilize simple tolerating constraints.
Typically a single tolerance constraint 1s specified for the
roughing phase. In roughing, the objective 1s to quickly
remove material from the workpiece as 1t 1s brought within
the approximate dimensions of the desired component and a
separate tighter tolerance constraint 1s often applied to the
finishing cut which 1s designed to bring the component to 1ts
final dimensions. For example a NC tolerance command E
0.01 may be 1nserted at the beginming of the roughing phase
and a NC tolerance command E 0.0005 may be inserted at
the beginning of the finishing phase.

It should be noted that on any machine tool, there 1s an
absolute physical tolerance limitation, 1.e. regardless of how
low the feedrate 1s, the limitations of the system prevent 1t
from holding an NC tolerance below a certain value. A check
1s made to determine whether any specified NC tolerance
command exceeds the system’s capability. If such a condi-
tion 1s encountered the user i1s informed and provided the
opportunity to change the tolerance specification. If he fails
to select an achievable value the system automatically
converts these unattainable tolerance specification to equal
the absolute physical tolerance limitation of the system.

4. Real Time NC Tolerance Based Control.

FIG. 9 1s a schematic diagram of a controller that may be
used 1n realizing the present invention, which may take the
form of a typical controller card. As 1s typical of most
motion control cards the controller card 901, includes con-
nectors 902, 903 and 904 for physically connecting the
controller card to machine tool in order to facilitate
communications, 1.e. sending electronic signals to and
receiving electronic signals from, with the machine tool.
Three connectors are depicted on the controller card, one for
cach controlled axis of motion, but other configurations are
also available. The communication signals exchanged
between the controller card and the machine tool must often
be converted into the appropriate format, for example some
motors use an analog voltage input signal between —10 volts
and +10 volts to determine at what rate the motors should
turn.

10

15

20

25

30

35

40

45

50

55

60

65

10

Most digital computers, like Intel Pentium Based PC, do
not support analog voltages, but utilize groups of bits (ones
and zeros) represented by discrete voltage levels (+35 volts
and 0 volts) to represent values. Thus 11 a PC based motion
control card desired to spin a motor in the clockwise
direction at 1its maximum speed (+10 volts in our example)
the collection of bits representing this request would have to
be converted to the +10 volt signal understood by the motor.
This conversion of signals for communication purposes 1s
standard 1n the industry and often performed by the mput/
output, IO, module of the controller card. In FIG. 9, one I/O
module (905, 906 and 907) 1s depicted for each controlled
axis.

Some control cards incorporate a CPU 908 and on board

memory 910 for the execution of programs and control
algorithms. The PMAC offered by Delta Tau and the DMC-

1’700 by Galil Motion Control, Inc. of Mountain View, Calif.
1s typical of cards incorporating a CPU and memory. Other
cards such as the servo transducer 3-axis PCB Assembly
(part no. 415-0622-001), offered by Hurco Companies, Inc.
of Indianapolis, Inc., 1s used 1n the exemplary embodiment;
and this servo transducer does not have an on board CPU
and memory but utilizes the CPU and memory of the
computer to which they are plugged 1nto for these services.
The difference between these two configurations 1s primarily
one of cost and of little consequence to a programmer
implementing the tolerance based control technology of this
invention. The integration of these components and the
method by which control algorithms are stored and executed
by the CPU 1s well understood in the art. The details of this
process have been omitted for the sake of brevity. To
simplity the explanation of the invention, FIG. 9 shows CPU
908 and memory 910 physically integrated on the motion
control card.

In the exemplary embodiment we have assumed that a
multi-tasking operating system (OS), like Windows95
offered by the Microsolt Corporation of Redmond
Washington, 1s employed for running the algorithms imple-
menting this invention. A real-time OS, like VRTX offered
by Ready Systems of Sunnyvale, Calif. could also be used
improving the run time performance of the algorithms as
well. The decision of what operating system to use and
whether or not to employ multi-tasking paradigm depends
on the application at hand and 1s a decision routinely made
by those skilled in the art of computer system programming
and design. Contained 1n the memory 910 1s a data area for
storage of values relevant to the task at hand (911, motion
command and permitted feedrates; 912, NC tolerance com-
mands; 913, feedrate limitation mappings; 914, other data),
as 1s commonly employed by people skilled 1in the art of
programming.

Three tasks employed 1n realizing the current invention
labeled P1 (the parser-interpreter), P2 (the adjuster) and P3
(the surety executer) operate 1n a pipeline fashion. Utilizing
a division of labor these tasks implement the invention by
performing a specific task on the input, the tool path
program, and passing the results of its effort to the next task
for manipulation. Communication amongst these cooperat-
ing tasks 1s achieved using two buflers, B1 for communi-
cation from the parser-interpreter to the adjuster and B2 for
communication from the adjuster to the surety executer.
These communication buflers stored i1n the data region are
referenced in FIG. 4.

Task P1 (the parser-interpreter) 1s responsible for manipu-
lating the part program passed to the controller to separate
and 1nterpret tolerance commands and partition the trajec-
tory 1n a convenient fashion for processing by subsequent
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tasks. The details of this manipulation will become apparent
as the invention 1s detailed. The adjuster, task P2, takes the
output from the parser-interpreter, 1.e. modified part
program, and sets the permissible feedrate for each segment
of the part program to a suggested value that 1t assumes will
meet all of the programmed constraints, 1.e. tolerance and
maximum allowable feedrate. The output results of this
manipulation are used as input by the surety executer to

cllect motion of the motors and momitor the progress of the
motion such that the desired NC-tolerance constraints are

not violated. If feedback from the machine tool indicates that
a violation of any of the constraints 1s imminent corrective
action 1s immediately taken by the surety executer to prevent
the violation from occurring. Each of these tasks manipu-
lates their respective mputs concurrently, however they are
co-dependant in that the output for one process 1s the mput
for the next. This results 1n the sequential execution of the
part program.

Conceptually, a FIFO (first 1n first out) buller can be
viewed as a queue where elements are mserted at one end
and removed at the other end. When a new element 1s pushed
in, 1t occupies position 0 1n the bufler, the element originally
placed 1n position 0 will be pushed down to position 1, the
clement originally placed in position 1 will be pushed down
to position 2, and so on. The length of the queue 1s then
increased by 1. When an element 1s popped out, 1t 1s always
the element that occupies the last position and 1t 1s simply
removed from the bufler without aflecting the positions of
other elements 1n the bufler. The length of the queue 1s then
decreased by 1. It 1s a standard technology to efliciently
implement FIFO bufler without actually moving 1ts elements
down. See “Data structures and algorithms”, Alfred V. Aho,
John E. Hopcroft, Jeflirey D. Ullman.

Dealing with each of the tasks 1n turn one may understand
this invention. The mnput to the parser-interpreter task 1s a
part program with NC tolerance commands and motion
commands mixed in. P1 reads in the part program one line
at a time separating and interprets the NC tolerance com-
mand as they are encountered. The parser-interpreter also
divided a motion command, if necessary, mto a number of
motion command segments such that the NC tolerance for
cach motion command segment 1s of a uniform value,
yielding an equivalent part program to the one read 1n as
input. Fach motion command segment has six attributes
associated with 1t. Four of which can be determined and
assigned at this point 1n time by the parser-intexpreter. These
attributes are i1dentified as:

g: the desired trajectory (the geometry, either a line or an
arc segment);

I: length of the segment;
u: programmed maximum allowable feedrate; and

t: required NC tolerance.
The remaining two attributes:

v: Teedrate limitation at an arbitrary point on the desired
trajectory, and

w: feedrate limitation at the end of the desired trajectory.
are unknowns at this point in time having no value assigned
to them.

The communication builfers B1 and B2 used to commu-
nicate between tasks consist of motion command segments
with their associated attributes. The notations Bj[1].g, Bj[1].],
Bijl1].t, Bj[i]lu, Bj[1].v, BJ[I] w are used to denote the
attributes g, 1, t, u, v, and w 1n bufler By (3=1,2) 1n position
1, respectively.

Task P1 then pushes each motion command segment with
its attributes into builer B1 maintaining the same order as the
original part program.
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Task P2, the adjuster, removes or pops the next available
motion command segment from bufler B1 calculates its
feedrate limitations according to the NC tolerance attribute
t of the segment and other conditions such as curvature and
turning angle. These limitations are assigned to the attribute
values v and w for the feedrate limitation along an arbitrary
point of that segment and at the endpoint of that segment
respectively. The adjuster task P2 then pushes the motion
command segment 1nto the second bufler B2. Continuing 1ts
processing the adjuster then performs a look-ahead compu-
tation to further limit the feedrate of commands 1t has
already placed 1n the bufler. This look-ahead computation
uses the information stored in the attributes v and w and
deceleration limitations as will be detailed shortly.

The third task (the surety executer) P3 pops a motion
command segment from B2 and drives the milling machine
along the desired trajectory of this motion command seg-
ment. The velocity used i executing this command 1s
computed according to the current machining condition as
reported by the machine tool feedback and the wvalues
contained in the attributes u, v, and w so that the required NC
tolerance can be achieved. Once the surety-executor P3 has
a motion command segments 1t executes as a cycle repeat-
edly reading machine tool’s position, determining the appro-
priate velocity at which to turn the motors and 1ssuing
control signals to the motors until the end point of the
motion command segment 1s reached. Once the endpoint 1s
reached the next command 1s popped from the builer B2
until no more commands are found signaling the program’s
execution has been completed. Task P3 needs to run as
frequent as possible. In our implementation, the time nter-
val between two running cycles of P3 is less than 8 mini
seconds.

The NC tolerance commands interpreted by P1 are rep-
resented by values stored 1n a table i1dentified as T table.
FIG. § shows how process P1 reads in the part program,
processes the NC tolerance commands, divides the motion
commands 1into motion command segments and pushes them
into a FIFO bufler B1.

At decision box 501, 1t checks whether the whole part
program has been processed. If yes, then 1t 1s done.
Otherwise, control goes to box 502 to read a line of the part
program. Then control goes to decision box 503, to check
the type of the current line. If the current line 1s a E code (NC
tolerance command), control goes to decision box 3504, to
check whether i1t 1s a delete type NC tolerance command. If
yes, the command must have a form:

E O Ixx (5.9)

where xx 1s the ID number, then control goes to box 505,
where the E code (NC tolerance command) stored in the
T__table with ID numbered XX 15 deleted. (Search from the
top of the table to see if any E code has an identification
numbered as xx. If there 1s one then delete 1t from the
T table and shift E codes below 1t one position up).
Otherwise 1f at decision box 504 the current line 1s an
ordinary E code, control goes to box 506, where this new E
code 1s added to the end of the T_ table. If at decision box
503, the type of current line 1s not a E code, 1.€., 1s a motion
command, then control goes to box 507, where the motion
command 1s divided into one or more motion command
segments S1, S2, . . ., Sn, each one has a uniform tolerance
value, according to the current tolerance requirement rep-
resented by the T_ table. Then control goes to box 508,
where the attributes g, 1, t, u are computed and assigned for
cach segment. Then control goes to box 509 where the
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motion command segments S1, S2, . . ., Sn are pushed nto
builer B1. After box 503, box 506 or box 509, control goes

back to box 501.

The function of box 507 1s further described as follows.
Say S 1s a connected sequence ol motion command
segments, each 1s marked as either clipped or unclipped. R
1s a rectangle area. We define an operation CLIP(S, R) as
follows: 1. I a motion command segment 1n S 1s marked
clipped, then keep it unchanged; 2. If a motion command
segment 1 S 1s marked unclipped, then find all intersection
points with the boundaries of the rectangular area R and
divide the segment by these points 1nto sub segments. Mark
all sub segments inside R clipped and mark all sub segments
outside R unclipped. Therefore after CLIP(S, R), the
sequence S may be divided into more segments. There 1s a
standard way to implement CLIP(S, R). See Michael
Abrash, “3-D Clipping and Other Thoughts™, Dr. Dobb’s
Sourcebook, March/April 1996, #256 Ramblings In Real
Time, pp. 43-30.

In box 507, originally S 1s a single motion command
segment marked as unclipped (the ordinary motion com-
mand read at box 502 and passed from box 503). Say at this
moment, there are n NC tolerance commands T1, T2, . . .,
Tn 1n the T_ table. Their rectangular areas are Rl,
R2, . . . , Rn respectively. Then the operation can be
implemented as

From j=n to j=I do CLIP(S, Rj) (6.1)

The operation of adding a NC tolerance command into
T__table, operation of deleting a NC tolerance command
from the T_ table and the operation of pushing a motion
command segment mmto a bufler are all standard for an
average level programmer. See “Data structures and
algorithms”, Alfred V. Abo, John E. Hopcroft, Jefirey D.
Ullman. The attributes g, 1, t, and u can be eirther directly
copied from the original motion commands, or calculated
from the motion command segments obtained from the
original motion commands.

The second task P2 will pop a motion command segment
from bufler B1 and push 1t into another FIFO bufler B2,
calculate and attach the attributes u and w to each segment
as shown in FIG. 6.

At decision box 601, the process P2 checks whether
Bufler B1 1s empty. If 1t 1s, it 1s done and quits processing.
Otherwise, control goes to box 602, where a new motion
command segment 1s popped from bufler B1 and pushed
into buffer B2. That means the new motion command
segment’s current position 1n buller B2 1s 0, and all other
motion command segments in B2 sink down one position. At
box 603, the attribute v 1n position 0 1s calculated as follows.
If the trajectory of motion command segment in position 0
1s a straight line, then attribute 1n position 0 1s determined
by:

B2[0].v=g1(B2[0].t) (7.1)

If the trajectory of the motion command segment 1n position
0 1s an arc, then v 1s determined by:

B2[0].v=Min{g1(B2[0].1),g2(B2[0]t, c)} (7.2)

where ¢ is the curvature of the arc in position 0. Min{a,b}
means the smaller one of a and b. Then control goes to
decision box 604 to check whether position 1 1n B2 1s empty.
I1 1t 1s empty 1n position 1, then control goes back to decision
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box 601. Otherwise, control goes to box 605 to calculate
attribute w 1n position 1 as follows:

B2[1]w=Min{B2[0].v,g3(B2[1]t, a)} (7.3)

where a 1s the turning angle at the end point of trajectory in
position 1, which can be determined by the desired trajec-
tories of segments 1n positions 0 and 1. See FIG. 7.

If at the end of segment in position 1 the feedrate B2[1].w
1s high, at the end of segment in position 1 the feedrate
B2[1]w 1s low, and the total length Li of the tool path
segment from the end point of segment 1n position 1 to the
end point of segment 1n position 1 1s short, then 1t may not

have enough time to decelerate. Therefore we need to put a
limit on B2[1].w based on B2[1].w and Li by:

B2[i]w=V(2xacc)x(Li+(B2[1].w?)/(2xaccl)) (7.4)

After box 605 control goes directly to box 606, where a
counter 1 1s set to 2 and L 1s imtialized to 0. Then control
goes to decision box 607 to check whether position 1 1n B2
1s empty. If 1t 15 empty, the look-ahead is finished then
control goes back to box 601. Otherwise, control goes to box
608, where the length of segment 1n position 1 1s added to L.
Theretfore L 1s the distance form the end point of segment 1n
position 1 to the end point of segment 1n position 1. Then
control goes to box 609, where the feedrate limitation 1is
calculated as:

W=V (2xaccl)x(L+(B2[1]w2)/(2xaccl)) (7.5)

At decision box 610, the current end point feedrate limit
B2[i].w 1s compared with W. If B2[1]w is larger, then
control goes to box 611, where B2[1].w 1s replaced by W and
control further goes to Box 612, where the counter 1 1s
increased by 1 and control goes to box 607. Otherwise at
decision box 610, B2|1].w 1s smaller than W, the look-ahead
1s {inished for segment in position 1 and therefore control
goes back to box 601.

There 1s a third process P3 that takes motion command
segments from bufler B2 and executes them sequentially
(FIG. 8). At decision box 801, it checks whether there 1s a
current motion command segment. At the very beginning
there 1s no current motion command segment, but after P3
popped a motion command segment there will be a current
motion command segment. If there 1s no current motion
command segment, control goes to decision box 802 to
check whether B2 1s empty. I 1t 15 empty, the process P3
quits. Otherwise, control goes to box 803, where a motion
command segment together with all its attributes 1s popped
from bufler B2 and used as the current motion command
segment being executed and control goes back to box 801.
If at decision box 801 1t finds there 1s a current motion
command segment then control goes to decision box 804.
Decision box 804 checks whether the tool has reached the
end point of desired trajectory of the current motion com-
mand segment within specified NC tolerance (attribute t of
the current motion command segment). If yes, control goes
back to box 802. Otherwise, control goes to box 805 where
the programmed feedrate, which 1s represented by attribute
u 1n the current motion command segment, 1s modified by
multiplying 1t by the feed-overrnide factor. (The feed-
override factor 1s usually set at 100%, no-change 1n velocity,
but can be changed by an operator at machining time. This
factor allows the operator to either increase or decrease the
feedrate of an executing program by a given percentage
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while the part program 1s running. This type of interactive
control 1s commonly supported by motion controllers and
incorporated within our discussion to show how it can be
supported by the current invention). At box 806, the current
tool position 1s read from encoders. At box 807 the length
from the point, which 1s on the desired trajectory of the
current motion command segment and closest to the current
tool position, to the end point of the current motion com-
mand segment 1s calculated as L. At box 808, the feedrate
limitation 1s calculated as:

F=Min{V(2xaccl)x(L+w2/(2xaccl)), v} (7.6)

where w and v are the corresponding attributes of the current
motion command.

At box 809, the machining error ERR 1s calculated, which
1s the perpendicular distance from the tool position to the
current segment (1n our current implementation 1t 1s a
straight line or an arc in 3D space). The calculation 1s
standard and may be found in any elementary geometry text.
Then control goes to decision box 810, where the machining
error 1s compared with one half of the NC tolerance
specified, the attribute t of the current segment.

Between box 810 and Box 813, a dynamic feedrate
adjustment 1s implemented. If ERR 1s close to the NC
tolerance specified (not smaller than 350 percent of the NC
tolerance), then control goes to box 811. In box 811, a
parameter 1dentified as lambda, whose 1nitial value 15 1, 1s
decreased a little bit by multiplying a number 1-epsilon,
which 1s slightly smaller than 1 (such as 0.999). Otherwise,
control goes to box 812 and lambda is increased a little bat
by multiplying a number 1+epsilon, which 1s slightly larger
than 1 (such as 1.001). From box 811 or box 812, control
goes to box 813, where the feedrate 1s multiplied by lambda.
Therefore if the machining error 1s close to the requested NC
tolerance, the feedrate may further decreased so that the
requested NC tolerance may not be exceeded.

At box 814, the smaller of the modified programmed
teedrate u obtained at Box 805 and the feedrate limitation F
will be chosen as the control feedrate CFE. At box 815,
according to the control feedrate CE, speed signals that will
send to motors on all axes of the milling machine are
calculated. We represent these signals by using a vector:

V=(speed.x, speed.y, speed.z) (7.7)

where speed.x, speed.y and speed.z are speed signals that are
used to control motors on X, Y, and 7 axis respectively. Then
control goes to box 816, where speed signals speed.x,
speed.y and speed.z are sent to motors on X, Y, and Z axes
respectively to move the milling machine. Then control goes
back to box 804.

There are many different ways of calculating these speed
signals, typically a traditional PID loop or alternatively
using the PathFree control technology developed by CIM-
plus Inc. as disclosed 1n the copending U.S. patent applica-
tion Ser. No. 08/300,631, entitled REAL-TIME OPERAT-
ING SYSTEM AND METHOD FOR INTERACTIVE
OPERATION OF A PROGRAMMABLE MACHINE, filed
on Sep. 2, 1994, the disclosure of which 1s explicitly
incorporated by reference. However, the exact method of
calculating the speed signals 1s not the subject of the present
invention.

While this invention has been described as having an
exemplary design, the present invention may be further
modified within the spirit and scope of this disclosure. This
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application 1s therefore intended to cover any vanations,
uses, or adaptations ol the invention using its general
principles. Further, this application 1s intended to cover such
departures from the present disclosure as come within
known or customary practice in the art to which this imven-
tion pertains.

I claim:

1. A method of NC tolerance based motion control for a
motion device based on feedrate parameters comprising the
steps of:

specifying [where and when what NC tolerance is
requested by using NC tolerance commands] for a
desived trajectory a plurality of NC tolerances from the
desived trajectory;

[obtaining the] generating motion commands, [including
its] based on the desired trajectory and the feedrate
paramelers,

calculating feedrate limitations by mappings from
[desired trajectory of] said motion commands and at
least a first NC tolerance [requirement commands]
from the desired trajectory;

[modifying the] determining a commanded feedrate by
using [the] said feedrate limitations; and

[executing the] moving said motion device based on said
motion commands [according to modified] ard said
commanded feedrate [so that the requested], whereby
the at least a first NC tolerance [may be] from the

desived trajectory is satistied by moving said motion
device based on said motion commands and said com-
manded feedrate.

2. An apparatus for performing NC tolerance based
motion control for a machine tool [using], said apparatus
having access to a part program [and a desired error
tolerance], said apparatus comprising:

[parsing means for parsing] a parser adapted to parse the
part program 1nto at least one segment, each said
segment including arn associated trajectory and arn error
tolerance [information] range from the associated tra-
Jectory;

[calculating means for determining] a processor adapted
to determine a modified feedrate value for each said
segment based on the associated trajectory and the error
tolerance [information] range from the associated
trajectory, the modified feedrate value being based at
least in part on a predicted deviation of the motion
device from the associated trajectory; and

[executing means for operating] a control configured to
provide signals to operate the machine tool according
to said modified feedrate value [so that the desired] for
each said segment, whereby the error tolerance [may
be] range from the associated trajectory is satisfied by
operating the machine tool according to said modified

Jeedrate.
[3. A method of NC tolerance based motion control
comprising the steps of:

specilying where and when what NC tolerance 1is
requested by using NC tolerance commands;

obtaining the motion commands, mcluding its desired
trajectory and feedrate;

calculating feedrate limitations by mappings from desired
trajectory of motion commands and NC tolerance
requirement commands;

moditying the commanded feedrate by using the feedrate
limitations;

executing the motion commands according to modified
feedrate so that the requested NC tolerance may be

satisfied.}
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4. An NC motion control system capable of processing
NC tolerance requirements and motion commands with
assoclated feedrates for a motion device and modilying
feedrates according to [the] a desired trajectory of the
motion [command] commands and said NC tolerance [com-
mands so that the NC tolerance] requirements [may be
satisfied], said system comprising:

a motion command [means] urnit adapted to store a set of
said motion commands, including [related] said asso-
ciated feedrates:

a tolerance command [means] unit adapted to store a set
of NC tolerance commands specifying where and when
an NC tolerance range 1s requested;

a feedrate [mappings means] mapper adapted to calculate
a set of feedrate [limitation mappings that map] /imi-
tations mapped from the desired trajectory of said
motion commands and said NC tolerance commands to
[the feedrate limitations that allows the motion com-
mand to be executed within the] maintain a position of
the motion device within a specilied NC tolerance
range from the desived trajectory;

a processor [capable of modifying] configured to modify
the [feedrate in the motion commands] associated
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Jeedrates of the motion device based on the set of s

feedrate [limitation mappings, the motion command to
be executed and the NC tolerance requirement for the
said motion command, capable of reading position
teedback signals, and capable of calculating motion
signals according to the said motion command, the
position feedback and the modified feedrate] limita-
tions and to move the motion device based on the
modified associated feedrates.

5. A method of operating a tolerance based computer-
controlled machine tool Numerical Controller (NC) fo con-
trol the operation of a motion device, said method compris-
ing the steps of:

[having the operator specify the intended] specifving a

desired NC tolerance level and generating NC toler-
ance commands therefrom:

[obtaining] specifving a set of motion commands, [the

motion commands] including a desired trajectory and
feedrate;

[in a computer,] calculating feedrate limitations by map-
pings from [the] said desired trajectory [of motion
commands and the] and said NC tolerance [require-
ment] commands;

modifying [the set of feedrate] said motion commands
based [upon] or said feedrate limitations; and

executing [the] said motion commands, according to [the
set of] said modified feedrate commands|, so that the
NC tolerance may be reduced to the intended level;
thereby improving the control quality] to move of the
motion device, whereby the motion device is main-
tained within the NC tolerance level as the motion
device is moved.

6. The method [described in] of claim 5 wherein the NC
tolerance commands are 1n the form of specialized G and M
codes.

7. The method of claim I, wherein each of the plurality of
NC tolerances is a dimensional tolerance.

8. The method of claim 1, wherein the motion device is a
machine tool.

9. The apparatus of claim 2, wherein the error tolerance
range is a dimensional tolevance range.

10. The method of claim 4, wherein the motion device is
a machine tool.
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11. The method of claim 5, wherein the NC tolerance level
is a dimensional tolerance level.

12. A method of operating a motion controller for con-
trolling a motion device within an acceptable deviation
range from a desived trajectory, the acceptable deviation
range from the desived trajectory being non-uniform, the
method comprising:

determining a first uniform acceptable deviation range
corresponding to a first desired trajectory segment of
the desired trajectory for the motion device;

obtaining a first velocity for the motion device;,

determining a maximum velocity for the motion device
based on said first uniform acceptable deviation range
from the first desired trajectory segment, the maximum
velocity being greater than the first velocity; and

operating the motion controller based on said determined
maximum velocity to influence a movement of the
motion device at a second velocity greater than the fivst
velocity, whereby the movement of the motion device is
maintained within the first acceptable deviation range
from the first desived trajectory segment.

13. The method of claim 12, wherein said first uniform
acceptable deviation range is specified by a user.

14. The method of claim 12, further comprising the step
of

determining a predicted deviation of said motion device

from the first desived trajectory segment, whevein said
maximum velocity is further based on said predicted
deviation.

15. The method of claim 14, wherein said first desived
trajectory segment is specified by a user.

16. The method of claim 14, wherein said first desived
trajectory segment is calculated.

17. The method of claim 14, wherein said predicted
deviation is based on prior performance of said motion
device.

18. The method of claim 14, wherein said predicted
deviation is based on experimentation.

19. The method of claim 12, wherein said second velocity
is based in part on real-time monitoring of a performance of
said motion device.

20. The method of claim 19, wherein the performance of
said motion device includes a curvent position of the motion
device.

21. The method of claim 12, wherein said acceptable
deviation range from the desived trajectory includes a plu-
rality of uniform acceptable deviation values corresponding
to a plurality of trajectory segments of said desived trajec-
fory.

22. The method of claim 12, wherein the first uniform
acceptable deviation range is a dimensional deviation range
and the velocity is the maximum velocity.

23. The method of claim 12, wherein the motion device is
a machine tool.

24. A method of controlling a machine tool with a
controller, said method comprising:

selecting an operation for the machine tool;

associating a first feedrate and an acceptable deviation
range from a desived trajectory with said operation;

determining a maximum machine tool feedrate for said
operation based on said acceptable deviation range
from the desired trajectory,; and

providing control signals to move the machine tool at a
second feedrvate being greater than the first feedrate,
the maximum machine tool feedrvate being greater than
the first feedrvate, whereby the maximum machine tool
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Jeedrate is determined to maintain the machine tool
within the acceptable deviation range from the desired
lrajectory.

25. The method of claim 24, wherein said acceptable
deviation range from the desived trajectory includes a plu-
rality of values corresponding to a plurality of segments of
said desired trajectory.

26. The method of claim 24, wherein said operation is
characterized by at least one of the first velocity, the desired
trajectory, a curvature of the desived trajectory, a turning
angle of the desived trajectory, an accelevation, and a
deceleration.

27. The method of claim 24, further comprising the step
of determining a predicted deviation of the machine tool
from the desived trajectory for said operation and wherein
said maximum machine tool feedrate is further based on
said predicted deviation of the machine tool from the desived
trajectory.

28. The method of claim 27, whervein said step of deter-
mining said predicted deviation of the machine tool from the
desived trajectory includes measuring previous machine tool
performance.

29. The method of claim 27, wherein said predicted
deviation of the machine tool from the desived trajectory is
based on at least one of a function and a data set based on
at least one of the first velocity, the desired trajectory, a
curvature of the desived trajectory, a turning angle of the
desired trajectory, an acceleration, and a deceleration.

30. The method of claim 24, wherein said determining
step occurs in veal-time while said controller controls said
machine tool.

31. The method of claim 24, wherein said acceptable
deviation range from the desired trajectory is at least one of
a dimensional deviation and a geometric deviation.

32. The method of claim 24, wherein the acceptable
deviation rvange is a dimensional deviation range.

33. The method of claim 24, wherein said determining
step includes the step of monitoring a current position of the
machine tool and the second feedrate is further based on a
curvent deviation of the machine tool from the desired
trajectory.

34. A method of operating a motion control device to
control the movement of a motion device within an accept-
able deviation range, the motion control device having at
least one variable parameter, the method comprising the
steps of.

obtaining a motion profile for the motion device,

associating the acceptable deviation range with said
motion profile;

determining a predicted deviation of the motion device
from said motion profile;

determining a value for the at least one variable param-
eter based on said predicted deviation of the motion
device from said motion profile and said acceptable
deviation range associated with said motion profile, the
value of the at least one variable parvameter to maintain
the motion device within the acceptable deviation
range associated with said motion profile; and

providing control signals to move the motion device based
on the value for the at least one variable parameter.

35. The method of claim 34, wherein said at least one
variable parameter includes at least one velocity parameter.

36. The method of claim 34, wherein said acceptable
deviation range associated with said motion profile includes
a plurality of values corresponding to a plurality of seg-
ments of said motion profile.

20
37. The method of claim 34, wherein the value of the at

least one variable parameter minimizes the time required to

traverse said motion profile within said acceptable deviation

range associated with said motion profile.
5 38. The method of claim 34, further comprising the step
of monitoring a current position of the motion device,
wherein said predicted deviation of the motion device from
said motion profile is determined based in part on the
current position of the motion device.

39. The method of claim 34, wherein the acceptable
deviation rvange is a dimensional deviation range.

40. The method of claim 34, wherein the motion device is
a machine tool.

41. The method of claim 34, wherein the at least one
variable parameter includes a first velocity parameter cor-
responding to a first divection of travel of the motion device,
a second velocity parameter corresponding to a second
dirvection of travel of the motion device, and a third velocity
parameter corvresponding to a third divection of travel of the
., Mmotion device.

42. The method of claim 34, wherein the motion profile is
provided in a part program.

43. The method of claim 42, wherein the part program
further includes information about the acceptable deviation
range.

44. The method of claim 34, wherein the step of associ-
ating the acceptable deviation range with said motion profile
includes the steps of:
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parsing the motion profile into a plurality of segments
based on the acceptable deviation range, the accept-
able deviation range having a plurality of values and
each segment having a constant value for that segment;
and

30

storing the plurality of segments and associated constant
value acceptable deviation ranges on a computer read-
able medium.
45. An apparatus for control of a motion device capable
of movement accorvding to a desired motion, the apparatus
COmMprising:

35

a processor adapted to receive data relating to said
desived motion, a first acceptable deviation for said
desived motion associated with a first 3D region of
space, and a second acceptable deviation for said
desired motion associated with a second 3D region of
space, said processor further adapted to determine a
control signal including a first motion device velocity
information based on the first acceptable deviation for
a first portion of said desired motion in the first 31
region of space and based on a first predicted deviation
of the motion device from the first portion of the desired
motion and a second motion device velocity informa-
tion based on the second acceptable deviation for a
second portion of said desived motion in the second 3D
region of space and based on a second predicted
deviation of the motion device from the second portion
of the desired motion; and
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a device coupled to said processor and configured to
provide said control signal to the motion device.
46. The apparatus of claim 45, wherein said first motion
60 device velocity information corresponds to a maximum
velocity of the motion device while maintaining the motion
device within the first acceptable deviation for the first
portion of the desived motion.
47. The apparatus of claim 45, wherein the motion device
includes a machine tool.
48. The apparatus of claim 45, whevein the data related
to the desived motion is based on a part definition which
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specifies the first specified velocity, wherein the velocity of

the motion device is maximized.

49. The apparatus of claim 45, wherein the acceptable
deviation rvange is a dimensional deviation range.

50. An apparatus for control of a motion device capable
of movement according to a desired motion, the apparatus
COmprising:

a processor adapted to rveceive data relating to said

desived motion and an acceptable deviation rvange for
said desired motion passing through a first 3D region,

said processor further adapted to determine a control
signal, whervein said control signal includes motion

device velocity information,; and

a device coupled to said processor and adapted to provide
said control signal to the motion device, whereby the
determination of said control signal increases a veloc-
ity of the motion device relative to a first specified
velocity while maintaining said motion device within
said acceptable deviation range for said desived motion
passing through the first 3D region.

51. The apparatus of claim 50, wherein said control signal

is further based on an actual position of the motion device.

52. The apparatus of claim 50, wherein the acceptable
deviation rvange is a dimensional deviation range.

53. The method of claim 52, whevein the motion device is
a machine tool.

54. An apparatus for motion control for a motion device
capable of receiving commands associated with a desired
velocity, a trajectory, and an acceptable deviation range
from the trajectory, the apparatus comprising:

a calculating means for determining a velocity parvameter,
the velocity parameter based on the trajectory, a pre-
dicted deviation from the trajectory, and the acceptable
deviation range from the trajectory to maintain the
motion device within the acceptable deviation range
from the trajectory; and

a control means for operating the motion device, whereby
the control means operates the motion device in accor-
dance with the velocity parameter to maintain the
motion device within the acceptable deviation range
from the trajectory.

55. The apparatus of claim 54, wherein said velocity
parameter corresponds to a velocity of the motion device
and determining said velocity parameter includes maximiz-
ing the velocity of the motion device while keeping the
predicted deviation from the trajectory of the motion device
within the acceptable deviation vange from the trajectory.

56. The apparatus of claim 35, further comprising a
parsing means for veceiving a part definition and for parsing
said part definition into at least one segment, each said
segment including an associated trajectory and an associ-
ated acceptable deviation range from the associated trajec-
fory.

57. The apparatus of claim 56, wherein a first segment
includes a first associated deviation rvange and a second
segment includes a second associated deviation range, the
second associated acceptable deviation vange differing from
the first acceptable deviation range.

58. The method of claim 54, wherein the motion device is
a machine tool.

59. A method of tolerance based motion control of a
motion device comprising the steps of:

receiving a desived trajectory for the motion device and
an acceptable deviation range from the desived trajec-
tory for the motion device;

determining at least a first velocity limitation of the
motion device, the first velocity limitation being based
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on the desived trajectory and the acceptable deviation
range from the desived trajectory;

monitoring an actual deviation of the motion device from
the desived trajectory,

determining a commanded velocity of the motion device
based on at least the first velocity limitation and the
actual deviation to maintain a predicted position of the
motion device within the acceptable deviation range
from the desired trajectory, and

providing signals to move the motion device at the com-

manded velocity.

60. The method of claim 59, whervein the commanded
velocity corrvesponds to a maximum velocity to move the
motion device while maintaining the motion device within
the acceptable deviation range from the desirved trajectory.

61. The method of claim 59, wherein the motion device is
a machine tool.

62. The method of claim 61, wherein the step of rveceiving
the desired trajectory and the acceptable deviation range

from the desired trajectory includes the step of receiving a
part program including a plurality of motion commands

which specify the desived trajectory and a plurality of
tolevance commands which specify the acceptable deviation
range from the desived trajectory.
63. The method of claim 62, further comprising the steps
of
parsing the plurality of motion commands based on the
plurality of tolerance commands to generate a plurality
of motion command segments, each motion command
segment having a uniform acceptable deviation range,
a first motion command segment having a first uniform
acceptable deviation vange from a first desired trajec-
tory segment and a second motion command segment
having a second uniform acceptable deviation range
from a second desired trajectory segment different from
the first uniform acceptable deviation rvange from the
first desired trajectory segment; and

storing the plurality of motion command segments on a

computer readable medium.

64. The method of claim 63, wherein the pluralityv of
tolevance commands each specify at least one of a time and
an area wherein the acceptable deviation vange of the
tolerance command is active.

65. The method of claim 59, wherein the first velocity
[imitation of the motion device is further based on at least
one of a desived velocity, the desired trajectory, a curvature
of the desired trajectory, a turning angle of the desired
trajectory, and a rate of change in velocity.

66. The method of claim 59, wherein the first velocity
[imitation of the motion device is based further on a desired
velocity and the commanded velocity is based on a maximum
velocity to move the motion device while maintaining the
motion device within the acceptable deviation range from
the desived trajectory, the commanded velocity being greater
than the desived velocity.

67. The method of claim 66, wherein the commanded
velocity is the maximum velocity to move the motion device
while maintaining the motion device within the acceptable
deviation range from the desived trajectory.

68. The method of claim 59, wherein the acceptable
deviation rvange is a dimensional deviation range.

69. A method of tolerance based motion control of a
motion device comprising the steps of:

specifving a first tolevance for a first 3D region of space;
specifving a second tolevance for a second 3D region of
space;
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specifving a trajectory which passes through both the first
3D region of space and the second 3D region of space;
and

controlling a velocity of the motion device to maintain the
motion device within the first tolevance from the tra-
Jectory in the first 3D region of space and to maintain
the motion device within the second tolerance from the
trajectory in the second 3D region of space.

70. The method of claim 69, further comprising the step
of providing a part program including a plurality of pro-
gram instructions, wherein the plurality of program
instructions, specify the first 3D region of space, specifving
the first tolerance; specify the second 3D region of space,
specify the second tolerance, and specify the trajectory.

71. The method of claim 70, wherein the second tolerance
value is less than the first tolevance value.

72. The method of claim 69, wherein the first tolerance is
specified for a first phase of the movement of the motion
device and the second tolevance is specified for a second
phase of the movement of the motion device, the second
phase occurring after the first phase, wherein the second 31
region overlaps at least a portion of the first 3D region.

73. The method of claim 72, wherein the velocity of the
motion device is controlled to maintain the motion device
within the first tolevance value for a first portion of the
trajectory passing through the first 3D rvegion of space
during the first phase and to maintain the motion device
within the second tolerance for a second portion of the
trajectory passing through the second 3D rvegion of space
during the second phase.

74. The method of claim 69, further comprising the steps
of

increasing the velocity of the motion device for a first

portion of the trajectory based on the first tolerance
and a first calculated machining ervor from the trajec-
tory for the motion device; and

decreasing the velocity of the motion device for a second
portion of the trajectory based on the first tolerance
and a second calculated machining error from the
trajectory for the motion device.
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75. A method of tolerance based motion control of a
motion device comprising the steps of:

associating for a first 3D region of space a first tolerance;

associating for a second 3D region of space a second
tolerance, the second 3D region of space overlapping
at least a portion of the first 3D region of space;

determining if a desired trajectory is contained in both of
the first 3D region of space and the second 31D region
of space and if so then dividing the desived trajectory
into at least two trajectory segments, a first trajectory
segment being contained in the first 3D region of space
and a second trajectory segment being contained in the
second 3D region of space;

determining at least a first velocity limitation of the
motion device for the first trajectory segment based on

the first tolevance; and

determining a commanded velocity of the motion device
based at least on the first velocity limitation to maintain
a predicted position of the motion device in the first 3D
region of space within the first tolervance.

76. The method of claim 75, further comprising deter-
mining a second velocity limitation of the motion device for
the second trajectory segment based on the second
tolevance, wherein the commanded velocity of the motion
device is further based on the second velocity limitation to
maintain a predicted position of the motion device in the
second 3D region of space within the second tolerance.

77. The method of claim 76, wherein the predicted posi-
tion of the motion device in the first 3D region of space and
the predicted position of the motion device in the second 3D
region of space are based on feedback of an actual position
of the motion device.

78. The method of claim 77, wherein the motion device is

a machine tool, the first 3D region of space is a first
machining space, and the second 3D rvegion of space is a
second machining space.
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