
WO 2008/019335PCT/1182007/075270 1 MACHINE TOOL SYSTEM
CONTROL Inventor: Paul J. Gray CROSS REFERENCE TO RELATED
APPLICATIONS  [0001]This application claims the benefit of U.S.
Provisional Patent Application Serial No. 60/821,523, filed August 4, 2006,
titled "KINEMATICS COMPENSATION OBJECT ORIENTED SYSTEM
AND METHOD FOR MACHINE TOOL CONTROL", Atty. Docket
HUR-P198 and U.S. Provisional Patent Application Serial No. 60/821,503,
filed August 4, 2006, titled "SYSTEM AND METHOD FOR TOOL
CENTER POINT MANAGEMENT", Atty. Docket FICIR-P197, the
disclosures of which are expressly incorporated by reference herein
including the source code appendix of each. [0002]Further, this
application is related to U.S. Patent Application Serial No. 11/833,958,
filed August 3, 2007, titled "MACHINE TOOL SYSTEM CONTROL",
Attorney Docket No. HUR-P197-US-01 and U.S. Patent Application Serial
No. 11/833,971, filed August 3, 2007, titled "GENERALIZED
KINEMATICS SYSTEM", Attorney Docket No, HUR-P I 98- US-01, the
disclosures of which are expressly incorporated by reference herein.
BACKGROUND AND SUMMARY OF THE INVENTION [0003]The
invention relates to machine tool control software. More specifically, the
field of the invention is that of machine tool control software for object
oriented machine tool control software and the operation of machine tool
control software. [0004]An object oriented machine tool control system
may provide real-time machine tool software system control that isolates
system responsibilities into classes that permit a machine tool
manufacturer or system integrator to manage complexity and change. Onc
example of a machine tool control system is disclosed in U.S. Patent No.
5,453,933, assigned to the assignee of the present invention, the
disclosure of which is incorporated by reference herein. The system of the
'933 patent allows different systems to be created from a core set of
procedures without redesigning or making massive software changes
[0005]Engineers changing a control system of the '933 patent may easily
make changes to the system because they do not need to be experts on
the entire system to make a modification to a single component in a class.
One change does not have a ripple effect of change throughout  WO
2008/019335PCT/US2007/075270 2 the system. Portions of the system
that are most likely to change such as the user interface and device
drivers are separated from the Kernel: These components are more
accessible to change through PLC programs, customizations to the
Machine class and addition to or modification of operator programs.
[0006]In an exemplary embodiment of the present disclosure, a motion
control system is 



provided for a machine tool system. In an example of the present
disclosure, the motion control system includes a generalized kinematics
library which may model various machine tool systems. In a further
example, multiple instances of the generalized kinematics library are
generated to provide data for the machine tool system or other machine
tool systems. [0007]In a further exemplary embodiment of the present
disclosure, a method for controlling the movement of a machine tool
system to machine a part is provided. The method comprising the steps of
contacting the part with a tool and moving the tool relative to the part from
a first position to a second position while the tool remains in contact with
the part. The tool interpolating through a machine singularity point of the
machine tool system. [0008]In another exemplary embodiment of the
present disclosure, a method for determining position information for a
plurality of moveable axes of a machine tool system to machine a part is
provided. The method comprising the steps of providing a cascading
method accepting a plurality of different tool position input types; receiving
a first tool position, the first tool position corresponding to one of the
plurality of different input types; and determining with the cascading
method the positional information based on the received first tool position.
[0009]In yet another exemplary embodiment of the present disclosure, a
method for controlling the movement of a machine tool system to machine
a part, the machine tool system having a plurality of rotatable axes. The
method comprising the steps of contacting the part with a tool at a first
position; identifying a second position to move the tool; and selecting a
shortest angular traverse solution for each of the plurality of rotatable axes
from a plurality of possible solutions for each of the plurality of rotatable
axes. [0010]In yet a further exemplary embodiment of the present
disclosure, a method for controlling the movement of a machine tool
system to machine a part, the machine tool system having a plurality of
rotatable axes including a tilt axis, The method comprising the steps of
WO 2008/019335PCl/US20071075270 3 contacting the part with a tool at
a first position; identifying a second position to move the tool; and
selecting a first solution for each the plurality of rotatable axes from a
plurality of possible solutions for each of the plurality of rotatable axes
based on a specified tilt axis preference. The first solution having a tilt
angle for the tilt axis which satisfies the tilt axis preference. [0011]In still
another exemplary embodiment of the present disclosure, a method for
controlling the movement of a machine tool system to machine a part, the
machine tool system having a plurality of moveable axes. The method
comprising the steps of contacting the part with a tool at a first position;
identifying a second position to move the tool; and determining a plurality
of interpolated positions from the first position to the second position with
a two stage interpolation method. [00121in still yet another exemplary
embodiment of the present disclosure, an apparatus for machining a part
with at least one tool. The apparatus comprising a frame; a moveable
support supported by and moveable relative to the frame, the moveable
support supporting the part; a machine tool spindle supported by the
frame and moveable relative to the part, the machine tool spindle adapted
to couple the at least one tool, the moveable support and the machine tool
spindle including a plurality of moveable axes; and a motion control
system operably coupled to the machine tool spindle and the moveable
support. The motion control system executing the machining of the part
through the controlled movement of the plurality of moveable axes of the
machine tool spindle and the moveable support. The motion control
system contacts the part with a first tool at a first position and moves the
first tool relative to the part from the first position to a second position
while the first tool remains in contact with the part. The first tool
interpolating through a machine singularity point of the machine tool
system. [0013]In further still another exemplary embodiment of the
present disclosure, an apparatus for machining a part with at least one
tool. The apparatus comprising a frame; a. moveable support supported
by and moveable relative to the frame, the moveable support supporting
the part; a. machine tool spindle supported by the frame and moveable
relative to the part, the machine tool spindle adapted to couple the at least
one tool, the moveable support and the machine tool spindle including a
plurality of moveable axes; and a motion control system operably coupled
to the machine tool spindle and the moveable support. The motion control
system executing the machining of the part through the controlled
movement of the plurality of  WO 2008/019335PCTRIS2007/075270 



4 moveable axes of the machine tool spindle and the moveable support,
wherein the motion control system contacts the part with a first tool at a
first position and moves the first tool relative to the part from the first
position to a second position by selecting a shortest angular traverse
solution for each of a. plurality of rotatable axes of the plurality of
moveable axes from a plurality of possible solutions for each of the
plurality of rotatable axes. [0014]In another exemplary embodiment of the
present disclosure, an apparatus for machining a part with at least one
tool is provided. The apparatus comprising a frame; a moveable support
supported by and moveable relative to the frame, the moveable support
supporting the part; a machine tool spindle supported by the frame and
moveable relative to the part, the machine tool spindle adapted to couple
the at least one tool, the moveable support and the machine tool spindle
including a plurality of moveable axes; and a motion control system
operably coupled to the machine tool spindle and the moveable support.
The motion control system executing the machining of the part through the
controlled movement of the plurality of moveable axes of the machine tool
spindle and the moveable support. The motion control system contacts
the part with a first tool at a first position and moves the first tool relative to
the part from the first position to a second position by selecting a first
solution for each of a plurality of rotatable axes of the plurality- of
moveable axes from a plurality of possible solutions for each of the
plurality of rotatable axes based on a specified tilt axis preference, the first
solution having a tilt angle which satisfies the tilt axis preference for a tilt
axis of the plurality of the moveable axes. [0015]In still another exemplary
embodiment of the present disclosure, an apparatus for machining a part
with at least one tool is provided. The apparatus comprising a frame; a
moveable support supported by and moveable relative to the frame, the
moveable support supporting the part; a machine tool spindle supported
by the frame and moveable relative to the part, the machine tool spindle
adapted to couple the at least one tool, the moveable support and the
machine tool spindle including a. plurality of moveable axes; and a motion
control system operably coupled to the machine tool spindle and the
moveable support. The motion control system executing the machining of
the part through the controlled movement of the plurality of moveable axes
of the machine tool spindle and the moveable support. The motion control
system contacts the part with a first tool at a. first position and moves the
first tool relative to the  WO 2008/019335PCT/U52007/075270 5 part from
the first position to a second position by determining a plurality of
interpolated positions from the first position to the second position with a
two stage interpolation method. [0016]In a further exemplary embodiment
of the present disclosure, a method for controlling the movement of a
machine tool system to machine a part is provided. The method
comprising the steps of receiving a machine configuration corresponding
to the machine tool system, the machine configuration identifying a
plurality of moveable axes of the machine tool system and a plurality of
interdependencies therebetween; generating based on the machine
configuration and a generalized kinematics library a virtual kinematics
machine; receiving input data corresponding to a shape of the part; and
generating positions for the plurality of moveable axes of the machine tool
system based on the virtual kinematics machine and the input data.
[0917]In another exemplary embodiment of the present disclosure, a
method for controlling the movement of a machine tool system having a
plurality of moveable axes to machine a part is provided. The method
comprising the steps of receiving input data corresponding to a shape of
the part; generating a first virtual kinematics machine based on a machine
configuration of the machine tool system and a generalized kinematics
library, the first virtual kinematics machine generating positions for the
plurality of moveable axes of the machine tool system based on the input
data; and generating a second virtual kinematics machine based on the
machine configuration of the machine tool system and the generalized
kinematics library, the second virtual kinematics machine generating
position information for a moveable portion of the machine tool system.
[0018]In yet still another exemplary embodiment of the present disclosure,
a method of programming multiple machine tool systems with a software
controller is provided. The method comprising the steps of providing a
generalized kinematics library accessible by the software controller;
generating a first virtual kinematics machine having a first configuration
corresponding to a first machine tool system, the first virtual kinematics
machine based on the generalized kinematics library; and generating a
second virtual kinematics machine having a second configuration
corresponding to a second machine tool system, the second virtual
kinematics machine based on the generalized kinematics library.  WO
20081019335PCT/11S2007/075270 6 [00491In another exemplary
embodiment of the present disclosure, all apparatus for machining apart
with at least one tool is provided. The apparatus comprising a frame; a
moveable support supported by and moveable relative to the frame, the
moveable support supporting the part; a machine tool spindle supported
by the frame and moveable relative to the part, the machine tool spindle
adapted to couple the at least one tool, the moveable support and the
machine tool spindle including a. plurality of moveable axes; and a motion
control system operably coupled to the machine tool spindle and the
moveable support, the motion control system executing the machining of
the part through the controlled movement of the plurality of moveable axes
of the machine tool spindle and the moveable support. The controlled
movement of the plurality moveable axes is provided by an instance of a
generalized kinematics library. The instance including a plurality of virtual
axes which correspond to the plurality of moveable axis. 



[0020]In still a further exemplary embodiment of the present disclosure, a
method of configuring a software controller of a machine tool system is
provided. The method. comprising the steps of providing a generalized
kinematics library accessible by the software controller; receiving
information regarding a configuration of the machine tool system, the
machine tool system having a plurality of orthogonal moveable axes;
generating an instance of the generalized kinematics library which
corresponds to the machine tool system based on the received
information regarding the configuration of the machine tool system; and
controlling a movement of the plurality of orthogonal moveable axes
through the instance of the generalized kinematics library. [0021]In a
further exemplary embodiment of the present disclosure, a computer
readable medium having computer-executable instructions for controlling
the movement of a plurality of moveable axes of a machine tool system to
machine a part is provided. The computer executable instructions
comprising a generalized kinematics library; instructions to generate an
instance of the generalized kinematics library based on a configuration of
the machine tool system; instructions to provide input data to the instance
of the generalized kinematics library; and instructions to get output data
from the generalized kinematics library, the output data. being related to
the movement of the plurality of moveable axes.  WO
2008/019335PCTTUS2007/075270 7 BRIEF DESCRIPTION OF THE
DRAWINGS [0022]The above mentioned and other features and objects
of this invention, and the manner of attaining them; will become more
apparent and the invention itself will be better understood by reference to
the following description of an embodiment of the invention taken in
conjunction with the accompanying drawings; wherein: [0023]Fig. I
illustrates an exemplary machine tool system; [0024]Fig. 2 illustrates a
representative view of the of a motion control system of the exemplary
machine tool system of Fig. 1; [0025]Fig. 3 illustrates a representative
view of axis objects; [0026]Figs. 4A and 4B illustrate exemplary input
screens of a user interface for providing characteristics regarding a rotary
C-axis; [0027]Figs. 5A and 5B illustrate exemplary input screens of a user
interface for providing characteristics regarding a rotary C-axis; [0028]Fig.
6 illustrates an exemplary input screen for specifying the
interdependencies between a plurality of axes of the machine tool system
of Fig. 1; [0029]Figs 7A and 7B illustrate representative views of the Tool
Matrix Stack and the 



Part Matrix Stack; [0030]Fig. 8 illustrates a representative view of a
cascade method of the motion control system of Fig. 2; [0031]Figs. 9K 9C
ret te to a method to determine the rotary angle of the tilt axis of the
machine tool system of Fig. 1; [0032]Figs. 10A-C illustrate a machine
singularity point for various machine tool systems; [0033]Fig. 11A
illustrates a machine singularity point of the machine tool system of Fig. 1;
[0034]Fig. 11B illustrates a tilt angle corresponding to a positive tilt axis
preference; [0035]Fig. 11C illustrates a tilt angle corresponding to a
negative tilt axis preference;  WO 2008/019335PCT/US20071075270
[0036]Figs. 12A-D illustrate that a tool remains in contact with a part
during a rotation about the machine singularity point; [0037]Figs. 13A-C
represent a method which interpolates the tool vector from last position at
the machine singularity point, rotates about the machine singularity point,
and then interpolates the tool vector from the machine singularity point to
next tool position; [0038]Fig. 14A illustrates a last tool vector position and
a next tool vector position; [0039]Fig. 14B illustrates a plane defined by
the tool vector for the last position and the tool vector for the next position
about the coordinate system origin and includes a tool vector that
coincides with the machine singularity point; [0040]Fig. 14C illustrates a
move from the last position to the next position solution #1; 



[0041]Figs. 15A-C represent a method which interpolates the tool vector
from last position to the machine singularity point, rotates about the
machine singularity point, and then interpolates the tool vector from the
machine singularity point to next tool position. [0042]Figs. 16A and 16B
illustrate a last position and a first solution of a next position, both the last
position and the first solution of next position having a negative tilt angle
on the same side of the machine singularity point; [0043]Figs. 17A-B
illustrate a last position and a first solution of a next position having a tilt
axis angle on the tilt axis preference side with a 180 degree rotary axis
rotation; [0044]Fig. 17C illustrates a second solution of the next position
for Fig 17A which is chosen if the tilt axis angle for the first solution in Fig.
178 is not on the tilt axis preference side with a zero degree rotary axis
rotation; [0045]Figs. 18A-C represents a case where the toot vector
should not interpolate through the singularity point and the correct
Solution #2 must be selected; [0046]Fig. 19 represents a chord error;
[0047]Fig. 20 illustrates a transform plane; [0048]Fig. 21 illustrates an
exemplary input screen for specifying a. tilt axis preference and various
parameters; [0049]Fig. 22 illustrates the relationship between a surface
contact point at a surface normal, a tool vector and the and a tool bottom
center point;  WO 2008/019335PCTPUS2007/075270 9 100501Fig. 23
illustrates the selection of a tool_ bottom center point n a case having
multiple solutions; 



100511Fig. 24 illustrates a toot vector interpolation from a last position to
a next position; [00521Fig. 25 illustrates interpolated tool vectors; and
[0053]Fitz. 26 illustrates a correspondence between the Boolean Decision
Matrix and the Transformation Matrix. 100541Corresponding reference
characters indicate eon-esponding parts throughout the several views.
DETAILED DESCRIPTION OF THE DRAWINGS [0055]The embodiments
disclosed herein are not intended to be exhaustive or limit the invention to
the precise form disclosed in the following detailed description. Rather, the
embodiment is chosen and described so that others skilled in the art may
utilize its teachings. [0056]Referring to Fig. I, a machine tool system 100 is
shown having a motion control system 200. Machine tool system 100
includes a frame 102 having a first saddle 104 coupled thereto. Saddle
104 is translatable in directions 106 and 108. A second saddle 110 is
supported by first saddle 104. Saddle 110 is translatable in directions 112
and 114 relative to saddle 104. A platform 120 is supported by saddle 110
and is rotatable relative to saddle 110 in directions 122 and 124. In one
embodiment, each of saddle 104, saddle 110, and platform 120 are
moveable through motors which are controlled by motion control system
200. [0057]Further, a third saddle 126 is supported by frame 102. Saddle
126 is translatable in directions 128 and 130. Saddle 126 supports a
rotatable member 132. Rotatable member 132 is rotatable in directions
134 and 136 relative to saddle 126. In one embodiment, each of saddle
126 and rotatable member 132 are moveable through motors which are
controlled by motion control system 200. [0058]A tool spindle 138 is
supported by platform 132. Various tools 141 may be coupled to tool
spindle 138 to perform various operations with machine tool system 100.
Exemplary tools include and an end mill, a drill, a tap, a reamer, and other
suitable tools. Tool spindle 138 is rotatable about a tool spindle axis 139
to input a rotation to the tool 141. In one  WO
2008/019335PCT/TJS2007/075270 10 embodiment, a plurality of tools
141 are stored in a tool carousal 144. Additional details about tool
carousal 144 are provided in U.S. Provisional Application Serial No.
60/821,481, the disclosure of which is expressly incorporated by reference
herein. [00591The movement of saddle 104 in direction 106 or direction
108 is illustrated as a 



movement in an y-axis 150. The movement of saddle 110 in direction 112
or direction 114 is illustrated as a movement in an x-axis 152. The
movement of saddle 126 in direction 128 and direction 130 is illustrated as
a movement in an z-axis 154. The rotation of rotatable member 132 in
direction 134 or direction 136 is illustrated as a movement in an B-axis
156. The rotation of platform 120 in direction 122 or direction 124 is
illustrated as a movement in an C-axis 158. Machine tool system 100 is an
exemplary 5-axis machine, In one embodiment, one of B-axis 156 and
C-axis 158 is replaced with an A-axis wherein platform 120 is tiftable
about one of x-axis 152 and y-axis 150. [0060]Through the movement of
one or more of the 5-axes of machine toot system 100 a tool 141 may be
positioned relative to a part 160 (see Fig. 9A) supported by platform 120
to be machined. Part 160 may be secured to platform 120 to maintain the
position of part 160 to platform 120 100611The movement of one or more
of the 5-axes of machine tool system 100 is controlled through motion
control system 200. Referring to Fig. 2, motion control system 200
includes a software controller 202 and one or more I/O modules 206. It
should be understood that the methods disclosed herein may be executed
by software controller 202 and be stored in a manner associated with
software controller 202. [00621Software controller 202 receives a machine
configuration 208 and input data, such as a part program 204, and then
provides output data, such as position data. for the various axes 150, 152,
154, 156, and 158 of machine tool system 100. In the illustrated example
in Fig. 2, software controller 202 receives part program 204 and machine
configuration 208 from one or more I/O modules 206. Machine
configuration 208 provides the dependencies between the various axes
150, 152, 154, 156, and 158 of machine tool system 100 as well as the
attributes of each axis. For instance, as saddle 104 moves in direction 106
the location of C-  WO 20081019335PCT1ITS20071075270 11 axis 158 is
changed. Therefore, the location of C-axis 158 depends on the location of
saddle 104. [0063]Exemplary 1/0 modules 206 includes input members,
such as a user interface, a touch display, a keyboard, a mouse, one or
more buttons or switches, a CD drive, a floppy drive, an interface to a
determiner network (wireless or wired), and other suitable devices for
providing information to software controller 202 and output members, such
as a display (such as a touch screen), lights, printer, and other suitable
devices for presenting information. [0064]In one embodiment, part
program 204 is entered through a conversational mode of operation
whereby a user during a programming session is presented with 011C or
more screens through a user interface (such as a touch screen and
keyboard). An exemplary method of conversational programming is
disclosed in U.S. Patent No. 5,453,933, assigned to the assignee of the
current application, the disclosure of which is expressly incorporated by
reference herein. During the programming session, the user may program
the desired geometry for the machined part and specify one or more
attributes. In one example, the user specifies the desired geometry for the
machined part by creating blocks of code each of which specifics a tool
and a trajectory of the tool. As such, the geometry of the machined part is
defined based on the operations used to create the machined part.
[0065]In one embodiment, part program 204 is provided through a NC
mode of operation whereby an NC program is loaded into software
controller 202. Part programs are frequently expressed in a standard
G8evl code language, or a close derivative of this language based on
either the International Standards Organization (ISO) or the Electronics
Industries Association (ER) RS-274-D, using codes identified by letters
such as 0, NI, F. The codes define a sequence of machining operations to
control motion in the manufacture of a part. Software controller 202
converts the codes to provide location positions for the various axes 150,
152, 154, 156, and 158 of machine tool system 100. In one embodiment,
part program 204 is parsed by a parser 220 of software controller 202.
Parser 220 reviews part program 204 and identifies various geometry
segments. Exemplary geometry segments include lines and arcs.
[0066]Regardless of the origin of part program 204, part program 204
defines the desired geometry for the machined part either directly or
based on the operations used to create the part. However, part program
204 may not specify the positions of saddles 104, 110, and 126  



WO 2008/019335PCT/US2007/075270 12 nor the rotations of platform
120 and rotatable member 132. These positions are determined by
software controller 202. [00671In one embodiment, software controller
202 is an object-oriented software component. In one embodiment,
software controller 202 is based on the software described in U.S. Patent
No. 5,453,933 issued on September 26, 1995 and titled CNC CONTROL
SYSTEM, the disclosure of which is expressly incorporated by reference
herein. [0068]In one embodiment, software controller 202 includes an
object oriented generalized kinematics library 210 and one or more host
software applications 215. The host software application 215 interfaces
with instances (identified herein as virtual kinematics machines 214, 234,
and 236) of the generalized kinematics library 210 through an interface,
such as an API interface 217. Host software application 215 also
interfaces with other components of software controller 202, such as the
real time application for the real time mill and the graphics application.
[0069]Generalized kinematics library 210 includes a collection of objects
or classes from which objects may be derived that are used to develop
virtual kinematics machine 214 from an instance of the library 210. In one
embodiment, the machine configuration 208 is provided to software
controller 202. Based on machine configuration 208 software controller
202 creates the virtual kinematics machine 21.4 from the kinematics
library 210. Virtual kinematics machine 214 is stored. in memory. Virtual
kinematics machine 214 has the same configuration as the actual
machine described in the machine configuration 208. Design Overview of
Generalized Kinematics Library  [00701The Generalized Kinematics
Library contains an application programming interface (API) 217 that a
host software application 215 uses to communicate data via Set data
functions and receive data via Get data functions. Thus, as per the object
oriented design paradigm, the host software application 215 cannot
directly access private member data in the generalized kinematics library
210 or instances thereof. Interfacing to the Generalized Kinematics Library
[00711The host software application 215 interfaces to the generalized
kinematics library 210 through an API 217 designed using the
object-oriented paradigm by communicating data via Set data functions
and receiving data via Get data functions.  WO
2008/019335PCMIS2007/075270 13 Generalized Kinematics Library
Initialization  [00721In accordance with object oriented paradigm, the host
software application 215 



initializes the virtual kinematics machines with the data required for the
generalized kinematics library 214 to assemble the virtual kinematics
machine 214. The host software application 215 begins by creating an
instance of the general kinematics library 210. The initialization procedure
follows using configuration data. 208 a:bout die machine axes that may
originate from numerous sources including configuration files, user-input,
and or automatic drive recognition by the real-time components of the
machine tool system 100. [00731The host software application 215 cycles
through each axis that is present in the system and calls the function
AddAxis(ID, Connection). The Axis ID is a number that uniquely identifies
the axis, Exemplary axis ids include the set {0,1,2,3,4,5} which
corresponds to linear and rotational axes {x,y,z,a,b,c} . With the call of this
function, the generalized kinematics library 210 creates an axis object in
memory, which can then initialized with any or all of the following data as
required for the axis type by the host software application 215. [0074]Each
axis may include some or all of the following attributes 303:  ID  Type
(linear rotary / tilt / spindle)  Direction  Coordinate location (centerline if
rotational axis)  Limits  Maximum velocities  Connection (whether the axis
is connected to the tool or to the part) [0075]After all the axes have been
created and initialized with the appropriate data, the generalized
kinematics library EndSetup0 function is called by the host software
application 215, which validates the machine kinematics, assembles the
Tool and Part Matrix Stacks 270 and 280 (see Figs. 7A and 7B), and
determines the tilt axis angle for the machine singularity point if it is a
5-axis machine. The singularity point tilt angle of the tilt axis (B-axis 158)
is determined by locating the tilt angle where the spindle axis aligns with
the rotary axis, (C-axis 156). [0076]At this point the generalized
kinematics library 210 is ready to be used by the host software application
215. Normally the generalized kinematics library 210 is initialized with a
starting position, and other initial modes, each of which are explained in
more detail herein, are set either on or off including:  WO
2008/019335PCT/US2007/075270 14  Shortest angular traverse,
Interpolation on/off  Interpolation type if on 



Tilt axis preference direction or off or force use of preference direction
Multiple Instances of the Generalized Kinematics Library  100771The
design of the generalized kinematics library 210 allows the host software
application 215 to create multiple instances of the generalized kinematics
library 210 for different processes (different host software applications
within the machine tool control software 200). For example, one instance
is used to interpret programs for the real-time running of the actual
machine tool system 100. Another instance is used to display the real-time
graphics and position data during program runtime on the machine tool
system 100. A third instance may be used to interpret programs for
different machines to display in graphics. This third instance allows the
user to program parts 160 for different machines than that which the
software controller 202 is connected to and to check these programs
using graphical verification. Each instance of the general kinematics
library 210 is independent and may be used simultaneously. [00781The
software controller 202 contains an initialization class that acts as an API
layer between the generalized kinematics library 210 and the host
application software 215. This configuration permits different components
(i.e. different host software applications) within software controller 202 to
initialize their instances of the general kinematics library 210 through a
common, universally accessible singleton class. The host software
applications 215 may also modify the kinematics models for different
machines when necessary. An example would be the concurrent
programming graphics instance of the generalized kinematics library 210
that may be modified to model machines other than the one the CNC
controller 200 is connected to. Also, in one embodiment the general
kinematics library 210 permits the simultaneous control of multiple
machine tool systems with a single controller. Using Generalized
Kinematics Library in Tool Position Computation Mode for Motion Control
[0079]The API to determine machine joint positions for any of the given
input types 1 through 4 (see Fig. 8) is a simple overloaded
SetPosition(input Data) function, where Input Data is the requisite data
corresponding to Type 4 through Type I. Interpolation modes, feedrates or
time steps, tool information, and part setup are set prior to calling the
SetPosition(inpta Data) function. The generalized kinematics library 210
updates its internal Ne,xtPosition data. object  WO
2008/019335PCIJUS2007/075270 15 with the input data and uses this
object to determine the next tool position. When using the generalized
kinematics library 210 to determine tool positions, the joint positions and
time step for the input move are determined and stored in memory. The
generalized kinematics library 210 then updates its internal La.stPosition
data object with the input and determined data, which will be used to
make decisions to determine the next input tool position. The host
software application 215 will then pick up the determined information
using a GetPositionData() function, which returns a reference to a class in
the generalized kinematics library 210 that contains the determined data.
[0080]The host software application 215 can configure the generalized
kinematics library 210 to store additional information other than the
machine joint positions and time step for each move. For example, tool tip
location with respect to the workpiece, tool vector direction with respect to
the machine reference coordinate system 284 (See Fig. 7A). Using
Generalized Kinematics Library in Computation Mode  [0081]The
generalized kinematics library 210 may be used in a pure computation
mode where the LaMPosition internal data object does not get updated
with the determined tool position. This can be useful when making logical
decisions about the tool path in the host software application such as
computing the clipping point of an oriented retract plane to the machine
limits. The API is a simple overloaded DeterminePosition(fnput Data)
function, where Input Data is the requisite data corresponding to Type 4
through Type 1. The requisite machine states must be set prior to calling
DeterminePosition, which is identical to using SetPosition described in the
previous section [0082]In addition to computing machine joint angles for
input tool positions, the generalized kinematics library 210 may also
determine tool tip and tool vector data with respect to any of the
coordinate systems in the kinematics linkages of the modeled machine.
An example would be the computation of the tool vector in the machine
reference coordinate given the machine joint positions and angles:
GefroolVectorWrtMachine(Machine Joint Positions), where Machine Joint
Positions is a vector containing all the relevant axes positions. This
function call would not update the generalized kinematics library 210
internal LastPosition data object.  WO 2008/019335Per/U82007/075270 



16 The Virtual Kinematics Machines  [0083]Generalized kinematics library
210 consolidates the kinematics calculations in a single library source that
can be shared throughout the code. The generalization of the library
provides a means for the library to create a virtual kinematics machine of
any orthogonal machine tool system of up to 5 axes. In one embodiment,
this is achieved with an object-oriented design in which a virtual
mathematical model of the machine tool system 100 is created in the
library. Although the generalized kinematics library 210 is described
herein for use with machine tool systems of up to 5 orthogonal axes, due
to the object-oriented design of the generalized kinematics library 210, it
can be specialized for non-orthogonal systems and for systems with more
than 5 axes, The object-oriented design provides the flexibility to generate
a plug-and-play library that may connect and configure itself to model any
orthogonal machine tool system from 1 to 5 axes, Further, although
described herein for use with a machine tool system I 00, the motion
control system 200 may be used with any type of motion system including
robotics. [0084]Virtual kinematics machine 214 is based on one or more
matrix stacks discussed herein. These matrix stacks, such as 270 and 280
in Figs. 7A and 7B, include matrices that describe the characteristics of
one or more of the various axes 150, 152, 154, 156, and 158 of machine
tool system 100. Additional characteristics of machine tool system 100
may also be accounted for in the matrix stacks 216. For instance, part 160
is coupled to platform 120. Axis Objects  [0085]Referring to Fig. 3, each
axis of the various axes 150, 152, 154, 156, and 158 of machine tool
system 100 is described as an object. The axis objects are derived from a
generic axis class 302 represented in Fig. 3. Axis class 302 is the base
class for all axis objects and defines properties and methods for axis
objects. Axis class 302 includes various axis attributes 303 and
transformation matrices 305. The Axis base class 302 contains common
data and methods that all derived axes objects own. [0086]The following
is a list of data included in the Axis base class 302: Data: Axis ID= integer
{0,1,2,3,4,5,6,7} corresponding to fX,Y,77,,A,B,C,SI Alcune = string
{"X","Y","Z","A","B","C","S") Type = enumeration {Linear, Rotary, Tilt,
Spindle} Position - axis position Matrix = axis transformation matrix
Connection= enumeration {Tool, Part}  WO
2008/019335PCDUS2007/075270 17 MinPosition = lower bound of
motion Max:Position = upper bound of motion 



AxisLanitsExists = Boolean {True, False} InitialMachineDirectionVector =
Vector in Machine reference frame representing positive axis movement
direction. For rotation axes, vector direction of axis centerline for
Right-hand positive rotation. MaxContourSpeed = interpolation speed
MaxRapidSpeed = rapid move speed Methods: Several methods are
included in the Axis base class including Set() and Get() functions for
each of the above data. [0087]Derived from axis class 302 are three
derived-classes, linear axis 320, spindle axis 321, and rotary axis 322.
The SpindleAxis Class 321 is derived from the Axis base class. In addition
to the Axis base class 202 data and methods, the SpindleAxis Class 321
includes: Data: Location = spindle coordinate system origin with respect to
axis it is connected to Methods: SetAxisS( ) = initialization function
SettnitSpindleAxisDirectionWrtMacItine(DirectionVector) = function to set
InitialMachineDirectionVector from base Axis class
SetLocationWrtLastAxis( ) = function to set the location of the spindle
coordinate system with respect to the last axis it is connected to
10088]The Linear Axis class 320 is derived from the Axis base class 302.
In addition to the axis base class data 302 and methods, the LinearAxis
Class 320 includes: Methods: Translate( ) = functions to translate a vector
or multiply a matrix by the linear axis translation matrix SetAxis(x,y,z) =
initialization functions (00891The RotationAxis class 322 is derived from
the Axis base class 302.1n addition to the Axis base class 302 data and
methods, the RotationAxis Class 322 includes: Dat a: 



Centerline = Location of axis of rotation Methods: SetAxis(a,b,c) =
Initialization unctions  WO 20081019335PCT/US20071075270 18 Rotate(
) = functions to rotate a vector or multiply a. matrix by the rotation
GetPerpendieularDistanecToAxis(Point) = function returns perpendicular
radial distance to axis of rotation [0090]Based on machine configuration
208, virtual kinematics machine 214 includes five machine specific axis
objects 250, 252, 254, 256, and 258 which correspond to axes 150, 152,
154, 156, and 158 of Fig. I. Exemplary input screens of a user interface of
I/0 modules 206 are provided for specifying some exemplary attribute
information for C-axis 258 (Figs. 4A and 4B) and for B-axis 256 (Figs. 5A
and 513). [0091]Referring to Figs. 4A and 4B, attribute information is
specified for C-axis 258 through a user interface 328 of 1/0 modules 206.
In Fig. 4A a rotation configuration type attribute 330 is set to full rotate, a
maximum speed. attribute 332, and. an angular default position attribute
334. Referring to Fig. 4B, the centerline attribute 324 of C-axis 258 is
defined a.s an offset 336 from x-axis 252 and an offset 338 from y-axis
250. [0092]Referring to Figs. 5A and 5B, attribute information is specified
for B-axis 256 through a user interface 328 of I/O modules 206. In Fig. 4A
a rotation configuration type attribute 330 is set to tilt rotary, a maximum
speed attribute 332, a calibration home position 340, a minus direction
travel limit 342, and a plus direction travel limit 344. Referring to Fig. 5B,
the centerline attribute 324 of B-axis 258 is defined as an offset 346 from
x-axis 252 and an offset 348 from y-axis 250. [0093]Similar attribute
information is received by motion control. system 200 from an operator
through I/O modules 206 for linear axes 250, 252, and 254. Further,
additional attributes may be provided for the rotary axes 256 and 258. The
attributes 303 and transformations 305 listed in Figs. 3-5 are exemplary
and are not intended to be exhaustive. [0094]Once all of the axes are
defined, motion control system 200 receives from an operator the
interdependencies between the various axes 150, 152, 154, 156, and 158
so that virtual kinematics machine 214 has the same interdependencies
between the corresponding axes objects 250, 252, 254, 256, and 258. An
exemplary input screen of user interface 328 of I/O module 206 for setting
the interdependencies between axes 250, 252, 254, 256, and 258 is
shown in Fig, 6. In one embodiment, the definition of the axes is
accomplished during an initial setup of a machine tool system 200 and
does not need to be altered during subsequent operations unless desired.
WO 20081019335PCT1US2007/075270 19 [0095jIn Fig. 6, each of the
axes 250, 252, 254, 256, and 258 defined by the operator are displayed.
An operator may highlight a given axis, y-axis 250 is illustrated, through
an input member, such as a touch screen. The operator then may move
the y-axis 250 to the other of a part kinematics axes order list 356 and a
tool kinematics axes order list 358 by selecting input 350. The operator
may move the y-axis 250 higher in the eun-ent list 356 by selecting input
352. The operator may move the y-axis 250 lower in the current list 356 by
selecting input 354. [00961The order of the various axes in the part
kinematics axes order list 356 and the 



tool kinematics axes order list 358 provides software controller 202 with
the interdependencies of the various axes. The first listed axis in each list
356 and 358 is the base axis for that particular list. As illustrated in Fig. 6,
the order of axes 250, 252, 254, 256, and 258 corresponds to the axes
150, 152, 154, 156, and 158 of machine tool system 100. As ordered in
Fig. 6 in the part kinematics axes order list 356, x-axis 252 and C-axis 258
both move along with y-axis 250. Further, C-axis 258 moves along with
x-axis 252, but y-axis does not move along with x-axis. Neither x-axis 250
nor y-axis 252 moves along with a movement of C-axis. For the tool
kinematics axes order list 358, B-axis 256 moves along with z-axis 254,
but z-axis 254 does not move along with B-axis 256. Finally the movement
of y-axis 250, x-axis, and C-axis is independent of the movement of z-axis
254 and B-axis 256, Matrix Stacks  [00971As mentioned above, each of
various axes 250, 252, 254, 256, and 258 has a corresponding
transformation matrix 305. By knowing the interdependencies of the
various axis 250, 252, 254, 256, and 258, virtual kinematics machine 214
may generate one or more matrix stacks to calculate various types of
output data, Virtual kinematics machine 214 includes one or more matrix
stacks 216 created by an initialization component 218. Matrix stacks 216
are a general method used in the generalized kinematics library 210 to
concatenate multiple transformations together. [0098]Two exemplary
matrix stacks 216 are represented in Figs. 7A and 7B. A tool matrix stack
270 is used to mathematically model the transformation from the tool tip
position in a spindle coordinate system (spindle) 272 to the tool tip
position in a machine reference coordinate system (m) 274 through a
concatenation of transformation matrices 276. Tool matrix stack 270 is
graphically represented in a. leftmost portion of Fig. 7A and
mathematically represented in the rightmost portion of Fig. 7A. In one
embodiment for machine tool  WO 2008/019335PCT/C82007/075270 20
system 100, which is represented by virtual kinematics machine 214, the
tool matrix stack 270 is represented by equation (1). Too/Tip ] =
[Transform 7]x[Transform a]x[Transibrm,ind"]xfroolTipsp(ndie](1) wherein
[Toolli p aye] is a column vector representing the location of the tool tip in
the spindle coordinate system; [Transfbrm sp,ndie] is the transformation
from the spindle coordinate system to the rotary B-axis coordinate system;
Fratislivmd is the transformation from the rotary' B-a ts coordinate system
to the z-axis coordinate system; [Transform z ] is the tra.nsformation from
the z-axis coordinate system to a machine coordinate system; and
[Too/Tip m] is a. column vector representing the tool tip position in the
machine coordinate system. 



[00991A part matrix stack 280, shown in Fig. 7B, is used to
mathematically model the transformation from a part point in the
workoiece coordinate system (wp) 282 to the part point in the machine
reference coordinate system (m) 284 through a concatenation of
transformation matrices 286. Part matrix stack 280 is graphically
represented in a leftmost portion of Fig. 7B and mathematically
represented in the rightmost portion of Fig. 7B. The part matrix stack 280
contains all the axes kinematics matrices for the part kinematics chain
along with the Part Setup Matrix 290. A method of determining the Part
Setup Matrix 290 is provided herein. Additional matrices can he pushed
onto the Part Matrix Stack when the user program is defined relative to a
transform plane or when patterning transformations are called in the
program. The Generalized Kinematics Library uses a Transform Plane
Matrix Stack 292 onto which any number of transform planes can be
stacked. It also has a Pre-Transform Plane Matrix Stack 294 onto which
any number of patterning transformations may be stacked. Exemplary
pattern transformations include translate, rotate, and mirror. As with any
matrix stack, both the Transform Plane and Pre-Transform Plane Matrix
Stacks can be turned on and off without having to delete the matrices in
the matrix stack. So the complete part matrix stack 280 may contain the
transformations illustrated in Fig. 7B.  WO
208/019335PCU11S2007/075270 21 [001001In one embodiment, for the
machine tool system 100, which is represented by virtual kinematics
machine 214, the part matrix stack 280 is represented by equation 1
[PartPoinim]= rThansform Jx[Tramfbrmix[TrarLifronac]x[PartSetupildatrix]
x[TransforniPlaneMatrixStack]x[Pre
-TransformPlaneMatrixStack]x[PartPoim"",",] wherein [PartPoint 1",,"] is a
column vector representing the location of the point of the part in the
workpiece coordinate system if no transform planes are active or to the
top transform plane in the TransformMatrixStack if at least one transform
plane is active; [Pre -Tram]formPlanellicttrixStack] is the patterning
transformations applied to the input position; [TransforinPlaneMatrixStack]
is the concatenated TransformPlaneMatrixStack matrix transformation
from the system defined in the patterning transformation stack to the part
setup coordinate system; [PartSetupillatrix] is the transformation from the
part coordinate system to the C- axis coordinate system; [Transfi^onic] is
the transformation from the rotary C-axis coordinate system to the x-axis
coordinate system; [Transformi] is the transformation from the x-axis
coordinate system to the y- axis coordinate system; 



[Transform)] is the transformation from the y-axis coordinate system to the
machine reference coordinate system; and [PottPointm] is a column
vector representing the part point position in the reference machine
coordinate system. 1001011It should be understood that the above
illustrative examples for the tool tip and the part point positions are only
exemplary and various matrix stacks may be used to transform various
types of input data to various types coordinate systems once the
interdependencies between the various axes 250, 252, 254; 256; and 258
has been established.  WO 2008/019335PCIEMS2007/075270 22
[001021In one embodiment, matrices are pushed on to matrix stack 270 in
the order from machine reference coordinate system 284 outward to the
spindle coordinate system 272 and on to pan matrix stack 280 from the
machine reference coordinate system 284 outward to the workpicce
coordinate system 282. Every movement of one of the axes of machine
tool system 100 does not necessarily require recalculation of the various
matrix stacks 270 and 280. In one embodiment, the generalized
kinematics library 210 decides whether a recalculation of a given matrix
stack is needed. [001031For example, assume that the tool tip position
and the part position are both desired in the machine coordinate system
284. Machine tool system 100 translates along x-axis 152 (x-axis 252 in
virtual machine 214) as part 160 is being cut. The generalized kinematics
library 210 will recalculate the part matrix stack 280 because the part has
moved relative to the machine coordinate system 284, but will not
recalculate the tool matrix stack 270 because the tool 141. has not moved
relative to the machine coordinate system. This reduces the number of
matrix multiplications that are preformed. In one example, when axes
positions are set, virtual machine 214 updates each axis object position if
the axis position is different from the current position. If an axis position
changes, then a flag is set in the appropriate tool or part matrix stack 270
and 280 indicating that the forward and inverse Matrix Stack
transformation matrices must be re-determined.. The Matrix Stack will
re-determine the required matrices when they are next requested for use.
[00104]Various matrix stacks may be implemented to determine any point
or vector relative to any axis coordinate system, the workpicce coordinate
system 282, the spindle coordinate system 272, or the machine reference
coordinate systems 284. Other matrix stacks may be implemented for
transformations to a transform plane coordinate systems 296, such as
shown in Fig. 20. Transform p].anes 298 may be defined in a
programming session of a conversational part program. [00105]Returning
to Fig, 2, virtual kinematics machine 214 receives the geometry
information from parser 220 and determines the actual machine positions
for each of axes 350; 352; 354, 356; and 358 (see Fig. 3) which
correspond to machine axes 150, 152, 154, 156, and 158. These machine
positions are provided to the motion systems of axes 150, 152, 154, 156,
and 158 to position the tool 141 supported by tool spindle 138 and part
160. Exemplary motion systems include servo motors. The machine
positions determined by virtual kinematics  WO
2008/019335PCUUS2007/075270 23 machine 214 are represented by
position data 230 which are sent to a real time mill machine 232. Position
data 230 does not need to be presented to real time mill 232 all at once,
but rather virtual kinematics machine 214 may place one or more next
positions for a given axis on a stack that is read by real time mill 232 as
needed. Therefore, real time mill 232 may be moving from a first position
to a second position (through a series of intermediate points) while virtual
kinematics machine 214 is determining the steps to take from the second
position to a third position. 



Concurrent Programming [00106]By having software controller 202
generate virtual kinematics machine 214 based on a specified machine
configuration 208 and a generalized kinematics library 210, software
controller 202 may be used in combination with a variety of actual
machines. For instance, if platform 120 was tiltable about x-axis 152 this
may be taken into account by the machine configuration 208 passed to
software controller 202. [00107]This increases not only the flexibility of
software controller 202, but also the usefulness of software controller 202.
For example, as shown in Fig. 2 two additional virtual machines 234 and
236 are generated. Virtual machine 234 is also based on machine
configuration 208. As such, virtual machine 234 is the same as virtual
kinematics machine 214, but may be used in a different part of software
controller 202 for a different purpose such as simulation graphics
application 245, Virtual machine 236 is based on a second machine
configuration 238 received through 110 modules 206. Virtual machines
234 and 236 each receive input data 240 and 242, respectively.
[00108]Virtual machines 234 and 236 provides output data 244 and 246.
Output data 244 and 246 provides the information requested for an
application. In one embodiment, the output data for one or both of virtual
machines 234 and 236 is machine axis positions, such as for a real time
mill. In the illustrated embodiment, virtual machine 234 is coupled to a
simulation graphics software application 245. In one embodiment, the
simulation graphics application 245 is requesting the tool tip position to
present on a display the tool tip position during machine run-time tool
graphics display. This may be determined from the positions of all of the
machine tool system axes positions. Other exemplary applications include
a wire frame graphics software application, and an exporter software
application, or other suitable applications 247. In one embodiment,
exemplary output data includes the current shape of the  WO
2008/019335PCT/US2007/075270 24 machined part or a simulated shape
of the machined part based on the programmed movements of the toot
141 to be displayed by simulation graphics application 245 including the
position of the tool 141. [001091In one embodiment, virtual kinematics
machine 214 is based on machine configuration 208 and is processing
part program 204 to provide position data 230 to real time mill 232 and
virtual machine 236 is based on machine configuration 238 and is
processing a part program, as input data 242, to provide position data as
output data 246. As such, a user of software controller 202 may be cutting
a part 160 with real time mill 232, such as the 5-axis machine illustrated in
Fig. 1, while programming another part on a four axis machine defined by
machine configuration 236 for verification with the simulation graphics
software application 245 or for provision to a real time mill 232 associated
with the four axis machine. One reason for displaying the output data 246
on a display is to check for interferences and other trouble geometries or
to check the estimated time for cutting the part 160. In this manner,
software controller 202 permits concurrent programming of multiple
machines through the implementation of virtual machines, such as virtual
machines 214, 234, and 236. Software controller 202 may also be
implemented on a stand-alone determiner, such as a laptop. In this
manner, a user may program a virtual machine corresponding to machine
tool system 100 and then provide the resultant machine program to a
machine tool system to machine a part or view with a simulation graphics
application 245. In this example, the resultant position data may be a.n
NC program or a conversational program. Cascadinu Method  [00110]As
stated herein, in one example virtual kinematics machine 214 determines
the positions of axes 250, 252, 254, 256, and 258 based on a plurality of
input tool positions. In one embodiment, virtual machine 214 determines
the positions of axes 250, 252, 254, 256, and 258 through a cascading
method 400. [00111]The cascading method 400 is illustrated in Fig. 8.
Referring to Fig. 8, four  different types of input tool position information
402, 404, 406, and 408 may be provided to the cascading method 400
from which the positions of axes 250, 252, 254, 256, and 258 may be
determined. Tool position information 402 is referred to herein as Type 4
data and includes a surface contact point on the part for the tool, a surface
normal vector of the part surface at the contact point, and a tool vector
relative to the workpieee coordinate frame 282. Tool position  WO
2008/019335PCT/US2007/075270 25 



information 404 is referred to herein as Type 3 data and includes a linear
tool tip position and a tool vector direction relative to the workpiece
coordinate frame 282. Tool position information 406 is referred to herein
as Type 2 data and includes a linear tool tip position relative to the
workpiece coordinate system 282 and rotary axes positions relative to the
par1 coordinate system 285 (Fig. 20). The part coordinate system 285
includes rotary offsets to align the workpiece coordinate system to the
machine reference coordinate system 284. if the offsets are zero then it is
directly relative to the machine coordinate frame 284. As is known in the
art, the part setup coordinate system 285 is a. conunonly referenced
coordinate system and is included herein to provide the ability to either
process received data or output data relative to that frame of reference.
The offsets for the part setup coordinate system 285 are taken into
account in the Part Setup Matrix 290 in Fig. 7B. Tool position information
408 is referred to herein as Type 1 data and includes linear axes positions
and rotary axes positions relative to the machine coordinate frame 284.
[00112]As illustrated in Fig. 8, depending on what "Type" of input tool data
is received, the cascading method 400 cascades down determining the
lower number types of input tool data until the axis positions and
corresponding times 410 of axes 250, 252, 254, 256, and 258 are
ultimately determined. [00113]The host application software 215 calls
virtual kinematics machine 214 using Get and Set functions in accordance
to standard object-oriented design principles. There are separate Set
functions for each of the four input types listed above. When a Set
function is called, virtual kinematics machine 214 processes the data
through the cascading method 400. [00114]in one example Type 4 data is
provided to virtual kinematics machine 214 through a command from host
software application 215, KAI I .SetPositionType#14(x,y,z, u,v,w, clic). The
surface contact point is specified by (x,y,z). The surface normal vector is
specified by (u,v,w). The tool axis vector is specified by (i,j,k). Each of the
input surface point, surface normal vector and tool vector are defined
relative to the work-piece coordinate system 282. Determination of Type 3
Data [00115]The cascading method 400 includes a method. for
determining Type 3 data from the provided Type 4. As stated earlier, the
Type 3 data includes a tool bottom center and a tool vector both relative to
the workpiece coordinate system 282. Method 412 takes into account the
shape of the tool 141 in determining the tool bottom center 416 (see Fig.
22)and the tool  WO 2008/019335PCT/US2007/075270 26 vector 422. In
one example, method 412 uses the current tool outer radius and corner
radius to determine the tool bottom center 416 and the tool vector 422.
[00116]Referring to Fig. 22, a surface contact point 414 and a tool bottom
center point 416 are shown. A center 418 of the tool corner radius and a
tool center 420 point are also shown, Finally a tool vector 422 and a
surface normal vector 424 through point 414 are shown. [00117]The
relationship between the surface contact point 414 and tool bottom center
point 416 is provided by equation 3    wherein 



P = surface contact point on wor cp cce; N surface normal vector at P; T =
tool axis vector; R - tool outer major radius; r = Radius of tool Equation 3
describes. the movement from the surface contact point 414 to the tool
bottom center point. The term r x - t) combines 4] 4->418 and 420-016 and
the term (R r) t<   determines vector 418->420.   -T       [00118]Variables
P, N, and T are provided through the Type 4 input data provided.
Variables R and r are provided through a tool configuration file. Based on
equation 3, tool bottom center point 416 is determined. [00119]In the case
shown in Fig. 23, wherein the tool vector 422 is coincident with the 



surface normal vector 424, there are infinite solutions to position the tool
tangentially if the tool outer radius is not equal to the tool corner radius. In
this case, method 412 positions tool bottom centre 416 to contact the
surface point 414, which eliminates the ambiguity of the solution. The
infinite solution case does not exist for balinese endmills where the tool
corner radius equals the tool center radius. [00120]Method 412 returns the
tool bottom center location 416 relative to the workpiece coordinate
system 282 along with the tool vector 422 provided as part of the Type 4
data. Type 3 data is provided to the next level of method 400 in virtual
kinematics machine 214 through a  WO
2008/019335PCI1US20071075270 27 command
KALII.SetPositionTypefi3(x,y,z, i,j,k). This command could also be initiated
external to virtual kinematics machine 214 by the host software application
215. [00121]The cascading method 400 includes a method 426 for
determining Type 2 data 406 from the Type 3 404. As stated earlier, the
Type 2 data 406 includes a tool bottom center 416 relative to the
workpiece coordinate system 282 and the rotary axes positions relative to
the part setup coordinate system 285, Method 426 determines a solution
for the machine rotational axes (B-axis 256 and C-axis 258) to align the
tool spindle 138 of machine tool system 100 to the orientation of the tool
vector 422 of the Type 3 data relative to the workpiece. For machine tool
system 100, there may be two or more solutions for the positions of B-axis
256 and C-axis 258 that result in spindle 138 being aligned with the tool
vector 422 of the input tool position. The determination of the Type 2 data
406 is described herein. 11001221The cascading method 400 further
includes a method 428 for calculating Type 1 data 408 from Type 2 data
406. The method 428 selects one of the two possible solutions of the
B-axis 256 and C-axis 258 that result in spindle axis 138 being aligned
with the toot vector 422 of the input tool position. Further, the linear axes
positions are different for each of the two solutions of the B-axis 256 and
C-axis 258, In one embodiment, method 428 selects the rotary positions
of the B-axis 256 and C-axis 258 based on the last position of the tool, the
movement type, the machine axes limits, andlor whether the tool will move
through the machine's singularity' point. The output of method 428 is the
type I data (linear and rotary axes positions for machine tool system 100).
[001231The Type 1 data 408 is provided to a method 430 of cascading
method 400. Method 430 determines an axis speed-limited time step for
the movement of the various axes to the positions specified in Type 1 data
408. In one embodiment, the time step is based on the feedrate of the tool
tip relative to the workpiece. The feedrate may be adjusted to
accommodate violations of the maximum machine axes velocities, if
necessary. The method updates the kinematics machine axes positions
and stores the position data for output. As mentioned herein, the updated
axes positions are provided to virtual kinematics machine 214 for updating
of matrix stacks 216 as needed.  WO 2008/019335PCT/US2007/075270
28 Determination of Type 2 data  [00124]Returning to method 426 of
cascading method 400, the Type 2 data. 406 is determined from the Type
3 data 404. In one embodiment, method 426 includes a vector-based
method to determine the inverse kinematics of the system 100 based on
the toot bottom center point 416 and the tool vector 422 which is a vector
for the toot orientation relative to the workpiece coordinate system 282.
Although discussed in connection with system 100, method 426 may
accommodate any orthogonal 5-axis machine. [00125]Method 426, in one
embodiment, follows the following progression. First, the 



tool. vector 422 with respect to the workpiece coordinate system is
transformed into the machine coordinate frame 284 by applying the Part
Setup transformation matrix. The Part Setup transformation matrix, as
illustrated in Fig. 7B, contains all the offsets for the machine axes
connected in the kinematics linkage of the axes that move the part.
[001261In general there are two possible solutions for any given tool
position for an orthogonal 5-axis machine except when the tilt axis 156
aligns the spindle axis 139 to the rotary axis direction vector 158. In this
case, there are infinite solutions because the machine is positioned to the
machine singularity point. [001271Method 426 checks to determine if the
spindle axis 139 of rotation lies along the machine singularity point.
Exemplary situations wherein the spindle axis 139 of rotation lies along
the machine singularity point are shown in Figs. 10A-C. Fig. 10A
illustrates the situation of machine tool system 100 wherein a spindle axis
139 is parallel to a rotary axis 158 platform 120 due to the position of tilt
axis 156. Referring to Fig. 10B, a spindle axis 161 is parallel to a rotary
axis 163 of a rotatble platform 167 which is supported on a tiltable
platform 169 due to the position of a tilt axis 165. Referring to Fig. 10C, a
spindle axis 171 is parallel to a rotary axis 173 of a rotatable member 175
due to a position of a tilt axis 177 of an intermediate liftable member 179.
[001281Method 426 determines the rotary angle of the tilt axis, B-axis 156
for machine tool system 100, based on the relationship of equation 4 as
illustrated in Figs. 9A-C. TiltAngle =arceos(ToolVectormach
InitialSpincileAxisDirection)(4) wherein the :TilMngle is the rotary angle of
the B-axis;  WO 2008/019335PCT/US20071075270 29 Toolirector""1, 434
is the input tool vector in the machine coordinate system 436; and
initialSpindleAxisDirection 432 is the spindle axis of rotation with respect
to the machine coordinate system when the Tilt Axis  ngle is zero.
[00129]If the TiltAngle is equal to the singularity point tilt angle within a
tolerance of the tilt axis encoder resolution or alternatively within an
operator specified tilt axis precision, then method 426 considers tool
vector 422 is lying along the machine singularity point. In this situation,
method 426 sets the rotary angle for B-axis 156 to the last rotary angle
position or to zero, if no last rotary position has been set in the virtual
kinematics machine. This prevents the attempted determination of rotary
angles for degenerate cases. [00130]If the transformed tool vector 422
does not lie along the machine's singularity point, the rotary angle for the
C-ax is 158 is determined with the following steps with reference to Figs.
9A-C. An orthogonal coordinate system is setup using the rotary axis 158,
the tilt axis 156, and the CrossVector0 440 ("TCR coordinate system"),
which is perpendicular to the rotary axis 158 and the tilt axis 156. The
direction of CrossVector0 440 is given by equation 5 CrossVector0=--
RotaryAxis TiltAxis(5) 



The component of the tool vector 422 along the tilt axis 156 is expressed
by equation 6 and labeled as 442 in Fig. 9C. ToolVectorreR[0], Tool
f/ectoi:14-"h. TiltAxis(6) The component of the tool vector 422 along the
CrossVector0 440 direction is expressed. by equation 7 and labelled as
444 in Fig. 9C. TbolVector,,"[1]- ToolVectort,"  CrossVecto r 0(7) The tool
vector projected in the TiltAxis and CrossVector0 plane is expressed by
equation 8 and labeled as 446 in Fig. 9C    ToolVectorr,[0]I mag-
Moll/et:lora-R[1]/ mag 0        ProjToolVectorTeR =  (8) 



, wherein      mug = 'Albol Veczor5[0])2 (ToolVectorra [1.])2(9)  WO
2008/019335PCTRIS2002/075270 30 The rotary angle of C-axis 158 is
determined by equation 10. P F01 ToolVector ,-  Rotaryfingle= arctan (10)
PrqjToolVectormR ) [00131]As mentioned herein the tilt and rotary angles
determined by method 426 for b- axis 156 and c-axis 158, respectively are
only one of two possible solutions for a general orthogonal 5-axis
machine. The best solution is selected in method 428. Determination of
Type I Data [00132]In one embodiment, method. 428 determines which of
the solutions for the rotary and tilt angles to select. Several factors may be
considered in determining the preferred solution for the rotary and tilt
angles. Exemplary factors include the interpolation path of the tool from
the last commanded position to the next tool position that is being
determined and whether a tilt axis preference has been selected. Two
exemplary interpolation paths include (1) interpolating the tool vector 422
along a trajectory between the tool, positions and. (2) interpolating the
machine rotary and tilt angles linearly between the tool positions. In one
embodiment, the interpolation is a linear interpolation. 



[00133]In one embodiment, virtual machine 214 further includes a method
to interpolate the shortest angular traverse direction between tool
positions. This method is automatically applied for Type 4 and Type 3
input tool positions. This method is also automatically used when
Interpolation Type I is active. [001.34]Through the tilt axis preference an
operator may force virtual kinematics machine 214 to keep the tilt axis on
either side of the machine's singularity point. As shown in Fig. 21, an
operator may select a negative tilt axis preference, a positive tile axis
preference, or no preference (neutral) through a selection input 482 or
within the part program. The operator may simply specify a preference so
that the machine uses that tilt preference if possible or may force a
preference so that the machine cannot use the other tilt axis direction
(negative or positive). One application wherein an operator or software
controller 202 may specify a required or forced tilt axis preference is when
a feature is being defined relative to a transform plane 298 (see Fig. 20).
The tilt axis preference feature is useful when the tilt axis has highly
asymmetric axes limits in the positive and negative directions about the
singularity point and or when the machine work volume is much larger on
one side of the singularity point than the other. The user  VO
2008/019335PCD US2007/075270 31 may also force the virtual
kinematics machine 214 to use the specified tilt axis preference side when
the interpolation path of the tool is not of any concern. [00135iReferring to
Fig. 11A, the machine singularity point 490 for machine tool system 100 is
shown. Referring to Fig. 11B, a tilt angle corresponding to a positive tilt
axis preference is shown. Referring to Fig, II C, a tilt angle corresponding
to a negative tilt axis preference is shown. [001361In one embodiment,
method 428 proceeds as follows. First, if a tilt axis preference is activated,
then the solution corresponding to the preferred tilt axis direction is
selected and the rotary and tilt angles are stored as a first solution.
Otherwise, if (1) Type 4 data is input, (2) Type 3 data is input, (3) a
shortest angular traverse mode is active, or (4) a tool vector interpolation
is active, then a shortest angular traverse rotary and tilt axis angular
solution is determined with the following method. Shortest Angular
Traverse Method  [001371First. the change in rotary angle and the
change in tilt angle are determined as expressed in equations (11) and
(12). ARotaryAngiel = RotagAngleArext - RotatyAngleLast(11) wherein
AkotaryAnglel is the change in the rotary angle RotaryAngleNext is the
rotary angle being considered; and Rotary/1 ngleLast is the rotary angle of
the previous position. 



ATiltAnglei = TiltAngleArett - TillAngleLast(12) wherein ATiltAnglel is the
change in the tilt angle; Ti/t,4 ngleNext is the tilt angle being considered;
and TiltAngteLav is the tilt angle of the previous position. 1001381There
are three cases to consider when computing the shortest angular traverse
solution: Case I - If ARotaryAnglel > - 2 Calculate the alternate rotary
solution.  WO 2008/019335PCT/US2007/075270 32 Case 11 - If
ARotaryAnglel< - 2 Solution #1 is the shortest angular traverse solution,
Case TIT - Tf ARotaryAngiel [00139]In case TIT, both of the rotary axis
angular solutions are equidistant; neither solution is shorter. In this case,
ATiltAngle is considered. The alternate angular solution and the angular
differences to the last position are determined: ATiltAngle2=
AlternmerilMngle-TiltAngleLast(13) wherein 



AlternateTihAngle is the alternate angular solution; ATilitingle2 is the
difference between the last tilt axis position and the alternate angular
solution. 1001401If (ATiltAngle1== ATiltAngle2), then both solutions are
equidistant and the tilt axis preference option is selected, then the tilt
angle is set to solution #1. Else, if # ATillAngle2) the shortest tilt axis
solution is selected and is set equal to solution #1. [001411Returning to
the determination of Type 1 data, next, the forward kinematics are
determined for the selected solution's rotary and tilt axes angles to
determine the linear machine axes positions. The linear axis positions for
the x-axis and the y-axis are determined through the part matrix stack
280. The linear axis position for the z-axis is determined through the tool
matrix stack 270. In one embodiment, the linear axes positions are
determined by setting the rotary axis and tilt axes object positions to the
chosen solution 1 or solution 2; set all linear axes object positions to zero;
and recompute the Part and Tool Matrix stacks (280 and 270), compute
forward kinematics to detettnine the part point in machine coordinate
system and the tool tip in the machine coordinate system as represented
by equations 14 and 15,
TransformedPortPoint=PartAlotrixStock.ForwardTransform(PortPointwp)
TransformedroolTip=ToolMotrixStack.ForwardTransformeToolripsp",,,,,",."
""")(1446) DettoVectorm",, =-TransformedPartPoint "ad,
-Transfi)rmedroolfipoach  WO 2008/019335PCT/US2007/075270 33
[001421The Delta.Vector is the difference between the transformed part
point and the transformed tool tip. This vector is used to translate the
linear axes to touch the tool to the correct location on the part. The
generalized kinematics library 210 knows the interdependencies between
the various axes 270 and whether a given axis is a part of the part matrix
stack 280 or the tool matrix stack 270. [001431The determined rotary and
tilt axes positions and the linear axes positions are checked to determine if
they are within a predefined region. An exemplary predefined region is the
region bounded by the limits of the various axes. If any of the axes
positions are out of machine limits, then an error is reported to an operator
through 110 modules 206. In one embodiment, the error is reported
through an error message on a display. In one embodiment, the error is
reported if any one of the following three conditions is satisfied: (1) there
are less than 5-axes on the machine tool system; (2) the tilt axis
preference is active and the operator has specified that a particular tilt axis
direction must be used (force tilt axis preference); or (3) Type 2 input data
was the highest order data provided to cascading method 400 and tool
vector interpolation is turned off Otherwise, solution #2 is considered..
Determine Second Solution  [001441For situations wherein the machine
positions are not at the machine singularity point 490, the alternate or
second solution for machine tool system 100 may be determined based
on equations 17 and 18 



NternateRotaryAngle = ConvertToZeroTo2P4RotaryAngle -k yr) (17,18) A
IternateTiltAngle = (SingularityTiltAngle Tilyingle)AgulanityriltAngle
Wherein RoteiyAngle is the rotary angle for solution I; Ti/Leingte is the tilt
angle for solution I; and S'ingularityTiltAngle is the angle of the tilt axis at
the singularity point. Interpolation Relative to the Machine Singularity Point
[00145]Interpolation through the machine singularity point must be
considered when the last tool position is at the machine singularity point
490 or when interpolation from the last tool position to the next tool
position will result in the spindle passing through the machine singularity
point 490. In either situation, a method is invoked by method 428 to
interpolate known herein as Interpolate About Machine Singularity Point:
Method ("MSP Interpolation"). In  WO 2008/019335PCT/U52007/075270
34 one embodiment, MSP Interpolation keeps the tool. 141 in contact with
the workpiece and stationary relative to the workpiece as the tool 141
rotates about the machine singularity point 490. [00146]Referring to Figs.
12A-D, tool 141 remains in contact with part 160 a.s one or more of the
axes of machine tool system 100 moves. In Figs. 12A-D, part 160 and tool
141 remain in contact through 180 degree rotation about the machine
singularity point 490. Tool 141 essentially remains stationary relative to
the workpiece 160 during the MSP Interpolation. [00147]MSP Interpolation
permits method 428 to select either Solution 41 or Solution #2 when the
following conditions are met because MSP Interpolation can handle the
spindle axis 139 passing through the machine singularity point 490: MSP
Interpolation may be used if any of the following are true (I) Type 4 input
data is provided; (2) Type 3 input data is provided; (3) the shortest angle
traverse option is active; or (4) tool vector interpolation is active [00148]In
a first scenario (Figs. 13A-C), the last tool position is at the machine
singularity point 490 and the next tool position is not at the machine
singularity point 490. If the til.t axis preference is active, then the solution
corresponding to preferred tilt axis side is selected if it is within machine
limits. If necessary, the method 428 will invoke the MSP Interpolation to
linearly interpolate the tool vector between the last tool position to the next
tool position. In this situation, interpolation is then carried out from the
machine singularity point 490 to the next tool position using the tilt axis
preference solution. [00149]In a second scenario, wherein a zero degree
rotation of the rotary axis 158 is 



contemplated; solution 1 tilt axis is on the opposite side of the singularity
point to the last tool position; and solution I tilt axis angle is not on the tilt
axis preference side as illustrated in Figs. I 4A-C. Referring to Fig. 14B, a
plane 492 defined by the tool vector for the last position and the tool
vector for the next position (solution 1) about the coordinate system origin
and includes a tool vector that coincides with the machine singularity point
490. [001501In this scenario, the method will select solution 2 to keep the
tilt axis on the preference side provided solution 2 is within machine limits.
Then as illustrated in Figs. 15A-C, the method interpolates the tool vector
from last position 454 to the machine singularity point 490 (Fig. 15A), then
using the MSP Interpolation rotates about the machine singularity point
490 (Fig. 15B), and then interpolates the tool vector from the machine
singularity point 490 to next tool position 458 using Solution 2 (Fig. 15C)
WO 2008/019335PCT/US2007/075270 35 [00151]In a third scenario,
solution 1 has a 180 degree rotation of the rotary axis 158 and solution 1
tilt axis is on the same side of the machine singularity point as the last tool
position as shown in Figs. I6A and 16B. In this scenario, the outcome
changes depending on whether the tilt axis angle for solution 1 is on the
tilt axis preference side or not. If the tilt axis angle for solution 1 is on the
tilt axis preference side, the method will interpolate from the last position
to the machine singularity point 490, then invoke the MSP Interpolation,
followed by interpolating the tool vector from the machine singularity point
490 to next tool position which corresponds to solution 1. This is the
concept illustrated in Figs. 15A-C herein and shown in Figs. I7A and 173.
[001521If the tilt axis angle for solution 1 is not on the tilt axis preference
side, the method will select Solution 2 and no rotation about the singularity
point is necessary. This is illustrated in Fig. 17C. [001531In a fourth
scenario (Figs. I8A-C) wherein none of the prior three scenarios apply,
solution 1 has any other rotation of the rotary axis 158 and the tilt axis
angle is not on the same side of the machine singularity point 490 as the
last position. In this scenario, solution 2 is selected, otherwise the tool
vector will not interpolate the correct trajectory relative to the workpiece
since solution 1 would interpolate the tool moving through the singularity
point. [00154]Once the correct solution is determined, the movement from
the last position to the next position is determined through interpolation, if
interpolation is selected and not yet active. In some scenarios as
described herein this movement includes the tool vector passing through
the machine singularity point. In other situations also described herein,
this movement does not include the tool vector passing through the
machine singularity point. Once the interpolation is completed, the
positions which are Type I data 408 are provided to method 430 in the
cascading method 400. Interpolate Tool Vector Passing Through Machine
Singularity Point [00155]In the scenarios as described herein wherein the
movement from the last tool positions to the next tool position includes the
tool vector passing through the machine singularity point 490 the following
method is implemented. The path interpolated by this method rotates the
tool about the machine singularity point 490 such that the tool tip and tool
vector remain stationary relative to the workpiece coordinate system 282.
The method is used when the following conditions are satisfied: (1) Tool
vector interpolation is active; (2) the last  WO
2008/019335PCT11JS20071075270 36 



position machine position was previously set; and (3) the rotary axis 158 is
present in the machine. [00156]The method follows the following steps.
First, it is determined if the last position tilt angle is equal to the machine
singularity point tilt angle. If not, the motion is interpolated from the last
position to the machine singularity position point by defining an
intermediate position at the machine singularity point 490 as described
below. The interpolation is done by sending the intermediate mad-tine
singularity position through cascade method 400. The motion is then
interpolated from the last position to the defined intermediate position at
the machine singularity point 490, A rotation is then performed at the
machine singularity point 490. Finally, the motion is then interpolated from
the intermediate position at the machine singularity point to the next
position 490. Tn the case of interpolating from the last position to the
intermediate position at the machine singularity point and from the
intermediate position at the machine singularity point to the next position,
the interpolation methods either Stage 2 or Stage 1 and Stage 2
discussed herein are implemented. identification o 'Intermediate Position
at Machine Sinatdari Point and Inter na ation Thereto [001571For Type 4
input data, if (AngleGast.4ndWattStirldceNormal = 0) then the surface
normal vector for the prior position and the surface normal vector for the
next interpolated position are collinear. AngieLastAndAiextSunfaceNormal
is based on the relationship in following equation.
AngleLastAnciNextSurfaceNormal = arccos(LastSurfaceNormal
NextSurfaceNorrnal) If (AngleLast,4tzdNextSurfaceNormal ,L 0) then the
surface normal vector for die prior position and the surface noimal vector
for the next interpolated position are not collinear. 1001581The surface
normal vector for the machine singularity position is provided based on the
relationship shown in following equation. SingularitySurfaceNunnal = Ro(a
teilbou CrossFeat or2(1,astSurtheeNonnal , Su ;face Nor mRola onAngth)
wherein CrossVector2 is the vector about which the prior position surface
normal vector will rotate is determined based on the relationship in
equation (19)  WO 2008/019335PCTILS2007/075270 37
LastSurfiweNortnal ArextSuclea ceNortnal CrossVector2
LastSuifaceNormal 0 NextSurfaceNormal (19) 



and SutylVortnRotationAngle is the magnitude of the angular rotation
based on the relationship in equation 20 SurfiVorntRotationAngle =  *
AngieLastAndNextSi faceNormal (20)  wherein Al =
ASingularityTaLastTiltAngle = Lastrift/Ingle - Singula rayTiltAngie (21-23)
A2 = ASingularayToNextTiltAngle = NexiTilangle - SingularayTil !Angle A3
= ATotalTiltAngleTraverse
=1ASingularnyToLastTiltAnglal+IASingularityToNextTiltAngle [00159]The
surface contact point for the machine singularity position is determined
based on equation ( Al SingularipStalacehint = LastSurfaaPoint*
(NextSurfaePoint-- LastSucfacePoint) (24) i' A3 [00160]The
SingularioSurfaceNormal, SingulaitySurfacePoint, and Tool Vector define
an intermediate position at the machine singularity point relative to the
workpiece. The intermediate position corresponding to the machine
singularity point 490 is sent to Type 4 input in the cascade method 400.
The movement from the last position to the machine singularity point may
now be interpolated as discussed herein. [001611In cases wherein Type 4
data is not provided the intermediate machine singularity point is
determined as follows. If (AngieLastAndiVattToolVecitor = 0) then the tool
vector for the prior position and the tool vector for the next interpolated
position are collinear. AngleLawindNextToolVector is based on the
relationship in equation 25. AngleLastAndNextToolVector =
arccos(LastToolVector  NextToolVector) (25) If
(AngleLastAndNextToolVector = 0) then the tool vector for the prior
position and the tool vector for the next interpolated position are not
collinear. 



[00162]The tool vector for the machine singularity position is provided
based on the relationship shown in equation 26  WO
2008/019335PCDUS20071075270 38 SingularityTool Vector = Rota/cA
bout Cross Tea orl(Lctst Tool Vector, Tool VectorRocationAngie) (26)
wherein  Cross Vectorl is the vector about Which the prior position ool
vector will rotate is determined based on the relationship in equation 27
LastToolVector NextToolVector Cross Vector! =  Last Tool Vector 0
NextToolVector (27)  and ToolVectorRotationAngle is the magnitude of
the angular rotation based on the relationship in equation 28 r Al )
ToolVeciorRotationAngleAngleLastAndNextroolVector (28) t,A3) wherein
Al = ASingularityroLastTiltAngle = LastTiltAngle - SingularityTilL-Ingle A2
= ASingularityroNextTilyingle = NextrittAngle - SingularityTiltAngle 



29-31  A3 = ATotalTiltA ngleTraverse =1ASingularityToLastTiltAngle +
ASingularityroNextriltAngle [001631 equation 32 The tool tip position for
the machine singularity position is determined based on 1A11\
SingularityToolTip = Last ToolTip + A3  (Next- LastToolTip) (32)
[00164]The SingularityToo !Tip and SingularityToolVector define an
intermediate position at the machine singularity point relative to the
worlcpiece. The intermediate position corresponding to the machine
singularity point is sent to Type 3 input in the cascade method 400. The
movement from the last position to the machine singularity point may now
be interpolated as discussed herein. Rotation About Machine Singularity,
Point [001651Once the tool position is interpolated from the Last position
to the machine simmlarity position, the next step is to rotate the tool
and/or the part about the machine singularity point. The number of
interpolation steps to rotate the tool and/or the part about the machine
singularity point is determined. In one embodiment, a measure of the
chord en-or of the  VVO 2008/919335PCTMS2007/075270 39 tool tip
rotating about the machine's singularity point is used to determine the
number of interpolation steps. In one embodiment, a fixed increment is
used to determine the number of interpolation steps. An exemplary fixed
increment is a fixed angular increment. 



Number ofInterpolation Steps - Chord Error [00166]The perpendicular
radial distance of the tool tip at the machine singularity position to the
rotary axis centerline is defined as the RotaryKa.dialDistance. The
RotaryffadialDistance is determined as discussed herein. [00167]The
interpolation is a linear interpolation. The number of positions is
determined based on a chord error tolerance 494 (see Fig. 21) received
from an operator. The chord error tolerance and its relationship to the arc
angle is shown in Fig. 19. The number of iterations is coupled by the
following method. [00168]Assuming the relationship provided in equation
A is satisfied, (RotaryRadialDistance > 0 and RotaryRadialDistance
ChordError and l,A4 > 0)(33) the number of iterations is determined by
equation 34    wherein the cell() function rounds up to the next integer;
ChordError is the operator specified tolerance.; A4 =
ShortestAngularTraverse(NextRotalyAngle - LastRotary/Ingle) (35),
wherein the function ShortestAngularTraverse0 returns the angular
difference between two angular positions that is less than or equal to 180
degrees. If the relationship in equation 33, is not satisfied, the interpolation
method sets the number of iterations to one. Number or Interpolation
Steps - Fixed Atmular Step  [00169]In one embodiment, an operator may
specify the number of interpolation steps based on a fixed angular step
496, 498 (see Fg. 21). Exemplary angular steps include about every tenth
of a degree. This is represented in equation 36  WO
20081019335PCT/US2007/075270 40 s 



A4 eCMS = ceil  (36) FiredRotaryAng,uearStep [00170]wherein the term
FixedRotaryAngular Step corresponds to the specified angular step.
Otherwise the number of iterations is set to one. [MThOnce the number of
iterations has been determined, machine tool system 100 rotates about
the machine singularity point. In order to rotate about the machine
singularity point one or more of the positions of the various axes are
changed. For each iteration, the tilt angle is fixed to the singularity point tilt
angle, the rotary angles are known, and the positions of the linear axes
are determined through cascading method 400. 100172]In one
embodiment, a CurrentRotaryAngle is set equal to the prior rotary angle
as represented in equation 37 and the angular step ( 6/5,"!, ) is provided
by equation 38. CurrentRotaryAngle = LastPositionRotaryzingle(37) A4
ester It should be noted that angular step () is less than or equal to the
FixedRotaryAngularStep specified by the operator. [001731Next, the
rotary angular and tool tip positions for each position arc determined in a
loop. The Machine Singularity Position Tool Vector, Tool Tip, Tilt Angle
and CurrentRotaryAngle are provided to the cascading method 400 to
determine the positions of the linear axes. If all of the computed axis
positions are within the machine limits, the positions are stored for output.
If a position is outside of the machine limits, all of the determined positions
are deleted and it is attempted to rotate about the machine singularity
position in the other direction (i.e. the longer angular traverse for A4) of
equation 35) by inverting the step angle, determining a new A4 , and
re-computing the number of iterations. The new A4 is determined based
on the value of the previous A4 with the following two conditions If
(A42,0,,i0", <0) then A4- A4p",i0" J-27; or If (A400) then= A4jttviout -27.
Note that A4 cannot equal zero; otherwise there would be no rotation
about the singularity point. Tf this attempt fails due to a position being
outside of the machine limits, then both  WO 2008/019335PC TPU
S2007/075270 



41 interpolation directions cannot be executed and the method throws an
error of machine out of [00174]Finally, assuming that the rotation about
the machine singularity point 490 was successful, the next position is sent
through cascading method 400 and the movement from the intermediate
machine singularity position to the next position is interpolated.
Interpolation from a First Position to a Second Position  [00175]At several
locations throughout this disclosure, it is mentioned that a movement is
interpolated from a first position, such as the last position, to a second
position, such as an intermediate position at the machine singularity
position. The following two stage interpolation method is an exemplary
method for interpolating from a first position to a second position. The
two-stage interpolation method includes a first stage whereby the tool
vector is interpolated from a first tool vector 422A corresponding to the
first position to a second tool vector 422B corresponding to the second
position. (Refer to Figs. 24 and 25) Stage #1-- Tool Vector interpolation
[00176]In this stage, the tool vector is interpolated relative to the
workpiece coordinate system 282 between the first position and the
second position. Although a linear interpolation system is disclosed, with
the object-oriented design of software controller 202, the linear
interpolation system can be overloaded to use Spline, non-uniform rational
B-splines (NURBS), or any other interpolation scheme. Further, this stage
is an optional stage and the operator or host software application 215 may
chose to simply skip stage#1 and go straight to stage#2. 1001771For
linear interpolation of the tool vector, the tool vector direction will
interpolate through a plane about the coordinate system origin (see Fig.
25) between tool positions, the first position and the second position.
Three exemplary interpolated tool vector positions 1.1, 1.2, and 1.3 are
shown in Figs. 24 and 25. Two exemplary methods to determine the
number of interpolated steps between the two tool positions are provided.
[00178]A first exemplary method to determine the number of interpolated
steps uses a fixed angular step. The operator provides a desired angular
step 501 (see Fig. 21) for the tool vector between the two tool positions.
The Intentions for interpolation is determined from the relationship in
equation 39:  WO 2008/019335PCTI1TS2007/075270 42 # Iterations =
cell arCCO (NextToolVec tor e LastToolVector (39)   



iliaxAngleStep   wherein 4 Iterations is the number of iterations;
NextToolVector is a unit vector in the direction of the second tool position
tool vector; Last Tool Vector is a unit vector in the direction of the first tool
position tool vector; and MatAngieStep is the desired angular step.
100179]Equation 39 is used if Type 3 data is provided for both of the two
tool positions, If Type 4 data is provided for both of the two tool positions,
the ifiterations is determined based on equations 40 and 41.
arceos(NextSuditeeNornial LastSurfaceiVorma 11 MaxAngleStep      4
liera onsSurfiVortnal - cell  



(40, 41)          Iterations = max(# Iterations ,4 IterationsSurfiVonnal)
wherein lierationsSurfNormal is the number of iterations based on the
surface nonnals; La stSurfaceNortnal is a unit vector in the direction of the
surface normal for the first position; NextSurfaceNormal is a unit vector in
the direction of the surface normal for the second position; and
McrxAngleStep is the desired angular step, The number of iterations then
is chosen as the larger of the number of iterations determined in equation
39 and equation 40, as represented by equation 41. [00180]A second
exemplary method to determine the number of interpolated steps uses a
desired time step. The operator provides a desired time step 503 (see Fig.
21) for the tool vector between the two tool positions. The #1terations for
interpolation is determined from the relationship in equation 42:
TirneStepfiromLastiblVext = 



WO 2008/019335PCT/13S2007/075270 43 ThneSrepfrornLastToNexr is
the time step from the last position to the next position specified in the part
program; LastPosition corresponds to the first position; NextPosition
corresponds to the second position; and WorIcpleceRelativeFeedrate
corresponds to the feedrate of the tool tip relative to the workpiece
specified in the part program. [00181)The function
GetMinTitneStepBetweenPositions determines the linear interpolation
axes velocities between the two tool positions and clamps the time step
and hence the feedrate to the maximum axes velocities if any of the axes
maximwn velocities are violated by the original fecdrate. The function
returns the clamped time step for the move. However, this time stamp is
only an approximation of the final time step since linear interpolation of the
tool vector will inevitably alter the machine axes interpolations, which may
increase the time step for the computed linearly interpolated move, As the
tool path interpolated positions are computed, the Type 41 position input
in the Tool Position Cascade will calculate and clamp the actual final time
step and feedrate for each interpolated position. Finally, the number of
iterations are provided by the relationship in equation (43)    wherein #
Iterations is the number of iterations; and Max Tim eSiep corresponds to
the interpolation time step specified by an operator input parameter.
[00182)Once the number of iterations are determined, the interpolated tool
vectors and corresponding interpolated tool positions are determined.
Each of the interpolated tool vectors and corresponding interpolated tool
positions are sent through cascade method 400 to determine the positions
of each of the axes for the interpolated positions. [001831In one
embodiment, the tool vectors and the tool positions are interpolated in the
following manner. The angle between the prior position and the next
interpolated position is determined by the relationship shown in equation
(44). Angl eLastA ndNextTool Vector = arc cos(LastToolVeetor  Next Tool
Vector)(44)  



WO 2008/019335PCT/US2007/075270 44 wherein A ngl eL
osiAndNextToolVector is the angle between the prior position and the next
interpolated position; Las troolrectur is the tool vector for the prior position;
and NextTool Vector is the tool vector for the next interpolated position.
/wet:potation o the Tool Vector [001841If (AngleLastAndNextTool Vector =
0) then the tool vector for the prior position and the tool vector for the next
interpolated position arc collinear. If (AngleLastAndNextTool Vector # 0)
then the tool vector for the prior position and the tool vector for the next
interpolated position are not collinear. [00185]The vector about which the
prior position tool vector will rotate is determined based on the relationship
in equation (45)  LastToolVector Next Tool Vector Crossirectoti (45)
LastroolVector 0 NextToolVector   



wherein Crossitectorl is the vector (in workpieee coordinates) about which
the prior position tool vector will rotate as the tool positions are
interpolated; LastroolVector is the tool vector for the prior position; and
I'VextTool Vector is the tool vector for the next interpolated position.
[00186]A similar exercise is completed for the surface normals, assuming
Type 4 data has been provided. eingleLtitstAndNextSurfateNormal =
arecos(LastStalaceNormal NextSu faceNortnal) (46) wherein
AngleLastAncLiVextSurfaceNertnal is the angle between the prior position
surface normal and the next interpolated position surface normal;
LastSurfacieNortnal is the surface normal for the prior position; and
Next.SuctaceNormai is the surface normal for the next interpolated
position. If (A ngleLastAnclNexiSurfaceitiornicil = 0) then the surface
normal vector for the prior position and the surface normal vector for the
next interpolated position are collinear. If  WO
2008/019335PC171152007/075270 45
(AngleLastAndiVextSurfaceNormal # 0) then the surface noal vector for
the prior position and the surface normal vector for the next interpolated
position are not collinear. [00187]The vector about whic,h the prior
position surface normal vector will rotate is 



determined based on the relationship in equation (47)    wherein
Crossirector2 is the vector (in workpiece coordinates) about which the
prior position surface normal vector will rotate as the tool positions are
interpolated; LastSurfaceNormal is the surface normal vector for the prior
position; and NextSurfacelVortnal is the surface normal vector for the next
interpolated position. [001881Knowing Cross Vett rl the interpolated tool
vectors and the interpolated tool tip positions (tool bottom centers) may be
determined, For each iteration wherein (AngleLastA ndNextTool Vector =
0) the interpolated tool vector is set equal to the tool vector of the prior
position as indicated in equation 48 InferpolatedrooiVecter ly
extToolVector(48) If (AngleLastAndNextTool Vector #or a given iteration
then the interpolated tool vector determined based on the relationship in
equation 49 InterpolatedToolVector =
RozateAboutCrossVectorl(Lasiroolitector,Toolfork,'gie) (49) wherein
Interpolated Tool Vector corresponds to the interpolated tool vector;
ToolVectorRotationAngle is the angle the tool vector is to rotated and is
determined based on the relationship in equation 50; and
RotateAboutCrossVectorl is a function that rotates the LastTooNeetor
about Crossiv'ectorl through an angle equal to the value of
ToolVectorRotationAngle The Tool VectorRotation:Ingle is determined
based on the relationship in equation 50 Tool VectorRowtionA ngle =  



* AngleLastAnciNextToolVector(50)  # Iterations   WO
2008/019335Per/US2007/075270 46 [00189]The interpolated tool tip is
determined based on the relationship provided in equation (Si).
nterpolatedroolTip - Las troo 1Tip  !* (Next Too/Tip - LastToolTip)(51)
Iterations [00190]The InterpolatedToolTip and InterpolatedToolVector
correspond to the Type 3 data for the interpolated tool tip and interpolated
tool vector. This data is input into cascading method 400 to determine the
positions of the various axes. [001911In one embodiment wherein Type 4
data is provided; the surface normal vectors and the surface point
positions are interpolated in the following manner. The angle between the
surface normal of the prior position and the surface normal of the next
interpolated position (AngleLastyindNextSulfaceNormal ) is determined by
the relationship shown in equation (46). [00192]If AngleLastA
ndNertSulfaceNormal is equal to zero for a given iteration then the
interpolated surface normal vector is set equal to the surface normal
vector of the prior position as indicated in equation 52.
InterpolatedSurfaceNormal = NextSudaceiVormal(52) If
(AngleLastAndNextSurf aceArorrnal # 0) for a given iteration then the
interpolated surface normal vector is determined based on the relationship
in equation (53) InterpoiatedSudaeeNortnal = Rot aiM ho at Cross
Vector2(asiSuifaceNorma/,Suij2iceNorinRotatzonAngle) (53) Wherein
IhterpoiatedStalbee/Vormal corresponds to the interpolated surface
normal vector; SullaceNornzalRotationAngle is the angle the surface
normal vector is to be rotated and is determined based on the relationship
in equation 54; and 



Rozate4boutCross fiector2 is a function that rotates the
LastSurfaceNormal about Cross lector2 through an angle equal to the
value of SurfttceNormatRotationAngle The SurfaceNormaiRotationAngle
is determined based on the relationship in equation 54
SurfNorinRotationAngle =* A ngleLastAndNextSurfaceNortnal(54) \.#
Iterations [00193[The interpolated surface point is determined based on
the relationship provided in equation 55.  WO
20081019335PeriUS2007/075270 47 InterpolatedSurfacePoint
=LastSurfacePf . 13er Iterations*(,/tre-ttSgurfacePoint-145tBuiliicePoint)
(55)  [00194]The InterpolatecIStufOcePoint and
lnterpolaredSutfacettiorinal correspond to the Type 4 data for the
interpolated surface contact point and interpolated surface normal vector.
This data is input into cascading method 400 to determine the positions of
the various axes. Stage 2 Interpolation [00195]Once the machine
positions are determined through the cascading method 400, whether
based on the InterpolatedToolTip and the InterpolatedToolVector or based
on the Interpolated&trfacePoint and the InterpolatedSurfaceNormal , a
second interpolation stage is performed. The second stage interpolation
determines whether further interpolation should be determined and is
based on one of two methods (1) a tolerance method and (2) a fixed
angular step method. In either interpolation method, the tool tip is
interpolated in the workpiece coordinate system. Once again, although a
linear interpolation system is presented, with the object-oriented design of
the software controller 202, the linear interpolation system may be
replaced with other exemplary interpolation systems. Exemplary
interpolation systems in Spline, NURBS, or any other suitable interpolation
scheme. [00196]An exemplary tolerance based interpolation system is
based on the chord error associated with the B-axis and the C-axis. The
angular change in the B-axis and the C-axis are given in equations 56 and
57, respectively. 



AS = (NextTillAngle- LastriltAngle)(56) A4 = (NatRotaryAngle -
LastRotaryAngle)(57) [00197]For the chord en-or tolerance method, the
chord error of the tool tip moving about the rotary and tilt axes centerlines
is used to compute the number of interpolation points. The maximum
perpendicular radial distance from the tool tip to the C-axis for the last
position and the next position is selected as represented in equation 58
MathotatyRadialDistance=max(RotaryRadialDistancel,RotaryRadialDistan
ce2)(58) wherein RotargRadtaiDistancel is the perpendicular radial
distance of the tool tip to the rotary axis centerline of last position (This
may be the last position computed in the Stage #1 Tool Vector
interpolation method.); and  WO2008/019335PCT/US2007/075270 48
RotatyRadialDistance2 is the perpendicular radial distance of the tool tip
to the rotary axis centerline of next position (This may be the next position
computed in the Stage #1 Tool Vector interpolation algorithm). [001981In
a similar manner maximum perpendicular radial distance from the tool tip
to the B-axis for the last position and the next position is selected as
represented in equation 59         AfaxTiltRadialDi,sitance
=max(TiltRadialDistancel,TiltRadialDistance2) (59) TiltRathalDistanced is
the perpendicular radial distance of the tool tip to the tilt axis centerline of
last position (This may be the last position computed in the Stage #1 Tool
Vector interpolation method.); and TiltRadialDistance2 is the
perpendicular radial distance of the tool tip to the tilt axis centerline of last
position (This may be the next position computed. in the Stage #1 Tool
Vector interpolation method). - [00199]The distances
RotaryRathalDistancel , RotaryRadialDistance2, TiltRadialDistanceE and
Tilffiadialnistance2 are determined based on the method discussed herein
in the section Compute Tool Tip Radial Distance to Rotational Axes
Centerlines. [00200]The interpolation is a linear interpolation within the
chord error tolerance specified by the user. The chord error tolerance is
represented in Fig. 19. The method determines if additional interpolations
are needed or if the number of interpolations determined in Stage 1
satisfies the desired tolerance. Both the rotary axis (C-axis) and the tilt
axis (B-axis) are checked. [00201]Regarding the rotary axis additional
interpolations maybe needed if the relationship in equation 60 is true. 



(AletxRotarvRctdialDistance> 0 and Max.RotaryRadialastance ChordError
and A41> 0) (60) If the relationship in equation 60 is true, then the number
of iterations is determined based on equation 61  WO
20081019335PCDUS2007/075270 49 [00202]Otherwise, the number of
iterations is set equal to 1 as represented in equation 62. By setting the
number of iterations to 1, no additional interpolation is needed because
the next iteration corresponds to the next position from stage 1.
RotaryIterations =1(62)  [00203]Regarding e tilt axis, additional
interpolations may be needed if the relationship in equation 63 is true.
WaxTiltRadiaThistance > 0 and MaxTiltRadialDistance ChordError and AS
> 0) (63)  If the relationship in equation 63 is true, then the number of
iterations is determined based on equation 64    [002041Otherwise, the
number of iterations is set equal to 1 as represented in equation 65. By
setting the number of iterations to 1, no additional interpolation is needed
because the next iteration corresponds to the next position from stage 1. h
Tad terations =1(65) 1002051Assuming the number of iteration of at least
one of the B-axis and C-axis is not 1, 



additional interpolated positions are determined. The number of iterations
is the greater of the number of iterations determined for the B-axis and for
the C-axis as represented by equation 66 [00206]0 Iterations
=RotaryIterations ,0TiltIterations)(66) [00207]The change between
interpolated positions are indicated by equations 67-69 and the initial
positions are set to the L,astPosition and the interpolated positions are
determined by equations 70-72. AToolTip iv? =
(NextroollipLastroolTipw")/4 Iterations(67) ARotarydngle =
(NextRotary/Ingle"(1, LastRota7fIngle4)/4 Iterations(68) 6,TiltAngle =
(111-extfiltAngle mach - LastTittAnglemach)/0 Iterations (69)
InterpolateciToolTip = LastToolTipwp(70) InterpolatedRotaryAnglemo,
LastRotaryAngle mad,(71)  WO 2008/019335PCTTUS2007/075270 50
InterpolaiedTillAnglemach =-LastTiltAnglemach(72) [002081The
intermediate positions are then determined by adding an additional
change value from equations 67-69 to the values in equations 70-72 as
represented for the first intermediate position in equations 73-75.
Interpolatedroollimn, = InterpolatedroolTimn, + AToolTip",(73)
InterpolatedRotaryAnglemach= hiterpolatedRotaryAnglem+
ARotaryAngle(74) InterpolatedriltAnglem", = InterpolatedTiltAnglema, +
ATiltAngle(75) [00209]Once the interpolated positions are determined
through equations 73-75, the data is provided as Type 2 input to the
cascading method 400 to determine the corresponding machine positions.
[00210]An exemplary angular step based interpolation system is based on
an angular step specified by the operator. Regarding the angular step,
additional interpolations are needed relative to the rotary axis if the
relationship in equation 76 is true. 



(144 >0) (76) If the relationship in equation 76 is true, then the number of
iterations is determined based on equation 77 A4  # Rotarylterations =
cell](77) \,FixedRotalyAngularStep [00211]Otherwise, the number of
iterations is set equal to 1 as represented in equation 78. By setting the
number of iterations to 1, no additional interpolation is needed because
the next iteration corresponds to the next position from stage I unless the
tilt axis indicates the need for additional interpolation. Ro ta rylt era ti o ns
= 1(78) [00212]Regarding the angular step, additional interpolations are
needed relative to the titl axis if the relationship in equation 79 is true. (
A51> 0) (79) If the relationship in equation 79 is true, then the number of
iterations is detennined based on equation 80  WO
20081019335PCT/13S2007/075270 51 AS \FixedRotaryAngularStep
[00213]Otherwise, the number of iterations is set equal to 1 as
represented in equation Ti'. By setting the number of iterations to 1, no
additional interpolation is needed because the next iteration corresponds
to the next position from stage 1 unless the rotary axis indicates the need
for additional interpolation. 4 TiltIterations =1(81) [00214]Assuming the
number of iteration of at least one of the B-axis and C-taxis is not 



I, additional interpolated positions are determined. The number of
iterations is the greater of the number of iterations determined for the
B-axis and for the C-axis as represented by equation 82  [00215] #
Iterations -= max (# RotcnyIterations,4TiltIterations) (82) [00216]The
change between interpolated positions are indicated by equations 83-85
and the initial positions are set to first position from the two positions from
stage 1 that arc being interpolated as represented by equations 86-88. A
ToolTip ivy = (NextToolTipfril, - LastTootTip,p)Th Iterations(83)
ARotaiyAngle = (NextRotatyAngle- LastRotaryAngle m")/t= Iterations(84)
ATiltAngle = (NextTiltAnglem"h - LastTiltAngle mock)* Iteratioms (85)
InterpolatedToolTip,n, = LastToolTip,(86) InterpolatedRotatyAnglem"h =
LastRotatyAnglem"h(87) InterpolatedTiltAnglemcd, = LastTiltAngle
m"1,(88) [00217]The intermediate positions are then determined by
adding an additional change value from equations 83-85 to the values in
equations 86-88 as represented for the first intermediate position in
equations 89-91. InterpolcaedroolTip", = Interpolated ToolTip " +
AToolTip"","(89) InterpolatedRotaryAngle= InterpolatedRotatyAngle-+
ARotaryAngle(90) InterpolatedTiltA ngle mad, = InterpolatetiTiltAngle,,,,,"
+ ATiltA ngle(91)  WO 2008/019335PCT/U520071075270 52 [00218]Once
the interpolated positions are determined through equations 89-91, the
data is provided as Type 2 input to the cascading method 400 to
determine the corresponding machine positions. Compute Tool Tip Radial
Distance to Rotational Axes Centerlines  [00219]This method computes
the perpendicular radial distance of the tool tip to the 



machine's rotary and tilt axes centerlines for the current machine position
stored in the axis objects. The method is used herein in the Stage 2
interpolation methods and in the interpolation about the machine
singularity point. [00220]The method. incrementally transforms the tool tip
relative to the spindle zero coordinate system to each axis' coordinate
system. The transformation direction is from tool tip towards the workpiece
coordinate system. During the incremental transformation process, when
the current transformed point is in a rotational axis' coordinate system, the
perpendicular radial distance is computed. In the illustrated example, the
machine tool system 100 has a single tilt axis and a single rotary axis.
[002211The current point is set equal to the tool bottom center relative to
the spindle zero point as represented by equation 92 CurrentPoint
=ToolBottoinCenteni,(92) [002221The CurrentPoint is transformed through
the Tool Matrix Stack from the spindle coordinate system to the machine
reference coordinate system. For an ith axis, the transformation is
represented by equation 93,            CurrentPoint
=TootilatrixStack-U1-->Getillatrix()* CurrentPoint (93) [002231As the
CurrentPoint traverses the Tool Matrix Stack, each axis is checked to
determine if it is a rotary or tilt axis. If the ith axis is a rotary axis then a
distance from the  CurrentPoint in the ith axis coordinate system to the ith
axis is determined as represented by equation 94 RotaryRachaiDivance =
ToolkiatrixStack[i]-> GetPerpenclicularDistancerotivis(CurrentPoint) (94)
[00224]If the ith axis is a tilt axis then a distance from the CurrentPoint in
the ith axis coordinate system to the ith axis is determined as represented
by equation 95. TiltRadialDistance = ToubtlatraStack[i] ->
GetPerpenclicularDistanceMAxis(CurremPoint)(95)  WO
2008/019335PCT/1JS2007/075270 53 Once the Tool Matrix Stack is
traversed, CurrentPoint holds the value of the tool tip with respect to the
machine reference coordinate system. Further, in the case of machine tool
system 100 TitlRadialDistance is equal to the perpendicular distance from
the tool bottom center in the B-axis coordinate system to the B-axis.
[002251Next, the Part Matrix Stack is traversed from the machine
reference coordinate system towards the workpiece coordinate system
stopping at the last axis (i.e. up to but not including the workpiecc
coordinate system). Thus, the Part Matrix Stack is traversed from bottom
to top using inverse transformation matrices. 



[00226]The CurrentPoint is transformed through the Part Matrix Stack
from the machine reference coordinate system to the workpiece
coordinate system. For an ith axis, the transformation is represented by
equation 96, Matrix = PartMatrixStaek[i]-4 GetMatrix()
MatrizinvertRigidTransformation0 CeirrentPoint = Matrix* CurrentPoint(96)
[00227]As the CurrentPoint traverses the Part Matrix Stack, each axis is
checked to determine if it is a rotary or tilt axis. If the ith axis is a rotary
axis then a distance from the Curren/Point in the ith axis coordinate
system to the ith axis is determined as represented by equation 97
RotoyEadiaiDistance =
PartMatrixStackti]GetPerpendicularDistanceToAxis(CurrentPoint) (97)
[00228]If the ith axis is a tilt axis then a distance from the CurrentPoint in
the ith axis coordinate system to the ith axis is determined as represented
by equation 98. TiltRadialDistance = PartliatrixStack[i] -->
GetPerpendicularDistanceThAxis(CurrentPoint)(98) Once the Part Matrix
Stack is traversed, CurrentPoint holds the value of the tool tip with respect
to the workpiece coordinate system. Compute and Clamp Time Step
Using Max Axes Speeds  [002291This method checks a given TimeStep
to make sure that it is not going to cause a given axis to attempt to move
faster than its maximum speed. This method is used in method 430 of
cascade method 400 and stage #1 time step tool vector interpolation.
Further, the TimeStep results in a movement having a generally constant
feedrate of the tool relative to the workpiece coordinate system as
represented by equation 99.  WO 2008/019335PC1711.52007/075270 54
[00230]Tan Step = ComputeTimeStepForConstant orkpiece Feedrate0
(99) [00231]The time step is then clamped if any of the axes maximum
speeds are violated for the move. Each axis is checked and if multiple axis
maximum speeds are violated, then the smallest time step is that is
acceptable is used. 



[00232]For each axis the relationship provided in equation 100 is true then
the TimeStep needs to be clamped AilicisMove > MaxAxirSpeed I (100) ft,
TimeStep wherein                                                                        (101)  Axis
Mow =INexiPosition.MachinePosition[i]- LastPosi on MachinePosition[i]
MaxAxisSpeed = Aris[11-4 GetMaxSpeed()
(102)  The value for the time step is given by equation 103. AAxisMove
TinieStep =(103) MaxAxisSpeed Homogeneous Transformation Matrix
and Matrix Stacks  [00233]The matrix stacks, such as the Tool Matrix
Stack and the Part Matrix Stack, are a general method. used in the
Generalized Kinematics Library to concatenate multiple transformations
into a single matrix. In one embodiment, for the Generalized Kinematics
Library, only rotation and translation transformations are used to describe
the kinematics relationship between machine axes. Using homogeneous
transformations allows the Matrix Stacks to concatenate rotation and
translation transformations into a single transformation matrix. Thus, when
a Matrix Stack's forward or inverse transformation matrices are used for
more than one computation, the multiplication of all matrices in the Matrix
Stack is done only Once. [00234]A matrix stack can contain any number
of matrices. A matrix stack may also have forward or inverse
transformation matrices of other matrix stacks pushed onto it. A matrix
stack can be turned on and off without having to pop all the matrices off
the stack. [00235]As explained in the following sections due to the nature
of the matrices in the Tool Matrix Stack and the Part Matrix Stack, the
calculations may be simplified. Further, due to the nature of the matrices
in the Tool Matrix Stack and the Part Matrix Stack, matrix inversion of 



WO 2008/1119335PCTIUS2007/075270 55 the transformation matrices
used in the Generalized Kinematics Library may take advantage of the
methods explained herein. Sub-matrix Method for Transformation Matrix
Operations  [00236]The sub-matrix method reduces the execution time for
matrix operations by decomposing a homogeneous geometric
transformation matrix into sub-matrices and applying operations to the
sub-matrices based on whether the sub-matrices are identity matrices or
zero transforms. [002371The sub-matrix method is based on the following
decision rule: Compute, ..--=-,(primitive.identical v premitive. zero); Skip
,otherwise. [00239]This decision rule is driven by the identity of the
geometric sub-matrix. The decision-making process is based on Boolean
logic, such as binary. In the decision-making process itself, the identity
state of the sub-matrices are tracked to avoid computation of the identity.
A 2-by-2 Boolean Decision Matrix (D), represented by equation 105, is
added to the matrix class to support the decision-making and identity
tracking of the following homogeneous Transformation Matrix (T) with four
sub-matrices. T =_rRt (105) Ls' ki wherein R is the rotation sub-matrix, t is
the translation matrix, s is the shear matrix, and. k is the scaling matrix.
[00240]Each element of the 2-by-2 Boolean Decision Matrix corresponds
to its counterpart of the 4-by-4 Transformation Matrix (T). _17(4 d,1 



(106) The correspondence between the Boolean Decision Matrix and the
Transformation Matrix is one-to-one as shown in Fig. 26.  WO
2008/019335PCT/US2007/075270 56 Relationship of Sub-matrices
[002411The computational complexity of Transformation Mate (T)
multiplication can be optimized using the Boolean Decision Matrix (D). T,
= T,  T2(107) Inserting 105 into 107 gives: - RRI (108) _ 3 sJr3sk3j Lck2
[002421Because the gLometric transforms for machine tools are rigid
transformations, the shear primitive is zero. Consequently, the following
individual resulting sub-matrices result in an equivalent transformation that
may be re-assembled into a full homogeneous transformation matrix 113:
First, we have rotation sub-matrix. R, =R3 -R2 +t: R, R2 , (109)  



Next, translation sub-matrix. = RI t2+t,  k, ,  (110)  Then, shear sub-matrix.
TT -=-S R, + k,  0T (11 I.) Last, scaling k, = Sr  tk  k2 = ./(2. (112)
[00243]The operations of the sub-matrices are multiplications and
additions, which are binary and have two operands and following
properties. Property I. Identity operand of multiplication (i.e. value of!)
contributes the other matrix's operand directly to the resulting matrix.
Property 2. Zero operand of multiplication results in a zero n the resulting
matrix, Processes with the Sub-matrices [00244]The Decision Boolean
Matrix m bDefaultSubmatrix is added as a class variable of Matrix class.
An element of the Decision Boolean Matrix is true only when the
corresponding sub-matrix is either a zero or identity matrix. Otherwise, the
clement is false. A transformation matrix is initialized with zero (translation
and shear) and identity (rotation and scaling) sub-matrices. Therefore, the
Decision Boolean Matrix is initialized with all boolean values as true. 



f00245]The following rules apply to the processes.  WO
2008/019335PCT/US2007/075270 57  1. When the situation fits Property
1, the multiplication is skipped.  2. When the situation fits Property 2, the
multiplication and addition are skipped. [00246]The decision-making rule
(I) is expended in the following manner for the implementation of skipping
operations: 1. R3 =R, if tiR, = true.' 2. R3 =R1 if dR1 =true, 3. Skip R,  I, if
dm =true, 4. Skip addition if di = true or d"=true. [00247]The Boolean
Decision Matrix is then updated. When multiplication of matrix elements
must be executed, then both elements are checked for the following
conditions: If either element is zero, no multiplication is performed on the
elements, If either element is equal to one, no multiplication is performed.
The element operation returns the element not equal to one.
100248]Similar optimizations using the Boolean Decision Matrix are
implemented for matrix addition, subtraction, and multiplication with
vectors and points. Transformation Matrix Inversion [00249]General
matrices are inverted using computationally expensive Gauss-Jordan
elimination, LU decomposition or other similar methods. The properties of
a rigid transformatior matrix with an orthogonal rotational sub-matrix allow
it to be inverted by applying simple operations to the individual
transformation sub-matrices instead of using the more computationally
expensive methods. The following equations show the matrix inversion
optimization as described in I. Zeid, "CAD/CAM Theory and Practice",
McGraw-Hill, 1991 the disclosure of which is expressly incorporated by
reference: T. =(113) Inserting 105 into 113 gives: 



IL Ls7,  R, Ls; (114)     wherein  WO 2008/019335PCTTUS2007/075270
58 (116) = [0 0 0](117) k2 =k1 =1(118) Determination of Part Setup Matti
[00250]The Part Setup Matrix defines the transformation from the last axis
coordinate system in the Part Kinematics chain to the workpiece
coordinate system for the part on the machine. The input to compute the
Part Setup Matrix is the machine axes positions relative to the machine
reference coordinate system for the part setup and the probe or tool
length used when determining the machine axes positions for the part
setup, Knowing the kinematics relationships between all the axes of the
machine, the Part Setup Matrix may be determined in the following
manner. [00251]Let the Part Setup Matrix be a 4x4 identity aft' in the Part
Matrix Stack for the following calculations. WorkpieceZero""g", =
PartAlatrixStack.Inverseillatrix()["",,,,ppac",", * 



ToubliatraStack.FonvaiyiMatrix()Ipa"setvp"",,, *ToolTipTransibrinAlatrix
(119) *[0 0 0 l]T wherein PartMatrixStackinverseMatrixOrzerocalibrwo" is
the Part Matrix Stack inverse (120) transformation matrix evaluated when
all part axes are set to their Part Setup Axes Positions.
TootilatritStack.FonvardAtatrix()Iparts,""p"s"""., is the Tool Matrix Stack
forward (121) transformation matrix stack evaluated when all tool axes are
set to their Part Setup Axes Positions. TooMpTransformillatrix is the
transformation from the tool tip coordinate system to the Spindle Axis
coordinate system. It is a simple translation matrix containing the offset of
the tool tip relative to the Spindle Axis coordinate system.  WO
2008/019335Per/US2007/075270 59 [00252]Any point iii the workpieee
coordinate system may be defined relativeo the table East axis by:
WorkpiecePointnbid,4," = PartMatrixStack Averseillatrix()Lpwisewpp"",,,,*
ToolMatrixStack.ForwarciAlatrix()La","mr",",,,, *ToolTipTransformillatnit *
WorkpiecePoint,",*".", Therefore, the Part Setup Matrix may be
determined with the following equation, noting that the Part Setup Matrix
in the Part Matrix Stack is a 4x4 Identity matrix. PartSetupAlatrix =
PartAlatrixStaelcinverseillatrix0hns,e,"pp",,,", *
TooalatrixStack.ForwardMatrix0 I*Too ITipTransfonnAlatrix The new Part
Setup Matrix is then pushed onto the top of the Part Matrix Stack.
[00253]It should be noted that all of the surface normal vectors and tool
vectors 



referenced herein are assumed to be normalized for the methods
disclosed herein. [002541While 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 application is
therefore intended to cover any variations, uses, or adaptations of the
invention using its general principles. Further, this application is intended
to cover such departures from the present disclosure as come within
known or customary practice in the art to which this invention pertains.
MC SLLP 60 CLAIMS:  1. A method for controlling a movement of a
plurality of moveable axes of a machine tool system to machine a part, the
method comprising the steps of: contacting the part with a tool, the tool
being used to remove material from the part; and              moving the tool
relative to the part from a first position to a second position along a
trajectory while the tool remains in contact with the part, the tool
interpolating through a machine singularity point of the machine tool
system by determining a plurality of interpolated tool positions having both
a point corresponding to a location of the tool relative to the part and a
direction corresponding to an orientation of the tool relative to the part, the
plurality of interpolated tool positions being used to determine machine
positions for the plurality of moveable axes at each of the plurality of
interpolated tool positions.  2. The method of claim I, wherein the step of
moving the tool from the first position to the second position while the tool
remains in contact with the part comprises the steps of:              moving
the tool relative to the part from the first position to an intermediate
position generally aligned with the machine singularity point; rotating
about the intermediate position; and moving the tool relative to the part
from the intermediate position to the second position.  3. The method of
claim 2, wherein the tool remains stationary relative to the part during the
step of rotating about the intermediate position.  4. The method of claim 2,
wherein the step of rotating about the intermediate position comprises the
steps on determining an angular rotation: and              rotating through the
angular rotation at a plurality of positions, the plurality of positions being
within a tolerance.  5. The method of claim 2, wherein the step of rotating
about the intermediate position comprises the steps of: 



determining an angular rotation; and              rotating through the angular
rotation at a plurality of positions, the plurality of positions corresponding
to a fixed angular step.  6. The method of claim 2; wherein the step of
moving the tool relative to the part from the first position to the
intermediate position comprises the steps of: determining the intermediate
position; and  MCSLLP 61 interpolating a plurality of positions between
the first position and the intermediate position.  7. The method of claim 6,
wherein the step of interpolating the plurality of positions between the first
position and the intermediate position includes the steps of:
determining a plurality of vectors and a corresponding plurality of points
from a first vector corresponding to the first position and a second vector
corresponding to the intermediate position, each of the plurality of vectors
and corresponding points correspond to an interpolated position; and
determining if a tolerance condition is violated between adjacent
interpolated positions and determining additional interpolated positions if
the tolerance condition is violated.  8. The method of claim 7, wherein a
number of the plurality of vectors is determined based on a fixed angular
step.  9. The method of claim 7, wherein a number of the plurality of
vectors is determined based on a fixed time step. 10. The method of claim
7, wherein the plurality of vectors are each tool vectors. The method of
claim 7, wherein the plurality of vectors are each surface normal vectors.
12. The method of claim 7, wherein the tolerance condition is a chord
error.  13. A method for determining position information for a plurality of
moveable axes of a machine tool system to machine a part, the method
comprising the steps of: providing a cascading method accepting a
plurality of different tool position input types;              receiving a first tool
position, the first tool position corresponding to one of the plurality of
different input types; and              determining with the cascading method
the positional information based on the received first tool position. 



14. The method of claim 13, wherein the positional information for each
rotatable axis is determined through an inverse kinematics operation and
the positional information for each linear axis is determined through a
forward kinematics operation.  15. The method of claim 13, further
comprising the step of moving the plurality of moveable axes based on the
positional information determined with the cascading method.  16. The
method of claim 13, wherein the step of determining with the cascading
method the positional information includes the steps of:
determining a first solution having a corresponding angle for each
rotatable axis of the plurality of moveable axis; and  MCSLLP 62
determining a position for each linear axis of the plurality of moveable
axis. 17.The method of claim 13, wherein the first tool position includes a
surface contact point, a surface normal vector at the surface contact point,
and a tool vector and the step of determining with the cascading method
the positional information includes the steps of:              determining a tool
bottom center point based on the surface contact point, the surface
normal vector at the surface contact point, and the tool vector;
determining for each rotary axis of the plurality of moveable axes an angle
based on the tool bottom center and the tool vector; and determining for
each linear axis of the plurality of moveable axes a position. IR.The
method of claim 13, wherein the first tool position includes a tool bottom
center point and a tool vector and the step of determining with the
cascading method the positional information includes the steps of:
determining for each rotary axis of the plurality of moveable axes an angle
based on the tool bottom center and the tool vector; and determining for
each linear axis of the plurality of moveable axes a position.              The
method of claim 13, wherein a first tool position input type is determinable
from a second tool position input type through a first method of the
cascading method, the second tool position input type is determinable
from a third tool position input type through a second method of the
cascading method, and the third tool position input type is determinable
from a fourth tool position input type through a third method of the
cascading method.  20. The method of claim 19, wherein the cascading
method determines the positional information in the first tool position input
type from any other of the plurality of different tool position input types. 21.
A method for controlling a movement of a machine tool system to machine
a part, the machine tool system having a plurality of rotatable axes, the
method comprising the steps of: contacting the part with a tool at a first
position; identifying a second position to move the tool; and 



selecting a shortest angular traverse solution for each of the plurality of
rotatable axes from a plurality of possible solutions for each of the plurality
of rotatable axes.  22. A method for controlling a movement of a machine
tool system to machine a part, the machine tool system having a plurality
of rotatable axes including a tilt axis, the method comprising the steps of:
contacting the part with a tool at a first position; identifying a second
position to move the tool;  rVICSLLP 63             selecting a first solution
for each of the plurality of rotatable axes from a plurality of possible
solutions for each of the plurality of rotatable axes based on a specified tilt
axis preference, the first solution having a tilt angle for the tilt axis which
satisfies the tilt axis preference for a tilt axis of the plurality of rotatable
axes; and       moving the tool relative to the part from the first position to
the second position and rotating the plurality of rotatable axes according
to the first solution. 23. A method for controlling a movement of a machine
tool system to machine a part, the machine tool system having a plurality
of moveable axes, the method comprising the steps of: contacting the part
with a tool at a first position; identifying a second position to move the tool;
and              determining a plurality of interpolated positions from the first
position to the second position with a two stage interpolation method.  24.
The method of claim 23, wherein the two-stage interpolation method
includes a first stage which determines a first plurality of the interpolated
positions and a second stage having a tolerance condition, a second
plurality of the interpolated positions being determined by the second
stage due to a violation of the tolerance condition.  25. A machine tool
system for machining a part with at least one tool, the apparatus
comprising: a frame;       a moveable support supported by and moveable
relative to the frame, the moveable support supporting the part;        a
machine tool spindle supported by the frame and moveable relative to the
part, the machine tool spindle adapted to couple the at least one tool, the
moveable support and the machine tool spindle including a plurality of
moveable axes, the machine tool spindle being moveable independent of
the moveable support; and 



a motion control system operably coupled to the machine tool spindle and
the moveable support, the motion control system executing the machining
of the part through a controlled movement of the plurality of moveable
axes of the machine tool spindle and the moveable support, wherein the
motion control system contacts the part with a first tool at a first position
and moves the first tool relative to the part from the first position to a
second position while the first tool remains in contact with the part, the first
tool interpolating through a machine singularity point of the machine tool
system.  26. The machine tool system of claim 25, wherein the motion
control system moves the first tool from the first position to the second
position while the first tool remains in contact with the  MOSLLP 64 part by
moving the first tool relative to the part from the first position to an
intermediate position generally aligned with the machine singularity point;
rotating about the intermediate position; and moving the first tool relative
to the part from the intermediate position to the second position. 27. An
apparatus for machining a part with at least one toot, the apparatus
comprising: a frame;        a moveable support supported by and moveable
relative to the frame, the moveable support supporting the part;        a
machine tool spindle supported by the frame and moveable relative to the
part, the machine tool spindle adapted to couple the at least one toot, the
moveable support and the machine tool spindle including a plurality of
moveable axes; and        a motion control system operably coupled to the
machine tool spindle and the moveable support, the motion control system
executing the machining of the part through a controlled movement of the
plurality of moveable axes of the machine tool spindle and the moveable
support, wherein the motion control system contacts the part with a first
tool at a first position and moves the first tool relative to the part from the
first position to a second position by selecting a shortest angular traverse
solution for each of a plurality of rotatable axes of the plurality of moveable
axes from a plurality of possible solutions for each of the plurality of
rotatable axes. 28. An apparatus for machining a part with at least one
tool, the apparatus comprising: a frame;       a moveable support
supported by and moveable relative to the frame, the moveable support
supporting the part;       a machine tool spindle supported by the frame
and moveable relative to the part, the machine tool spindle adapted to
couple the at least one tool, the moveable support and the machine tool
spindle including a plurality of moveable axes; and        a motion control
system operably coupled to the machine tool spindle and the moveable
support, the motion control system executing the machining of the part
through a controlled movement of the plurality of moveable axes of the
machine tool spindle and the moveable support, wherein the motion
control system contacts the part with a first tool at a first position and
moves the first tool relative to the part from the first position to a second
position by selecting a first solution for each of a plurality of rotatable axes
of the plurality of moveable axes from a plurality of possible solutions for
each of the plurality of rotatable axes based on a specified tilt axis
preference, the first solution having a tilt angle which satisfies the tilt axis
preference for a tilt axis of the plurality of the moveable axes. 29. An
apparatus for machining a part with at least one tool, the apparatus
comprising:  MCSLLP 65 a frame;        a moveable support supported by
and moveable relative to the frame, the moveable support supporting the
part; 



a machine tool spindle supported by the frame and moveable relative to
the part, the machine tool spindle adapted to couple the at least one tool,
the moveable support and the machine tool spindle including a plurality of
moveable axes; and        a motion control system operably coupled to the
machine tool spindle and the moveable support, the motion control system
executing the machining of the part through a controlled movement of the
plurality of moveable axes of the machine tool spindle and thc moveable
support, wherein the motion control system contacts the part with a first
tool at a first position and moves the first tool relative to the part from the
first position to a second position by determining a plurality of interpolated
positions from the first position to the second position with a two stage
interpolation method, 30.The apparatus of claim 29, wherein the two-stage
interpolation method includes a first stage which determines a first
plurality of the interpolated positions and a second stage having a
tolerance condition, a second plurality of the interpolated positions being
determined by the second stage due to a violation of the tolerance
condition. 




