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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
B8R Itiple instances of the generalized kinematics libP&ky/iEra07/075270
generated to provide data for the mathine 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
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with at least one tool. The apparatus comprising a frame; a moveable
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support supporting the part; a machine tool spindle supported by the
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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
nracant diceelaciire an annaratiice for machinina 2 nart with at leact nne



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
WBIMEN B H second position by selecting a shortest angularffA(&t&l7/075270
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
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of the present disclosure, a method for controlling the movement of a
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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
Aata and nenaratina 2 cecond virtiial kinematirce machine haced nn the



[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
WEh&Prties Forary accessible by the software controller; recehhgyS2007/075270
information regarding a conflguratlon 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
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information regarding the configuration of the machine tool system; and
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machine a part is provided. The computer executable instructions
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the follow cﬂfg description of an embodiment of the invention taken in
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axesh illustrates an exemplary input screen for specifying the

interdependencies between a plurality of axes of the machine tool system
(00154 Fig. 1; fo6optiRfacy AxaME 7S RIBAKRRCSH SRR ATSRAS diRelPs5F tAR pBRiatus for
macMaiifiXayack andiaest 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 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

WA rRa8f system of Fig. 1; [0032]Figs. 10A-C illustrate aRRAGHiIME7/075270
singularity point for various machine ool 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

nee: [0035]Fig. 11C illustrates a tilt angle corresponding to a
P B s A ARG e
posfogRE]rg s Al Py sifistratieascrdoosiémaiib #rvo Ateast iwirpelghiar method.
v ring a rotation about the machine singularity point; [0037]Figs. 13A-C
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next tool position; [0038]Fig. 14A illustrates a last tool vector position an
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axes of the machine tool system based on the virtual kinematics machine and the input data.

[0017] 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.



[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

MWacenas@18gularity point to next tool position. [0042]Figs. 16PCaND6B075270

illustrate a last position and a first sofution 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

strate Iast osmon nd a first solutio of a next 0s) ition having a tilt
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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.



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
WRHBMP e Transformation Matrix. 100541 CorrespondingPfEFaraHea 075270
characters indicate eon-esponding p%rts 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 %B?%@%ﬁ%@ﬁ%ﬂ%ﬁg@@ﬂon Rather, the

embodiment is chosen and described So that others skilied in the art may
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embodiment, each of saddle 104, saddle 110, and platform 120 are
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134 and 136 relative to saddle 126. In one embodiment, each of saddle
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2008/019335PCT/TJS2007/075270 10 embodiment, a plurality of tools
bet\ﬁ%f %Pglu%%?r%ﬁ i ’%%8%%%%%36§é‘iefﬁﬁj? RAdGi |o(gjag}§e£ails about tool

[oogArousal H4 age Reovidedipi §pPe§9M{§{mié\ppg§%mo§ﬁQ@u&05tack and the

P, 60/821,481, the disclosure of which is expressly incorporated by reference
art MK F5t5591The movement of saddle 104 in direction 106 or direction

[0031&8 IS '”“%Erg%efh@s%%es a representative view of a cascade method of the motion control

system of Fig. 2;

[0031] Figs. 9A-9C relate 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.
L;

[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;



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

WOE0RMEHPIn an z-axis 154. The rotation of rotatable memBEXISE207/075270

direction 134 or direction 136 is illustfated 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

emplary.5-axis machine, In one embodiment, one of B-axis 156. and .

00 e 16855 14 At AT AR AL LoaL Tale i SR bt bt R W rotation
abogibime plainsfsaxiyitsPoird y-axis 150. [0060]Through the movement of

[oome or mang:of shecSrapresAf Mashineiaat sYsiemd08a:eelddad: may et
Qositio ed relative to a part 160 (see Fig. 9A) supported by platform 120

POSORA! NS HHRNEC BRF TR M) 0 dlst dPed S HIAHHS ToBHA T drdinidhen
intepositionbeftpert <60 f@x}nlat&lmﬂiﬁé) sh@@ﬁa:lr_ﬂtsr beimnm/mmanmh'@rqr more
(008 the 5-axgs pf Maghing.toalaustem. 190 s centrglled throudh motian.ition:

control system 200. Referring to Fig. 2, motion control system 200
[0038kIudes & Softitrtdesritronelopdanaidnehsrimbisdro kidhules posiqe and the
toolskouldrhenindersead thalihenethads Wisplosed-harai may ke exeeutach:
thatkgx.sqgware c&ntrol% %02 arkq e stored in a manner associated with

fote31:

cides with 6@8 nt

oftware controlier offware controller 202 receives a machine
[oogAnfiguraiign 208;ANd-RUL data Richhas.a PatBrogram 204 RRd iR on #1;
provides output data, such as position data. for the various axes 150, 152,
(004154, 156,Fpd 158 Otspashine it systeth kGpimtbetidustiatedoe kamphet
. in Fig. oft .controller 202 receives part program.204 and machin
T T L
integnolFigutitonl 208 o s thech s shdakeibsPhit e aprilieclasidigraxes
[004250, 152, 554,14 R6Ginandd afafmackins.toohsystens 10Q re el aadhgosition,
a%itfutes af each ?X“(/‘lcsﬁ For instance, as saddle 104 moves in di{ecti n 102e

PO (SRR GP 1 IO DOOR DI ATEB P ITEI6 o570 1 Akig T8 |
samehakgddhThereforeipgwatogatiorn; of C-axis 158 depends on the location of

saddle 104. [0063£xemplary 1/0 modules 206 includes input members,
[004dlch as aftiger iMtdprabitaticuer arsjsiay 2adkelrbsriitianebasexgreiben having
a tilmeredyitonsior anilchpsfadal? civesim lagpydhivesaniniarfataitaa
jooigtermineg;netyvork (ireless.or wiradh, and giher sultable deyices ior e, i

providing information to sottware controfler 202 Shd ou put menfbers, suc
chogea i Hig iy (s sehladonthoutit sebeiem) itiGiss! Priister! emthothersuitabence side
witleYiee Ao Presenting indarsation. [0064]in one embodiment, part
mo‘&rogram §04 is entered through a conversational mode of gperation

hereby

e QUG AT E g PR S S8 BN i ot Ertad Dot IR 6y
thronphrehssngphsithnoughaduserinterface(suéh asa bowchessieen and

[00 ‘hﬁyboard}giéq@;g%ggggggana%p@&%gconversational programming is
disclosed in"U.S. Patent No. 5,453,933, assigned to the assignee of the

(004} rrent agpacAtishistiétrsbrssirenaramsich is expressly incorporated by

[004eferencehgreinli4ing the:Rregrammpig Sessi @b JpetsaE Nay PIRGRMrence
andt\tfw%dgsirgrdrgeetg@etry for the machined part and specify one or more

attributes one’example, the user specifies the desired geometry for the
[004Rkchinedpart bylloseatinghslodkiscotdpdeteach ofwhishcspecificsna doopurface
norARd AAICGIRNARA the 499k A3 SWEDmEaeRstry 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,

nart nroaram 204 ic narcad hy a narcar 220 nof enfiware controllar 202



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
WOZ29884HBEject-oriented software component. In one embodifigh$2007/075270
software controller 202 is based on the software described in U.S. Patent
No. 5,453,933 issued on September 26, 1995 and titted CNC CONTROL
SYSTEM, the disclosure of which is expressly incorporated by reference
oosErein. [0PASHD; A empdiment, salbyas EOpl QIR R0R I HARS A0aving
object oriented generalized kinematics library 210 and one or more host
mulgpfesakéiapplications 215. The host software application 215 interfaces
[003vjth instapgesJigierdified h@reices virialJinemalss-mAchinan A 1da 234,
and 236) of the generalized kinematics library 210 through an interface,
POsIGRh as ‘an API interface 217. Host software application 215 also
[005RterfacedwithSothetresmponeriteditsoftweatescentdroller 202, such as the
(00452l time appheation, iordheseal ime spilkand dhe,gmniiss PRRUCALION ix and the
[0069]Generalized kinematics library 210 includes a collection of objects
Transfemates Marwhich objects may be derived that are used to develop
[00&4drtual kinesaticentiaehiftesR2ddcraman instancecokipenkitanad hrdnghiaet the
bodiment, the machine configuration 208 is provided to software

Sl
SeVController 202. Based on machine configuration 208 software controller

202 creates thepyirfual kinasaiasimacingr2d i theckigematics

library 210. Virtual kinematics machine 214 is stored. in memory. Virtual
{OO%mematicmaphm&Ms h‘asld)h@déam'ex gmuﬁkg_um&tiﬂadas mgmve_or limit the
invaRaghipe.describad in fhe mach @%%ggékgﬁl@aﬂé%@i1%%@4%&3{%%\58@4{%@Of

Generalized Kinematics Library [00701The Generalized Kinematics
embogpagyt dbiteiris e dpsplibafien ProgimimliHigdritefiace e yidier thdeaghings.
st software application 215 uses to communjcate data via Set data .
190 hctions SFOTRREN G Bata VRCEATSA0 TORCHONE FAUR A4 paPhie bbjaconto
syst@_rtile?tﬁ@.d Medigr pmladﬁgm tAe mm@mﬁa@ea@@mm@t@a@mu 04 coupled
the: S GMIARCRSS PHYAB MMEMbE- dalsn hie.0gnekalized kinematies liprary

210 or instances thereof. Interfacing to the Generalized Kinematics Library
suppagi7d Py Hishtddbotifaredpisiicatisiransenbls facistd the Idargrhlizbaelative to
saddlin epratic litfeany 200idhppghedvARBAET designedotsinge thiative to saddle 110
. Ohject-orjiente adigm b municati via.set functi
e A S Al R L D o

1202008019335 PeMISRO0TO7BAT & SoTer by et Konew it Y Skvarg00.

Initializati 0072 d ith object qgriented igm,_the host
oo lz2qn (0072445 2cseldpncs Wit ohises entsd PRtadi g hos

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



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
24881883 he general kinematics library 210. The initializatR§r 70807270
follows using configuration data. 208 &: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

e c’r’}‘%@t © tgﬂg] %%t%:to]o?s 14997348 Rostaotwate, A zﬁ“c tda%rﬁ FHHEbout

roug t IS present In the system and calls unction

tool xergasab {1, aopinEiseny. TRePAXTS100#s Anrlingber fratlhiquedSilentifice
discibsuaxs vEXEMPRNaXs it ipsiide thesetellelndsSif 5 which

corresponds to linear and rotational axes {x,y,z,a,b,c} . With the call of this
[0038hction, fhe genvenadized kindmatics libreryo2 10 ¢ realties aumdXis isbjestrited as a

moVBREP A DICh; cos, then. inifialized wih.any Aoall of g IIowing At as 14 is

required for the axis type by the host software application 215. [0074]Each

illusfige gyt meme%fdﬁqwr%ﬁmt%e%ﬂmwsﬁmlﬁd% ibdifsgsian 128 and
diredi@armtanyuktitéspi rtdte)vdateactm Ceardirateriacatianfcantestingeimember

rot | a Limits M u Iocées Connection (w ether S
132, §ncolherlce%lcte)(i:ilft%) %llte()c(t) 0or to th tselnl uzg(t%rt (f‘?g]ﬁﬁer affmhlg %\X%Sa ave eagfrlt
rotagigaanéalatieitin it @eftirmtmrﬂé%tpmepﬂate Htas thesigeinéralizagdvement in an C-

axisiRgmuticsiibrasy SRdraibir &H%@%t‘aﬁﬁ@%ﬁskﬁa@%@oﬁ SREWAKSdiment, one

application 215, which validates the machine kinematics, assembles the
of BrBG1 A0 A Wik SIAEIR 570 it a0 (o B AALHET B Bl 2D e abou

onedétermmineRthel tiltaaiid Ahgle for the machine singularity point if it is a
5-axis machine. The singularity point tilt angle of the tilt axis (B-axis 158)

[0068]qetermihi@ s [GeammG et aRyRS WRErefthe Spirdelaxishang e lwithem 100
a toH‘ﬂQéfDﬁﬂﬁy Bé(lﬁes(l@oﬁé‘disrél@@e [@Qt?;félft\t Hisspoing tha penesaliaed platform 120 to

kln ics li |s read sed lzo the hosts ftware.applicatio
L B L s ol A B e Bkt Mo o
plat@tamh@posmon and other |n|t|al modes, each of which are explained in

more detail herein, are set either on or off including: W
[006408/01 9338 PETIDBBOHTIS PEZ7T1A Bhortest %t@atamﬁa%@étem 100 is
contriepalatiof enjabh baterpbigiien Bgoe Kebrring 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.

[0062] Software 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-



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
WOHYEHa$215 to create multiple instances of the generalizet-KitEMEiHiEs270
library 210 for different processes (dlfferent 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
axig12ERING 100l ?Vﬁlter%%o%oohéjé%%%‘%%'Q?@Q%% S y3ed fadisplay e realiimey
graphics a posﬁlon c?é%a uring program runtime on the machine tool
104system 100. A third instance may be used to interpret programs for
_different machines to display in graphics. This third instance allows the
[004er to progFaRiapats 1Y &%%i%ﬂ%ﬂ%&%@%ﬁrih%ﬁ%ﬁﬁc%ﬁé interface, a
tougodiiwase, adntralted, 202dssepmnmentec to tardntooc ke tklitte seCpragramsioppy drive,
ical verficali i of : ics, -
o RO e, AR o RSy oo
infospsriirart sotrtnerzogiebrhaitrd A RHtiarEtrsn Blalbasthaisalas @achiyppuch
scrdayer belveriihe gemer alizesl kirematies Jforanind iframsh g host
(00 JLpIicatiop software 215. This configuration (%rm#t[aldiffeﬁent components .
ie. differéht HoSt %0 r\?v%{lrepgb ICSHORS) WATH Stn AT e dntraligP oo tgmode
of opitialimevthebinstancdy iof thergemeralid nesneni ssplitreng YOt lorsughmnare screens
hroRRTUNRL: pivEisallvpccerible sbaleton Jassy N& AL Sy Aehod of

applications 215 may also modify the kinematics models for different ,
CONMYEEHITES RIFEHTITIBB A5 Sy 08P dR AMmb ARG b the ddniiiieard to the assignee
of thr@grammppipgiaphiesdindtanceotfthiehge aepalizedddnenratidlibedse 2t erein,

t.q ttm e modifie m Im%%hine Qh r than the one the.CNC :

D v
e P machine
ParidRe FRAHES M ANy ebrifs theosittMarisolis eshtRicHishiiegrsired geometry

for MashiNetRAQlsysienaswithisceinglesenrtallsr wsing Gengratigfdnd a trajectory

inematics Ljbrary in Tool Position Computation Mode for, Motion Control
oT G070 TAGH! 15 eI MCHRD T RSB T ar) o (RGO e
to cinpatttypesiittiough 4 (see Fig. 8) is a simple overloaded

[00&?“305“@%@9%@@&@%‘;&&2{%@9& RIS ARRULDAIR iSRG SR AURIE SR,

corresponding to Type 4 through Type I. Interpolation modes, feedrates or
OPHHENSEFEDioH o RGBS APril hrt 8 SR Aiec8 B PRSI cAlfifi g reaams are
freuetR o sitipaiiapia Date)fuesion cddd gensrglized kinaraatiasbladys2ddyuage

updates its.internal Ne xtPosition data. obje : .
bas R S0 A PSR e Plccironics Ingusrie
AR IESCR6h (urtG] MHGHTOSHTE thé g dheekdes define
a sdeNAS EQ?:J&Q%%_Q %%@atﬁo@l@&@fwiﬂ@m@ﬁi@ﬁﬁﬂi&%%m@%@@ﬂkmﬁiﬁﬂs %swlvare

ti S or the Input move are.determined and stored In memory. e
cong e AR TR 55 1R AR A R e 52
154date olmé ¢ b fvithnthehinp ttod sk detafininNed tata) baticknyitbdrepusgdta2 04 is
oS CEGSIORS 0 EIRITNNE G APV ASObBOSNRT, TAE050cu 204

__ software application 215 will then pick up the determined information
ideyfdfity P ORrRS S TSSO RID CHS AR S TRRARS oS ARe tdcd iBpgcadrpres.
[008% generdizadikinematicsifibranydl Pribaincomains: thedatermineddatae
0080]The hast software lication 215 can configure the generalize
e T S 1 bt SOl ey e oot S S HEG L o create
the prathifevoien posiioasanr@4imey steisier B-4bh rmytentorsesddiaspled.tobl tipd 126
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 APl is a simple overloaded DeterminePosition(fnput Data)

function, where Input Data is the requisite data corresponding to Type 4
throtinch Tvne 1 The reariicite machine ctatace miiet he cat nrinr to callinA



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
VidWaEeIEHeans for the library to create a virtual kinematicBGhABRREGH270
any orthogonal machine tool system'df 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

nor I&@' %%UAAEI &%@J@f&?& gﬁﬂgﬁg%{% ﬁ@%@%&%b raﬁ(e%é'ﬁ] S%’El%%g Lp(?e(ée ined by

herein for use with machine tool systems of up to 5 or ogona axes, 'due
softyuip ecBBft-Sented design of the generalized kinematics library 210, it

[006AN be spec@lizedJonanerhagonaksystensiand Joe systRmewiitrmere

than gxes, Th b ect- orie nted deS| ides the fle |b||| to g ner.
Comgonlug -an playﬁ%ré?ynfha% rr‘?%%%%ec PﬁSzléoﬁﬁgi %éﬁ o %oaﬁéim%;i n
U.S ooy dreal maghilveltouiisystemicirdar 21610 B axes fiFedtidi; AINSTUYAL SYSTEM,

the SESEUREANAMRIN QL HREWItH-A-PaRGRING 1R SYSIGaR!,00, the motion
control system 200 may be used with a ﬁ/g)éae of motion s%/)stem including

10068 otics. [BGBARAPRAMEHeAETELSHRIER irsIBdse SR @M Rdre
gendndirid ktamhstldﬁmgembereumna'hemermaﬁm(ﬁtaekfsagumtaﬁﬁiﬂsameZMt

sofrlPfe 91 ANY 5B Flude wrl%ﬁ‘t% 2 gd gc‘l% charact Ct ISHgRQl

one or more o the various axes and mac ine

macypgssysterdd aul %B&d.@mglgéher@éeﬁéd@ﬂeemm&éhmé lt%&rgygtem ipggface, such
as ammaiﬁeﬁa@e atrczoqu‘ﬂmetaﬁpmaﬁé& S1aGkS 246 Q% NAPNEE: RREHIRR s of

o TR GRS AL L5616 155 "4l 53 41 MAEH Ry &riics

appkyasienn 100 is described as an object. The axis objects are derived from a

[0oggneric a@&&!@@&@%&ﬁﬁ{%%ﬁ@ngdﬁdé&%oqlea?oﬁ%% d@@&% BRSGsses

class for all axis objects and defines properties and methods for axis

frong piRietsobisss ea%&%@zwﬁé|ﬂeé§r?/af&sug dsielontrippd &igemagisymachine 214 from
an m@mﬁﬁxsmaélmmamoesﬁ% éﬁhﬁd%ﬂﬁ@bﬁﬁﬂﬁﬂﬁﬁ@&ﬁl@@ﬂ@ﬂmmmmmw to

softwale con%i hatd%lrll gtrl}]%”h/%% 9 X %Q;%%t 8%"%8% 9? %Tp ellfOI% mrgates the
is a Ilsto ataln ed N XIS a e class aata XIS integer

virtdgl kipegiiss e}zrqh@@ﬂr?éﬁpﬁmmﬂvg tonpoatiaibtan, 26| Kidurlknandties machme

214ﬁs>§tmxci,nzme&or>8 v@maﬁk)nlmecs @R rAtaR {kiBeahc-ReMDrdiln as the
mdi‘&}ﬁ Sltl XS pos&rlon Maérlx aX|s transformatlon matrix

actu Otﬁ?ﬁc

88|C FE}”W@

TohimPosition = lower bound of

[oo’mf)“o” M‘"}%KP @@Eﬁﬂze&’@&%ﬁ@ﬁ%l&gfpgeﬁ&ns an application programming

interface (API) 217 that a host software application 215 uses to communicate data via Set data

G%Cé ﬁ (5?’?({

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

[0071] The 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.



AxisLanitsExists = Boolean {True, False} InitialMachineDirectionVector =
Vector in Machine reference frame representing positive axis movement
direction. For rotation axes, vector direction of axis centerline for
WoGtaHAtEpositive rotation. MaxContourSpeed = interpolatRfrt4paaey/075270
MaxRapidSpeed = rapid move spedd 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

i inear axi 20 S indle axis 321, and rotary axis 322.
Bk 81X§ % Ped from the Axis base class. In addition

[007) the Axi8 trvsedennssvib2higthoain A etcdisHES s ANy Clalkieron 215

mmaﬁgyé@9@9‘}1@@4@&&@?@{1@&@@%@@ksem%zﬁedi@@)t&w&@l%ﬂﬂl'@bﬂ&iﬁhi@@n@@txﬁ@m
axis, It IS connect to 0as: oetAXxiI =1 alization. functio
ior S ST A LD S D TOUAE BB o PO L R o215
begilitipivtachineDireetion\f dot gefrorhkbasefoddittags210. The initialization procedure
fouo%%s%g?‘l':'&{f}é{[}h%%&é(zbm@&l@ﬁfmrt@cﬁﬁu&l&AQHQ&R%&@&MQ&%Mous

coordinate system with respect to the last axis it is connected to

SOUrSEOBEYTHE CRELrAAD dIEesusT ORGSR REAIHE ASTS FReeentigedyds real-
timd Boaghdilion & theraxisibase classxdata. 302 and methods, the L|nearAX|s

ass 32 in ludes; Methods: Tra te ncti tra te ay
00 B T o R P LA B

systimitiakizatio thfuvotibers 40089 K Re (Rotatbamxiselass 3D Jsis Herkas drfromiquely

ldcrﬁl{r?eﬂxbsateﬁ%s;maép%xw&dqm tadhe Axis, @@?@5@'@%3@8&%@@@% linear

methods, the RotatlonAX|s Class 322 includes: Dat
and rotational axes {x,y,z,a,b,c}. With the call of th!s gmctlon 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:

D

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)

e © ¢ ¢ © ° o

[0075] After all the axes have been created and initialized with the appropriate data, the
generalized kinematics library EndSetup() 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:



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

R0 IERdleularDistanecToAxis(Point) = function returns pBEIEPEREENA7S270

radial distance to axis of rotation [00bb]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,
SAfte%t% y%pd 15V%rg£ Fig. I. Exemplary input screens of a user interface of

{fpoldiﬂésdfo are provided for specifying some exemplary attribute

§¢) 0lalion

fmeéfg afl %Sé)pre -axis 258 (Figs. 4A and 4B) and for B-axis 256 (Figs. 5A
AN, 24 DlReferring to-Figs, 4A an Altribute information is
spech%le eforr Cgaxils 251>08 t rr(g))ugigh grégel% ?r?zéﬁ gifc?é%g%%égfc Cit}%nmodules 206.

MullhEithHh Rt sepfiguatian-typesatisiarte 330 is set to full rotate, a
maximum speed. attribute 332, and. an angular default Position attribute

1007334 RefelARGTUERIY B et ER et atDite 324 b usdaedngtigotfiware
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fhe'cehierine atfridute S04 OF B 8Xis 958 12t eeﬁ’r?e 8§%n0 fse‘ijé1 6 Trom . Y

be ugedisiRB R dragrafistr 308 feohmychiiss26 0000 8] Sinmitas atthibthad instance

allo W\ QIENAHOR IS K LRNVEH O YM RHCRROM Al SYSIE M A0R/ QM ANRREFRIAT.
through 1/0 modules 206 for linear axes 250, 252, and 254. Further,

contgofiftiofaliemBetisd inaYHR PRt S IBR TR LY aeRI%E WiifioginTFgch
instaitribtiths @Bralﬂddfaﬁﬂﬁ@ﬂﬁhaﬁp BS;(B@SHJB:EM&&H@S n3eplaresekemplantously.
[00A7d are nol intended é?n?r%l%%%&'%%ﬁ%ﬁ?ggﬂﬁ c8 ALl N8 aXES. 818 1 AP
efined, motion control system 200 receives from an operator the .
layefrhetepethaepesediputiveendite Vhrivns dxey! isthopsgppisatioseiareids. This
contf)@lmﬁbﬂﬁﬁ%ltkimﬂﬁ&m@ﬁﬁmg %&%M@M@W@rgﬁ%@g&m@%m
etween the esponding axes objects 250, 252, 254, 256, 258. An
soft e S B e S0 e (R S tar eblAove
a commmtemegr@ﬂdeu@i@siwemm@xéssssmez_@gﬁ _mazﬁ@mmmsszgs may also
mocﬁ' W@Hﬂlg&gﬁ@s Hi‘o@&@ ﬁ%@@éﬁ?&%cﬁhﬁeg %IH%E'Q&&ISEW ﬁﬁ%e{%%le would be the

accomplished during an initial setup of a machine tool system 200 and

CONQYBEL P AEEHNE b Mt trtAG SisssatiaktdidrataHes irass ddsipagmay be
mo i@ 2008 H1L933EREC ThktS2R0R AR 2HO W9(QoRDHIFigo 6 eachwiihe Also, in
axes 250, 252, 254, 256, and 258 defined by the.operator are displayed. . .
M e R SR

machripat el Buchngle ssidicscreen. The operator then may move

UsitBesyraxisakiadheeiherohapadkinamatic aeaordeidist 828806 Control
es order list 358 by selecting input 350, t;;Lheope,rator

ol kinematics_ax n
10078 move Bl Bt HGRAT e B A R 348 ) S B R e !
thro 35124‘[_&% jﬁimﬁatisrarsiay)hmmlméeﬁ Sxﬁ%@ﬁfbﬂ(}h@rz iBdiae ﬁ_mct'emt listeBS 6oy Data
is th%%l&ﬁﬂﬁ_ge '@ﬂé‘tzéﬁé&g&gﬁ%]%%&rg %{rggéﬂ%yﬁé’ 'Puﬁa%d@oﬁi‘%&%@, feedrates or

. kinematics axes order list 356'and the ‘
time steps, tool information, and part setup are set prior to calling the SetPosition(Input Data)

function. The generalized kinematics library 210 updates its internal NextPosition data object



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,
WH28P881 BPaxes 250, 252, 254, 256, and 258 corresponds ®RAHEREE075270
150, 152, 154, 156, and 158 of macfiine 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

wnhxt}%‘;?p%?ﬁat?%!ﬁé’ RXIFHO8S je@?{o'ﬁ&\éﬁﬂ%%‘%@ &t §SII[\IOq’JtHﬁ %%@Eg%ﬁé)

nor y-axis 252 moves along with a movement of C e tool

gen%ﬁ%@ﬁsldﬁ&rw& Brerey RSP Sssée,tsfra%% tSPAEES &@m%ﬁﬁsilﬁié@%@e step
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axis, 250, x-axis, and XISI |nd ent of th oveme of z-axis
e A DL 0 S0 TOOUTLAG TGP ARV e gF vl
be uvahm%wab@ﬁm%@mnz%q word 258 hm;@f{:mregmrmmWﬁware

appli@nstosmatienmpa 2&;*&% %5&%&@%%&&%&@@9@9%@%&%@% function,

various axis 250, 54, 256, and 258, virtual kinematics machine 214
which A6 eralEr Bl Brariate ihikrscResticetdaamttistd PapoaLig sogiains the
detetdtped diata, Virtual kinematics machine 214 includes one or more matrix

oosipcks 21oiergated by an nifalieaioncompanent a18. Malli siasks. 48,
are a general met used'in the genera ized kinematics i rary to
libragy R Qtendeeeriisitipreatiafsrortoatiohy (byethrenadOT Pl ® esiephphad,time step
for FRSHIOSIACKS LB FECESPHBISHEhI N fiiGSspbly %"tﬂeﬂ%rﬁp’i@&! mBtR¥Rakection
h270 is tutse to m]aathergatlcally model the trangsg {%1 Qm the tool tip
wit r&éﬁ% ? eé%a I E rF&i%a“t%"é%taeﬁ?)(%*ﬁiﬂ ?) tc%t )fool tip
It ahiAe ptendystem (m) 274 through a
oos,cﬂncatenéttmaieﬁmgé%mmmmwazgy‘t;@%aqu%@%amaam mode

grap hlcallg/ represented in a. leftmost portion 0

Fi
Wheﬁ%émérﬁ% earwl}gﬁﬁglféHﬁéﬁ%ﬁ@?@mﬁﬁ&&%ﬁ%&%mbe JeacTipiRsdeoo!
posigigih adinent fousamching tagting/ (@2&@8&&%@5&1&%@88&%&%&%&2@

0Q, whic S represen d v1rtua|k matics C
o e L R L R TR S 6
madfpgisfdim 171]9<[HP&W@rwp@]kffﬁrm@éﬂﬁﬁ?ﬁtn@ﬂ]wm@mpé@m @}(lﬂ) {uheiretinwhere

Inpd700M B ﬂ%@ﬂe@@&%%‘&%%@ﬁdﬁ@VWK%é@@&W ot thed@elitiduiBchine
the S‘Et)h%dle coordinate, system; Transfbrmyg? ,ndie] is the transformation,

Sty REY EoBHUR RS SYUBR SRR RI‘SB“E%%%H?H& <L aiion
desdFiadiblivihel s theitramgdormation from the rotary' B-a ts coordinate system
[0049;the Z-axj5,Gaardinals %{ gn{aT@HéIQﬁmaﬁg]lé§ M‘%&ﬁﬂﬂ%‘?ﬂ@ﬁ&&% fiom

the z-axis coordinate syste a machine coordinate system; and
EenPIOBFFifSATTIaNSS ééraﬁﬁ%Wé%?éfr%lé%é@é%quwenw%wﬁﬁemﬁwm respect

to affahieccomldifaigRysieMhe 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: GetToolVectorWrtMachine(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.



[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

referelidaI8yordinate system (m) 284 through a concatenatid€®fUs2007/075270

transformation matrices 286. Part méftrix 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

%II’P all the a s}ll<|nemat|cs matrices for the part kinematics chain

‘;%ng'wgﬂﬁ%e*gﬁ%ehp Matrix 290. A method of determining the Part
[00&"tup Mafrirdiréd rarridddshidrein 2 Nbditiohiskreathicbioaastibecplashtons in a
sin@0IbiRe BartdMatrbsStackwhen thenysehProgram isdefined elaMEtBRury

transform plane or when patterning transformations are called in the
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mad¥iatrivo Staek2 OPvpritosvukishlanyerurhbsmef t rauisio Emttat&ld@ﬁtﬁalﬁ bbgect oriented
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any number of patternin trans ormations may be sta ked.
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11br§19&{%%%§§%£’n9é&@§1§1%%9?@}§%57 O 2108 9951 Uttﬁggoﬁﬁ] badime molfg}gst% from

machine tool system 100, which is regresented by virtual kinematics
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hereigiyhissosete s sptings thed m@&t@nrbﬁxme%wdomhe%m mathees that
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tran form !%Be in eTr formMatrixStack if at Ie stone nsform

mag ar?et‘t SEV Iaaﬁeéiﬁﬁfﬁ ER{18 th f:?/atff’é? ({ymay also be
accmnscﬁoicmattbnmappl m@bt@ ﬂié inpuipesitiopafTrahsieunpksite MatfixStadk]
AXi@@g&&gncatenated TransformPlaneMatrixStack matrix transformation

rom the system defined in the patterning transformation stack to the part
[0083kup coo?{fﬁﬁgfégsgfsfé%q3[n@%.frteém%tatrtﬁpi%uﬁ@ﬁet%%%ﬁ?aﬁéﬁ frefmPilel 58 of
magdnkaodreinate Sysiededaithd &-axisi@oominatessystem d{a'faﬂﬁﬁd‘@bl@t] d%enerlc

transformati fro otar ordinat to th Xis

o R e e e R AR
- defipsp mqu{éegyt@@erﬁetﬂ@ﬁq éoy.aa;g, gwdﬁq@*@ec@ygfé}% 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.
[6086] 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 {X,Y,Z,A,B,C,S}
Name = 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}



[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
Yoo ¥y stem. 10010111t should be understood that theP&BERE007/075270
illustrative examples for the tool tip &hd 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
depelndeng)ies&)eftwe n the various axes 250, 252, 254; 256; and 258

. interdepe
padilen BN sf%ip?% () 2008/019335PCIEMS2007/075270 22
e

MBS HSED &
;xié{ggjﬁgiyﬁ’% I, patrices are pushed on to matrix stack 270 in

In izﬁ?&l&%%ﬁ%imﬁ%@w&r Q’f&%@ﬂﬁﬁ\@&@@%@r&%%&%g&%éﬁg Jediaee axis
moveRinel e eeasdinate SystaMmxey 2and GfctaiRaprnalrbsitacke 280-MMIKRR) positive
rotatid@chine reference coordinate system 284 outward to the workpicce

MaxcardingptecgysterrRBiok ypeyimovement of one of the axes of machine
MaxBglidysterr1@0doescnptaiecessarily require recalculation of the various
Methadgrix stacks 270 and 280. In one embodiment, the generalized
SeveiHanstines Msranudediadsdedshrstrissairelbdiagiagtnaf Lefdangiignpdor cach
Ofth:?télﬁ‘kv%q?@eded.%OOlO?;lFor example, assume that the tool tip position. ,
008 the pRABEITEH &FE BB WedrabRct 8‘%?&6%?&?&@%&8}?%% Fybippdle axis
321 284 . rMaghixie 102 $ystBpmdioBtiaObiat8s lalongixeaXi®oh3Re(XaxtaE2aH3. In
adaififiRl fRaching, e14)2s PALL L 0Q4SRRING CiE JlleMensidizadkingmatics

library 210 will recalculate the part matrix stack 280 because the part has
Datgioved relative to the machine coordinate system 284, but will not
Locteenledlataithe sabhmadiestaclsid A0 heeausetthatonlisddhnbasdiet moved

. %I tive to the machine coordinate system. This reduces the number of

matrix multiplications that are preformed. In one example, when axes
Setpusfiorsivitelsestivirfuaitiviachine 214 updates each axis object position if
senthiespiiaRRsition-ieHliffor et {am ds-cLireRiRRRitioR i RR axis;position

changes, then a flag is set in the appropriate tool or part matrix stack 270

Initigihastisaiieciiond sHAE TR ha R AdThverse Matrix Stack
Setlirangiorwationtmeti¢esimusibe setdetéroniinachf hheitdieixoSidiaktwslstem with

respre%fq(ﬂg]mggxtge}t rigg&iﬁ%gtga%rices When they are next requested for use.
00104]Various matrix stacks may be implemented to determine any point

1008} vector fdratilisth 4Ky d3is Boordipratadsiata e haisksmsicee308 okt aldision to
the BYSIORE 2B4s ae spindie contdiate Systenkd (Claey heimaghine reference
Me g&r_dinate systems 284. Other matrix stacks may be implemented for
ransformations to a transform plane coordinate systems 296, such as
Traghleden i RigetR0Os Ty dnstimepkatoesra98 tmbyalreatefinethérliacar axis translation
matRtogramming session of a conversational part program. [00105]Returning
to Fig, 2, virtual kinematics machine 214 receives the geometry
SetnisHmatibn FOAFAIRLB5PEhd determines the actual machine positions
[0080y each OftaXes BbOAIDIB542 306{aivd Bh8n{see Atdx Bradiieh302. In addition to
rrespond to, machin 0 54 156,and 158, These machine
e BB b S TR S b s
Datgind 158 to position the tool 141 supported by tool spindle 138 and part
Cerd&0n EXerpplasy snatinn sysigms include servo motors. The machine
Me@o itions determined by virtual kinematics WO
808/019335PCUUS2007/075270 23 machine 214 are represented by
SetpoisiidnciataiZ8izathichiuareent 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
BORweier282 may be used in combination with a variety of &6tGi&lS2007/075270
machines. For instance, if platform 80 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
spftware cantroller 202, but also the .usefulness.of software controller 202.
Ro TS i PGl 11 e O A o Hdiihines 234 and
GetPad ardigdmdpisiad calipdyaistRaohimef284i¢s sisurasugroicnimchite distance to
axisG@nfiguration 208. As such, virtual machine 234 is the same as virtual
—kinematics machine 214, but may be used in a different part of software
100 ntroller 26%'10F RAHBFSHE PEIFHOE SHEn 488 HOFROgPapHRes> 4 ncludes
fiveapphoatiqr A5 Airtbilicmashing2?2 3642 based dfaviaband dackineaxes 150,
1525%}]2#?&9&‘1%% # %g%‘?'i(eézéé‘rﬁ%%@{? hhd @&?&eréf%%?er‘grﬁ&&%'c%%‘i}m%%duies

1'236 each receive input data 240 and 242, respectively. _
206 pyo rosdRdfar Thedhiltes 2B RSl préide dodenpeiandts Saxiardtdisss. 44
and @RIfRHE data-244 29w0 1246 providesthe information requested for an
plicatiop. nonee 1bodiment, the output.data for one or hoth of virtual
00 e SR8 e AL AL BB o AU o
thropgill alnsthenilitfetated @hbodiniidet, 200tuah iigchine RB4ids codjgedtiongype

attriS{H RN GraphicsosRftware. ARRcaien 245,10 one SMbPdiMERta iRt position
simulation graphics application 245 is re uestln%the tool tl[ﬁ)%qsmon to

attrigpies it oRCF USRSy the o6 spisHisFERiPHE Thaghindsaninleded as an
offsgrram_it:smtspi@yzmﬁdmamﬁ@@@f’miﬁ@dafmasme positior}s o_f all (_)f the
[ooﬁ@?h'”e EQ%%Y&@%%‘?@P%&“%‘,S HPHe! SxSmpan;applicatans inclydes
a wire frame graphics %o tware appﬁcatlon, and an exporter software
throggh RakgbintGrastHas sbitdbieodplsicdfon s Fig. 46 ordasamresfigation type

attu?%é%@%@f%?é%%{f_%@é@!@%ﬁéggg%ﬁd%ﬁfﬁ@% Qfatﬂﬁib%n }llom(e:i position 340,
/ . machined part or a simulated sha
o i ORGSO B8 (FSSA D ABbor S GF I Fopl S0
centtdintariebdis pRAyetBoyxsidil atideligedphios dppliddtionR 45umchidingdtheoffset
348RR5iLioR.Qf 828 tool 141. [001091In one embodiment, virtual kinematics
machine 214 is based on machine configuration 208 and is processin
[00%4rt prografiFHA R BIHIEE BYLIHdhasty 25y 1 ¢ fﬁﬂ%@ﬁﬁnsm?&ﬁgﬂom an
opetdttd @l aeinen236 s baced bremagkirns Gasfiguation 238tandhiklitional
rocessing a part pregram, as input data 2 o-provide positign data as
s R B R B e g
tranafeyapeti@E Withirel i mii 282 cxeenlay Bnd Sranis niardshe e sHedye:
[00949. 1, Wh%gﬁ&@ @Eﬁ@ﬂ%&g %Mbﬁﬁﬁa%&ﬁbﬁ Jﬁ&ﬁcﬁ%ﬁt@h@@_b@l‘éd@ﬁ%@ ehn
machine configuration or verification with the simulation graphics
ov 41 S S TCHGH 36 16 DFoVRIGH (55 o e i D4 A dom sl
Virtwﬂthim&ﬁm m@htal‘lﬁrhes @m&mmﬂmmwaymmmmmmﬂﬁﬁg axes
obj 3 iSplay is,to chegk g inigrierences and,ollier raule geomerdes ar/o

to check the estimated time for cutting the part 160. In this manner, ‘
moGHaKAEE SHEFBREI 0 IER RS E I QTS TS r iR gZo f moftighst 258 is shown
in Fgachnes thiabgh tae: implementationed MeauRlnaehingsd sueh gsnvtittiglsctup
of arpn%(cfmgg ?og%%"s%%%&n%g ?géssno {\{\é%crle.tocgg gl?fﬂre{l 58%%&368%'(?}1%1} eogerations

implemented-on a Stand-alone determiner, such as a faptop.In thi
unl¢sigdnsgeda 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.

Rafarrinn to Ein Q fniir differant tvvnece of inniit tonl nocitinn informatinn



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
VH3 2p)$/81233fata and includes a linear tool tip position relativePfettHg2007/075270
workpiece coordinate system 282 ahll rotary axes positions relative to the
parl coordinate system 285 (Fig. 20). The part coordinate system 285
includes rotary offsets to align the workpiece coordinate system to the
achine reference coqrdinate system. 284, if the offsets zero then it Is
[909$rectly rér?aﬁ?%'e to dt%ec‘)mta.gﬁfﬁees%éc?dr m’a?ghfrgs:ﬁ’eag%zsa%%f eno%ﬁ in H’?_é oree
displayedth A paresétup oo ehinsiibasysea ik 28 5-iia 260 e s edfhepieshgrn input
menfBRRIHARIE ﬁ@%@é@ém.i&i{%ﬁé@%&%@l%@ m\@'h% ?h%m Iﬁfwttsfnaeétb@er of a
__ process received data qr output data relative to that fram reference.
vt BRERe R ToP G P %%faé R BIRATE LS 3 965" drd 1aRGH Tlpeone oo
350. dtoouvpdrinotheal art\Sehay katrd6 @B harFighd BirfooligSsition saformngtioput 352.
he 808 BIGIRIRG ANIRIR AsshYRG fate antbinalidss dpcat axesihgeiions

and rotary axes positions relative to the machine coordinate frame 284.
[009f)01 12]A8hAGEFARITR RIRPS, ehBBmPO K dRticryses Ui Hat to6raathe
tool isd@agiedxdhereaseadiprethad Ahkeasoatasdow deteemiriagihtiencies
of thlg x%?{ogy gp(ber Q %%sto 1%%%%&8% gaégl}gc?%é%egﬁ %E&gglg%%gﬁg for that

correspongishg imes Ol axes n are
partigitisnditely deteptriteddn 001431 Fednoet aispReatidTE software. 216 Fuileorresponds
to th¥ikal kinematies machine 234 usingiReabangseet fuoctionsRBEEOHANCE the

tq standard object-griented design principles. There are separate Set |
part KRHBHS FBFL G OPHG TolPDLTABES TRt HLBB Ve gD y-axis 250.
Furtﬂancti@mészs&lhﬁdz,cviﬁu@ mhlemaxisézmabktmgﬂiéopsmems thendatah X—'c_lxis.
Neitﬁgﬁugns@@o%%%m@%a%%@gs%Po%g[&%%ﬂfﬁvgﬁl@n«?é@m@sTmtﬂeol@é@ is

. provided to virtual kinematics machine 214 through a command from host
kinegtigiarecnpishe ot 915 2KAR T O SR Ps St T Hearasneyz PHL v wrig RSy dase not
movSWfRGexcOtastposat isispecifiechbyetyiz) yrhesstataceigrmaloeetoris
.. Spe ified? u,v,qu). The tool axis vector is cified by (i,},k). Each of the
mde?n%ﬁf T gycee ﬁ)&% ,erslﬁ? azééxﬁb()azr)?r%n%g%%)?wé%%gtool vector are defined

Matredatagkso the work-piece coordinate system 282. Determination of Type 3

[o97pta [00145HAe crgcadingmatbed.A0Q incusies &smethodsdokng 258 has a
determining Type 3 data from theﬁ{;rovide,d T%ep_e 4. As stated earlier, the

corrqRpGRING ARPHRIREEY SET bt CERIEIE R IFHIFOEBP BRA  BrativECHs s
250 theowtikpiscend 05 d)vate L ste maf82mhbiinozll 4 hixvalcasrinteac oot dmeatrix
e e tool [ ining t I 4 i
st N A A AU SR A SRR one o
morg R ERTHPIE 2hictise U Aldedithe EaR ePIRsBr S ET rattiE s SorHepre 2
gendRdidsto dalerming thedenthptiammeentepditranathetaghveciandge.
; %9011§%Re{erri to Fig. 22, a surface contact point 414 and a tool bottom
ST %Fin?%fi are shown. A center 418 of the tool corner radius and a
[0098)0] centeFWeOpoiritareaiso shdwh| Finatpastootdectides4 22 art7. A tool
matri¥ g@ﬁﬁ MYy m%e\fﬁgﬁ{aﬁ%ﬂlmﬁgﬂg %Q&inﬂ{h%%l%@rﬁﬁ%\{{‘ﬁm @}967&)-%'? %p position in

relationship between the surface contact point 414 and tool bottom center

a Spli:%]ihtc@ ?@i%a&r@ﬁ%ﬂ(ﬁii“é% atigrieghe JoRbhgjRosition 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



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

BRI Yé&kter point. The term r x - t) combines 4] 4->418 ankf4252998% 0
the term (R r) t< determines vector18->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

syste%g‘f68O\Qh?’cht?sonB%QS{%%&ﬁmﬁﬁE‘?'ﬂh%@u‘& delarmined. 1{1%%319&!&1&%&&?970 is
reprgseg;/gggg eqlgam%n (\{\g erein the tool vector 422 is coincident with

[ToolTip,, | = [Transform.,, |x{Transform x| T ransform .. 1x[Tool T gpinae | (L)

wherein [ToolTip,,,,] is a column vector representing the location of the tool tip
in the spindle coordinate system;

[Transform ] is the transformation from the spindle coordinate system to the

spindle
rotary B-axis coordinate system;

[Transfrom] is the transformation from the rotary B-axis coordinate system to
the z-axis coordinate system;

[Transform,] is the transformation from the z-axis coordinate system to a

machine coordinate system; and

[ToolTip,,] is a column vector representing the tool tip position in the machine

coordinate system.
[0099] A part matrix stack 280, shown in Fig. 7B, is used to mathematically model the
transformation from a part point in the workpiece 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 be 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.



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
WOrPA6¥BIPR 414, which eliminates the ambiguity of the solURIGHU$987/075270
infinite solution case does not exist fdr 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
tem 282 along, with the tool vectar.422 provide rtofthe T
(gt St M i B O R AR S
virtpghlsinrait s ymetchine 22 #4thk rouighag ivg@ck 280 is represented by equation 2.
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for the.maghipe 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

vectbF b GRiRE B i ety St aie R R R R R AR 8ol

systemnd0:dHese; may be two or more solutions for the positions of B-axis
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type Iidatar(gllin%asr a{éd rotary axes positions for machine tool system 100).
[Oofééf%e IF‘ypeyi data 408 is provided to a method 430 of cascading
metHoe 400 Nethbutr8g detsinifre s die axisispeedifintited timeoghep for
the moyeme?t of the various axes to the positions specified in Type 1 data
408"1i§ lérheereeﬁ%%nocai?ﬁ%%? e i 58 is based on the feedrate of the tool
tip réfakye 70 Iheswerkniacecihefoediate.mayhe Rivsedita in the
accommodate violations of the maximum machine axes velocities, if
nec&SEsRye THENHEAISHIBEANEE e kinematics machine axes positions

[0080] Stores:thenestion eateyiohautpulbAs mentianee<asia e paatadand

axes positions are provided to virtual kinematics. machine 214 for updatin
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varpgsitet ail atbaest (T ypeRsngs (001414 R erstenivg toHistider pengencics

bet§BSEARInG MBthed 40 theskypesg daters4Q6sisdgtammngdrom 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
W24 Fig. 7B, contains all the offsets for the machineBG&ES2007/075270
connected in the kinematics linkage %t 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

mm&gns thqm@@lﬁb@é ﬁqé§9n§9tm%sr&1@5xs@é@o%mﬂ VELRLIHS: H Wiger from

case, there are infinite solutions because the machine is positioned to the
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Con%lgégpol&p JR%H%'&%W to the rotary axis 158 and the tilt axis 156. The
direction of CrossVectorQ 440 |sH<ven by equation 5 CrossVectorO=--

[00 }:Qéﬂary AXI%CWF‘LIﬂ%%T(‘B‘): ig. 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



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
flectoi:14-"h. TiltAxis(6) The component of the tool vector 422 along the
VP8R0 440 direction is expressed. by equation 7 andiSB&iREA0ZE75270
444 in Fig. 9C. TbolVector,,"[1]- Tooﬁ/ectort," CrossVecto r 0(7) The tool
vector projected in the TiltAxis and CrossVector0O plane is expressed by
equation 8 and labeled as 446 in Fig. 9C ToolVectorr,[0]l mag-

macMﬁ’él’zlﬁtAIQf@'rgﬁljeyem@Q‘tgf positBW&Z@@y@%@%% %@1(@90 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 /O 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 areal 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



, 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 FO1 ToolVector ,- Rotaryfingle= arctan (10)
VEYaPEBNEEormR ) [00131]As mentioned herein the tilt andtfotAR2AMg1és "

determined by method 426 for b- axté 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
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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 an NC program or a conversational program.

Cascading 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 workpiece coordinate frame 282. Tool position



[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

Wi Bdsitions. This method is also automatically used Wh&f/S2007/075270
Interpolation Type | is active. [001.33?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
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method 428 proceeds as follows. First, if a tilt axis preference is activated
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VErse Method. [001371First. the change in e and th
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rotary angle being considered; and Rotary/1 r}a/;eLast is the rotary angle of
thmﬁ%l bw%@gm&ws’t software application 215, 1.SetPositionType#d(x,y,z, u,v,w,

i,jk). 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 workpiece 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



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. 1001381 There

Wi M Bases to consider when computing the shortest antfafdy $edts870
solution: Case | - If ARotaryAnglel >262 Calculate the alternate rotary
solution. WO 2008/019335PCT/US2007/075270 32 Case 11 - If
ARotaryAnglel< - 2 Solution #1 is the shortest angular traverse solution,

VCC‘Egla ?g% TH 6t11%£é%%$armggeh [gq;sgsg ‘JIL% &ﬁ?@ﬁ&ggl 89@? I%Eimsea (at%%axxigdius to

ang ar solutions are equil |stant; neither solution is shorter. In this case,
detemnnigle sbespsidersd 4 Thand [tttk vafigidar solution and the angular

[00 gifprences:tetie IastPositiondiecdetesmnad AL itAng@2Bottom center point
41 6@1!%esr ] &%rilMy@%&g;Eiﬂ%qu%&g& gé% e‘{"r@ 1r§s| re]md a tool center 420 point are also
shown. Finally atool 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

N~

ToolTip = P+ x (8 — )+ (R - ) x 3)

Z | =2
==
~b

wherein

P = gurface contact point on workpiece;
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 »x (1\7 - f) combines 414—418 and 420—416 and the term

Jdetermines vector 418—420.

[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 ballnose 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



AlternateTihAngle is the alternate angular solution; ATilitingle2 is the
difference between the last tilt axis position and the alternate angular
solution. 1001401If (ATiltAnglel== ATiltAngle2), then both solutions are
BTHALASAM3ANd the tilt axis preference option is selected, thefftHESAR07/075270
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
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posan@nsﬁarae@@lm@itm@@hlewggﬂaﬁéomga&@rm&ﬁ%%ﬂlo75270 33

421The Delta.Vector |s ence b tween the tr for art
[ et At bt i it btpe e U R
datditiefraxebyio todah #é. t&d}bt@%%@ﬁ&ﬁ@ldd@&h@ﬂﬁhﬁh@omﬁheo utions of the
B-98NSkAlIzed kinematics [Riany, 210 40qws theipierdapendentias ReMVESH: 422

the various axes 270 and whether a given axis is a part of the part matrix
of t%%awz@@1@@%&%&%?&%3&@%8[@@f&gwﬁedtf&@%fﬂb%&@%ﬁao
soltilbaxeRipasitiass sthihe-licieas BXesopesitibns et chetkad 1o determipedfary

e within. apr defined.r A pl edef edr nis the

P e B g B S e IR0 R
tYpr@ﬁt@@f@@?@%ﬂﬁtléﬁ!ﬁﬁa@?ﬂ/ﬁé‘ﬁh@i@fﬂhéﬁoahvéﬁm%el’@p@néd}%%@p@ﬁator
sindfMeQ1@ Bolk0 TAOAUIBS: 30Rthoane SRR H|MEN o th AiREIORI FERBFBE: positions
" through an error rgSC?sage on a display. In one embodiment, the error is
or PSSERS &% aﬁﬁ% ¥the following three conditions is satisfied: (1) there
[00&28]less tlizwn Byaxdsian #18 mmohinel tocl systedvIR) thestitiagsacthod 400.
MAIRISSOEEIBALIE ANCINE PREFRIPARS SPRATRABAL A BRI IR 1o

direction must be used ;orce tilt axis preference); or (3) Type 2 input data

the BRSNS TIEMESS Brdep oot ddr B RO ibsHBEC A6 m%%Pn the
feed,fefetofmﬁedspbtl@tt@ms/éumedx@&ﬁ@t&t&rwmesmlmoﬁa#zds@oﬁstd@r@@ommodate

ermflr}le Second Solu%o &0014f11 or Si uatlons re|n Qg
violations o ﬁm es ve 001t es, 1I nece @ tes e
positions are not att e machlne singu ar’t 0|nt O,t e atern

km@é@wm@@hmwmmm&mﬁ@lﬁbﬁp@yét@mom@my 53 d@n@ﬁnm@@m@@dd herein,
the @PBRHAUANSLifi@RALS rovided to virtual kinematics machine 214 for updating of matrix

stacks 216 as needed.



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
WAt EBtution |; and S'ingularityTiltAngle is the angle of tREHHARS/8T5270
the singularity point. Interpolation Réfative 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

Det30 g;i%ho%iintggggggtion from the last tool position to the next tool

position Wil resultin the spindle passing through the machine singularity
[00 Biht 490 Rpivaitne tasingation 28 metheuliagrmakedd89. mhethog 228:a¢H06 is
e ethon (Mo eroalationy 1 We Pa08O PG00 TI0 TS0

thod (" nterpolation™). In v

metggﬁé?] b lS&#hee‘Ht‘fef{ﬂ “ﬁﬁ%&?ﬁ%%ﬂ%ﬁ REEPs 56T AU LGP ebrERT TR
poilth@ﬁ/@rr&[ﬂbewohv@tsmmhjphékaﬁmt@r the tieoriqiiecenas dhectaidlclid Ihe
Wor%i%%%&pﬁﬂgtg@ﬁéﬂﬁbﬁ:e ﬁ'l%ld@m}’s Hﬁ'{@d‘}g Qo &99&1%@51%%%%?0@ Fsthod

, tool 141 remains in contact with part 160 a.s one or more of the
426 JRGA6E FRARAMIHE 18D PEPSEORFIDBIMBIASEINM Figs. 12A-D, part 160 and tool
[00124] remamdhapitachtbiouginbB0degraevweotat aniahaw themeehingirst, the
singulay int 490. Tgol 141 essentially remains stationary relative to .
oo 18 R TR S AT P o sine
coopsrptitE amethiodby 28ntyise lbetieltwrdolatthritiomSalttiod P erh8efthe

tranfOHONINGh GRRGILIQD A 1ALR ML PEGaS e MR INR RO AHQR eanhandieithGxes
spindle axis 139 passing through the machine singularity point 490: MSP
Conf‘r%é‘? Gid %Tﬁl?ﬁlgﬁtﬁé?f}g@ﬁ%f% BF IO AG R E true (1) Type 4 input
[00tth is prévigedia{2)Fype Brinputsthktadtipovitedn(I) thetssiguesbarigien
orthy _r@dﬁ%a%t&agctﬁ&cetkvc%@méa inakiveeion RIeRIRNONFACINE (90158 otary

. afirst scenario (Figs. 13A-C), the last tool position is at the machine
axisi§EHARNFHOINCA00hE A1 BIetes) ipBaitioi ftinas headsahsdnaghine is
posBingidlasitycpeioki49Qind dhattiijoaxis preference is active, then the solution

espondi preferred tilt axis side. Is selected if it is within machin
00 B e AT RSt PSP PR hene o
madiyesasiygvitsipolets. thetoolae siorbetweberdetiash tobt positigthaorotesi e ies

aloﬁ@@ld%§i§ﬁ% s'iﬂé&ﬂé@ﬁs!@ﬁ@ Byel %@m@m .@dﬁl‘?@: %g@@@m%@%%&% situation
machine singularity point 490 to the next tool position usmg the tilt axis
of e b L OB TAG TRl aNy steldntripHe riAf s Gegpigform

120rdtatiorhopthesotatiilaxis 158 iBeferring 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 tiltable
member 179.

[00128] Method 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 = arccos(T oolVector, ., ® InitiaZSpindleAxisDirection) 4)

mach

wherein the

TiltAngle is the rotary angle of the B-axis;



contemplated; solution 1 tilt axis is on the opposite side of the singularity
point to the last tool position; and solution 1 tilt axis angle is not on the tilt
axis preference side as illustrated in Figs. | 4A-C. Referring to Fig. 14B, a
WRAYHYPHefined by the tool vector for the last position andRAE ¥§ep07/075270
vector for the next position (solutionzf) 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

j the preference side provided solution 2 is within machine limits.

Tookieinmaeyil ftriétiatha R EgS! TRAE RS FrstBuc AR BRI e 80 P ctor
— - ition454 10 the machine sinqularity point 490 (Fig..15A), then
T e AE I AR ORAL A0B0L e RIS GLILI BT

coordBtRightdb Bhcannkthgnartespglatesdie tool vector from the machine

ingularity point.490 t tool pasition,458 using. Solutian. 2 .(Fi C
0 oa b S U D AT A B il ot e
tilt agd gtiopddr hers latib8 0 dgrediretatiormof thenatanysaxisitd8lamd ssoksiopn]l then
metkllh %5 5. RMINE RANE Side L s achine SIQIRNLY paintaS Mg 1astiol

_position as shown in Figs. I6A and16B.In this scenario, the outcome,
situgtipsngisthag pentfitidheravremelets Bread Xrigidsdissamtvareisronitia or to
zerolilf axinprefergpegizicl R0 baol st thehidltaxis angleafs selttion rigaidhats the
atte &;Ittaéige%ref%rﬁg%% 1irdt% tgg rfgtsel;[hogewilrllérrlatt%r(%oelgte from the last position

{6 the machine smgu‘farﬁ]y p%lnt 45 ,%ﬁen invoke the MSP Interpolation,

[00 3 Mbwed BYthetemsiening thel isstoreiodfrsmptiie raeHivasielyosaritppamity
poirft Ao RexbiRe! ResiienwhickscoasRands {eusalutiamn Finkhig is ¥ reference to

. cqncept jllustrated in Figs. 15A-C herein and shown in Figs, I7A and 173..
Fie G 1P A B0 SR PS18 WO S ShefBrdHcacs 156
and ﬁid_é;me\mem@ daavilt E_@I?cd_scﬁdﬂnﬁia sygtan_ti),wdlr@taéetmlﬁbdﬁuumecsmgtd furifyaxis
158 QQHE@HP&S?%@%Y-TEQ) '&iﬂgc{l%érﬁ@gé&ﬁlﬂoéﬁ% [00123%4In.g et

scenario (Figs. 1I8A-C) wherein none of the prior three scenarios apply,

solution 1 has anyCathdrastalienfofahelrot@rijilakis 158 dhad the tilt axis
he SIS, 2.001 0. e sAMme side,pLing machine singularty peint 490,88 e
last Bosﬂon. i this scenario, soltition 2 is se ectec?, biherwige the too
labelrskbae o limbigirerpolate the correct trajectory relative to the workpiece
since solution 1.weuld inte @Wmﬁm—th’ through g]gga singularity
point. [00154](%82%%0 (%) @é't solution ¥determined, the movement from
Thetheripstpositibn to thecreXl pagitigrhis Getekiaitnet| 400 digttintes petatiand iy
equmg%rggalr@&i%Ejﬁ&%gggqn@] et yet active. In some scenarios_ as
described herein this movement includes the tool vector passing through
Toofecmagtine Bnglaity, peiftodn/ethersituations dlso described herein,
Th tthis movement (t:ioe.s pot{iqc ude the tool egtogglassln% through the fion 8 and
eI SRRy Bt “ORCE HHE THIS D ETRHOR AT RHISIE. thecquation 8 an
labepkitidré wiigh Hee Type | data 408 are provided to method 430 in the
cascading method 400. Interpol ?Ogci)}pelc /ect masqing Through Machine
Singularity Poi sgenarios asescri jd herein wherein the

movement fron fRE 145F 1561 positibH ¥64REnE* 50l posititH includes the

tool vector passing through the machine sifigularity goint 490 the following
method is implemented. The path interpolated by this method rotates the

’ W%%Sinabout the machine singularity point 490 such that the tool tip and tool

vector remain sfgliond(y giatiys.to[He watkpiees,conidinate system 282.
The method is us%gnv%en the fof%v[\tljgr?g conditionsTgreqsatis ied: (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
VEhIRR 8 Boint tilt angle. If not, the motion is interpolated frBAT A& AEP75270
position to the machine singularity p%’sition 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

he RGN Aesition ibrauan aasaasis, aihid 40. The motion is then

intefpolated from the last position to"the defined inétﬂe]rmediate position at
the machine sjnqularity, point 490, Areotatibfri®thell jderformed at the
machine sing%%%@‘%@?rﬁ_ﬁf t.aF—ng alhysjthe /metion),if Jthen ir{?e polated from
the intermediate position at the machine singularity point to the next
[0013Hsition 450memiithed dssebimidrpeddairraaictis rat pakhionab ahé2o for b-
axis IrfeEmMeciale prIsitiopeatitbe machinemingulariysgpiotanddiomthgeneral
intermediate pgsition. at.th hine singularity poin he next position,
o A oo ST CligE 3 b A e Stage 2
DetotiminaerdMemsh B2t implemented. identification o 'Intermediate Position

(0013 Maching Ginatdati RaintRAd.niek RRatAR:T ReretQ fORLR (ARt f¥RE4otary
input data, if (AngleGast,4ndWattStirldceNormal = 0) then the surface

and {EANEPYECIEP Sor RS GRS NGH Rrtd NGRS REPHMS B ToT fhaotution
for t@ﬂth@iﬂﬁ&ﬁ@h@;iﬁW@ﬂmgﬁnm@ eil_castérpdlﬁiﬁmtﬁathfdche\lmm&m
the lgtt%?)%xexgag@e%eogﬂgﬁl?oné@Re'*ﬂ IS’H%%'&’?@o%%a%‘i'soﬂ‘em% determined and whether a tilt

' An?ﬁeLastAnaNextSurfaceNorma = arccos(LastSurfaceNormal _
axis jslasusfateNetalyIedangte st aNeRistMicenSimeag udol iHatpmating
the tsbrfaee NOrMAb MegteljfetotierprieePositian sndithe surfasarginaivestor

or thet nextér%tﬁr ollatqd oIsitLop are hottc IIinetar. 10101581T e éaurfa{:e%
T AT Ve MO fot e MAhME SIhG 1At POSTIOR T proviasd BAsEd or he
intenelationshipistrwrcipdollowing equation. SingularitySurfaceNunnal = Ro(a
[001%3}Pou CigsREealoiatLASIRUINRENGRNS 4 RHKALRINGS DROB RN blat

wherein CrossVector2 is the vector about which the prior position surface
the G IBS R RS At DASHH G tHE BB SHip fpatically
appledUatiDnpEl iniVIo20801 833 PPE hSPRI0 HORDR KB4 automatically used when
I LaftrSurf{we ortnql ArextSuclea ceNortnal CrossVector2
ntexEﬁo z;[éon ype 11s a

s acyve.
astSuifateNormal 0 NextSurfaceNormal (29)
[00134] 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 ot 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



and SutylVortnRotationAngle is the magnitude of the angular rotation

based on the relationship in equation 20 SurfivorntRotationAngle = *

AngieLastAndNextSi faceNormal (20) wherein Al =

WS HYRMEPETaLastTiltAngle = Lastrift/Ingle - Singula ray TiltAi(di@§P7235270

A2 = ASingularayToNextTiltAngle =3NlexiTiIangIe - SingularayTil 'Angle A3

= ATotalTiltAngleTraverse

=1ASingularnyToLastTiltAnglal+IASingularityToNextTiltAngle [00159]The
ma%%fu%‘?c‘é%t@ﬁ{&?lﬂkéﬂ{am‘z? maghios,singwaity HasiHen s AeLermHnette side

ased on equation (Al SingularipStalacehint = LastSurfaaPoint*

whep\e{zigmapinet s iethiadobM L2 A [00160]The
[008B|qularickiaceNanall Singutaiyou fageRatntandi Joal- viegtondeting stem
o0l RO S i SDAe RO SN 1010 e
is sheigu Befisrpite 430 i$ Sentiliompeonrimpudingheariesidetitetioerdognee is
showfie movement from the last position to the machine singularity point may

now be interpolated as discussed herein. [001611In cases wherein Type 4
[00%%4a is nolpﬁma]&af{aﬁ%emt&ﬁq@&ié%é RSN SHRGETEYith oS 2is
prefdeterniinedvas dpllewshd k (Angietcasthndiliattd del Yediosd=i0 athed thedodl
selel[%ﬁt_gxgc{ %etg%%{ IQr(cPtﬂ? gh%?e?@rq mﬁe@% y ﬁpstlpgofl%ﬁgge B%&\é%g,r%gf}t@gpe 4 data

_ . position are collinear. AngleLawindNextToolVector is based on
is gt fidhErp drilda intioH26) ARIEEE SHEHINGEXTEB Nt by astive, or (4) a tool
vecBIGERsibREBhAO R aCtOthMNexTaekY aetan: (2h)ktke rotary and tilt axis angular solution

i déép{%gelaa% é‘r%ﬁethfa)ﬁtmgl%\{%?Fc‘%{d; 0) then the tool vector for the prior

position and thé tool ve e next interpolated position are not
Shortallidergnlar Traverse Method
[00137] First, the change in rotary angle and the change in tilt angle are determined as

expressed in equations (11) and (12).

ARotaryAnglel = RotaryAngleNext — RotaryAngleLast (11)
wherein
ARotaryAnglel is the change in the rotary angle
RotaryAngleNext is the rotary angle being considered; and
RotaryAngleLast is the rotary angle of the previous position.

ATiltAnglel = TiltAngleNext — TiltAngleLast (12)

wherein
ATiltAnglel is the change in the tilt angle;
TiltAngleNext is the tilt angle being considered; and
TiltAngleLast is the tilt angle of the previous position.

[00138] There are three cases to consider when computing the shortest angular traverse

solution:
Case 1 - If ARotaryAnglel > —7—2[—

Calculate the alternate rotary solution.



[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
POLREFBESFea orl(Lctst Tool Vector, Tool VectorRocationARGIE I E2)7/075270
wherein Cross Vectorl is the vector®bout Which the prior position ool
vector will rotate is determined based on the relationship in equation 27
LastToolVector NextToolVector Cross Vector! = Last Tool Vector O

NextToolVector (27) a}[nd ToolVectorRotationAngle is the magnitude of

Casthé-aHoMRewaotétigel kased on the relationship in equation 28 r Al)
TooIVeciorRotationAnﬁeAngIeLastAndNextrooIVector (28) t,A3) wherein

Solwilon ASHiGe kdtyers lkagtTtttngteesdhasimiltAngle - Singularity TilL-Ingle A2
= ASingularityroNextTilyingle = NextrittAngle - Singularity TiltAngle

Case HI - If ARotaryAnglel = £y

[00139] In case III, 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 = AlternateTiltAngle — TiltAngleLast (13)
wherein

AlternateTiltAngle is the alternate angular solution;
ATiltAngle? is the difference between the last tilt axis position and the alternate angular

solution,

[00140] If (ATiltAnglel == 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

(ATiltAnglel + ATiltAngle?2) the shortest tilt axis solution is selected and is set equal to solution
#1.

[60141] Returning 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 determine the part point in machine coordinate system and the tool tip in
the machine coordinate system as represented by equations 14 and 15,

TransformedPartPoint ., = PartMatrixStack ForwardTransform(PartPoint,, )
TransformedToolTip ., = ToolMatrixStack.ForwardTransform(ToolTip ¢gurmopom ) (14-16)

DeitaVector,,,, = TransformedPartPoint,,,, — TransformedToolTip,,,.,



29-31 A3 = ATotalTiltA ngleTraverse =1ASingularityToLastTiltAngle +
ASingularityroNextriltAngle [001631 equation 32 The tool tip position for

the machine singularity position is determined based on 1A11\
BiAGUNER)FSolTip = Last ToolTip + A3 (Next- LastToolTip) (BEY/US2007/075270
[00164]The SingularityToo !Tip and $ingularityToolVector define an
intermediate position at the machine singularity point relative to the
worlcpiece. The intermediate position corresponding to the machine

jpgularit Tadl i i S %rq meethod 40(911.3Targ1 .
e O e R

tranpiatmesrirsiited Heiseios seridreirnRaaths i msoutmachid Bngaldrithe

corfeQintcli0A e Ree the deehpasiianisdtnterrolaiad fnomtheslast position

. to the machine simmlarity position, the next step is to rotate.the tool
oS SR RO A I WSt PR RLoP o e pr
matiistpd Ao restepsdbmatatetiek 236! and/or the part about the machine

[0 BiBpUlarity poipt isdete Ema@ggnd@ig 0eE g@%ﬁ@%ﬂ& BNEARUE O M ons are
chord en-or of the VVO 2008/919335PCTMS2007/075270 39 tool tip

chegsiaingABBIR M bRABRINER S MR eP SRt q8 LR G RbteT RISk fiRed region is
the ruginbeépaidatérpolationsiéps. Hrione smbadiment (e fixedoinerement isit of

mad R LIRS0, (MR INGHRRRI AN SIER P BRI RIRMSE
increment Is a fixe angular incremerit.

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

[00144] For 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

AlternateRotaryAngle = ConvertToZeroTo2 PI (RotaryAngle + 72')
AlternateTiltAngle = (SingulariZyTiltAngle - TiZtAngle) + SingularityTiltAngle (17.18)
wherein

RotaryAngle is the rotary angle for solution 1;

TiltAngle is the tilt angle for solution 1; and

SingularityTiltAngle 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



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
RetaWFHdriDistance is determined as discussed herein. [OFKG7VBRW7/075270
interpolation is a linear interpolation.3fhe 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

eis s The number f rations is cqupled b
o S T LT e S RE e
StatiTjars At @ﬁwﬁom@)mg}ma@w@tbﬁdﬁ@blﬂ loretaigsRbrENIRaeHENDIS tapgidarity point
490ChordError and [,A4 > 0)(33) the number of iterations is determined by

ation 34 _ wherein the cell() tlon rounds up to the next integer;
00 B A THE Bt P APbLRE (AP Aioc it 0 bnc or

moiShéttestingliesdraverse{NextROGlysvrgleln FastRbiabybagled(38J,tool 141
rem‘éiﬁ%%&ﬁﬁt@ &HQ&&?ﬁ‘8§HQQS@EA&%@E&&V%%Q&%H 5. HgiRNgR4 90, Tool 141

difference between two angu a(&%asmons that is less than or'equal to 180

eSS PEgIYaEIHIRR S HEPAHDHSHIE VIR te qualisHBIssd bt wis s ielirtaativtion
[ﬂume;hod sefsthesiyahgkitiationsdo asao Iélﬂmt:&m@f dotefipelationSolution #2

wn SXERTaEed Atier Sten JogReglinvue embadiment, a0 aperator iy
ero on steps bas ona IXed angula

ax154§6> 498NG g @Eynsqtemgha@alaﬁguwaméf@@s Mek Héeabdmcm/@w t@nm:d if
anyQfrahdeAeRinL RIS IsuraRrassRechin CAHAIARAUMO) Type 3 input data is provided;
3) %%%%%gc}s?ggg (5 t%-gégggthJr{?Z gcthV% %(3 (84) 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
tilt 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 [ tilt axis is on the opposite side of the singularity point to the last tool
position; and solution 1 tilt axis angle is not on the tilt axis preference side as illustrated in Figs.
14A-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.

[00150] In 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).



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
Weri8i4°A¥s been determined, machine tool system 100 roB&E3$4961875270
the machine singularity point. In ord@? 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
le, the r les a 10 e positions.of the linear axes
O e era b RS SR I AR 5 ana
solugprpoidirasints aTCherevmRoterythe rashit: Befidansythrin iio froksfyoghpsition as
shm%as iFepERsestechini SEUQHQHS?S&QQQTEHE@WE maé(eﬁé’é&naﬂ% ngi%ﬁs& the
. equation 38. CurrentRotaryAngle = LastPqsitionRotaryzingle
it g B et e B A ShEi S Hhir o e R
soluFixedR otetheA i arStep apecifliedisynthd aperhiote @047 BbNelt, ltiveposition to
the ﬁa@ﬁxéﬁ%gﬁmmdﬂa RAOSHODS B K76H R b‘?ﬁi@ﬁ?f@ﬁ&%@@’tﬁfﬁﬂ%laﬁng
loop. The Machine Singularity Position Tool Vector, Tool Tip, Tilt Angle
the (R eRF SR GtARATYIE HPEIHEVI el 4R St HioM BB dbep Hssponds to
soludetierning thehposidionsiafstheclineaiaxesaltalteithacompuiedigxis7A and
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
[00157 deletdbitamlinidsamalnfrestotivotats aplout tvetithaxhiprsisiprpglsidey the
metRABHION dLLhSAher disegtiondhe.thelenaesARouiay raveisadesAd) ofnis is
1L egu%tio%.% % inverting the step angle, determining a new A4 , and
HUsHE g rlﬁlpd%n e number of iterations. The new A4 is determined based
[00138]the value Gfutie previous k4 With heTelowingdwbtioopditidnselfcenarios
appl élcﬁtgljl’o'rpli’h%g)aﬁl}%hé%b%ﬂ%’!)q%&'?&é&r a%ﬁég) g)l(ﬁqlﬁpﬁlﬁékg\ﬂ’%lﬂé fgxzot on the

ote that A4 cannot equal zero; otherwise there would be no rotation ‘
samg pidgefitbedirghiaritPsbRrtmeis*atenips faileridon Apbisiftinapeing lution 2 is
sele@lsistecal thetnaahinelimis) HemeiblaW/B:200801ARIBRG TR to the

WOrL p2160c%7s/191265 SZCEI%iOH 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



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

Mgk EasEading method 400 and the movement from the RESIHfaeRAE 5270

machine singularity position to the né&t 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
posIHEETRRIRIE Trom,a first é%/%t"s’ﬂ’s%%é%%@é%rf?ﬁe'%%é;ﬁ%s“s"i@g‘@ ares%ﬁfﬁ'ﬂhe

position, such as an intermediate position at the machine smBu arity
magydition. The following two stage interpolation method is an exemplary

[00188fhod foripigERRIEHNG FFOM: ifSk PQSHGE 1913t SREONIRARILOT: Bt position
twq-stage iiwterpolati n methaod includes a first st W&ereby the tool

. ge
it Gl (A SRR RS VP52 o JORURG B e ot
frorfirgic o ibionititan msh@madmiooIsiwxgutmﬁmmattcmrpeiapmycﬂqr@ﬁmgtmis&mmpdliate
posﬂgﬁigpﬁre gﬁa%frﬁﬁégxgégﬁxr 4;5%'39 29@ ét&ggﬁ%g’d'b-gfgg&!\fﬁgtlﬂ{ek%@[i’aglﬁlt!%ne by

00176]In this stage, the fool vector is interpolated relative to the _
sengiag BT RIS RS in BRC AP S R DI LR B h BRI B oERiBIS P 4P The motion
is tisecandphsiionnAlaoughailiness inertolatiorsysien isdisslasad, mabhine
sin%tlr?ltear%m egcftn_to ﬁﬂ)%nt qﬁcggt%g%s%e%%%\%géeggﬁg{%ler élfqgé g]neglll a%%%; goint 490

er lon system can be overio 0 use Spline, nén-unfform (afional

Finglgglinew (RURBS) ieanirotHerintes pukation deme rienr thivenathis stinga larity

poif® BARRUQNASiaga WNd the eReraionaLhaahseftware BRPNGALON kR may
chose to simply skip stage#1 and go straight tq stage#2. 1001771For

intefmg FRISIPEIETO R SRS 15T VRt By (hY ToBid Aero FiteietBRdipif position at the
mag¢hietpolatetiy eagh @ planegisutdheledordinddecsysteimdsrifin( SeedEigpr Stage |
ana28) Rerweananl positions, ihg fitsyposition and the second position.

Three

.exemplary interpolated tool vector positions 1.1, 1.2, and 1.3 are

[T e A0 DES TG K IEM BPR 1A DU ETINANE G AR ROt
[oonsiber ofrintespelaigsustaps peiween e, mexiolRasitions are)rrevigedurface
[00178]A first exemplary method to determine the number of interpolated
norgpd y§ e L R@drangitier sisbihy HE BperatBrbrevider daaskenamylisd
pos#iep b tolseafig 2l farihenanbyestonheiwerning BYeORIARSIIONS:
The Intentions for interpolation is determined from the relationship in
follgsipgRs8™ WO 2008/019335PCTILTS2007/075270 42 # Iterations =

Angt%%&f&meﬁ%%ﬂ&%/&&ﬁ@a‘?c HQ@E%SE%E%%) e NextSurfaceNormal )

If (AngleLastAndNextSurfaceNormal # 0) then the surface normal vector for the prior position

and the surface normal vector for the next interpolated position are not collinear.
[00158] The surface normal vector for the machine singularity position is provided based

on the relationship shown in following equation.

StngularitySurfaceNormal = RotateAboutCrossVector2(LastSurfaceNormal , SurfaceNormRotationAngle)

wherein

CrossVector?2 is the vector about which the prior position surface normal vector will rotate is

determined based on the relationship in equation (19)



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
BBMBA1EF vector; and MatAngieStep is the desired anguldii&}52007/075270
100179]Equation 39 is used if Type3§ 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.

o e R e N panglesten 4
liera onM@m-l&?ﬁ urfaceNormal @ NextSurfaceNorma (19)

LastSurfaceNormal @ NextSurfaceNormal

and SurfNormRotationAngle is the magnitude of the angular rotation based on the relationship

in equation 20

Al
SurfNormRotationAngle = (I—A—g!] * AngleLastAndNextSurfaceNormal (20)

wherein
Al = ASingularityToLastTiltAngle = LastTiltAngle — SingularityTiltAngle 21-23)
A2 = ASingularityToNextTiltAngle = NextTiltAngle — SingularityTiltAngle

A3 = ATotalTiltAngleTraverse = ]ASingularityToLastTiltAngle[ + ]ASz'nguZarityToNextTilengle[

[00159] The surface contact point for the machine singularity position is determined based

on equation
. , A .
SingulariySurfacePdnt = LastSurfaePoint + = *(NextSurfacePoz’nt-—LaStSurjacePoint) (24)

[00160] The SingularitySurfaceNormal, SingularitySurfacePoint, 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.

[00161] In cases wherein Type 4 data is not provided the intermediate machine singularity

point is determined as follows. If(AngleLastAndNextToolVector = 0) then the tool vector for the

prior position and the tool vector for the next interpolated position are collinear.

AnglelLastAndNextToolVector is based on the relationship in equation 25.

AngleLastAndNextToolVector = arccos{LastTooZ Vector e NextTool Vecl'or) (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



(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
WA NERal for the first position; NextSurfaceNormal is aRfrit W80 w§270
the direction of the surface normal f8§ 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

0, as represented b 1. [00180]A second
e%@ﬁiﬁf&f{;?ﬁféf%a f%?faféfé%fﬁffés ?ﬁﬂé@fﬁmﬁgfﬁﬁtew&féﬁé%%ﬁé'iféfés o)

wheglgsired time step. The operator provides a desired time step 503 (see Fig.
—21) far the tool vector between the two tool positions. The #1terations for
Cropsterpeiiatiofas wée AbRea MG eHeipe Rafdirshipohy eejoratidhrazte is determined

bascliipneRtienfitombastiyexbr27

e — L oy 12 N -
CrossVecton] = astToolVector @ NextToolVector @7)

LastToolVector @ NextToolVector

and ToolVectorRotationAngle is the magnitude of the angular rotation based on the relationship

in equation 28
a |
ToolVectorRotationAngle = ey * AngleLastAndNextToolVector (28)

wherein
Al = ASingularityToLastTiltAngle = LastTiltAngle — SingularityTiltAngle

29-31
A2 = ASingularityToNextTiltAngle = NextTiltAngle — SingularityTiltAngle

A3 = ATotalTiltAngleTraverse = |ASingularityToLastTil tAngle] + lASingularz’tyToNextT iltAngle‘

[00163] The tool tip position for the machine singularity position is determined based on

equation 32
SingularityToolTip = LastToolTip + e * (NextToolTip - LaStTooZTip) (32)

[00164] The SingularityToolTip and SingularityToolVector define an intermediate
position at the machine singularity point relative to the workpiece. 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 Sincularity Point

[00165] Once the tool position is interpolated from the last position to the machine
singularity 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 error of the



WO 2008/019335PCT/1352007/075270 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
WOrte%HHAS to the second position; and WorlcpleceRelativefe@Hraa7/075270
corresponds to the feedrate of the todl tip relative to the workpiece

specified in the part program. [00181)The function
GetMinTitneStepBetweenPositions determines the linear interpolation

tool gigggﬁm%%lﬁ&ﬁ %%twg&%h;ﬁmltgﬁy RRsiinRand slampsdhe tnawien

_ hence the feedrate to the maximum axes velocities if any of the axes
interppsipiniicDl JBifiRS careCdiBigte ¢ By ah & eREFiTdset ReicimisigagHmber of
intetigflAERs igpclampaehiing siepifcthamave fdavwyenthisdimatstamp is

Nun%rg;yo n ap Orpxljomn%tzion pE}lh(;dfi r%;ime step sincg linear int.erpolati(.)n of the
*ﬁk@tﬁr&vﬁmﬁﬁﬁmﬁaﬁmmhme axes interpolations, which may
[001ip@rease tHe tisecsdeqyttsraialcbstiputed thederlyiintebomaekitmevaragtihe
positRel Bath i@@ﬁp&l@t@&@ﬂﬂ@Q@&eﬁ%c@%ﬂ%ﬁ@n@aﬁ&%ﬁ%@%&%&@ﬁiﬂ@n input

in the Tool Position Cascade will calculate and clamp the actual final time
RotaylipdiglPigianpats dgraurrtintepaiselsttion. Finally, the number of
[00Tittations Hieipropidet by thintelaticnsbiipiin. efuationbed DY posiiensiin determined

bas %%%@H%ﬂgrgeﬁ@& Rymber 24 jteratianss And Max Fim, 8RR SR SRS EQ rror

e interpolation time step specified by an operator input parameter.
tolergpeapyoncelaientiirineborteralivisreeBmited themisisiesdiens s
coupMegigrsRIEicaespending interpolated tool positions are determined.

h of the interpolated tool vectors.angd. corresponding interpolated tool
00858 fons AT ERTR MR e BAEAE S AR o M e positons
(Rofariiofheaxes fuatha driefholaledspositto 080 {ADABB 1id [aAE- 0) (33)
embodiment, the tool vectors and the tool positions are interpolated in the
the ¥ERRGARY HEEGABE I HRgR! BEEREHCthe prior position and the next
interpolated position is determined by the relationship shown in equation
(44). Angl eLastA n’gNextTool Vector = arc cos(LastToo|Veetor Next Tool
Vectonions = ceil At (34),

ChordError
2 *| arccos| 1 — —
L RotaryRadialDistance

\
wherein
the ceil() function rounds up to the next integer;
ChordError is the operator specified tolerance;

A4 = ShortestAngularTraverse(NextRotaryAngle — LaszRotaiijngle) (35),

wherein the function ShortestAngularTraverse() 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 of Interpolation Steps - Fixed Angular 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 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;
WAPHELEPHS| Vector is the tool vector for the next interpolat®§ BYSAIBHI 75270
/wet:potation o the Tool Vector [001é9lllf (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 ool vector for the next
interpolated: pesition argyot-colli . ivector aboyayhich the
prior position tool vector wilf Feedte &t based on the relationship
ooifauaton (8l &estieRNeRIBLNRILIRPLYE R SIRRR AR R od angular

LastroolVector O NextToolVector
step. Otherwise the number of iterations is set to one.

[00171] Once 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.

[00172] In one embodiment, a CurrentRotaryAngle is set equal to the prior rotary angle as

represented in equation 37 and the angular step (4,,,,) is provided by equation 38.

tep

CurrentRotaryAngle = LastPositionRotaryAngle (37
A4
b, =—— 38
T % Irerations %)

It should be noted that angular step (8,,, ) is less than or equal to the FixedRotary AngularStep

iep
specified by the operator,
[00173] Next, the rotary angular and tool tip positions for each position are 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 méchine 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.c. 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 (A4 . <0) then A4 =Ad

If (A4 >0) then A4, =A4

+ 2701

previous previous

— 27T

previous previous

Note that A4 cannot equal zero; otherwise there would be no rotation about the singularity

point. If this attempt fails due to a position being outside of the machine limits, then both



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
WORE#E81¥ % ctor is the tool vector for the next interpolated gésitioRI07/075270
[00186]A similar exercise is complet‘é‘d for the surface normals, assuming
Type 4 data has been provided. eingleLtitstAndNextSurfateNormal =
arecos(LastStalaceNormal NextSu faceNortnal) (46) wherein
efOIEhARIARCH G SHIRCNGHNA SR ANGISINGR B Ibe PrOERRS R
surface normal and the next interpolated position surface normal;
limifsgstsurfacieNortnal is the surface normal for the prior position; and
[00 1Kt Sucta@ebloamhiﬁghleasﬂl@‘a&atmrmaltfﬂfethﬁdm@ interpetatednt 490 was
succ%%?ui helf Al !te LI? ?st'g\fp %ll\l eXI Crfgg%tloml Q}){)heg ee n?éJJga%gt om the
normal vec orpf)or thie prior pos fon an sur ace normal vector t%
interpexdti it erpdiatedngokitiorpaséicoliribanckt Madion is interpolated.

Inte%@ﬁ{mggﬁ% %%9%71%155{?@91%/ Q gé%%@ ﬁémon
wm{%é]gIeLastAnd|VextSurfaceNormaI # 0) then the surface noal vector for

prior ﬁﬁéﬁYSW’dﬁ&a{Wé%@F%@%F%%@%&Fw tha A agtagement is
intepogitidrrane ot codknear.s{eA 8 7T hatyestitsnaboutavhic] hadigopsiaich as an

mteHQ?dﬂQQp%lgf Egﬁ: G %@&ﬁlggts%éﬁ 'irff?}%&%ﬁhon The following two stage interpolation

method 1s 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 422 A 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.
[00177] For 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 arc 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 #lterations for interpolation is determined from the

relationship in equation 39:



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
THEAHSIBEHS LastSurfaceNormal is the surface normal vectdtG&UHREY G270
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 iteratio i I Jool Vector =
0) the interpolated tool|yeietes\¥esdedisaiabthestber Vet of the 8rior
position"d&TAtifEe 49 equation A8 ieIpoiETo0Vecter | (39)
extToolVector(48) If (AngleLastAndNextTool Vector #or a given iteration
then the interpolated tool vector determined based on the relationship in

wheremn .

eguation 49 InterpolatedToolVector =

# I Rerate AjbetCrozs\vétrsri{tsiroolitector, Toolfork, 'gie) (49) wherein

NeAi&SpRlatedsToQli MRCIOF GAReSRRRLS §0 dhedniamglated gl vecietior;

ToolVectorRotationAngle is the angle the tool vector is to rotated and is
Lasjeaeliriirédibasel Gy Bt Thiae fatide 5epsdig tool vector; and
MaRoIaUSAPOutes dssvactaflis aifpnction that rotates the LastTooNeetor

about Crassiv'ectqrl ,throudga an ang§ equal to the val

-Il-

e of .
[0058b1vectdrBBtsiohARBIEThE Too (Fa RS F|R%tl}é°|%%"e‘t8ﬂﬁ‘?ﬁle%ﬂs‘“m
If Thasédonitheoralatidnshipiof éguatondb@cEopnyebtaiRomitioniA digtersned based

on equations 40 and 41.

(.
larccoskNextSuljfaceNormal o LastSurfaceNormal 1
(40, 41)

# IterationsSurfNormal = ceil
MaxAngleStep

# Iterations = max(# lterations, # IterationsSurfNormal )

wherein

# IterationsSurfNormal is the number of iterations based on the surface normals;
LastSurfaceNormal 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

MaxAngleStep 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 #Iterations for interpolation is determined from the
relationship in equation 42:

TimeStepFromLastToNext =

42
)()

GetMinTim eSZepBetweenPositions(LastPosi tion, NextPosition,WorkpieceRelativeFeedrate

wherein



* AngleLastAnciNextToolVector(50) # Iterations WO
2008/019335Per/US2007/075270 46 [00189]The interpolated tool tip is
determined based on the relationship provided in equation (Si).
Wi R963axed#dolTip - Las troo 1Tip !* (Next Too/Tip - LastTodiTR($bp7/075270
Iterations [00190]The InterpolatedTd@ITip 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
. pesitions of the various axes. [001911In gne emhodiment wherein Type 4.
T?mp tezfﬁopnr?g@f?e% ' Zelss%lrf'i‘alcr:nee ﬁ% mMarvestore Q%Sdt%%t%ﬁf?ﬁét&?m?on specified in
the positiogs:are interpolated in the following manner. The angle between the
rface | of.the prior pasition and the surface normal of the next
Las?ﬁéoégf}gg?ar%gémp %%?é?n"(kg%glféﬁ%"s?ﬁéﬁ%% NextSulfaceNormal ) is determined by
Nexthevélationstinyahonirseqoanesit@s)2id0192]If AngleLastA
wongNesiuiaceN g nal s SHLRLIR 28 e-for AV e IRNalonHReR e workpiece
interpolated surface normal vector is set equal to the surface normal
speqjleddp SrRd GHBEBBsition as indicated in equation 52.
[oo1gterpolaterSuHaceNosma: ANSSHIdace ¥ mMmal(52) dfmines the linear

(AngleLastAndNextSurf aceArorrnal # 0) for a given iteration then the

intefpeltiRitarin LRlPGLes Retan VactsP i elateriifne andskupps i eHinefigiorshisnce
the fecéntatiahe(b3) interpaiated Sidace NgrifahsdRat aibdhesd LFesSs are violated
ector2(asiSuifacgNaorma/, Suij2iceNorinRotatzonAng| 3) Wherein .
B e SR € TR ATER I itAe o vver, i
tmerrmR i edion Surasenemal Rettrbnismyisisite én@l@imrﬁep@mﬁag@f ‘thé tool
veetdOHMAl QGBS ter e ralateck ard isdgicuminedinasedQndhe.telMianshRey for
in eqyai n 5%; and

the computed linearly mnterpolated move. As the tool path interpolated positions are computed,
the Type #1 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)

TimeStepFromLastToNext

# Iterations = ceil[

(43)
MaxTimeStep

wherein

# lterations is the number of iterations; and

MaxTimeStep 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.

[00183] In 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).

AngleLastAndNextToolVector = arccos(LastTooZ Vector ¢ NextTool Veclor) (44)



Rozate4boutCross fiector2 is a function that rotates the
LastSurfaceNormal about Cross lector2 through an angle equal to the
value of SurfttceNormatRotationAngle The SurfaceNormaiRotationAngle
WORWMNED based on the relationship in equation 54 PCT/US2007/075270
SurfNorinRotationAngle =* A ngleLaStAndNextSurfaceNortnal(54) \.#
Iterations [00193[The interpolated surface point is determined based on
the relationship provided in equation 55. WO
Wher2@01%)81019335PeriU52007/075270 47 InterpolatedSurfacePoint
Sl astSurfacePf . 13er Iterations*(,/tre-ttSgurfacePoint-145tBuiliicePoint)
Ang@@s{@@%ﬁ@ﬁm@p@g{@@q@mwgﬁw ariol position and the next interpolated
pOSim)tlg;_rpoIaredSutfacettiorinaI correspond to the Type 4 data for the
interpolated surface contact point and interpolated surface normal vector.
Lastiiqpd erarissisuie s eas EddivgPRmathrsdtian0®d determine the positions of

NeMTBVAHIONS RXeSolage.2 ttarpatationde0kalidser the machine

Imgozitions $r2e 2etzrmined through the cascading method 400, whether
= { dToolTip and the InterpolatedToolVector or based
[0018d]the IntE(pleldted@tiaveRtint Enbihe (hteepdlatedSutiacdi oimaiqraosition
econd interpolation stage is performed. The second stage interpolation
and eetteor(r)ni\ﬁeé’tso{/rv% %aéﬁee?efﬁr]t'ﬁg?% 4 é@%igtli% nsaﬁ%fﬂﬁtﬁﬁeé‘rd ermined and is
(Anblasect.onidnelobtiommetigdss(lha talevancefoneihodoamdsig)adidatie tool vector
for 1 6131}I(§rnsgerap@@0 me&hggﬁil% %irtehr%tiggﬁr e%lation method, the tool tip is
|neterpolla¥e i the Wor piece coor iate system. Once again, although a
[004RFear inteFpolatitn aystemhighphe setotaeh sitith thve wlojerwdlienéeditésigmiotd
basdNES@EWAE S All84208n 1§)linear interpolation system may be
replaced with other exemplary interpolation systems. Exemplary

interpolatio in SplideoNURBSE Spafwdtheersuitable ;ggerpolation

ciorl =

scheme. [0 166]An exenfjar;Ioerulcs Nases, pEpoblation system is
based on the chord error associated with the B-axis and the C-axis. The
whegligUlak ohange inibe Braxim anraidhececaxiaiaiegun in gL alions.beoanidn

57, respectively. . :
tool vettor \gﬁl rotaty as the tool positions are interpolated;

LastToolVector is the tool vector for the prior position; and
NextToolVector 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.

AngleLastAndNextSurfaceNormal = arccos(LastSwy“aceNormaZ e NextSurfaceNormal ) (46)
wherein

AngleLastAndNextSurfaceNormal is the angle between the prior position surface normal and
the next interpolated position surface normal;

LastSurfaceNormal is the surface normal for the prior position; and
NextSurfaceNormal is the surface normal for the next interpolated position.
If (AngleLastA ndNextSurfaceNormal = 0) then the surface normal vector for the prior position

and the surface normal vector for the next interpolated position are collinear. If



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
YEAREH Y ESmpute the number of interpolation points. The nE&XifitaA§7/075270
perpendicular radial distance from tf# 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

C ad istancel js the per en icular. radial
s T B PR S Rrppgtion
the smdycbeotine|asttpokition ﬂasmplt&qﬂlmethpo&agelﬁéha'mm\teetor
oo 3PP IEUIQ O NAORBIRL SRRSO TTERT0 A8

otatyRadialDistance? is the perpendicular radial distance ‘of the tool tip
dcthw@/%@@f&pa@@ tdnitershie &1 Wflﬂé)é‘?%n (This may be the next position
computed in the Stag 1 m). [001981In

a similatmanagprisgm at-radiat-aistareefrom the ol tip

to the B-axis for the Ictét’ﬁ%’ifﬂfﬁ]\éﬂ*f@‘ih@ AexSprsirdrniaselected as

represented in_equation 59 AfaxTiltRadialDi,sitance
WheLg AR M T RIS S SR EE S B0 PR s palogderigon
surfiberpetpéndiculailradiat distancel pbthe toaldijptabiattdt axis centerline of

Thi he | i om d in th tage #1 Tool
L R PP e
Nexgermgerdioulad nadnal%dr@tmwmhlhecwom;ﬁlmﬂxe itittaxisteépterine of last
oo on (S b (e et PSR PRI N8 PRI ERTA% ooy
DOSIR@I&fVthh&@lsmmél mRolvar@mmﬂatDlsFaneéﬂl lﬁmami\alﬁisnanceE and
(4nSilTRdRINSIanee 7 216 degerungd. Rased on %%t@‘?&@@éje%%s&%qo%%@%r of

In the section Compute Tool Tip Radial Distance to Rotational Axes

the Tienmedifies 200000 e datetiool4tion is a linear interpolation within the

chord error tolerapee-specified-by-t _We chord egrgr tolerance is
represented in Fig. 18, The method determines if additional interpolations
If (4wglriested 6rifl théVaumbed bfinterpotetionsodétemtinéddrpSeaged! vector is

dete%%}hsg sagggonetglreqattol ce Bot Q thggrotary axis (C-axis) and the tilt
axis (@3 -axis) are chec e 826&1” egardlng the rotary axis additional

|nbe&@ejazmncsmayb@m@@ﬂ@@@t&b&x@mmtpeu%emm;@Q@&ﬁmg@ (49)

wherein

InterpolatedToolVector 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 LastToolVector about CrossVectorl
through an angle equal to the value of ToolVectorRotationAngle .

The ToolVectorRotationAngle is determined based on the relationship in equation 50

ToolVectorRotationAngle = ( i ) * AngleLastAndNextToolVector 50)

# Iterations



(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

YOGSHPLOT35PCDUS2007/075270 49 [00202]0Otherwise, th& GLiF3847¢F75270

iterations is set equal to 1 as repres&hted 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.
[Oﬂﬁﬂtarylteﬁ%?&% Qg(i t& % %%%'poe E:I Qn thle ?‘q &%)Ig%ép rovided in

interpolations ma e nee 1€ relations Ip 1N equatlon e
eClu’ﬂ\)'%?)((‘{”illﬁRad|aTh|stance >0 and MaxTiltRadialDistance ChordError and AS

> 0) (63) If the relationship in Fquat;on 6 |s true, then the number of

Inigepatiens o deterriedtased W ‘Nexfosbarcuidmditne (1)

number of iterations is set equal to 1 as répresented in equation 65. By

[001Miting thEhaulmbearodiitéfatidiis mdllmmmwmp@m@pqsmeu@aype 3
AUSE the ne tlt ration orrespon the ne tion fro Sfa

e L T e e SR A 5
metikAef thé%%i%céhﬁl@sab@?ﬂéfﬁhﬁ Yarious axes.

[00191] In 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

( AngleLastAndNextSurfaceNormal ) is determined by the relationship shown in equation (46).
[60192] If AngleLastAndNextSurfaceNormal 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 = NextSurfaceNormal (52)
If ( AngleLastAndNextSurfaceNormal # 0) for a given iteration then the interpolated surface

normal vector is determined based on the relationship in equation (53)

InterpolatedSurfaceNormal = RotateAboutCrossVector2(LastSurfaceNormal, SurfaceNormRotationAngle) (53)

wherein
InterpolatedSurfaceNormal corresponds to the interpolated surface normal vector;

SurfaceNormalRotationAngle is the angle the surface normal vector is to be rotated and is
determined based on the relationship in equation 54; and

RotateAboutCrossVector2 is a function that rotates the LastSurfaceNormal about CrossVector2
through an angle equal to the value of SurfaceNormalRotationAngle .

The SurfaceNormalRotationAngle is determined based on the relationship in equation 54

SurfNormRotationAngle = ( * AngleLastAndNextSurfaceNormal (54)

# ]temtionsj

[00193] The interpolated surface point is determined based on the relationship provided in

equation 55.



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
WRAWEAATions ,0Tiltlterations)(66) [00207]The change bebR§&ai$2007/075270
interpolated positions are indicated ¥y 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 =
InterppiNeiRotanphingtel (1 SuastPote A 4y/4-Het fhlonS(EB) ByiltAnglsusacePoint) (55)
(111-extfiltAngle mach - LastTittAigieift&&hy/o Iterations (69)

[0018% rpolatatid ootFiplztdsiTaoujpwpidO)letespaldiedRetesyAdnote@pond to the

LastRotaryAngle mad,(71) WO 2008/019335PCTTUS2007/075270 50
T R A BT ACH e BSPAR AR A7 25 OB i Sector.
Thijritermetiateigositiontrarattiod d¥esmenechiny tdgindgiamn additiondbus axes.
SiaShange yalue from equations 67-69 to the values in equations 70-72 as
represented for the first intermediate position in equations 73-75.
1001388 rpolatéisdirmrchinn e bpatetrtstrimined rpbgitis cerayling method 400,
whdtiterpelaied Retantbpglemach hiterpalatedRotansBnaiBirtor or based on the

ARotaryAngle(74) InterpolatedriltAnglem”, = InterpolatedTiltAnglema, + o
s ”t%ﬂ{%@?@’g‘éﬁéﬁédﬁfé@&@fﬂ@?ﬁ@f{?@ﬁ%ﬁvﬁ@@ﬂt’oﬁé%?@dd‘éfé‘ﬁ?ﬁ}ﬁ%‘al stage is

peribirabg hl@ﬁ%@&?ﬁ%ﬁ%@(}&e?@a@@?ﬁdﬁe@ﬁﬁﬂé@%&ﬁe}_gﬁﬂlgr RRAIAEDE should be
cascading method 400 to determine, the corresponding machjne positions.
eSO By it e SRR R TG By St 1€ RAL dre
steram<dinglildn stbprspegifieddoyntttbodptator] Regargingldrd angutarsteipce
coofidifionalinfemolations argnesder dalaiive IR dhe SRR QNSNS with the

_relationship in equation 76 is true. . , ‘
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.

A5 = (NextTiltAngle - LastTiZtAngle) (56)
Ad = (NextRotaryAngle - LaStRomrijngle) (57)
[006197] For the chord error 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

MaxRotaryRadialDistance = max(RotaryRadial Distancel, RotaryRadialDistance?) (58)
wherein
RotaryRadialDistancel 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



(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
e84 BSet equal to 1 as represented in equation 78. By S&tfifg tRa75270
number of iterations to 1, no additiofl interpolation is needed because

the next iteration corresponds to the next position from stage | unless the
tilt axis indicates the need for additional interpolation. Ro ta rylt era ti 0 ns

Rota@kﬁ?ﬁ&l@z@%}@ﬁ@%géﬁ]f%ﬁf%xﬁ&%@ﬁls&%%nﬁg GHiR0Al NG RAUAIQRS-ALSIs

needed relative to the titl axis If the relationship in equation 79 is trué.

centpripe (neronasitive rERLBALRHS BEUAGSH e RPUE diiehe BRI DERbY ector
inteffRladiang ds:datennined based on equation 80 WO

[O0]%%)8101?3:33?5&&/1%%%907/}9%5270@5]én vch\ll:airXre gﬁﬂﬁ?‘%f?&n rcl)faf{%[g R)ol tip to
213]Otherwise, the number oufnlntg‘ré%ons i5S6t equasi 01 as ’
the Pepriedentedldst pepiatiomd theByxaminiothes prienlsdrepfinseativesitoequaion 59

additignah in{erpealion is-nesdes basalse theNenLAleralioncaresnanfs
to the next position from stage 1 unless the rotary axis indicates the need
Tiltkgtligtditiennsl intErpeneoAiculTitatirhdonace nighy fod2Mpnds itgstpraterline
of 1RUpAbEE R tatatignefial inastoneh ebihsuRBXishanehte£axisés Medtor interpolation
method.); and
TiltRadialDistance?2 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 RotaryRadialDistancel, RotaryRadialDistanceZ,
TiltRadialDistancel, and TiltRadialDistance2 are determined based on the method discussed
herein in the section Compute Tool Tip Radial Distance to Rotational Axes Centerlines.
[006200] 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 may be needed if the

relationship in equation 60 is true.

(MaxRotaryRadialDistance > 0 and MaxRotaryRadialDistance > ChordError and ]A4| > 0) (60)

If the relationship in equation 60 is true, then the number of iterations is determined based on

equation 61

# Rotarylterations = ceil ad 1 (61)

ChordError
2% arccos 1 —
MaxRotaryRadialDistance




[, 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] #
WMEHN81E335 max (# Rotcnylterations, 4Tiltlterations) (82) [00246/[§17&07/075270
change between interpolated positio”‘r?s 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

{0 OZEQI:fITip Ivétﬁeﬁwgétﬁfg%gﬂg&l of h@x%%%?ﬂl‘s%t@ﬁ&l I{g rlags‘;igﬁ@é)ﬁed in e%%il)tion

otaiyAngle = (NextRotatyAngle- LastRotaryAngle m")/t= Iterations(

62. RyittAipébenbaafssiglion s 1 - LaseriiaoneHeeRinB iatiesied Besypuse the
nextltespelaiaeh paldiponthsreashbopbliP:(863thaterpolatedRotatyAnglem”h =

LastRotatyAnglem"h(87) InterpolatedTiltAnglemcd, = LastTiltAngle

m"1,(88) [00217]The in eér%tgﬁféaﬁggfﬁbhs are 'ﬁg& determined by
[0028d{ling arRagdiionakchende mbditeindmteguiationsnid-B5 tiecthe ifalsaslinonship
%‘%H%@S;s%'e% as represented for the first intermediate position in
quations 89-91. InterpolcaedroolTip", = Interpolated ToolTip " +
(ManTi6BITiZIDN @8Rt Apd atedRotadiARGlezchtaThuldfer R otatls g -£63)

ARotaryAngle(90) InterpolatedTiltA ngle mad, = InterpolatetiTiltAngle,,,,,"
A S R e S e
equahenifterpolated positions are determined through equations 89-91, the

data is provided as Type 2 input to the cascading method 400 {0

determine the corresponding machine positions. Compute Tool| Tip Radial

Distance foRotatignal Axes Centerlines [00219]This method corpyites

the perpendicular radial dis}aﬁge of (Ii@ tool tightodEreor j}

TeCos
MuaxTiltRadialDistance

ine

[00204] Otherwise, 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.
Y Tiltlterations =1 (65)

[00205] Assuming 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] # Iterations = max(# Rotarylterations, # Tiltlterations ) (66)
[00207] The change between interpolated positions are indicated by equations 67-69 and
the initial positions are set to the LastPosition and the interpolated positions are determined by
equations 70-72.

AToolTip e = (NextTool Tipyp — LastToolTip g, )/# Iterations (67)

ARotaryAngle = (NextRotaryAngle,,,,, — LastRotaryAngle,,,, )/# Iterations (68)
ATiltAngle = (NextTiltAngle,,, — LastTiltAngle,,,, )/# Iterations (69)
InterpolatedToolTip,, = LastToolTip,,, (70)

InterpolatedRotaryAngle,,,., = LastRotaryAngle,,, . (71)



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
YihIPAHA#B0int. [00220]The method, incrementally transforkfsttHe*880 370
relative to the spindle zero coordinaté 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 currentb;@%gggg d, }?%Y‘et is in BJSQ}%IQ’%?L axis' coordinat%ﬁystem, the

perpendicular radial distance'f§'computed. Ih th€ illustrated example, the

[00268Achine ToolsystediatOfokiisa sindlentideaxisianiba sidgle aotddytiaxid change
valud Q022 ENG QRO S ReteanRld0.ha ool bottom. cemter felaive to
. the spindle zero point as represented by equation 92 CurrentPoint
interapdia| BPREHIAT BREVHIOP) 1002221 The CurrentPoint is transformed through
the Tool Matsitaskifion thespindie.gooydinate syssemiso,.the machine
reference coordinate system. For an ith axis, the transformation is
répresdntetRpy vduatian, 93 nter polaRiRpsitPloRYE oo, + ARolaryAngle  (74)
=TootilatrixStack-U1-->Getillatrix()* CurrentPoint (93) [002231As th
Curr9é1 LB |ﬁie?r%}l\§/te%}%§”ﬁsf’e”@6 £ é\'?lex% @?&iﬁ%‘ﬁ@ﬁ%ﬁ tlAs%g fecked TZ)S)
[0020gterminesititic antetadlael ilsaidss Hrthe ithhaxid b auglatyaxisstienathe data
. _distance from.the CurrentPoint in the it |S coardinate, system to the ith
P e o T e L S R R T e
macHipotkisitiixStack[i]-> GetPerpenclicularDistancerotivis(CurrentPoint) (94)
[0020Q9224]If he ith3xis s filk-axis ther & JiIsARssHEomibg Lt BRI Nar step
the ith axis coordinate system to the ith axis is determined as represented
SPeCHiP B ot 9B OTiI AT B BA fOE LA T St St S PAC K] TRo!ations are needed
relatGetP drpenclicularidistanteviikis (€ uoemRol iy @5y WO
2008/019335PCT/1JS2007/07 iZ%S%gO(?ﬁf the Tool Matrix Stack is
traversed, CurrentPoint holds the'v jud of the tool tip with respect to the
If thenseRsHsierencei coosdinate, system nowphess inthe casaatmachipadach
) st%'n 100 TitIRadialDistance is equal to the perpendicular distance from
“UU4i&'t0ol bottom center in the B-axis coordinate system to the B-axis.
[002251Next, the Part Matrix %@ck is traversed from the machine

reference CoUTARAEGfeRTTE AR RIS 5o prdinatd Bystem
stopping at the last axis (i.e. up to but not including the workpiecc
[002ddbrdinat®System) thEmysntheoPagtaliatsix Stack s trdversedfrotadboktamtion

78. E{tgg?tﬂﬁiﬂg iﬂl\&%éﬁo@ﬁ%ﬁ%ﬁ@%@ﬂz@%&ﬁ%ﬁﬁ interpolation is needed because the
next iteration corresponds to the next position from stage 1 unless the tilt axis indicates the need
for additional interpolation.

# Rotarylterations =1 (78)
[060212] Regarding the angular step, additional interpolations are needed relative to the titl

axis if the relationship in equation 79 is true.
(Jas}>0) (79)

If the relationship in equation 79 is true, then the number of iterations is determined based on

equation 80



[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
RHFAHYEES Matrix = PartMatrixStaek[i]-4 GetMatrix() PCT/US2007/075270
MatrizinvertRigidTransformationO CéltrentPoint = 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 jn the ith axis coordinate

system to the i;tlzriaxi@dscdzeteami%‘ }qu(atipn 97
RotoyEadiaiDistance =

{002'??3’ “V'at”’@@ﬁ%ﬁ]&?ﬁ{?ﬁfﬁ%&%‘%&@%@lﬁ}é‘@%@{r&fﬁﬁ%@%E%%‘I‘?&ﬂ@d(%7équation
[00228]If the ith axis is a tilt axis then a distance from the CurrentPoint in

TT. the witinade surdiratd &ratiems 6 thaqtfdiliernd Betapriuinecrdpldssmetthe
nextbiéﬁﬂd&ﬂ@fie@ﬁgriﬁﬂtBahﬁaJ&ﬁﬁaﬂﬁﬁﬁxBﬁf tateixQtaed|the-Rtary axis indicates the

nee O}Pgéﬁ%ggll%@rlg%%gceThAX|s(CurrentP0|nt)(98) Once the Part Matrix
ack is traversed,

FixedRotaryAngularStep

urréntPoint holds the value of the tool tip with respect
to the workpiece coordifdté/systems €bmpute andClamp Time Step

[00298n9 Max AxgirpatdsF802athiz methed Ghaclks AINERTIMESIER is not

to make sure that it is not going to cause a given axis to attempt to move
L aqdiinariglire Hsdmaiia e Ao mdnste s Rseel ierakeRdb e dscrspier of the
numbascaderaieib det00ratdostag® A itinne giethdabhyectorintetpelatipaquation 82
ther, the TimeStep resulis jn ovement.having a generally constant
00788 et o IR G e B P Y
[002BfiresentEik bircaguation80intWo 12003/ 1RB35R G kIcS BPOTRTSR B B4 and
the MQ@%’JJ&&?&?@%& RS S R RE OF O OFRIEG S E § 8 AIE D cing
~(99) [00231]The time step is then clamped If any of the axes maximum
inteiodterb areRFRSRAEE PetatirE-Ehch axis is checked and if multiple axis
maximunyspeess argwioiaiad; then the smaliest)ime siep.ds thatis)
acceptable is used.
ARotaryAngle = (NextRolaiyAngle Aach — LastRalazyAngleMach)/# Iterations (&)

ATiltAngle = (NextTiltAngle,,,, — LastTiltAngle,,,, )/# Iterations (85)

InterpolatedToolTip,, = LastToolTip,,, (86)

InterpolatedRotaryAngle,,,., = LastRotaryAngle,,.., (87)
InterpolatedTiltAngle,,,., = LastTiltAngle,,,., (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 8§9-91.

InterpolatedToolTip,, = InterpolatedToolTip, + AToolTip,, (89)
InterpolatedRotaryAngle,,,., = InterpolatedRotaryAngle,,,., + ARotaryAngle (90)

InterpolatedTiltAngle,,,,, = InterpolatedTiltAngle,,,, + ATiltAngle 9D



[00232]For each axis the relationship provided in equation 100 is true then
the TimeStep needs to be clamped AilicisMove > MaxAxirSpeed | (100) ft,
TimeStep wherein (101) Axis
WS EdPosition.MachinePosition]i]- LastPosi on Machin&Pd¥ishfi}75270
MaxAxisSpeed = Aris[11-4 GetMaxééeed()

(102) The value for the time step is given by equation 103. AAxisMove
TinieStep =(103) MaxAxisSpeed Homogeneous Transformation Matrix

(00228 'i\(/'a”iér%&%ﬁ%?nt@?@é%]%&%{({ME%esc‘i@{%%%’irﬁ%lﬁr@égh@q@%'sv@f?ﬁ, the data

_ Stack and the Part Matrix Stack, are a general method. used in the
is preyaft at Zeaadimumdn e spadine rrehedditedsiemige ardrsmmadiis

maciif@ posifghe. matrix. In one embodiment, for the Generalized Kinematics

CongRaRL R Folation and trnslation yanstomatipns are used to describe
- using homogeneous
[002t3hsformBhie mes tilhgvwenthetdy SrireSterskeuar cohebdotrgs edthticrohiipl to the

macHﬁ@%'%itQﬂj tJ@@ﬁfP&Hé@@%ériﬂ& a51he %&éﬁ%@émﬁémimté%réﬁhﬂﬁhwm
a Matrix Stack's forward or inverse transformation matrices are used for

obicityrd THAFBAS STPIEIHSNA" the THeiphRSRAEP AP YR the Rigiptation
aboﬁttﬁ(*.hai@chﬁﬂeingﬂ;a@;npeinﬁOOZM]A matrix stack can c‘ontain any number
[OOﬁ%Watrlc%Alm@5ﬁ§n%@&%mﬁ§ é&%?f&%’setﬁ A QLING RS he spindle zero

transformation matrices of other matrix stacks pushed onto it. A matrix ‘
COOlSARle EXHEBEIURHEREh 4PRI BIRRItHOET BVt il EanthiEc At iedsostfool tip
tow i BtaslorlQ23% A aiexplainashimine falewingrsagiionmauedai the nalidiewhen

of the {natrtices in the Tool Matrix Stack and the Part Matrix Stack, the )
the cur; en} ansiormed point 1s in, z%.rogati.gn axis’ £oofr; mtahe Sﬁ/S em, t ?Pﬁlében %cular radial
calculations may be Slmpll ied. Furthér, due to thé nature o maltrices

distgnoghis ToahMNedtrile Stadkstradethex ParteMigrixaStacko oh axsiximidl diore efngle tilt

axis and a single rotary axis.

[00221] The current point is set equal to the tool bottom center relative to the spindle zero

point as represented by equation 92

CurrentPoint = ToolBottomCenter,,,, (92)

[00222] The 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 = ToolMatrixStackli] — GetMatrix() * CurrentPoint (93)

[00223] As 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

RotaryRadialDistance = ToolMatrixStack{i] — GetPerpendicuZarDz’stanceToAxis(CurrentPoz’m‘) (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.

TiltRadial Distance = ToolMatrixStack[i] — GetPerpendicularDistanceT osz'S(CurrentPoint) (95)
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used in the Generalized Kinematics Library may take advantage of the
methods explained herein. Sub-matrix Method for Transformation Matrix

%@W%%’[OOZ%]T% sub-matrix method reduces the exédutiGRAIRTE A

matrix operations by decomposing a3homogeneous geometric
transformation matrix into sub-matrices and applying operations to the
sub-matrices based on whether the sub-matrices are identity matrices or

Onc@%@ﬁB@[‘M&Fm%tl&@%%&%ﬂ@@dsébrmﬁ&%mﬂ@%éx%ﬁe& aR the fRllewingspect

decision rule: Compu --—-( rimitive.identical v premitive. zero); Skip

to thepHERR LS f&’@ﬁ%@ﬁfﬂ%@é}@ OR-rIF TREDARF 595 TR elrgstem 100
Titl pelonmairiasub anatrix. tfhe gesiboimndaking: fraeass isobbsedrnoreBodletie B-

axis Igo%ll%,m ‘H%%%‘Em% A0, me decision-making process itself, the identity

state of t matrices are tracked to avoid computation of the identity.

[00225h-by-2 BodiewrP medlaith Neekik mycregrserisansyiusionrtosodinate
syst@ﬁid@@hi@stﬁﬁ@ m&@é@asrmnsw@t&ﬁ%gﬁg@mhm@& ragi@@@ il Rfibyit not

I (ﬁle% he foIIow homct) e Wtatlo tr|t>r< gz wijth four
inclyding fog e émfe “OR ?ﬁﬁ’?}’ t's ué’i’em Lot tOn St S O Pis
bottwhetwr@msiaugmmmmagfsrﬁmsheaﬂm@strlx and. k is the scaling matrix.

(00284 2401Eqch element of qg%r%lpfxr&&q%a%h%%wwymmrﬁ%%mqﬁachme
to Its counterpart of the 4-by-4 Transformation Matrix (T). _17(4 d
reference coordinate system to the Workplece coordinate system. F01 an Tth axis, the

transformation is represented by equation 96.

Matrix = PartMatrixStack{i] - GetMatrix()
Matrix.InvertRigidTransformation()

CurrentPoint = Matrix * CurrentPoint (96)

100227] 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
CurrentPoint in the ith axis coordinate system to the ith axis is determined as represented by
equation 97

RotaryRadialDistance = PartMatrixStack{i]l — GetPerpendicularDistanceT oAxis(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 = PartMatrixStack[i] — GetPerpendicularDz’stanceToAxis(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

[00229] This 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.



(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
Yo2UHHE computational complexity of Transformation Maf& Tf{jS2007/075270
multiplication can be optimized usind“'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

[002%@ Sformm&w%%%9{@meyﬁ;ﬁrégr&m%wwﬁg&%%zd%<f>°"%@99

ividual resulting sub-matrices result in an equivalent transformation that
[0023Hy be re-astamiiiedsitonafulined if ogenétystransfomyatiopeedaix 1igBted for

the ML WEHAYR [0tatian Sukr MatiipR RR IRt BeBRR arlklPBated, then the

smallest time step is that is acceptable is used.
[00232] For cach axis the relationship provided in equation 100 is true then the TimeStep

needs to be clamped

i (M > MaxAxisSpeed j (100)

TimeStep
wherein ,

, . . o : - (101)
AdxisMove = lNeleoszZlon-MachmePosztzon[z] - LastPosition.MachmePositzon[z]l
MaxAxisSpeed = Axis[i] — GetMaxSpeed() (102)
The value for the time step is given by equation 103.

Adxi
TimeStep = —~AxisMove 13
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
motre than one computation, the multiplication of all matrices in the Matrix Stack is done only
once.

[006234] 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



Next, translation sub-matrix. = Rl t2+t, k,, (110) Then, shear sub-matrix.
TT -=-SR, +k, OT (11 1) Last, scaling k, = Sr tk k2 =./(2. (112)
‘{‘00243 The operations of the sub-matrices are multiplications and
AdMEREhich are binary and have two operands and follob{ihg/s2007/075270
properties. Property I. Identity opera‘r’ﬁd 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

the tm%t}_‘&nﬁ’t'f&?ﬁ&ﬁ?l&M@&@?y}%@éﬁ@éﬂ%&ﬁiﬁ%‘%@iﬁ%ﬁ%@c‘_&%‘c@%ﬂtage of

dl

Matrix m bDefaultSubmatrix is added as a class variable of Matrix class.
the mgthagsaititdherticision Boolean Matrix is true only when the
Sub-potirespasidin 6 sUmdkibats eitharia @esasnidentity matrix. Otherwise, the

lement is,false. A transformation matrix is initialized with zero (trapslation
0025 PTG DA e PGk LA N EES A é%‘
R et G R b G s Sl gih
decoppeistsrt BumtearmagReiritizdarwitoalmssbicale vebuestrecsrad applying

operations to the sub-matrices based on whether the sub-matrices are identity matrices or zero

transforms.

[06237] The sub-matrix method is based on the following decision rule:

[00238] Choose to Comeule, &—(primitiveidentical \/ premitive.zero), (104)
kip <= 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.

BN
T= , (105)
sk

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).

D= e d, 106
“laa, (106)

5

The correspondence between the Boolean Decision Matrix and the Transformation Matrix is

onc-to-one as shown in Fig. 26.



f00245]The following rules apply to the processes. WO
2008/019335PCT/US2007/075270 57 1. When the situation fits Property

1, the multlpllcatlon is skipped. 2. When the situation fits Property 2, the
W?ﬁ &5tdh and addition are skipped. [00246]The dem&on"ﬁ?&@ﬁ?ﬁoﬂﬂéﬁm
(1) is expended in the following manber for the implementation of skipping
operations: 1. R3 =R, if tiR, = true.' 2. R3 =R1 if dR1 =true, 3. Skip R, 1, if
dm =true, 4. Skip addition if di = true or d"=true. [00247]The Boolean

Rela@&%ﬁ@@f“é@%&%é@?n updated. When multiplication of matrix elements
st be executed, then both elements are checked for the following

“"zébhdltlongh‘i‘f‘?@ﬁ}?é‘?aé‘l‘é‘?ﬁ’e‘i’i’f’?g 56if% OhATsfapRed R AR berd %@B%&Wé can
be opiementssitkelihBb elementisequalto @e, no multlpllcatlon is performed.

The element Qper tloln returns the element not equal to o

100248]Similat optimizations using the Boolean Decision at}ix are
Inseitfiiglenientedopgimatrix addition, subtraction, and multiplication with

vectors and paints. T;'L u{formﬁ Matn Inversion [00249]General

matrices are rﬁﬂart d Lﬁ‘atlo IIy expensive thy@g\;Jordan

elimination, LU dedo Smo dtherksimilar methods. The properties of

[00 %{Lgld tralgSf? I‘gél%tlor mf%ggr)l(cvt\{rggq OrI]H(l)Sr tllgr %anﬁl I‘O{[ a g Qra ! r?l{gt ans ormallons the
it'to be inverte by fp plying simplé opéerations to & indivi

sheagrpisfdin stsros Gonssatseds. iﬁgt@dwgmtﬁ@m@ﬁétmmmmm Kgsult in an

equiCNRENSIVErFRALRBHShat j@@wjggeﬁm@@%m@m&%g@@é&% IRMRFSHAtion
optlmlzatlon as described in I. Zeid, "CAD/CAM Theory and Practice",

matti Braw- Hill, 1991 the disclosure of which is expressly incorporated by
First&iRMBAGS o thtio LiBhIRsarting 105 into 113 gives:

R, =R, ‘R, +t, -s] =R, 'R,, (109)
Next, translation sub-matrix.

t, =R, -t,+t -k,, (110)
Then, shear sub-matrix.

sl =s R, +k sl =0", (111)
Last, scaling

ky=s! t,+k -k, =k -k, (112)
[00243] The operations of the sub-matrices are multiplications and additions, which are

binary and have two operands and following properties.

Property 1. Identity operand of multiplication (i.e. value of 1) contributes the other matrix’s
operand directly to the resulting matrix.

Property 2. Zero operand of multiplication results in a zero in 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 element 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.

[00245] The following rules apply to the processes.



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

%Qozr‘fﬂ 4t &stem in the Part Kinematics chain to the workpfédéUs2007/075270
coordinate system for the part on thd'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

L Vengtthusedishendetpuinnadhe mArins: e pasitons for the par

setup, Knowing the kinematics relationships between all the axes of the
2. Vhseriie O P SEnp Mt My Bt miied e fieRithg
[0o2ginner. [DRR&LjkehihelRartubetunsMataxdee a dxdddentity aihier the Rart

. atri ,tStacl§f r the follo inrg,calculations. WorkpieceZero™g", =

mpiemnen rllOIl % sﬁ’g;im\g 9] GT%IO S, o W%
artAlatrixStack.Inverselllatrix()[™,,,,ppac",",

1. R, =R, if d,, =true.

2. R, =R, if dy, =true.

3.Skip R, - t, if d, =true.

4. Skip addition if d,| =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.

[00248] 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 transformation
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, =T (113)

Inserting 105 into 113 gives:

[R; tz}:(Ri tlJ (114)

wherein

R, =R’ (115)



ToubliatraStack.FonvaiyiMatrix()Ipa“setvp™,,, *ToolTipTransibrinAlatrix
(229) *[0 O O I]T wherein PartMatrixStackinverseMatrixOrzerocalibrwo" is
the Part Matrix Stack inverse (120) transformation matrix evaluated when
Vi PUYURES are set to their Part Setup Axes Positions. ~ PCT/US2007/075270
TootilatritStack.FonvardAtat’rix()Ipar?g,""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
¢ trgpsformation from the tool tip coordinate system to the $pjgdle Axis
coofdinate system. It is a simple translation matrix contaming the offset of
s7 -thp dol tip reative to the Spindle Axis coordinate systent.i MjO
2008/019335Per/US2007/075270 59 [00252]Any point iii the workpieee
“bordinate system may be defined relativeo the table Ea Is by:

DetdMarkpiecaRPaintabig MiatxPartMatrixStack Averseillatrix()Lpwisewpp™,,,,*

ToolMatrixStack.ForwarciAlatrix()La","mr",",,,, *ToolTipTransformillatnit *

[002809rkpiecBRGImt; SEtu, Niherefofecthib RemtsSetupi Mdtnis thayelieaxis coordinate
systdRarminad Wik e ollow %tﬁ&%ﬂ@ﬁ%&%&%ﬁ(m@gr & LA SEHRMARE

in the Part Matrix Stack is a 4x4 lden tSetupAlatrix =
macping Aﬁ%ﬁﬂi&@‘fd%mﬁw%%&iﬁé’ﬁ&éﬁwg, g/,l-w,i,s’-fc’h@ machine axes positions relative to
the nhaoalatidtdtackbommare MattixGd Tieaifipiipastoma AtabexToel nawtPastd

k,

Setup Matrix.is then. pushed onto the top of the Part Matrix Stack. .
whep BRI S e BISR DRI P S AR PO omuic

relatjensfyps 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 matrix in the Part Matrix Stack for the

following calculations.

WorkpieceZeroy,; s = PartMatrixStack InverseMatrix() | ppusonpposiions
ToolMatrixStack ForwardMatrix() | *ToolTipTransformMatrix  (119)

oo o 1f

PartSetupPositions

wherein

Zerocaibranion 15 the Part Matrix Stack inverse (120)

transformation matrix evaluated when all part axes are set to their Part Setup

PartMatrixStack InverseMatrix() |

Axes Positions.

ToolMatrixStack ForwardMatrix() | pyusenpposuions 18 the Tool Matrix Stack forward (121)

transformation matrix stack evaluated when all tool axes are set to their Part
Setup Axes Positions.
ToolTipTransformMatrix 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.



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
Yridefibidihin the spirit and scope of this disclosure. This appheaRdH/&5270
therefore intended to cover any varidtions, 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
(003N T SHSIAMANVRIACIIER 06 I NDIEN, S BUCRHRDASHRINR, the able
MC SLLP 60 CLAIMS: 1. A'method for coritrolling a movement of a
last pifr Bty of moveable axes of a machine tool system to machine a part, the
methad comprising the steps of: contacting the with.a tool, the tgol
g A A ve ot HO e FARE T 20 g tool
relativeoedMhisipter frbamenfitdlqiosiion.ia.a8.sactind podition/alondaaix *
trajecipryiypibilerthe Wto(r)]gelceremains in contact with the part, the tool
interpolating through a machine singularity point of the machine tool
TheRYSIEMHPY AeierpivingaRiyralineefinteneiatad 1905 RARIIQNSHAVIRARAMN: the
a point correspondin%/tb;) a location of the toal relative to the part and a

Part fietmiSl e e b SAHiN I arasdntatEn SR WdiFelative to the part, the
plurality of dnterpolated ool positions bein d tq determine gachine
positio%\{%r{‘gepbt‘ﬁjé%g Gral i{f/ag rﬁ%\llxe&g(fﬁé'?g%ee%eg?%gjé |6‘1_“ff‘fé”ﬁli‘il’r‘ality of
interpdiatéyaicaligesifiorsr eMFHE tHethasof claine i et e &tdp of
moving the tool from the first position to the second position while the tool

Thereqiyding feiepAtactiit ene piedcorphe &y widhst8pg Matrix Stack moving
he tool relative to the part from the first position tg an intermediate

[00%dition gBrigeHt mf%%%&ﬁ ﬁ% athinee g Yﬁgtﬁfsiﬁ&dr%?@ﬁ’ﬁ@m

refeaivoed thecintermediated positionaidahtrifiyg theltodl déleltvedtbethen part
from the intermediate position to the second position. 3. The method of

[00234im 2, wifeisithithi tepliearhaihscstdasnieg fsBariagd e syarteaiHrethére

prest@prRtbraiatngyalautihe indarmadiadePositisf: 4d Ebepmetiad af ahaim 2rhis
}/.vh?rein the slgelp of ro&a&jng about the int%rmediate osjtion comgfri es the .

IPPUEARR"ON BT IAIG SH AnGUIST TBtatibh SR USo OF A4aRaHvg oG HRa o

usingriutanyoiationiatea Pluratitytofspositiehisn thenlodalitie sbpositiondcpeifiges from

the PALRIR AiLRISIARGE o WRHRGhR QS il Aryyhergin thenstan efweiating

. about the intermediate position comprises the steps of:
imvention pertains.’



determining an angular rotation; and rotating through the angular

rotation at a plurality of positions, the plurality of positions corresponding MCSLLP
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

CLW nediate position comprises the sté&s of: determining the intermediate
—posﬁgrnbn; and MCSLLP 61 interpolating a plurality of positions between

the first position and the intermediate position. 7. The method of claim 6,

1. wherein thg %@ﬁ&f fﬂﬁ%[ﬂ%ﬁﬂg atlﬂ%%fﬁre?ll'ﬂ%/f prﬂﬂﬁl;@%? 19?%5%%”91@? S hachine

osition and the intermediate position includes the stéps of:
ool fu T IRME L GRS Ge tasthsreamarisieg restonaing plurality of points
from a firstveetoingoigspondingtdol fie fust Rasiticadandeamsacnad e eton the part;
andcorresponding to the intermediate position, each of the plurality of vectors

and corresponding points correspond to an interpolated position; and
determiningt 2edleriaqtes RovaitadheisatiSiemet Hetwesitipadjdcesaend position along a
trajéotespelaketpositionsiant deiekmninhagditierabintaipglated Pasiions Hachine

. leran ndition is vjolated., 8., The method of claim.7, wherein a ..
S A P e IR DGO LBy postions
havigyg botton mpiet AesiFHEENGNIANA TPedine rsifatel s faliee prrtalid actirection
cordGIRIm isdlgtenminahMased Ruladined e §£e@tfﬂe0plifdaﬁtmtmﬁp@dfa€éfam1

., wherein the plurality. of vectors are.each tool vectors. The method o
P e A AT BA A B CEMAAL MBI IBEhech f o
plurahity phéntsreeheiel do el airsitiongyherein the tolerance condition is a chord

2. error. 13. fymatiaed fardeteiminibePasitiop prﬁémﬁéi% fos13: iy Eﬁ‘éihthr%fposition to

moveable axes of a machine tool system to machine a part, the metho
the ASATEROMECth R Y Bt iRAtING SoeHsERdh g iethoaMseteptisgtaps of
plurality ofrlifferetiicteol positiomitipyityfes; the first paeteivimngnadieahéonke position

gen&gﬁﬂﬁ _ga%ﬁ?{h@ﬁlapﬁgi@i%gﬁ?ﬁ??&ﬁgin_g to one of the plurality of
e

différent input types; an ermining with the cascading method

the positiofPSHHREAPALLGS BEERGdrictResiiseRAY first tool position.

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 of:

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



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 MCSLLP

forward kinematics operation. 15. The method of claim 13, further

comprising the step of moving the pluréity of moveable axes based on the

positional information determined with the cascading method. 16. The

method of elaipoh8nydeliedtidher stepiofdetermaninoinitbiie.caseartingermediate
posm&u;hod the positional information includes the steps of:

determining a first solution having a corresponding angle for each
7. rotatable aki§ Brthedsiliekity drvhevdbresiarial mtRIPNRESLhprgpality of positions
betwietienmininigpasipositinnthenaashinegiaaxisnahthaip walitypebmoveable

axis. 17-”&%@%%‘1 gf EJ%I %%V\e/\ép&gei{ldtg\g ;irst togl osition in udes?f f

surface contact poirt & surtace normarvedtor SRS LIS REE W8 LR pisifpm a first
vecigh goEreOondE by hadittie stdproindetesenivinec tWwithotines madoadinherietirod diate
posiiieh Pasifionat nfeamationdasiiades e §I8RER points corr@BIRTMNUNR 1M ted

ottom center point based on the surface contact point, the surface

pOSInl(%rrll’naétlfjvector at the surface contact point, and the tool vector;

determinindgformesiol votaeleraris ofrtit gl ir alitiatefl rvwveatidjaxeasiatkraoigied
posi*ﬁ@§§£jr1@@&Q%@l%ﬁgmnﬁﬁﬁq@fp@fé@k&%mhymi@&gnggt:%%ﬁﬁﬂgsf\g'élated.

g each linear_axis 0 eﬁolu,rality of moveable axes a position. IR.The .
* method of EISiFTPSAGRER eS8 PBSIRSAMmRItaEY altswttistigtermined
basgcbnterfpodrnantiastgol vector and the step of determining with the

9. cascad.in'g fH?Fﬁ&Qo‘é‘SfQPa%ﬁ'9[‘@7Lé‘9§9{g‘1ﬂﬂ9&}%ﬂ;&%§u@ﬁb§? E%%c%rs is determined

determining for each rotary axis of the plurality of moveable axes an angle
basqgpnefckHBISSHbottom center and the tool vector; and determining for

10. each lineaTxiseafdhefpidralityvafeppmaable:axeoavBasHiam each tool EdRTs.

method of.glaim 13,.wherein.a first to {‘n ositian input type is determinable
H. from a seclcolhedn}%ggf)%gsfﬁglﬁninbﬁhgleﬁ)%% gr%ﬁbalﬁ%{ fAirst %Xg r%%e%?l}ﬁgq}jace normal
vectegiscading method, the second tool position input type is determinable

12. from a thirgogl.pRiteBIINAYL VRSIR Bt secandimatiodiithg or.

cascading method, and the third too] position input type is determinable
13 romm a fouATELT BRIt a AP UFTA R BRUGE B Thaov et axs of
machasdaclingtamethahclite Thathtketmodhof claimimgWh@tem ¢he ca;c;adipg

method d%r\mm%%%Q&ﬁgi%%mga@#aﬁg@ g @ié@et&%&%?pow%&f input

type from any other of the plurality of different tool position input types. 21.
YPe& method for controlling a movement of a machine tool system to machine

a part, thereneiehipe foel tsyspesitibavirgiasplybityiedr otatapladingso e of the
plurdl) ngli&g xft)riiSiQ the steps of: contacting the part with a tool at a first

[ ¢S .
position; identifying A second position to move the tool; 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



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 MCSLLP
tool system to machine a part, the machine tool system having a plurality
of rotatable axes including a tilt axis, tH€ method comprising the steps of:
contacting the part with a tool at a first position; identifying a second
position todweneiithe; toglsitid G bAdR Bidar axis ofSRIGLHAGHA SiTsioSQHBIONis.
for each ofthe plurality of rotatable axes from a plurality of possible
17 solutions ftcgt;nnég%h (c))a?lt éq%‘ﬁ‘}rét??trty o??&itlﬁgéﬁl)restéaesp %%éoe){al%%uaegﬁeséﬁ%%e fifyneact
poinhdsfate RorEal TR e RuiGreraving Boiilt and reivel thrscilendibostsichl

detestisfigs theitltaisipieieseosentosaitibnaxistohtieon aityahsatatable

axes; and moving the tool relative to the part from the first position to
the second BoSHian gdlnE Orlot'fg g LB ?5E%/%?‘E@?atgﬁfg?ﬁ%%og@&%be the surface

norigltiestirgt seditidhex@nmarrstino difd theanelolietgra movement of a machine
tool systemydigrmaating: %Q@F&t&ﬁ%&?ﬂ@&%@%@&h@ SHEMRAaMInghAsPINEATY based on

oveable axes, the mithod comprising the steps of: contacting the part

of
the R PARIB SIS ISt B 598 Y598 ing a second position to move the tool;
and  dedetérimirimgeipliralityofifterpolatic positicasléroms theofiittn,
18. position tothe SerENdMRAFHen, With-a e 886 8{9{3&@&9&5@@5}2}9@ b6fom center

. The method of claim 23, wherein the two-stage interpolation method
PoIfj i gLk ARG e titisrmiRias Wi dtosticatpomateomtes pardiaee!
infopositonschdsahsacpradfstage having a tolerance condition, a second

plurality Ofcfggrrm%% %@tce% r%? | %sbo%jﬁ% ¥§ﬁ'¥9'9@ dob¥atong Sxeeg(e)nrll% gle based on
| 5. A i

stage due to a violation of the tolerance condition. 2 machine too
the tepkhotPd FFAGE R Pplartaeithead least one tool, the apparatus

comprisingle:ifanne; for caMNANEARIR SEDROILSUBPONESY )b RN NLYEARIR.
relative to the fr . the moyeable support supporting the part; . . a .
19. machine térghles];?o%%%e Os%p%%lrgd‘%jf the rtgrr#gog% rsﬁ%({?lelgg?gtyé)leahsv%ett%r%%able from
a segyairt toRbpaséehimep o bIpspindisloal fpstadetbod s he thesatingasttherd tootethed tool
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o mo;/rﬁable axes, the machine ]tool spindle being moveable independent of -
the gasg 8%&5?8}8%3%8}%}%%”0 position input type’1s 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;



a motion control system operably coupled to the machine tool spindle and

the moveable support, the motion control system executing the machining MCSLLP
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 parfith a first tool at a first position

and moves the first tool relative to the part from the first position to a

second pasitamyilsitieiist f@n&la&ﬂm&‘iﬂéﬂm@@@l@%mtﬁlbl%ﬂéaﬂom@ ;Simﬁmity of
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the é‘éﬁﬁ?ﬂ‘@%t’éﬂﬂ% avsatigefipsthe bilFrsin ‘tvﬁ@lflﬁstlffmﬂmiltbameme%mwe for a tilt axis
oftp@ﬂﬂﬁntwbﬂﬁ)ﬁm)fgsig@cgneemams in contact with the MOSLLP 64 part by
movmg] th%gr%to { gL{l%Lattl to th t(g] m the, flrst |t|on to an
intermedrats positon generaIPy ali rgrr1ne %Oélﬁ?gé 8 GRYERH pR AT rotating
the phesality dlselateitie axe rsetinetp dsitiost, Sahldcmovmg the first tool relative
23.to the part {oRatiag mﬁ%m&%ﬂg&%ﬂ&%ﬁ%@&%ﬁ%@&@%&% o/m4tfine a part, the

%Prparatlus for ;Bachlnlng l,loart with at least one toot, the apparatus
machis SeRiRG e AR 2 Purafity S el gt UG IS BIRe d PR dstar
relatlve to thethdmeihthermeitk alitelsupfost ssppocting the part; a
machine tqggtgﬁiﬁgéed%&plgrfggg@ﬁ%%fg@gqﬁe%}q mQveable relative to the

part, the machine tool spindle ada%ted to couple the at least one toot, the
moveable SESPBIT &R RHEHNROAA %B?@E)l‘?ﬂif@%%f{fﬂ’ih@eaﬁﬁfhlgﬁﬁ&oﬁfto the second
posioveibletaxesigantterpolaimaitidiodontrol system operably coupled to the

24, Machine tog| spindlie ang.theMQyablesupRart, the m %ﬁgﬁogonttﬁoﬂs;eﬁas a first

executing the machining of the art through a co tro movement of t
stags |Wyhu e TR AdTEs el iy Agbpepiinieaand prordeirssiieying a

tolemae@hmmre|§e¢b@r@1@tmyqqntf@inw§tﬂmcﬂ:9&aﬁ& hgnpadamithadfipthe second
sta to((l)ueatto a firsy Ulro LD gnsg%qgee% ergrrllgvggnt e flrst tool relative to the part from the
Irst position to a second position y selectlng a shortest angular traverse
25. solution foAenethio doplyrality &froatabies aned ofithet plutality tob itbyepisietus
comP¥@mfrom a plurality of possible solutions for each of the plurality of
rotat le axes. 28. An apparatus for machining a part with at least one
tool? aénglpparatus comprising: a frame; a moveable support
supportechbly supgarioveatedriedativertov thel dnafméycthetin dreab b esuppaitile support
supwggmggappe part; a machine tool spindle supported by the frame
and moveable relative to the part, the machine tool spindle adapted to
coubBathins 8L e SR b el %Efbﬁ‘@?‘teé‘?f i@t insderiiserothe machine
tool spindileainipiieditog cupleiiadity l@im&bﬂ,&me&ﬁﬂ suppétefinn SaERIY tool spindle
mch?e/%%%ﬁg%fablm&uegﬁyato BRI (L SRS B0 TR dent of the
fnotion Gontro system execu ?mg Rhe mach ning o ]t gf]
E@FPEO&MFbIIed movement of the plurality of moveable axes of the
maghifsedeebspingieandjharnvaskle s HRRAIENWD RISIBhEIdRAEAR moveable
contlilol system co OIfacts the art Wlt aflr ttool?% t a first {%osm n and
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movewsitior thy sletetitingf adiveitdohxdo nffthe aachiof @qlspiakity ofd dtatabieabikespport,

whe@xﬂhﬁemﬂx&ﬁﬂ(@y%&l@oﬁﬁﬁ% P& Rigral Wspﬁ(ogpﬂm?s L8RS @ Mmoves the

each of the plurality of rotatable axes based on a specified tilt axis
first ;5?8]ré?l@ﬂ¥%t‘tﬁ‘ée st Som s Ry iamiie éﬁ@‘l@%ﬁ?@ﬁ‘%’éﬁ‘é\‘i@é% Erittepligemains in
contpeefatiefeepior adilirspdsodintepaluralitiroighe movrabliagxesy 29inA6f the machine
paratus for machining a part with at least one tool, the apparatus
tool@?
comprising: MCSLLP 65 a frame; a moveable support supported by
26. and moveabfetedhingdor) shecrnehe! laie2n o Etiesuppiént sappdriistptheoves the

first @8¥ltirom the first position to the second position while the first tool remains in contact with the



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 MCSLLP
moveable axes; and a motion control system operably coupled to the
machine tool spindle and the moveablé$upport, the motion control system
executing the machining of the part through a controlled movement of the
pariiynatityngftimdveablérakescobtive parchinaiioatspinaieandinsenav@ak!gosition
al i stem contacts the part with a first .
B i o U, R DB IR SRCLARERE huons nc
moyjpg tBe SiitbIoebrel divednéhpseitiBAm{ha dtermeAirg Roplinaleyhsr serarponatten.
27. positions framuppe-fitstiposidiomiagtheseaand: RASiting WHh W &A@ omprising:

integp]gr)l%téon method, 30.The apparatus of claim 29, wherein the two-stage
interpo?atlén method includes a first stage which determines a first

plurdit) ‘SRt RS Saned soitod snarehblcsestivg sitdgeiameirteanoveable support
suppelaranee wendition, a second plurality of the interpolated positions being

rmi he second stage dye to a violation of the tolerance
Sg;%ﬂ(%%}%gquotl spmgle supporte% by Ltjhe fcr)ame anda 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 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 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 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.



