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BACKGROUND AND SUMMARY QOF THE INVENTION

[0003] The invention relates to machine tool control software. More specifically, the
ficld of the invention is that of machine tool control software for object oriented machine tool

control software and the operation of machine tool control software.

[0004] An object oriented machine tool control system may provide real-time machine
tool software system control that isolates system responsibilities into classes that permit a
machine tool manufacturer or system integrator to manage complexity and change. One example
of a machine tool control system is disclosed in U.S. Patent No. 5,453,933, assigned to the
assignee of the present invention, the disclosure of which is incorporated by reference herein.
The system of the '933 patent allows different systems to be created from a core set of

procedures without redesigning or making massive software changes

[0005] Engineers changing a control system of the '933 patent may easily make changes
to the system because they do not need to be experts on the entire system to make a modification

to a single component in a class. One change does not have a ripple effect of change throughout



to. the system because they do not need to be experts on the entire system
té make a nodification to a single component in a class. One change does
not have a ripple effect of change throughout 2 the system Portions of
the systemthat are nost likely to change such as the user interface and
dévice drivers are separated fromthe Kernel. These conponents are nore
ageessi bl e to change through PLC prograns, custom zations to the Mchine
class and addition to or nodification?of operator prograns. [0006]In an
exenpl ary enbodi ment of the present disclosure, a notion control systemis
provi ded for a machine tool system In an exanple of the present '
di scl osure, the notion control systemincludes a generalized kinematics
| i br ary thetsygem nRoytigns déthe vystdnothst arambitriigely cothaggotuelnss the nscaintafathend exanpl e,
or ovi e CeUPERRRRSF, Shed 88 nARRIEHh ATl ARt Il b P S0 e
[ 0007] | ﬂuwghlﬂu(}mogmme,mpsttanyatmnbndﬂlem/hbhmé cladsencpﬁmmtto ot mcdlﬁsambeofa met hod
~for controlling the novenment of a nmachine tool systemto machine a part is
pr ovi dea allﬁrepﬁéta%d conprising the steps of contacting the part with a

t ool |ngt h rt aflrst on to a
second OSI |0n V\,EQP %Plgrfer%fy&?,llgﬁr%t‘%f{heﬁre@gcgﬁflo%re a. %10{1ﬁ0rRro§sys{emrlﬁe t ool

i nt er popawvided fdrlmueline eoohmysteindn ai egupsr dfthe mpeientdieiostis, ethmhmn@ntr@lol
R
axes of systeiBC ih afirthendxasyR] MOk iNBALEE th gﬁﬁd’rilleGki}ﬂéﬁMic@ﬁﬁr-aryT&fie net hod
conpr|5|n th ste of vi di.ng a cascadin od accepting a plurality
of di ffé?" edtet88fovgjc5‘isdiaiaif§fﬁg‘? PAEtinc tge systerp 8%‘&8‘3 lae 190t Mol posi ti on,
input 1 919020 " an ety iy oy ¢ ?cﬂ%e%éoﬁ%.‘?nr%%nép&%hr‘é{ heeaf onal ©
i nf or matbrallbgsRdmevenicheo Maaghie thol éysen tlb Qﬁl](:hlﬂ@5 part @ﬁ)ﬁovicﬁf@o%d metyied | i’:mot her
exenpl ar enbod ment qf the resent sclosyure, a method for controlling

t he movETRRSIREH %St?ﬁ&(ﬁf?%a“f‘ Fheé’%t’vét&at“ﬁ’ PYi%g the igof re ?att‘i‘i%torfﬁﬁﬁ?rhe t ool
syst em i dfirsEpopitibh & d deYor@fpotibraivAil tBe B¥BEmaihbt tWRtaBOM IR PAL. STHRIodIhe

st eps of contactlng the part with a tool at a first position; identifying a
second HB%‘P‘? Pfﬁ}%tl‘f@“%‘\‘/@a‘fw sfrgslaritynoént ebthe sephipe wokweiemest angul ar traverse

solutio r each of the plurali ty of rotatable axes froma plurality of
" possi bl é‘“@g] ut i or8 apgherexeppley embadigient ofithe Rressnt ‘?li’ﬁl‘éﬂl%l“@e%@é@f [ 0010] I n
yet a f ugkRRhin® yeTRInahMBrRRadomEBIMal®y of R8vAbR A fdntehiRS WoBsysRmtBt hod for
controlling the novenent of a machine tool systemto machine"a part, the
machi nemaghne apast is R idesl nBheamgthed eompriing thesispaefanpddiag a sascatinamethed a til t
caxis. Thge Wmﬁwrfﬂi?fefégt 1591%0§1E1§rpﬁlp9tftype§$recéf\95§ Akt 391 JRBoRaRd fi f}zlﬁé\f th a

tool at a first position; a second position to nove the tool
and sel @l potijion cpirpsppndieg tmon@ﬁf th@plu gwftdrféerfmt inpH! typsy; @i destrainingthaxes
froma me%ﬁﬁbalh%mgﬂ(ho@%%Qh@rm?ﬁkd&h@&?oaﬁéﬁron%ﬂggcé? edil?§ 181 'ﬂfi.ﬂtlld Y Of

rot at abl e axes based on"a specified tilt axis preterence.

sol uti Oﬂl(ﬁ@]\” ng 6lngbtlarn l‘ﬁ%x@mﬁafy énlfb%dfrﬁénrt o%é re%'t 8%%15%1% safn'le(?l’?odtflaﬁet 11

axi s preference. I'n sti anot her exenplary e ment of t pr esent
di scl os&erarollpg ke rn@‘@nfegq—of a machine tool system to machine a'part, the machine tool system

having a plurality of rotatable axes. The method comprising the steps of contacting the part with
a tool at a first position; identifying a second position to move the tool; and selecting a shortest
angular traverse solution for each of the plurality of rotatable axes from a plurality of possible

solutions for each of the plurality of rotatable axes.

[0010] - In yet a further exemplary embodiment of the present disclosure, a method for
controlling the movement of a machine tool system to machine a part, the machine tool system

having a plurality of rotatable axes including a tilt axis. The method comprising the steps of



controlling the novenent of a machine tool systemto machine a part, the
chine tool systemhaving a plurality of noveabl e axes. The net hod
conprising the steps of contacting the part with a tool at a first
position; identifying a second position to nove the tool; and determ ning a
plfurality of interpolated positions fromthe first position to the second
pgsition with a two stage interpolation nethod. [0012]In still yet another
exenpl ary enbodi nent of the present disclosure, an apparatus for nachining
a part with at |east one tool. The apparatus conprising a frame; a noveable
su‘bport supported by and noveable relative to the frame, the noveable
support supporting the part; a machine tool spindle supported by the frame
oupl o B A R o L e eSO RO AP REE oo
spi ndl e andhslagtngyfiegt mhﬁioalfqrte_’yclvhe- Pipdifeotatnbls axesdpmee prlivrefoenitlol syst em
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conpr i siphyaldy dfriateepolagedipovidars| feonsthp ficst positigppio theaccony pesitibnrvitheatalostagel at i ve
to the f.rar’q)alhﬁthect odveabl e support supporting the part; a machine tool

.Spi ndl e "8 por e y 'the frame and noveable relative to the part, the

machi ne spi ndl e, adapted to couple the at.]east one.tool, the noveable
support 3l Fe M BARUER LByl et igh PRl B b rovenb! o
axes; amppagatmobr machgomg a pdrt witsdtdenstome kel Vhecappphme cdmprising anfeaaddt e t ool

spi ndl e _and .t he nmoveabl u rt. The notio ontrol system executing the.
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plural i kysted excobtedit Bachit@fy of IR hitlthBudNal BsiroBXEAN alekt SMRAdiARGLrof the

present disclosure, an apparatus for machining a part with at |east one
tool s MoVERPICHES ofthem Perien! seindie apst the pyoyeaklerupprst. The mofiemBrnErol uppor t
suppor t gkt comdisTRY SRl it 4 BlsAbbvea iRkt bRiohaalRovdsBe MMBSRERHRURRRY t
supporting the part; a machine tool spindle supported by the frame and

- noveabl gaif &pattherstrositine qraseeondipreitiomwhilatbe fisblookismaias & contaptveith he coupl e
the at |,eastnohe tsa%erp]glaﬁngrmwag»gé FraSHRAM 15 otirn%ffm%ycﬁnﬁf ¥og§45ysém. ndl e

including a plurality of noveable axes; tion contro tem

oper abl yo@agpp! ed 1hQurdResdiBmBihBeextRBlary R i ferR BEhE Eﬁesém\ﬁgalaﬁﬁe,%upport . The
nmotion control system executing the rmachining of the part through the

cont r ol bereravgsfermpehingig & past yithatddastope ifol. mhhecepbiretug samprisingtalfemeng hi ne t ool
spi ndl e . [ r tacts the
part wi T2y o B oy BRPhbyeallafeii (ke FARE B mYEbETGRA, 00 ° 1
rel at i veunportinggherartt a fnpdvmettha spindls sugposed byothe frama asmovedblp odativie enthby

sel ecti ' | f ralit f bl xes of the
pl urali ? gﬁ g}fef %‘%@5%‘?@%&@% a‘;a?%%?(gg%f)%rﬂéﬁa?tlt? %’Hc??’ © lﬁogg’st]?ebqlé‘%tg@% %Eplpgrrtlgn or each
of the pheunahint yoobfpindit mtiathing a phoedithafsechcatic axespmd iafmatidn tortiol sysietn
preference,,.the first solution havin tilt angle which satisfies the tilt
D s pr Sph E8ieledt® e Reh B0 B b il oot e Bt Taee.

[ 0015] | myssdm edec@tingitivernachingmpifatieypaenirodihnbetonabll¢draowhesesfthablaaliwoir e, an
apparatus for nmachining a part with at |east one tool is provided. The
apparatus conprising a frame; a noveabl e support supported by and noveabl e
relative to the franme, the noveabl e support supporting the part; a machine
tool spindle supported by the frame and noveable relative to the part, the
machi ne tool spindle adapted to couple the at |east one tool, the noveable
support and the machine tool spindle including a plurality of noveable
axes; and a notion control system operably coupled to the nachine tool
spindl e and the noveabl e support. The notion control system executing the

B Y b1 o o o e o o "



[0018] I n yet still another exenplary enbodi nent of the present disclosure,
a*met hod of programming nultiple nmachine tool systens with a software
controller is provided. The nmethod conprising the steps of providing a
generalized kinematics |ibrary accessible by the software controller;
génerating a first virtual kinematics machine having a first configuration
cofresponding to a first machine tool system the first virtual kinematics
machi ne based on the generalized kinetatics library; and generating a
second virtual kinematics nmachi ne having a second configuration
corresponding to a second nachi ne tool system the second virtual

ki nemati cs nmachi ne based on the generalized kinematics library. 6 [0019]In
anot her MoOYe %ﬁ%/oﬁh%@mhwﬁﬁdéf)mg lneng the swnveablii wippast whereinthe mppar at us f or
machi ni 186ntfbl E’S@Eetm Wntalets%e \}Jaﬁ%fi{h & tB(ﬂ% f’ it ggsﬁlohqﬁﬁimo ebqheaiﬁ)rgtatr tus
conprising a frame;, a no bl'e support su and noveabl e rel ative
to the Felativs to thapatiformaky fersisnopiion to %sgp(pdmosmgn b)h@lqyang 3 shartesegubee t ool

spi ndl e g oth part. the
machi netttf)kg s%ﬁﬁ%% %g)fgéglpﬁgacou e t%fgées of i pZ"telaljzsilt'tyonrenofeoa 16 ax?sr%m%veabl e
suppor t phmality bf@onabihsoietimﬁir esthqfdiea)hilrald:tbfloﬂrolttgalﬂe Plesiral ity of moveabl e
axes; and a notion control system operably coupled to the nachine tool

spi ndl e [@Hd] t he nbweahirexguppyrembodinennetthopresmndisdbsusy st eppaswadot i ng t he
machi ni : o] ed novenent. of the plurality of
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i nst ance_of neralz inenatics |ibrar The inpstance including
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recei ving i nformation ‘"’;Fﬁ arding a configuration t he machi ne t ool syst em
t he nmachYHE P§EYIng e %ﬁ\% &ea”aBIﬂHP‘éghi thg copfrollsd HesaIsal of i alwplie odxes:
gener at idgeable dxBséfancRaddinetifie sPeme bl the 8dvidbRIBIIrC SThk infdtigh Yol ch
corresponds to the machine tool system based on the received information

regar di ﬁ&tet“h?é’“@ﬁﬁfﬂ?egﬁ‘ﬁé’f‘mﬂﬁrétfto?lﬁéa Frese PAsHionapd morgsdheiigst tapldeletvstte del i ng a
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of the generalized kinematics brary sa’r[r further ‘exe

enbodi nehiotble gxes fitespipraligiod moagahv}eeaxe AB AP @rcy plenedsiblE solntiads fnehdyi ng
conput et @X prkliaPd R0t Bk rak’é%tb'aé%ﬁ%n aQ ec?ﬁé'attirltoa!xis' Greleh&, MR YETEM tidAf ha@m
plurality of nmoveabl e axes of a machine tool systemfo machi ne a pa

provi dediltyngle whish satisfieschedlupxipprsforanse fonetiltonss of tphirditnof the yovebil | zed
kinematLgs library; instructions to generate an instance of the generalized
ki nematics |ibrary based on a configuration of the nmachine tool system

i nstrucigeasp to R avi AR BYp | £gd
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conju ncthe orechine tmot spendiciodnqiagy plagalicr Gﬂmmgﬂqle aesraal B motion 2ol gystei

illustrates.an e %r machi.ne. t ool stem 0024% illustrates a
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mac hi nesys@ol exsysing theofiackining 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



[Q025] Fig. 3 illustrates a representative view of axis objects; [0026]Fi gs.
4K and 4B illustrate exenplary input screens of a user interface for

provi ding characteristics regarding a rotary Caxis; [0027] Figs. 5A and 5B
illustrate exenplary input screens of a user interface for providing
characteristics regarding a rotary Caxis; [0028]Fig. 6 illustrates an
exenpl ary i nput screen for specifyin% t he i nterdependenci es between a
plurality of axes of the machine tool® systemof Fig. 1; [0029]Figs 7A and
7B.illustrate representative views of the Tool Matrix Stack and the- Part
Matrix Stack; [0030]Fig. 8 illustrates a representative view of a cascade
met hod of the nmotion control systemof Fig. 2; [0031]Figs. 9A-9C relate to
a met horkrifeore e dirstippsitiantie aseoad positingl by deferminimgtai pluralify ioSingsipoldted machi ne t ool
system of.:.Fi thel iEL98 - theh b5, dokibibis ' ' ity point
fgr varﬁ%ﬁgh%%%ﬁyﬁggggékﬁgggfgns?rﬁsgggﬁi%g&gﬁTgsggﬁgéﬁﬁgﬁggggkﬁgchine

singul afgbigy POl iy qunilggexgap:a@ggnﬁogme@msme%m BlsBlosute, oA 0. 115

illustrates a tilt ang corresponding to a positive ti'lt axis preference;
[ 0035] FiogtrollingCtheaysmeroés maching toolsngibm tewmashinpordiingrovided Hegadthode ti | t

axi s pr&)ffrﬁﬁ'@i'ﬂg $he steps of receiving a machine configuration corresponding to the machine tool
system, the machine configuration identifying a plurality of moveable axes of the machine tool
system and a plurality of interdependencies therebetween; generating based on the machine
configuration and a generalized kinematics library a virtual kinematics machine; receiving input
data corresponding to a shape of the part; and generating positions for the plurality of moveable

axes of the machine tool system based on the virtual kinematics machine and the input data.

[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 sysfem 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.



8 [0036]Figs. 12A-Dillustrate that a tool remains in contact wwth a part
ddring a rotation about the machine singularity point; [0037]Figs. 13A-C
represent a nethod which interpolates the tool vector fromlast position at
t he machine singularity point, rotates about the machine singularity point,
and then interpolates the tool vector fromthe machine singularity point to
nekt tool position, [0038]Fig. 14Aillustrates a |last tool vector position
and a next tool vector position; [0039]Fig. 14B illustrates a plane defined
by .the tool vector for the |last position and the tool vector for the next
poSition about the coordinate systemorigin and includes a tool vector that
coincides wwth the machine singularity point; [0040]Fig. 14Cillustrates a

nove fr e |las It t nex sition.solution #1: 41] Fi gs.
Tonc v aislon: o aBRRb SRR BRSS! P BEbEHER pESP UL PPt ot
posi t i omachininge parehihragleait ngedoalris pyoviled.nThe appératue soradyGing atfrenerac hi ne

si ngul ar | 0] and n_ipter ates the tool yector .fromthe machine
singulaﬁybéﬂ%3$ﬁ%m¥%m8%%¥%)38?“65%@kfgﬁpwfﬁgffﬁﬁFgéFnf%%ﬁ%ﬁﬁp& illustrate
a | ast pogiottingnhaputk; anfathisd toslapitlegupmitedbyiths tfrap@ ahd inotgableatihtivelte tHeast

osition the.first sol uti of nex sition having a, negative tilt
ool e onefite bithite b8 s Rttt et kR by BRIttt A pBoIaeR G 17a 5
i |'] ust r alteemachinasdol pisdle inoludmgd phurélity ];sf msvzﬂabllbiams; ﬂfd_aatﬁmﬁmtlcggﬁgisydt@m ha;/i ng a
tilt axis | e the ti|t axis.preference sjde with a egree rotar
axi s r oCREN co p@?@éa} imgchipg tool s #dt e <able SHRPOR ARG TOBS $tphe next
posi ti oRydt@h eldc@inkAke Mhdhedind & (RSO Rrough thB Cordtiolitd AYVEnaANG (Be piQfalityF i r st
solution in Fig. 1 I S . not on IHe tilt axis preference skge with a zero
degree MAVEIRF s ' pathinsioolspindisppd the moyggRlesuprglt- ekhecparollcd J0XCRERr e t he
t ool vegtk i phlgid thotiblel aRésSE PRVAILE by an instance of a generalized kinematics library.

The instance including a plurality of virtual axes which correspond to the plurality of moveable

axis.

[0020] In still a further exemplary embodiment of the present disclosure, a method of
configuring a software controller of a machine tool system is provided. The .method comprising
the steps of providing a generalized kinematics library accessible by the software controller;
receiving information regarding a configuration of the machine tool system, the machine tool
system having a plurality of orthogonal moveable axes; generating an instance of the generalized
kinematics library which corresponds to the machine tool system based on the received
information regarding the configuration of the machine tool system; and controlling a movement
of the plurality of orthogonal moveable axes through the instance of the generalized kinematics

library.

[0021] In a further exemplary embodiment of the present disclosure, a computer
readable medium having computer-executable instructions for controlling the movement of a
plurality of moveable axes of a machine tool system to machine a part is provided. The
computer executable instructions comprising a generaiized 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.



t hrough the singularity point and the correct Solution #2 nust be sel ected,
[6046]Fig. 19 represents a chord error; -[0047]Fig. 20 illustrates a
transform pl ane; -100481Fig. 21 illustrates an exenplary input screen for
specifying a tilt axis preference and various paraneters; [0049]Fig. 22

I I'lustrates the rel ati onship between a surface contact point at a surface
nef mal , a tool vector and the and a tool bottom center point; [0050]Fig.
23 illustrates the selection of a toot bottomcenter point in a case having
multiple solutions; [0051]Fig. 24 illustrates a tool vector interpolation
froma | ast position to a.next position; [0052]Fig. 25 illustrates

I nterpol ated tool vectors; and [0053]Fig. 26 illustrates a correspondence

bet ween t he Bool ean DecthgnDE@@Rﬁwj@Nqnthggfm@nshaggation Mat ri x.
[ 00541Corresponding reference characters indicate corresponding parts

t hr oughqug22i he sems%ra%bvéfmmnecﬁa%mmeﬁ&%% Eﬁﬁéc@bf%s EH&BBA&%N@
[ 0055] The enbodi ments discl osed herein are not "intended to be exhaustive or
| imt t peanner of attaining them, will become more apparent and the invention itself will be better

understood by reference to the following description of an embodiment of the invention taken in

conjunction with the accompanying drawings, wherein:
[0023] Fig. 1 illustrates an exemplary machine tool system;

[0024] Fig. 2.illustrates a representative view of the of a motion control system of the

exemplary machine tool system of Fig. 1;

[0025] Fig. 3 illustrates a representative view of axis objects;

[0026] Figs. 4A and 4B illustrate exemplary input screens of a user interface for

providing characteristics regarding a rotary C-axis;

[0027] Figs. SA and 5B illustrate exemplary input screens of a user interface for

providing characteristics regarding a rotary C-axis;

[0028] Fig. 6 illustrates an exemplary input screen for specifying the interdependencies

between a plurality of axes of the machine tool system of Fig. 1;

[0029] Figs 7A and 7B illustrate representative views of the Tool Matrix Stack and the
Part Matrix Stack;

[0030] Fig. § illustrates 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 anglc corresponding to a positive tilt axis preference;

[0035] Fig. 11C illustrates a tilt angle corresponding to a negative tilt axis preference;



i nvention to the precise formdisclosed in the follow ng detail ed
déscrlptlon Rat her, the enbodi nent is chosen and descri bed so that others
skilled in the art may utilize its teachings. [0056] Referring to Fig. 1, a
machi ne tool system 100 is shown having a notion control system 200.
Machi ne tool system 100 includes a frame 102 having a first saddle 104
cotpled thereto. Saddle 104 is translatable in directions 106 and 108. A
second saddle 110 is supported by firgt saddle 104. Saddle 110 is -
translatable in directions 112 and 114 relative to saddle 104. A platform
120 is supported by saddle 110 and is rotatable relative to saddle 110 in
directions 122 and 124. In one enbodinent each of saddle 104, saddle 110,

and pl a Is 120 are bl.e cont.roll ed by notion
control t[6563;35 em 2_0%55'%18@@15?}% 2’ U[g(l)] ik ?183 'ga?m% twi'%él ﬂag%élﬂ‘ﬂ)gp%’i"faélan by frane
102. Sadbléletlih%achmesm@nahtabaibte |n directions 128 and 130. Saddle 126
support ot at menber 2.1s.r tat bIe in
directi 391@7534 andgﬁégR 'ieglieffi?g ngggaﬁlcg inferpola; ehthSE lé?ﬁ)% IR, each of
saddl eI l};agti?w tﬂeaﬁahmblsmgman@l ®bind, 3atas £botiie altitnd 6 smg(imaglky ﬁﬂgrlﬁtOd’nS thdai ch are
controlle ion contro stem 200 A too Lndl e 138 is

suppor t &4° ‘Bﬁgﬁ%f%ﬂl Pf?°i‘§2pr°"\fgf’ &}Emi%‘aﬁ”%a"%ydim ?/nfi‘éto(?J)H %% t 0. t ool spi ndl e

138 to pey38prm vafngousx mpefaadslaqm thl v&tmhtl&eaﬂmﬁexsmt&Jaolgskm@(enpl ary
tool s incl de and_.an nmer, and ot her suitable

t ool s. I'spi ndig 1f§8“‘1‘5§ra‘if’6? 8?5%@@“54)%@3 éPOE b‘fjﬂtor§‘ﬁi"t]f*ﬁj]|a% pgsifien apddhs o j nput
a rot at itgy véortthahé Rk pasttibn abut MioorithafH) Qeth FBBRIn and iRludédd dobwefthr t 00l s 141
are stored in a tool carousal 144. Additional details about tool carousal -
144 areﬂmtwv%fdWlﬁht@@achmémgskaamompm|cat|on Serial No. 60/821,481, the
di scl osure of which is expressly incorporated by reference herein. '
[0059] TAW4Gby e e rfie-drCdluptptes ?LH@V? ﬁo‘BlﬂPee‘é%tiPBﬂtlofUB theyneyt RogidipR siutiongdt L
illust rﬁpi as l‘[dm iggr&& in an X1 S movenent of saddle 110 in
directi d4tho or Hes ﬁpffi%t?glei PNYQEC é&t@aola@s the ool Bepstfromnlagin - axi s
152. Th@ommmm&ﬁn&aﬁhgﬁ@n@%@mk Rotdcf Solut BB mhfin @byt sdihtOMdatRG: 1 S
illustrated as novement in an z-axis 154. The rotation of rot at abl e
member 1139pi>lﬁteﬂthﬁé<t9t1 vestor from e maeliactingtarinaeoiptdo pext ipol Pesitiol as a novement

inan B @(N'Z 156 Figd €6 A ab Rt dPMubfatdd Bith pBEifdnlad a st Qb RAGH 6f0clrhe;ﬂ?1%sf9i5n
dlrectlon 1 isillustrated as a rmverrent in an C-axis 158. NMachine tool

syst em Dot theslaﬁmoﬁﬁ@h%ﬂdébwﬁlﬁf-sakmgn pEren| prsition havinga eegBid titeavgle conke of B- axi s

156 and Gz a%hs f]tf;eBmgl I{% GCH dh an A-axis wherein platform120 is
til tablg a outoone X ?s %5@/& and y-axis 150. [0060] Through the novenent

of one @§o48pre OfF1é§1¢7§'BE‘1¥l§§ra@alQ§ blifin Jngglﬁr§t¥§ﬁlﬁ6ﬂ HOGex ;;oglgl)nl]ra y be
positioned relative to a part see 9A) supported by platform 120
to be madHiaxisgnglpap thelmxwmyefﬁén®élﬂ§r%@ atkﬁ%dbmﬁ totaty dxdQrotagionai nt ai n t he

positio part of nore of
t he 5- a%@aof mac%?ﬂgb? lcl)l%:t&ltseégE%Fnﬂé%but{ogggékg%lp?g%&ﬁphﬁq Sr’golﬁlho% control
syst em 28@en Retfetili dxrpngls {6 the fidt sofsion anFigohth i hotonghetilt 200prefrchciede a

sof t war (o} or nore |/0O nodules 206. It should be
under stgvé % FO e%ﬁér&ﬁ%ﬁ ggmﬁln)?cl osed herein nmay be executed by software
contr ol I[Q!l45]202 andgdh 84ACoreprasdnts aa:asmvﬁmaf thaambmcairebblﬂd tdhirsepslemr e

control Iﬂgarr]'1 qg %guan 801I1ttaV\@¥e cont er, Ozt?’e s a machi ne

confi guf BTN G0 G58TY ' 57 A"PA fsep?ce ram 204, and then
provi de$00g6} put Cﬁgd9rsmeshnt38chxﬁéletrmon data for the various axes 150, 152,

- 154, 15 d 15 temlOO In the illustrated exarrpleln
Fig. 2, ?%04?PV\B.I’ eel:é% ﬁqs?rgt'es§% koé@éﬁ?&s part program 204 and nachi ne

confi guqeBpn 208&if r0miahatcdin SREDldry ApiDdtdes SordPérifyMaahiinaiCmbfetats at i on
208 provides.the deFendenC|es bet ween the various axes 150, 152, 154, 156,
and 158 2Bt VAEEAPHE™'ESI system 100 as wel | as the attributes of each axis.

For insfeaop, as maddliduskQdds MRuestiéRhpivetedeh @Rurk6 chhiget pomakd e C

normal, a tool vector and the and a tool bottom center point;



11 axis 158 is changed. Therefore, the location of Caxis 158 depends on
the | ocation of saddl e 104. [0063] Exenplary |/ O nodul es 206 i ncl udes i nput
menbers, such as a user interface, a touch display, a keyboard, a nouse,
one or nore buttons or switches, -a CD drive, a floppy drive, an interface
to a determ ner network (wireless or wired), and other suitable devices for
providing information to software confroller 202 and output nenbers, such
as a display (such as a touch screen), lights, printer, -and other suitable
devices for presenting information. [0064]1n one enbodi ment, part program
204 is entered through a conversational node of operation whereby a user
during gr amy.ng,S i.on rese eens. t hr ough
a user for?? feff ace (l %(%Hﬁlészrates Ehglf%l Ctlsoélroeégooéﬁﬁcc)lé?m C%‘?“rpa ot mﬁnca&ie%qgary net hod
of convemnkgls whelongrogramming is disclosed in U S. Patent No. 5,453, 933,
assi gne ), t he e of the current a at i t he di scl osure of

whi ch i g[mgilpr essla[és}g %é@ FEalest L8 B?/Ct‘?ré?tg?)(%ﬁg 8‘?‘é’lq?’15t PRI 2" pr ogr ammi ng
sessi onpoditieh; user may programthe desired geonetry for the machi ned part

and specify one qr attribut I n one exanple, the user specifies the
desi redfdg?g%]rretry%%?‘gtﬁ‘?"ﬁ‘ﬁﬁmt% atd, fool psrios: @Hill ng bl ocks of code each of
whi ch spsBff i es &Fig.Qolilaadtcaa tordjspsidericy bofwetie Bodlean BecissdHMatrik Rd geonet ry
of the gﬂ éHned Bgt i s defined based on the operations used to create the
nmachi ned3gsiprmatio ¥n one enbodi ment, part program 204 is provided

t hr ough[gshC nodedpfesngihn HifQHEnctR B BMS AicNE cBROGERMG arth AREGH ok MO
software controller 202. Part prograns are frequently expressed in a

st andar §FYe®MIiEWYe | anguage, or a cl ose derivative of this | anguage based on
either the Internati onal St and | SO) or the Electronics

| ndustries Assom at i oRELAILED B EIHON QF AHEINMAWINGEnt i fied by letters

.such as “:‘35 -Lt:h odes defl ne sequence of machl ni ng_operations to
control [958k on i ¥ ﬁ‘HWﬁ'Ftéé'tstP%dBF“’é‘ JFupqt integyled tphesxbaypiver gyt the 2

Convert&lvéﬁlﬁmQ@d@%r&:Qe RirA\did B séDin atd f@movnﬁguéta&la%eiantlsmﬁam@[r fheus axes 150,
152, 154, 156, and 158 of machi ne tool system 1 n. one enbodi ment, part

pr ogr anfbediment ischessy apg descrbadse I‘haQQ‘beréFk‘ Hesk ip aerast monutiliss itelcadgm®s. Par ser
220 reV| evvs part rogram 204 and identifies various %onetry segnents.
Exenpl alPSgeoret Refgepgiois: I asmaghiac foohwsteantOdy shownjhovies pRegiar dowed of t he

ori gi n &fsidRsdo. MKABIRMDAUWsteR2HE mlerug&r@f?&é’@sz%@h@%%hh@aﬁ@%4&%%198?0mi‘t ry
for the machined part either directly or based on'the erations used to

create thsetpayaddlelifdestenslahletin diresgionsd 0pcuwd 48§ Asecosd dfﬁyl 0he p05| tions of
saddl essxﬂp@éﬂeﬁ%—ﬂﬁﬁrs%@dlgg& %dﬁquogman"sﬁ{aﬁﬁ if? 'aﬁeé?lon?l '

t.far
r ot at abl e nenbeér . These positions are determ ned arlgl?U‘Ware controller
202. [ oersidiel 140 Aerlatfrismdi2Zfentuppartslibyasnrddle bH) and|is @ttatﬂ(bﬁrela@vato setiflettd ori ent ed
sof tvar g, SRERGRGBE and P40NR oFIBMHTRH: r based on
the software descrlarl]oeg in U5 Patent’ elz\ibwg%\é%g ggg&l{dgést@d @(r)fﬁaé rtnerrber 26,
1995 an#2Q are meyeabNChOOMT RO ISYSTEMe cohieoltid by Insion gomsfol wtanh200s expressly
incorporated by reference herein. [0068]1n one enbodiment, software
control [8671202 i dwrthetesthand sedbile t26 iosimnttetbyyimes H02. zSeddlkilh@fmti cs library
200, ARG B AMERASt P8l 18" SaRRPIICARNANS, BiRbIcTRG IO, 207! far &
application 215 interfaces with instances fereinas virtual
ki nemat Ro@tabigahdones 132 i4 rotZ@hle imdidecP8) | 3dfand hao g:dmﬁ'cad jadéld 1R6.nkaroati cs

library = ch_ a i nt ce, 217, Host

sof t war %I%%(fop[%l %lggﬁ e{rgso cfr & ?J m%mgmq? f a@t%ovfa@?)!%%%gmoéo%f sof t war e
control e rchz.&z:,onsollfhddkamdthm coetad] systmm(ppl ication for the real tine mll
and the graphics application. [0069] Generalized kinematics library 210

i ncl udel0a8icol | ect foohspifdleol8es tipportedbygdstéam 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



from whi ch objects nmay be derived that are used to devel op virtual

ki‘nemat i cs machine 214 from an instance of the library 210. In one -

enbodi ment, the nmachi ne configuration 208 is provided to software
controller 202. Based on nachi ne configuration 208 software controller 202
creates the virtual kinematics machine 214 fromthe kinematics |library 210.
Vi ftual kinematics machine 214 is stored in nenory. Virtual Kkinematics
machi ne 214 has the sane configuratiofg as the actual machine described in
t he machi ne configuration 208. Design Overview of Generalized Kinematics
Li-brary [0070] The Generalized Kinematics Library contains an application
programm ng interface (APlI) 217 that a host software application 215 uses
to co € | f i r j V ta, vi.a, Get data
Funct i ongiboifat 8pfelliPotRbis 18} Be Rt h A% LEER, SRl M Rhul
sof t war ¢od pplonghi 44are pAFided mGtS. BroveonhyApdceatss SerialMdo.e6ghithe], thata i n t he
general ized Kij matics |ibrary 210 or instances thereof. Interfacing to the
Gener al idibgg)b Fr@g%ﬁ’&e %egsrléé%lyofpﬁbaﬁe%]b?’hrgl%ﬁeggff ﬁesr%lf]t war e application 215

interfa o the.general i jnematics |i ry,210 t u n APl 217
desi gneg&{jss?ﬁ ng tﬁg oD} 6Ct é‘ﬁ%@%({leef) AT q@?"}é%‘ﬁ‘i%ﬁﬂ‘? E@fﬁs%@"sgﬁ?ﬁaﬁa Set
dat a f umoivemast imadyra@cdibQ. fibe datameni of saddle dEl @ dingotixtni IdADr dirdcBiotd veisal | zed
Kinemati.cs. Library Initializati.o [[Q072] 1 n accordance .wi.t h object oriented
par ad o REE ok o 4T 2. 1 Ha A e o AR 8 ek G P

ki nemat idirsctivnd30 ieilustiatdd ak hencdainantrie quiz-aed 1 540r Thehetagemef @latabOdmémbenat i cs
library 4 to ass le,.the viytu ki nematics machi ne 214 _The host

sof t war é§%5BPITE%PP§HP§T§r%E@ Lib lbal%V@s‘f?Sﬁg‘“%‘fF“}eﬂwa?ﬁ s34t Lihe B§ener al

ki nfemat irGtatidn dﬂpamgonaggo in'll;dﬂﬁzciidilihtﬂairidﬁra&tio@ﬂ 2{DESQQﬁ§1lﬂeﬂ ab @nlovementsh QI?C-
configurati ta 2 about the machi pe axes that may originate from
nuner ou§x'§dggcg@"‘?'ﬂ‘iﬂ"ﬁb‘ﬂﬁﬁ“‘c@ﬂf‘? YUFSIPBH $PYie Bachiae  Injorp gnbodjmgnigpne

aut omat iof BHxiisVI&5 6208 C9dXis 198Ns Rylatswiieal Aldx By HeehR PREHNS 1 is tisb 18Rt ne t ool
system 100. [0073] The host software application 215 cycles through each

axi s th&pepEx-prigdentrd matihBhyst em and cal l's the function AddAxis(1D,
Connecti onﬁ)g. The is IDis a nunber that uniquely identifies the axis.
Exenpl af9P68%i s i g5hrpreh thgRoy feeng at oner mose of the Buxgynf dpchigs oakiysisas! Yo

l'i near anebinat ataiy ®8PbsiGorRE rdlXtivé.td a parl 160 (sed¥ik N A)n@psorich bg&)lawahﬁlimctl on,
the generalized kinematics library 210 creates an axis object in nmenory,

whi ch c &8 maskiped. rfart 0imaybevipquredta plagform || 20 irmaipainfthe pesitionf aait 46t

requi reqf@rmtbe axis type by the host software application 215. [0074] Each
axi s may include some or all of the followng attributes 303: |ID Type

(I'i near [gogipt ary tThehévemedid Ak 6) mofd Jrefeld-As of machine tool system 100 is
controlled through motion control system 200. Referring to Fig. 2, motion control system 200
includes a software controller 202 and one or more I/O modules 206. It should be understood
that the methods disclosed herein may be executed by software controller 202 and be stored in

a manner associated with software controller 202.

[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-



Coordi nate | ocation (centerline if rotational axis) Limts Maxinum
vélocities Connection (whether the axis is connected to the tool or to the
part) [0075] After all the axes have been created and initialized with the
appropriate data, the generalized kinematics library EndSetup() function is
called by the host software application 215, which validates the machine
kKihematics, assenbles the Tool and Pamt Mtrix Stacks 270 and 280 (see
Figs. 7A and 7B), and determnes the tilt axis angle for the nachi ne
singularity point if it is a 5-axis machine. The singularity point tilt
angle of the tilt axis (B-axis 158) is determned by locating the tilt

angl e wWhek @58 Rechsmicdd iTBerafotes 1@ ¥f ¢Axk 68 HPcRdVorPtt Bocatida T ¥hEilel 56) -

[ 0076] At this point the generalized kinematics library 210 is ready to be
used by Pfe host software application 215. Normally the generalized

ki nematics library 210 is initialized with a starting position, and other
initial [M8dks, edttrmplerpHPIRod e 284 ichidaei@putingrahess. geaha b upgsiwpiacea? e set

ei ther @such rdis@fa?, d IR bstaE NOhousd, bne SNRbLBatoRRY Wy Rhel, LAMLISR, a flbfPyRERE) ation
on/off Interpolation type if on Tilt axis preference direction or off or
force u$Bierfase toradeismmiicppatseki(yifelrasior WHEd, idsathas switablsfdeyipes foaameyiding zed
Ki‘nemat iirsmdibh & 6 alvAR £4htidiRr S9Sing em?{n thiHeo € Bihak 56%@%@&{@5% Ggenl | brary
210 allows the host software application 215'to creat I'tiple 1nstances
of the genaydighBerrinirpadwthier spiteblpdavices farprésontingiififoamagion. pr ocesses

(differ ost f i i hAhi i ol

sof t war ZW%B). F(S;IEl °‘é‘§g‘¥‘n§ %Hmér{%ﬁltph angﬂ’e‘i‘.L]se‘[‘]tﬁ‘tseg2’“@?@@?&%&’”@%@% ans for
t he r ealof ppemation whaichy a ofer tirangaqiregrbmmingtsessontiopriesesied ratnoh® Or méw stens

i nstance, | . i | -] raphics and, positi data during
ot ogr amir b AEE A TRcY: £ R SR MR8 A A B bR ey be
.used t o cpmiesrimet prpgregmangsis flisclowti firf ©rSe Ratema®h 5 463933 adigapd @ythd assigneaphi cs.
This thi [ : o us to .program.parts 160 for different
machi neSt egﬁé‘%ﬂﬁgﬁﬁl\?\%}oéh%? ﬁltéag%lfc[ vk St it t‘fdgbyc%%ﬁeél&? Mo and to
check t Mesieg frepyogaamsming isesgiogrthapiseciaby pregiaii thaddsired gdoaety forsicanehined t he
general kinemati.cs library 210 is independent and e use

Il ¢ aREO TS o5t of TRie AP Rin i CROHRBI Bt 150 P Eae Ml e ecomerry

i ni tial iferahd machided psrt b atatagtbsocRSofaddARch baykich hrtifeentobhedgangicaly zed

Ki nemat i |i brar 10 and the.host applicati ftyware 215. This -

conf i gutogﬁ’le (5(???'p§? %Gdcg’stg?igefofné% Rt EBW'B}BE g1 ?e%?gg?ﬁ\g‘} rgﬁppq{ggqns Ut war e
appl'i catd @By theintddhiledsgit Wwar e controller 202 to initialize their instances
of the gener al kinematics |library 210 through a common, universally

accessi B35 ngl dfGRC epbadim “FH’é”)H/?E%faf%%Q“t%Wéidﬁﬁﬁr?‘t&’&tai%@oéﬂ%f may al so
nmodi fy toperatidn iy & NO$H84r8m fiPloaddld fidte § StbardBmoN@ 200N iegRRS afcy . AN
exanpl e frve\:gllljelngly E)?présse% in a standard G&M code language, or a close derivative of this language
based on either the International Standards Organization (ISO) or the Electronics Industries
Association (EIA) RS-274-D, using codes identified by letters such as G, M, F. The codes define
a sequence of machining operations to control motion in the manufacture of a part. Software
controller 202 converts the codes to provide location positions for the various axes 150, 152,
154, 156, and 158 of machine tool system 100. In one embodiment, part program 204 is
parsed by a parser 220 of software controller 202. Parser 220 reviews part program 204 and
identifies various geometry segments. Exemplary geometry segments include lines and arcs.
[0066] Regardless of the origin of part program 204, part program 204 defines the

desired geometry for the machined part either directly or based on the operations used to create

the part. However, part program 204 may not specify the positions of saddles 104, 110, and 126



concurrent progranmm ng graphics instance of the generalized kinematics

| Fbrary 210 that may be nodified to nodel nmachines other than the one the
CNC controller 200 is connected to. Also, in one enbodi nent the general
kinematics |ibrary 210 permts the sinultaneous control of nultiple nmachine
tool systens with a single controller. Using Generalized Kinematics Library
i n“ Tool Position Conputation Mde forppsMtion Control [0079] The APl to
determ ne nmachine joint positions for any of the given input types 1
through 4 (see Fig. 8) is a sinple overl oaded SetPosition(lnput Data)
function, where Input Data is the requisite data corresponding to Type 4
thr ough ¥ Rerotatiohd Wi $iARkA b O Thd BEESI rGARF #LSTHRe fokBnShERGemifly -
|nforrratn(i-:l-on ' Ug Egﬁ setup are set eprlor to chlf 1;01 the Setgmsr%tlgn(lnput
Dat a) fmfétar@wntw 282neral i zed kinematics library 210 updates its internal
Next Posi dat cObject to
det er m dd QEe ne?ﬁ? gg%ﬁ%ogbéeﬁlt%ﬁ\ba%\ﬂ@# Ogﬁéqfﬁﬁbg&ggﬁgﬁ?@zegkél nemati cs

l'i br arycmpbnbm dllem@rqmihoélmeoobofpwe tangaber 20R & Hasddrin thowiftvasnissaibdd ini ne st ep
for the eterm t d in zed

i memat eS PHBY > SH5 P RSB &' PieBn I P eRE Ko (RQR SR M, b ect

Wi th th@le|drqnls|$uranﬂwtjleh esrerxpnastuy nialraorawhby:tefmﬂcbhbemused to make decisions to
determ e ne | t 00l sitio t. software .application 215
will @ﬁm%rck ugnf’ﬂe eQ[ngWit gﬁw"i’rﬁf qﬁ?&fﬁh@% ’Wilfq%arb Raeq PRy ‘AI%I onDat a()
funct | o] Igenevdihlzéd’iqﬁ@ﬁaﬂlbflﬁbraryr_’&f) andesieer imrehst dfwvateipparigeres allheied:

ki nematics |ibr that contains the determ ned dat 080] The host

sof t war & fg‘baﬁff e, ﬁf%{'(?ﬂ giglt%%ﬁesd% nYnees ({geat Feat ?SzVé‘a“ﬁil‘WE%tt %cs library
210 to &ta@llhﬁes&dd,l2!3I4Cﬁiha|236)rﬁcfﬂfel’@h¢rﬁlikc@kfm€ﬂhaﬁd§éIhBrabhElUmﬁ)hgmﬂl in@thde, ARBI t 1 ONs
and tine s nove.  For exa t ool p locatjon with respect to
the wor Riﬁ ‘mlegﬁ)‘ie%ggcﬁfﬁt ‘W@E?ﬁ%‘ﬁ%“ 245 plsQ psrfacgsgy lfmh%efﬁpwn% erence
coor di NasfBy sy sdnael 3342 (sSefaskhdrea Tl aprﬁdaﬂgn foRnRradl klﬁﬁ%lmdﬁ'@ﬂﬁe—tgfd%ﬁlcé—' brary

i n Conput atl on Mode [0081] The generalized kinematics library 210 nmay be
used i n?BPSI% conput ati on node where the LastPosition internal data object

does nofoogsf updat@eramiddikidehRrdalRsi eRheala BRsiibh BRobjdl ¢ chales be usef ul
when maki ng | ogi cal decisions about the tool path in the host software

appl i caffioBnviieleebiees raaymsuleriveg thatarecspdioi dsrelpoyiriual dincpatiesrmashined ! 4 Bemact

pl ane tgq, §n}§1%n&%?merlﬁ>relr¥md Sin oA EmBYA mdr®, ¢ ﬁhéﬁﬂleecoﬁf@ﬁétfaﬂdﬁgls ovided to

Det er mi nePosi ti on Data) function, ere ta is the requisite

dat a copefespoending ft-@7 ﬁédﬂnﬂhﬂn@g}?nﬁsﬂﬁéﬂ@ °0$h @qmr@otl@r 20 citreethst at es

myst be 5 1S I LG to using

Set Posi {1 o Shseeticy Rl N0 hELELRRIE b o, SBaG Kol eRbbER, |

conput i At warddne njegiort: Vdrtudl &mefaticsinmgghine Bb@lhaspmatnp@mﬁigutahen gether al i zed

ki nemat L ol tip and tool vector data

W th reg%gctn{al%ﬁ%%esg&%d% ?gg@ ?ﬁogl?gﬁpggogltie(ﬁs in the kinematics |inkages of
gin PreriicweD pmatict [dbilary t he conput ation of the tool vector

angl oo i rvifih? r%@ﬁé%ﬁs%@r' s Pulal} BRGNP RREE vachi ne
Joi nt Pasértaco (%PI) 31 7ahatadbarsoftwmt applicagpnal 15 usdzeo mhmmamite dueda pasiatai ons.

This func on ¢ teth enerallz |cs l'ibrary 210
i nter naﬁmfé% glsg(zfef?l?%‘&la&aa‘f% b]a{g%@nc“of% % RPFLRY: eif Wéfwgf% ¢4 \achi nes .

[ 0083] Geredigini theHosk koTavnad apphcdtiob eas ydnﬁdimlleﬁly%l:dsﬁlﬁlﬁ‘&ﬁe ih&rabdt idae ivpghe C S

cal cul ati on “éﬁﬂa Si n?(:q(5 ar sour Eat can be shared throughout the
code. Tﬁ%“e&’i‘ﬁ PmAYE tﬁaré’ t?‘EfF%l reB ovides a means for the library to
create a;ltwgctn@ad,thkiawmjeaxl hb Jeibty any orthogonal machine tool system
of up tg :‘; axes. dlég one rrbodl ment, this Ls acgk;\éed W%irgi@an .

obj ect - 81&ht ed ddiPgsi 59 (TR FRscatiop2) § tkgrisges A v neralZebaatiss LBHE machi ne
t ool systi@mroki@R ah APE? EeSignddisinehd dbﬁi cBbtentel pafi@iseibyt ddendRNAHiR dtLela

ki nematics |ibrary 210 is described herein for use with machi ne tool
systenssétfdatﬁfu’ﬂ“@o‘éﬁ BHEYHEiotaaiesst ditdirdorne obj ect-oriented design of
the generalized kinematics library 210, it can be specialized for

non- ort hogonal systens and for systenms with nore than 5 axes. The

obj ect-oriented design provides the flexibility to generate a pl ug-and-pl ay

| i brary that nay connect and confl gure itself to nodel any orthogonal
machi ne t ool systemfrom




1 to 5 axes. Further, although described herein for use with a machi ne tool
system 100, the notion control system 200 nay be used with any type of
nmotion systemincluding robotics. [0084]Virtual kinematics machine 214 is
based on one or nore matrix stacks di scussed herein. These matrix stacks,
such as 270 and 280 in Figs. 7A and 7B, include matrices that describe the
characteristics of one or nore of thgsvarious axes 150, 152, 154, 156, and
158 of machi ne tool system 100. Additional characteristics of machine tool
system 100 may al so be accounted for in the matrix stacks 216. For

i nstance, part 160 is coupled to platform 120. Axis bjects [0085] Referring
to Fig. ngerﬁ%@K%ﬁn&fL]&Qg,M%Bhﬂggn axes 150, 152, 154, 156, and 158 of
machi ne"tool system 100 s described as an object. The axis objects are
deri ved(®7gm a géne¢qor,daaq@|\sltfcqba@sormzedmefyd@gemeéwusaﬁwrg ap@icationi2d Scl ass 302
is the hase. &l h t hods
for axis f%é?iankg mréhﬁh%‘%ghagggpl nct? ﬁlgggtgv %lr%&ufs%?ggl g&g%l{z%(?%%?g%wggg and

t r ansf ohhlam O torassernile theIirBial Rihematixs mattase? 141 Blesho3GR ftwanetapplivstiaodiion dat a
and net |

shelle Béggg& b%’?‘éa %Ln ﬂ%& ﬁgmgjggéer gksngﬁ% asg‘gpa%gﬂp@% %ﬁ%ﬂxﬁlohgﬁzg&r‘% ager
{0,1, 2, 3>1M»'5pﬁn§90nﬁgumegmmﬂ(}8gtbom t}(exnaéhmemﬁ tiyt Bay Neigipate fotoriungrous
{"x,ry "z B s C Li nea Rota Tilt,

o na 0BG nefigine Sonacasl Sles, oy PRI E SO PER, drts B BE et bkl

Connect timA cempongn® bAthe ancfidonbl syRamt1 0. 17 M nPosition = | ower bound of

(True, KBAES | nitte BoNRERIHEBIT Eultnal ale iyl a5 P Meirhe Her or ence

frame r epteasaﬂtcalmgh@ﬁmcﬁdnvmmlsﬁlmmﬁ&n)drHeeotns is am@mbérahatuhqielaxes,

\K/g.)itcg:]t dir P L Ona.x%]: ﬁ?&%&q@%{qﬁ# llg g%eotge qe|tQI {%nt, -Qig}qwgicﬁ Icct)rlre\égonrdgtco Er{egrn

and rotatlonal axes {x,y,z,a,b,c}. With the call of this function, the generalized kinematics

library 210 creates an axis object in memory, which can then initialized with any or all of the
following data as required for the axis type by the host software application 215.
[0074] Each axis may include some or all of the following attributes 303:

1D

Type (linear / rotary / tilt / spindle)

Direction

Coordinate location (centerline if rotational axis)

Limits

Maximum velocities

Connection (whether the axis is connected to the tool or to the part)

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



MaxRapi dSpeed = rapid nove speed Methods: Several nethods are included in

t he Axis base class including Set() and Get() functions for each of the
above data. [0087] Derived fromaxis class 302 are three derived-cl asses,

| .near axis 320, spindle axis 321, and rotary axis 322. The Spi ndl eAxi s .
Class 321 is derived fromthe Axis base class. In addition to the Axis base
class 202 data and net hods, the Spind] eAxis O ass 321 includes: Data:
Location = spindle coordinate system’(‘)‘ri gin with respect to axis it is
connected to Methods: SetAxisS( ) = initialization functi.on

Set I ni t Spi ndl eAxi sDi recti onWt Machi ne(Directi onVector) = function to set

I nitial Machi neDirection Vector from base Axis class SetlLocati-onWtLast Axi s(
) = functiheres aggularttigeersgcat i on of the spindle coordinate systemwith
respect * olntdmeoldtiggon/afli s it is connected to [0088] The Linear Axis class 320
i s deri wedinfarpriationgyp&if & base class 302. In addition to the axis base cl ass
dat a 302 ahift axBtphdetsncetdirection neaff Axfoscesasfprad2Rnéanditettms: Met hods:

Translate( ) = functions to translate a vector or nultiply a matrix by the
| i near aulsiplt Taamtatof e Geatlized Sahadveitis Kibvarw) = initialization functions

0089] T Rotati o | S. class 322 .is,derived. fro he Ax]s, base cl ass 302.
I[ n ad!:li Bﬁ%ﬁ?t 0 t he™ A" Bgtzlggﬂeﬁlée@ﬁﬁenﬁgfﬁllbdﬁaryﬁéf’ﬁ%’&sst!‘e PVESHEREIE | onAXi s
G ass 32gplicaddiiZiesso cldat Aultiprinstinded 67 the Shatal ieddl kekenfxitsSlitedry 200 &i on Met hods:

different processes (different host software applications within the machine tool control

software 200). For example, one instance is used to interpret programs for the real-time running
of the actual machine tool system 100. Another instance is used to display the real-time graphics -
and position data during program runtime on the machine tool system 100. A third instance may
be used to interpret programs for different machines to display in graphics. This third instance
allows the user to program parts 160 for different machines than that which the software
controller 202 1s connected to and to check these programs using graphical verification. Each
instance of the general kinematics library 210 is independent and may be used simultaneously.
[0078] The software controller 202 contains an initialization class that acts as an API
layer between the generalized kinematics library 210 and the host application software 215. This
configuration permits different components (i.e. different host software applications) within
software controller 202 to initialize their instances of the general kinematics library 210 through
a common, universally accessible singleton class. The host software applications 215 may also
modify the kinematics models for different machines when necessary. An example would be the
concurrent programming graphics instance of the generalized kinematics library 210 that may be
modified to model machines other than the one the CNC controller 200 is connected to. Also, in
one embodiment the general kinematics library 210 permits the simultaneous control of multiple
machine tool systems with a single controller.

Using Generalized Kinematics Library in Tool Position Computation Mode for Motion Control

[0079] The API to determine machine joint positions for any of the given input types |
through 4 (see Fig. 8) is a simple overloaded SetPosition(/nput Data) function, where Input Data
is the requisite data corresponding to Type 4 through Type 1. Interpolation modes, feedrates or
time steps, tool information, and part sctup are set prior to calling the SetPosition(Input Data)

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



Set Axi s(a,b,c) = Initialization functions 18 Rotate( ) = functions to
rétate a vector or nultiply a matrix by the rotation

Get Per pendi cul ar Di st anceToAxi s(Point) = function returns perpendi cul ar
radial distance to axis of rotation [0090] Based on nachi ne configuration
208, virtual kinematics machine 214 includes five machine specific axis

obj ects 250, 252, 254, 256, and 258 which correspond to axes 150, 152, 154,
156, and 158 of Fig. 1. Exenplary inght screens of a user interface of 1/0
nodul es 206 are provided for specifying sone exenplary attribute
information for C-axis 258 (Figs. 4A and 4B) and for B-axis 256 (Figs. 5A
and 5B). [0091] Referring to Figs. 4A and 4B, attribute information is

speci f i sthfthyringt dxth snd&8s thisrabisghtoalctgsrine themextftand poS®@&. ¥heh hngrthdul es 206.
In Fig. 4A:a rpt.ation configuration.t at.tribute.330.i.s set .to ful

rotat o, SSrerdiet DR e B i s O n s i vl POulishs i w8t on

at t r i bufe tB3dput Refve breidagriaedamg. stoddl intnfenotye The périermizad kindnbiticelitd24 200 C- axi s

y-axi 3 IR0 PEDa RETE PR el el oknTh g RSP RRRL TR on | <

speci f i ddudedno BaleedesisidhStotdateamigh the nesetiput obpdsaiva. Bizthoafsofthdemodul es 206.

In Fig. 4A a.r ti. configyratjon. t attribute 330 is set to tilt
totary. iAol BefPlk uf s HeletRias! RbrBatinyien Sisisenfiger fishionao,
m nus diwh@&trétoms b rdtehceltd MtlhssIdtthe pditiale®@kématick @BAahyON Otk ¥@taihd bt 344,
Referrigg tQ FIA;% 5B, the centerline attribute 324 of B-axis 258 is defined
as an of t§ ingg} taf_rom X-axis 252 and an offset 348 fromy-axis 250. '
[ 0093] Sigugbpr at tTHelbditSoftwdre bFpcAtRN 21 chifatimad el Nk aenite! system
200 from an operator through 1/0O nodul es 206 for |inear axes 250, 252, and
254. Futibrsr210de dpeiaddiipnah informptiensatheralange pachinedelnt pasitiophandtimea'sp axes 256
and 258 £,r Eigh Vel F&k&ip1d Asb1 &P Go dati WPt B WORpikdSto8Hvdchdr fiir&ion 3-5 are
exenplary and are not intended to be exhaustive. _0%94] Once all of the axes
are def Wi8ACSPRdEq BAMagHRT TSferange caordinasosysismeldddseethipdn operator the |

| nt er depRig eRALEE R KiNGEAI KA QiHudiisSMbad. 152, 154, 156, and 158 so
that virtual Kinematics machine Z14 Tias the same interdependencies between
t he cor i¥8pbndi nghexeescrdizpdkinemaazelibrag 2 10 25y be 25@!, in amure26@putAtioraredepl ar y

i nput s Bheaf - . o . i g the
interde%@%ﬁeﬁ%?%g%gg?agkﬁﬁggggo@é%F&%ggf&%gﬁgﬁggg,qgﬁggégﬁﬁﬁg&ghomn in Fig.
6. | n opesitembdlis panite usethbwlkafmakiitg logica edisiensakes thestoagedripilicshgd during an
duri ng SReaEBeRisRichaR Sorbiine B GRLE PR GRF bR PR ot e of
t he axema@ffk lidf2, TH2PI i2E6mpleoderRiadediaditmut Phyititriiaponpeat fanctian evitirs pl ayed.
2 T noulRCREEY: e B A0t e R ISR Ao B P ;T R The
y-axi s Rb6s mosttbheetgtibeto colling Dp@rminklosiiontwiteh @xdeaticul darsingiSstPodbén and a t ool
: kinenatics.g estorder |[S? 358 by selecting input 350. The operator may
move t h8SHBRE 1R SRV REHORn "t he current [ist 356 by selecting input 352.
Thle Ope[@EBey Mmay IaydEtidne cymputing nZRink {pﬁeﬁngl& ﬂ'ohﬁpﬁtltbcﬁl@ﬂiigiéﬂs%ﬁe 356 by
sel ectl n%selraglggitsklggéa&cl 10r§1§]2lgglag% g Eiﬁgrmi;[le t%olvt?pr;n l’tlosoleé(c?osr dlatre]l V&Eithereg)ggtt

ki nemat £
to any of the coordinate systems in the kinematics linkages of the modeled machine. An example

would be the computation of the tool vector in the machine reference coordinate given the
machine joint positions and angles: 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.



tool kinematics axes order list 358 provides software controller 202 with
t Ae i nt erdependencies of the various axes. The first |listed axis in each
list 356 and 358 is the base axis for that particular list. As illustrated
in Fig. 6, the order of axes 250, 252, 254, 256, and 258 corresponds to the
axes 150, 152, 154, 156, and 158 of nmachine tool system 100. As ordered in
Fig. 6 in the part kinematics axes order list 356, x-axis 252 and C-axis
258 both nove along with y-axis 250.1Further, C-axis 258 noves along with
X-axis 252, but y-axis does not nove glong with x-axis. Neither x-axis 250
nor y-axis 252 noves along with a novenent of C-axis. For the tool
ki nemati cs axes order |ist 358, B-axis 256 noves along with z-axis 254, but
z-axis 254 _does_not nove along with B-axis 256. Finally the novenment of
y-axi s 28 ViguallunematicsMashies 5 j 5 j ndependent of the novement of z-axis 254
and B- agmsg%- NBérictaXized akdasaticd BRI 1AS coRBldaR e 1dRMfes ARG iyari ous
axes 250, 252, 254, 256, and 258 hasS a corresponding transformation matrix
305. By siaglsibFgy sqveceithat epneesbprgd Hpugdogithe qode \Ide genpgaligation of 8 libpmp 254,
256, angrAafs a Wehdsudt thk LinGHRD feste MG EinddAic T MACIBNSA) Srffdgngr more
matri x stacks to cal cul ate various types of output data. Virtual kinematics
machi ne N2EAINE foe] LYFEH BHd to? axpprla opgerbodimenkdhis isprhicyqdasithern dbjecheriented
initial e mmrm%@mmaé%aﬁ%@wei oP R AAEhifd RoPlySieRh 1@6wr§41edrrﬁkﬂaod used
ner [ tiple

in the generalized kinematics library 210 to concatenate nult| .

t r ansf oditeary. dvithoughghe graeralifddagmiies ldxamd | Qusyleseribed herein & s Witlemaghene
represe [ , , d L0 X - 27Q 1S o] .
ot homaty SR { Pl Bes W b SR REFANIA B chBRel Y |
spi ndl e kowordisidray 214 itean bsgpecdlize)l @ 7R2noghigoealtsgatmy and fpoysttmowithn a

machi ne r c i.nat m (m. . 274 thr h, a_concat enat i.on_ of
B s T e A

r epr esenibedy that may @hteawatd pofigureisetifto Fodel anPoatngons haeking iookdyktymifeypr esent ed
in the rightnos ortion of, Fig.,7A.. L.n one.enbodi.nent, for hi ne tool 20
Syst om 1005 20 ERRRG Bied i Bein [P eRar ik f RERDS 8 YERIG Bha, he

t ool mattdtion sérak syRith 208 niaghe@&saint gdanyytyeqif atotion syskem infihdiag fdbptics.

nm=[Tra ne] X[ Ir ansf.or nB] x| Transf or m spi ndl e] X[ Tool Ti.p .spindie]' (1)
Thor ot o HORaLT T SRR i | § iR g BEBNET LRt BRSledn of 1 he
tool ti pedehh. iThedchBatSPbtadks SuclORr2d0AAd 2805 FiRNMA hrld 28 5dPuds Pafibcethad S t he
transformation fromthe spindle coordinate systemto the rotarg5 B- axi s

coor di ndfF¥ries e ghgragteristiciat PpRRTEOrE §F the ¥arigus 3¥¢soofat o 0% L fmeh 8 Yt ar y

B- axi s gRehile bl syseyst@MAitidael @aﬁ&ﬂeﬁstfc@@fﬂh&ﬁﬁ@to&/@h@rﬂlIObHaa!ﬁl%@ém z] is
the transformation fromthe z-axis coordinate systemto a nmachi ne

coor di ndtwusted frip thedpptrix stagks Bilg herjingtance, na| 16w spapledfo platfiraslelt i ng t he

t ool ti pxRAShitdton in the machi ne coordi nate system [0099] A part matrix
stack 280, sF‘uovvn in Fig. 7B, is used to mathenmati cal Ig/drmdel t he

transf o8] on f rRefeming & Fizpbicaeh axis afifle visiorprise &350 dé7.diShaké. HidiS&mf (wp)
282 to tfiehiR@tdol ARteRt 1007s HOEriPRIGRIRSb-Ef GhENEE o6RA% gﬂgg%ﬁgedsy&ﬁ @g&r,(e?ﬁc 284

t hrough a concate€nation of transfornetion matrices . Part mafrix stack
280 is @griaglbcHiirgpresspiedidrie.ad Axis class 302 isdlet bapoeless dor afaxisiojecty Badand

mat hemat;i ) i Lgh t.] A Fl . . part
R B e B

ki nenat 383 awhizdnsfoahasiog nwirides 80fe TRarAxiSesugaivii? Pontdgomionekhaadd of

det er m nyj : 1% 290 is provided herein. Additional

mat ri cersllllle(li:]tg)rﬁig E‘gt %ﬁie%lgﬁ%{ﬁg%%ge&élart Matri x Stack when the user programis
def i ned [008I6ht | ve Tie falldwiag fadistfalagrnieclodedwhthn Apattiass ¢lasa§02:r ansf or mat i ons

are cal IDea .in the program The Ceneralized Kinematics Library uses a

d : _
Tr ansf or fi Pl.ane Ma t 292 onto wh \ er of transform pl anes
can be "ﬁc[é_ég? e%e%;{(%:{; ;ﬁgﬁéﬁf N Ofgl 4% @&%P‘%E%t ri x Stack 294 onto
whi ch a mﬁy_ 2 ttergrn 11’, agmf rmati ons may be stacked. Exenpl ary
pat t er n PPSnSTBIHRER ShPeimRetaRe THt E‘ﬁﬁ}c e, rotate, and mirror. As with any
matri x SCHERT~BYE LMY Transform Plane and Pre-Transform Plane Matrix
Stacks CHH™be 2ERITAY rB‘ﬁ“‘%HHath‘f wi thout having to delete the matrices in
the mat MOREGER aaereion 8P ae part matrix stack 280 may contain the
transformations illustrated in Fig. 7B.



.21 [00100] I n one enbodi nent, for the machine tool system 100, which is

répresented by virtual kinematics machine 214, the part matrix stack 280 is

represented by equation 2. [PartPoint n] = [Transform ] x[ Transform

X].xX[ Transfrom c] x[ Part Setui nil atri x]

X[ Transf or nPl aneMat ri xSt ack] x[ Pre- Tr ansf onnPl aneMat r i xSt ack] x[ Part Poi nt| oca

| ].”wherein [PartPoint local] is a colum vector representing the |ocation

of the point of the part in the vvorkp'#.pce coordi nate systemif no transform

pl anes are active or to the top transformplane in the Transformvatri xStack

if- at least one transformplane is active; [Pre-

TransforrnPl aneMatri xStack] is the patterning transformations applied to .

t he i nput, . posi ,tign;%% ransforrnPl aneMatri xStack] is the concatenated

Transfor@:“ﬁ) SERRT 1T 3‘8‘% %% transformation fromthe systemdefined in

t he patt&FHIH ’grr_‘é‘rlfg?r&’ioH‘éq‘?d?Pt’é’f’.a k to the part setup coordinate system

[ Par t Set fMfL Stsi_szf‘H"eant{rTélf?sFﬂ?egcati on. fromthe part coordinate systemto

the G ax{néiaddesriielieewfes ey VEStrah Machins eferpnce fiRpe repassent B MRt iR45 om t he -

rotary CRGYGREntdEcHIThAPErowier axest\§iehdireetionefaxis setefilipgtos Righthaydpositive

[ Tr ansfo‘foFﬁé'qP“-i s the transformation fromthe x-axis coordinate systemto the
Maxr i quavheedy eRplefioR Bf ormy] is the transformation fromthe

y- axis _ 1
y-axis cYernpimpedsyepidmave spesd machi ne reference coordinate system and
[ Part Poi Methafls:i s a col utm vector representing the part point position in
t he Several methods are included in the Axis base class including Set() and Get() functions for cach

of the above data.

[0087] Derived from axis class 302 are three derived-classes, linear axis 320, spindle axis

321, and rotary axis 322. The SpindleAxis Class 321 is derived from the Axis base class. In
addition to the Axis base class 202 data and methods, the SpindleAxis Class 321 includes:
Data:

Location = spindle coordinate system origin with respect to axis it is connected to

Methods:

SetAxisS( ) = initialization function

SetInitSpindleAxisDirection WrtMachine(DirectionVector) = function to set
InitialMachineDirectionVector from base Axis class

SetLocationWrtLastAxis( ) = function to set the location of the spindle coordinate system with
respect to the last axis it is connected to '

[0088] The Linear Axis class 320 -is derived from the Axis base class 302. In addition to
the axis base class data 302 and methods, the LinearAxis Class 320 includes:

Methods:

Translate( ) = functions to translate a vector or multiply a matrix by the linear axis translation
matrix

SetAxis(x,y,z) = initialization functions

[0089] The RotationAxis class 322 is derived from the Axis base class 302. In addition to
the Axis base class 302 data and methods, the RotationAxis Class 322 includes:

Data:

Centerline = Location of axis of rotation

Methods: |

SetAxis(a,b,c) = Initialization functions



reference machi ne coordi nate system [00101]1t should be understood that

t he above illustrative exanples for the tool tip and the part point
positions are only exenplary and various matrix stacks may be used to
transformvarious types of input data to various types coordi nate systens
once the interdependenci es between the various axes 250, 252, 254, 256, and
258 has been established. 22 [00102]In one -enbodi nent, matrices arc pushed
on to matrix stack 270 in the order fisom nachi ne reference coordi nate
system 284 outward to the spindle coordinate system 272 and on to part
matri x stack 280 fromthe nachi ne reference coordi nate system 284 outward
to the workpi ece coordi nate system 282. Every novenent of one of the axes

- of nmachiRdeatbOC! fuftHhe rdR 0Res: HAhulif 8 Hmaid byihé Rftione recal cul ation of
the various matrix stacks 270 and 280. | n one enbodi nent, the generalized

ki nemat iGetPerpepdigularPigtangsToAus(Pameinction refuas Bapendicsler wilishdigaReeno nat ri x
stack i sxi9eefesdion[ 00103] For exanpl e, assune that the tool tip position and
t he part‘§OS|t|on are both desired in_the machine coordinate system 284.
Machi ne [9198] sy stBared gompghiespafigsation i virtuglkisematips pachang 4amude vi r t ual
machi ne f%éﬂ’l)ac}ﬁl@e @@&hc %ﬁ&m&@%nﬂsﬁm 250) EnIBIREIHH RdsgohARIREL £5p | i brary
210 will recal culate part matrix stack 280 because the part has noved
reIatlvé5¥d5ﬂHé6ﬂﬁéH§&@f%§drdhﬁ@?@ﬂ@?@ﬂéﬂ$@@@fabﬁiﬂmﬁﬁpeWH( medelecul at e t he
tool ma Y 5. e, f0 the
machi nebg%%()rre ?Oﬁlg%ég%%gg%%%g?'ﬁl Sr e&uce%&#)%ghﬁ% lton??rcegfg §ga(t1:§g\§ 14

mul ti pl iecdtBlomd erHiat?XIa?-iﬁ (bresf ¥ areldPB)l n one exanpl e, when axes positions are
set, Vvir mac d ' axi s

posi 1 oW o7 Qg MEC RA SR BEABEL SlR] RERIINC Lyl 28 01

changes throughr werfihtarfades 28 ef /0 madhies 206pr ngiig. atAea ltotmbn configamtiombe i X st ack

20 2 L SR LA & BB BB AP B PR e

r e- det enntilnge 334e Reﬁqumgtedhgmmﬂxeemtenlmtthbay 324 of rexit 25xigdefaicdds fror use.

[ 00104] Vari mat ri x ac | emented to deternine any point or
vect or Pgrli;%%@go?‘g'aé g)??‘ia%%%¥ﬁﬁﬁﬁ glp%%lfg " the workpi ece coordi nate
syst S_m 26®2] t he spifaehgtoaigy. dAnRad eBSaytabamrz&&au&{ 1stsb&1ﬁ&¢ds1i mexik e§@r ence
coordin

yst ens be | enent ed for
t ransf of ‘ﬁ%c?d‘ase‘t Bteéa%eﬁagggﬁ{?mng}“ﬁﬁ@ @?%% ﬁ‘g?%’owg?& 1EYGRON ¥BEh as shown
in Fig. adfbutdB3016 §e@ tomilplodite S r R Enuli Ypda€ atttefute 53d, a&hharaﬂélomxﬁdmsmﬁnswm on of
a conversational . part praogram [00105] Ret ur ni ng to Fig , Virtual

ki nemat PENYetietins tayel a2y and anles diselpmitrayel; mlb}%t&e&ﬁmfgrte migpabshs 220
and det @ediiIRSattribBteR0h UAB-aRBOBE RAARQN b bPBFct 96 Baf R-20% 28X 81 3 set352, 354,
356, and 358 (see Fig. 3) which correspond to machi ne axes 150, 152, 154,
156, and*&B8m y¥Es@0nmachi ne positions are provided to the nmotion systens of

axes 15@pgo3p2, 15§}mll§-t5a@trlbﬁ’t@%f&%tl&fplsﬁ)&%iﬂ:& Wm%hﬁl dRRbI stédm3HPROMEGd by tool
spindle 138 and part 160. Exenplary notion systens include servo notors.

The mac I‘?P‘Ffétobﬂjléqugh b’@gn@%liee 2he f@éhnm axgs 2PQi 3P 2. lend ¥kt Hugtber, 2Bli¥anehi ne 214 are
repr esea&%tgh@%lp&a&&dwtﬁe BBy m 655 Ha%s8CRhe difibfhcl 68 anlyi M m || machine

232. Position data does not eed be presented to real tinme mll 232
all at @ﬁeﬁom@u@mﬁﬁﬁ Ih@ﬁd mﬁigméﬁakeimmakaryc@dm? mécngdqdito pa gxislusive. one or

or € ne;(‘ QPS' t ' e_iiﬁ of@) A NER: &ﬁ*lédf Hatidh (?tn?r(d\gé/%l}ér%t"Ob ecéﬁgsdfrcmf eal tinme

mll as neede eref ore, rea noving from a
first poscrratlootthctrmeréepsedmmds lpr@uéenitlmwatlbthsrdaasgboal:s?eﬂ54e$5(0i1nd hi8esortipdi at e
points) i rtual  Kki tics mach determning the steps to
Poke. 11 St Enibt Bonbie B 5 sRiMeRErplei sl s Rl B B Fent-dBeifanm ng
[ 00106] Byjehta%mgssam \mﬁ and 0f8. rzm éRmmegﬁn;en’eart ef userrihtaefhceldRRONHDI CS

hi ne 2 f hi f |qn. 208 and.
gener ar MoRHeRTR St g PRT U S 16 GO Rdre 2 ierot Fot eatis Ty Be¥Bsed i n

conbi natis Bli@. wbllrrltmnagmwdlrﬁw thd de?ﬁ(ﬁttiéﬁEf ﬂi&@kﬁsﬁ@&corﬁpklﬁshéd\@drﬂl@@ﬂ initidl s@igat f ﬁr m
120 was tilt e out 152 this en . into account by the
rachi ne bR RS 080 iiogie odr PRiiLabRes Brndh Sy gpattens

unless desired.



- Sl rrulatlon graphics application

[ 00107] This increases not only the flexibility of software controller 202,
but al so the useful ness of software controller 202. For exanple, as shown
in Fig. 2 two additional virtual nachines 234 and 236 are generat ed.

Vi,rtual machine 234 is al so based on machi ne configuration 208. As such
virtual machine 234 is the sanmé as virtual kinematics nmachine 214, but may
beiused in a different part of software controller 202 for a different

pur pose, such as sinmulation graphics Qpplication 245. Virtual machine 236

i s.based on a second machi ne configuration 238 received through.I/O nodul es
206. Virtual machines 234 and 236 each receive input data 240 and 242,

respectively. [00108] Virtual machines 234 and 236 Erow des out put data 244
and 246.1083 put d4tkag 26421610598*24@565%\215&@354{% ISP defined by thepperstosarsf or an

appl ' Catdls%ﬂl ed. nAlpgt% ht até?%nqaslkng1gagﬂsil%trﬁgkp tl{%uéﬂ%tlhn]ﬁt vi rtual
machi nes 234 and 236 i s nac |ne axi s positions, such for areal tine

m | 1. | rinemphst.ispgh psprieiich dcreqpp ddie apgrator Frrmeaamom@hmélszémtq tge @ﬂs@rmféd to a
S|nulat|g ARG r ' i 24

ARSI oA SRR B LSPRESTBOR gl |,
present 366 @h@I@mmtqyndyh@\@dcﬂy viip2 J9degher wrthdwmriendishdiyrelerting-iopuréSs. ool
gr aphi ¢ syiloS6u@Y may fHove HBY.o08 96 IRl 8 @93%1& fpfsgl | of Lhe
machi ne tool system axes positions. G exenplary app |ca I'ons include a
wire frd®@6fr aphi ts addrofde eadpplkaan thopart Gindmatics exgoerdee tstSoH andthe
appllcatl n r.oth ions, 2 )
exenpl ar ycﬁtl)(bnte%a G Orleﬁ(l:l%aag grotvﬁdegs %"Eﬁ‘?aéen ongr ﬁalergoo?mﬁﬂle mtggie%’gﬁche%d part
or a si mﬁlt}atwedow:haqme Tt fitdnBstexhaxdis ineachdar 356@6668 Gnhd beee puiofpr thared novenent s

el uai M N s B R B DB odi! o BoPre e RBGU AR ToUFr ¢ ual

ki nemat itﬁt ﬁlemaesmsn,el 521654] B56haskib8ofimasiiiy tel sysrerhil O Af brdere GiBFigtinitise

processin art oyi,de .posi.t] ata 2 ta.real. me mill
DS anct M KGR e RO 9595 o B LA AR oL maeT By S ing | s
pr ocessiRughér, Qakis 298 Bigh@&mlongSvithnPakis That But F4dis doés ot ﬂl‘()ivdﬂo@&ﬁltﬁ kaxisdata as

out put %@@% 246. such, user o{ sof tware contr IIer ﬁ ¥ be cutting
a part 6% #1590 Y s A Joves glong with 2 uovepgntof x”r"ég FREWREHEYi | | ust r at ed
in Fig. Knemalid RePsragRIMHSNG-2ARQ6E BlovRaldng Withd-dxUT542it 5-.RR B B&sd6f | ned by
machi ne confjguration 236 for verification with the sinulation graphics
sof t war dne¥§3long #ith Fhavudyoe Fimelly themepyrapnof y¥xig 2p@araxis, ard Grakip 5232
associ atigflpWdeht dr iR Ve sl 5-aRB e 0 AR B-LIE25¢ason for displaying the output
data 246 on a display is to check for interferences and other trouble
geonet r iMatixstags check the estimated tinme for cutting the part 160. In this
manner , [&@J‘ﬂ war e RQ&Eﬁt%E@&boZQ%aMf%ﬁﬁlsQQ&%() 2Rl Al O ABsAG0f nul tiple
machi nes t ht ough t he |nplenentat|on of virtual ‘machi nes, such as virtual
machi nes=029_sw0ndg®4tranaf¢dmz®6 magif 308a By kooviing dhd leterdzgtzldmwyesafﬁe vhrous gpis ement ed
on a st aRfBhoRG 8! EIIHS8Firad WHPmATs ok RRL O ublodnblu MBBNRbre rfgigeer MRy
program a Vi rtual ine corresponding to fRchine t ool system 100 and then
provi de staaks tp calglata veriqva dipehel qyagdaian Yiotual kineohligsemachike 244 sxchides aewachi ne a
part or yi it i i IO exanpl e,
the resu (irg}r%{tamﬁ(ggc?ﬁ %lr? afyii b?rgn ﬂ'{)ﬁﬁ%t%ﬁﬁgﬁ&deﬁg{rﬁgow agr‘f';gs&%c\l%r? Eséa]t!fr?f:l)nal
progr amgeﬁ.‘aslcmmﬂiangmaemhlm@en§@Md®]Mamabady hmte|cmcatenatenmlt$karrpl e virtual
klnerratlta%s &50%%9 determ nes the positions of axes 250, 252, 254, 256,
nd 258 on'a urallty of input tool positions. In one enbodlnent
VI rtual [ﬂmml ne 2Ivo cetpiary mesixtshiekqii$iatd mplssenfedan(le]gs Zaﬂa,ndZBZ,A @64, 256,
and 258 thto%%h 35asc d|n neth E %f hLOO%% T ? met.hod. 400 is -
1T ust r AR FRPRETG S S fogpdharrarigetD gnadelhe fran fiEies PBEYIFH; nput
t ool go&hbMGR;bgﬁﬁhﬁa?ﬁaﬂeﬁgﬁkaéﬁﬁmtmﬂﬁmt@ﬁﬁmﬁ&ﬁmﬁﬁﬂmﬁﬁmpﬁb&hdﬁd to the
cascadin t hod 40 i.ch the paqsitjons axes 250 252, 254, 256,
and 258 BT SHLFTR I HAdMToRELh coqeuFTiaf femot W@‘Pmtnoaﬁ*az *Apureh o

herein e&cﬁymsgra@mmlyae&eseﬂehuﬂeeﬁﬁoetpbﬁﬁﬁefp@nmaﬁd @chaﬁatfzm}t he part for
the tool, a surtface normal vector of the part surface at the contact point,
and a t gerressRied By the Hghtmpsf @ortign phEigwHH- kbueeemE%mertrferﬂeachmaﬁ@lzsz Tool
position 25 information 404 is referred to herein as Type 3 data and
includes a linear tool tip position and a tool vector direction relative to
the wor kpi ece coordi nate franme 282. Tool position information 406 is
referred to herein as Type 2 data and includes a linear tool tip position
relative to the workpi ece coordi nate system 282 and rotary axes positions
relative to the part coordi nate system 285 (Fig. 20). The part coordinate
system 285 includes rotary offsets to align the workpi ece coordi nate system
to the nachlne reference coordlnate systen1284 If the offsets are zero

o, o, . o b . c ~NS A




[ 00113] The host application software 215 calls virtual kinematics machine
214 using Get and Set functions in accordance to standard object-oriented
design principles. There are separate Set functions for each of the four

i nput types listed above. Wen a Set function is called, virtual kinematics
machi ne 214 processes the data through the cascadi ng nethod 400. [00114]In
one exanple Type 4 data is provided to virtual kinematics nmachine 214

t hrough a command from host .sof t war e 28ppl i cation 215,

KML. Set Posi ti onType#4(Xx,y,z, u,v,w, ij,k). 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 (ij,k). Each of the input surface

poi nt, sytdnat®), whichdd represihed banituabidhenvgics Michiice 1dethe eUmatek 3tatWETML® t he
wor kp| ece coor(g.tuynate ystem 282. Determ nation of Type 3 Data [00115] The
cascadi R HENH ‘29(5‘6“9’1@ udes a met hod for det erm ni ng- Type 3 data fromthe

provi ded Ty p‘ﬂfr—A@ Wgrghrd ooI bott om
center and E toof ™ @99;%}% %rh'ﬁgqtrfn@g ?ﬂpl ecevet rdl na e system

282. Met-hod 412 | : acco nt the sh e of the t 141 |n det er mi ni ng
the tool bott" ?{161822 02@‘”44'%] F4e8 uﬂngvecﬁﬁﬁeﬁﬁgmf’ thfé?flanonz%ft eldP 422, I'n one
exanpl e, netpaqqd ﬁlrent tool outer radius and corner radius to
determ ne the tool %%?@%‘a%eﬁggr 416 and the tool vector 422.

[ 00116] Ref er fArag/drm Ll B is tR2tramafosmatfoad@ncihntgiodle pardihatd dybteand tiee t ool bott om
center point 416 are shown. A center 418 of the tool corner radius and a
tool center WPy Boixptcogndmatg/sygershown. Finally a tool vector 422 and a

surface nor ;"0 S% bﬁo%ﬂl&n H‘l&l% roj(’a S(El(%g &te[sog)t%lzcl The

rel ati onship be Fre SUr PR 8ol "pot t om cent er
poi nt 416 |Sthﬁ&&yisds&d1ﬁyte@ymaﬁl on 3 V\/ner e| n P = surface contact point on

"wor kpi ece; N = surface normal vector at P, T = tool axis vector;
[Transform, ] 1s the transformation from the z-axis coordinate system to a

machine coordinate system; and

[ToolTip,,1 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
transformatidn from a part point in the wofkpiecc 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 rightmoét 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.



R = tool outer mpjor radius; r = Radius of tool Equation 3 describes the
movenent fromthe surface contact point 414 to the tool bottom center
point. The termr x (lcr - t) conbines 414-418 and 420-416 and the termr
[00118] Variables P, N, and T are provided through the Type 4 input data
provi ded. Variables R and r are provided through a tool configuration file.
Based on equation 3, tool bottomcenter point 416 is determ ned. [00119]In
the case shown in Fig. 23, wherein t® 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, nethod 412 positions tool bottomcentre 416 to

cont act [00180F ur f ale@np embédidrt, forhk efacltihd BON3EES 1008w EEHE Siprdsynted byt he
sol uti on. Ee |nf|n|th§§#3t%on case. does_not exi st bal |l nose endm || s

wher e t NEMRHEPCRASieR B Eaﬂ”émlémf‘ﬁ@c‘f ‘S&ﬁ‘é’FﬁS@FCC{%Yofiqaétlon[QOOMO] Met hod

412 retur e to t he workpi ece
coor di natg sys B 2&&9“"%%@&?1”? "ﬁ"e?’&?rgf”??? gf"ﬁ%‘ ded as (part of
the Type %[ﬂalzgorm]iycp@l@tr%ﬁa@k}xﬁ’r@Lde%ﬁnPl@néanfWé@c]x'[ (Yr@}mﬁll _rethod 400 in
virtual kinematics machine 214 through a 27 conmand

KML. Set Posi t iwerEmA@daPsiny, A, is b bolkithn vddibrSeiosdhmpdns Redtdnak &R pbft i ni ti at ed

Ioa

external to virtual kinematics nachine 214 by the host software application
215. [00121] ofthe pasmabh workpieteodrddd@ systeth uliestrans forh badesh2bactios ordet er m ni ng

Type 2 data 40 t he pe 2 data 406
“includes a too? %3? Iggﬁgelnifépwgﬁﬁ?yﬁh”%g H@“&ﬁ??ﬁ?g%@ﬁﬁ ordi nate
system 282 apﬂndheah@tary axes p03|t|ons relative to the part setup
coordi nate system 2 eterm nes a solution for. the machine
rot ati onal @5 r}lé"’%%’(@yggg‘ ’@kg eE%‘@)’“ ‘E?otrﬁllséoﬁﬂattoﬁ%aﬂpé‘{?ﬂﬁ Wspindl e 138
of machi ne tgﬁhmﬁyﬁggghloo to the orientation of the tool vector 422 of the
Type 3 data relative to the workpi ece. For machine tool system 100, there

may be two oflraeye@médnalugistatidris tméow@%tﬁbﬁsmﬁﬁrnﬁ’-lml\@ﬂrz%whnd C-axis 258
that result in 8.bei al i r 422 of the

t
i nput t ool pggF ﬁgﬁg%Tﬁ%oﬂgP@fﬂg%g? '8?JP B%Bm %ﬁﬁ¥ec 8%]is descri bed

her ei n. stack to the part setup coordinate system;
[PartSetupMatrix] is the transformation from the part coordinate system to the C-
axis coordinate system; '
[Transfrom ] is the transformation from the rotary C-axis coordinate system to
the x-axis coordinate system;
[Transform_] is the transformation from the x-axis coordinate system to the y-
axis coordinate system; | |

[Transform ] is the transformation from the y-axis coordinate system to the
machine reference coordinate system; and
[PartPoint,, ] is a column vector representing the part point position in the

reference machine coordinate system.
[00101] It should be understood that the above illustrative examples for the tool tip and
the part point positions are only exemplary and various matrix stacks may be used to transform
various types of input.data to various types coordinate systems once the interdependencies

between the various axes 250, 252, 254, 256, and 258 has been established.



[ 00122] The cascadi ng nmet hod 400 further includes a nethod 428 for
cal culating Type 1 data 408 from Type 2 data 406. The nethod 428 sel ects
.one of the two possible solutions of the B-axis 256 and C-axis 258 that
result in spindle axis 138 being aligned with the tool vector 422 of the
i nput tool position. Further, the linear axes positions are different for
eath of the two solutions of the B-axis 256 and C-axis 258. In one
enbodi ment, nethod 428 selects the rokary positions of the B-axis 256 and
C-axis 258 based on the last position of the tool, the novenent type, the
machi ne axes limts, and/or whether the tool will nove through the
machine's singularity point. The output of nethod 428 is the type | data
(l'i near é@(ﬁ@zf ot ar i, AXeRpRRAbt ARAcdsAfe ;Hﬁl?éa'dﬂ% Mamxs 3L Y éﬁarder[f%%%] The
Type 1 data 408 is provided to a method 430 of casca i ng met hod 400. Met hod
430 det arachinescigpncgepadiopie syitdn A§4 @iward ﬁfeths mpdlqa erordinde pysteandRtandpnt he
various t@?@@m&tﬁx%ﬂ@k PRt drh &@%Bd%mﬁgfefférsfé gstew@ H8fard Lyunone
enbodi men he tinme step Is based.on He too tip relative
to the vmrhmce@eordmhte systamn| 2 82 e‘ivnwnmnadqufsmedf tb@amof)mnhdattteolwsmﬁtrmtl ons of
the maxi,gh R dIRGIDEHEReqkel REILIERN khe@%‘f&ﬁ%ﬂa Y e PR updgLes the
ki nemati cs machi ne axes pPositlons and stores t Ion data or out put .
As nment icovedimiory the genardigedipdematids hivery 210 dedidas n‘dleﬂmeea mpzdwlaiead of @ givem t ual
k| nerratl P 14 for updating of matrix stacks 216 as needed. 28
term r?g%ﬁl’{)rﬁg%flpn%eg%d‘lz data [00124]Returning to nmethod 426 of cascadi ng
rret hod 40003k he T@qnexé&npdata&udﬁ&at&edﬁﬂepmmm dnd olva gahteodiyipeard bokat a 404. |1 n

one enbadi. nmet hod 42 |nclud a to aed tho to.determ ne the
i nver se%ﬁ rgtgmal f giciupe ?OI% WP %86 Pfé&‘gae {5’8 stylsltgmt ra gatt?soamnéé‘natxésr poi nt
416 and 11521(31 $:00252\ie eiral :A;&Bm\omc)hs ppsrt d60/i@ bEiAg cditOTh Q@ctam&d lafidn@fitat i on
relativ ce, coordi nate s em 28 hou discussed in
connect ? r’(/\} {%Wli@g(ia@ﬁﬁfdbe PHETHEY Stﬁ%y%caé‘é%éﬁm (Eﬁ“é“‘gvﬁgi DR &btgﬁ al

5-axis Iﬁ&@blhéleoorcﬂlﬂzﬂé-%@iemgﬂoﬁhtM@notlr&aﬁﬂﬂteﬂﬁ@ﬁdl Bk staflod F0maBauk e f ol | owi ng
progressi i e tool vecto th respect to the workpiece

) rst, t
coor di n&% lébg%élﬂ% ‘ngegrr%lf‘fé‘fed? Fs dpachy scct% n3adisfee dovrdisnthe npmbrhet 284 by

appl yi ngnduembaplicabétistBatbfedRetb MiddB Th 61t dXaihple XwhehPResRRk ftiomedrélRet, virtual
transformation matrix, as ilJustrated in Fig. 7B, contains all the offsets.

for the MASBIAF Al updates eash As pliectppsiionef e psivResidan is fibersgbirom therarranies t hat
nove t hgonasd. Jfa[nQQJs%@th&h %%QBeﬁMﬁs%%th%pQ&ﬁﬁ[eQBﬁ égﬁwﬁmas for any

gi ven tool 505|t|on or an orthogonal” 5-axis machi ne except when the tilt
axi s 156tagk 2 Prrad2RQ ingispting thatdhg f@%@‘éaft‘bm‘t’%@ Mz S{ack sepms farmaten mefricssect or

158. I'n ol § £RASRmihOE The Blafid SHdk i Se-3QLMHiAANS N \?%ﬁrlwz%@m@k% s
positioned to the machine singularity point. [00127] Method 426 checks to

det er mi mextirgquesied ®pPsedl e axi s 139 of rotati on | i es al ong the machine
Si ngul afgdigapol ntVarl%%ﬁfﬁmrrrigr stackd thi; g.ﬁs&nwﬂf%a?a &t&aﬁ]e%ngﬁg&hﬁor%a 139 o

rotation lies alon chi ne arity pornt are own I n 10A-C
Fig. 10P@1iit!‘4€l§@ﬁfr>'a@txé§ot>lﬁéla§| sy sfert.i tbﬁwgﬂfpmmorﬁbnétt‘m)'lsteswﬂeﬂw SIﬁﬁﬁIMer e| n a

spi ndl e t%légstén%z%g@gﬁk glee éf&&%gﬁyo@é4t§i%%gls%@tdte e to_ the

p05|t|on 0 axi's errin Spindl'e axi s is
par al | elmayde émplﬁmtracélfoatriirsfoiﬁaatlcmfs tcga rots B Ipbanp kadrdioators ys&ms\ab clach s

support 0 t tfor 169 d the position of t||t axi s
165. Re]g gorwrl?quq:l F?pﬁngfi%tﬂanesz m&Ye g%“s?gf’ﬁpm amm]%ﬁ TG % rot ary axis
173 of aom\@tsanmal}@rlrmmgmn 175 due to a position of atilt axis 177 of an

e || R RIRg o AR AR SSLR TG A Tty
t he rel adfoensioh roaf pae@Halo zﬁﬂ déte&ﬁmbi the Sttt Atn@@hind pbdi@éns fO?akh 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



Tilt Angl e =arccos(Tool Vect ormack 1Initial Spindl eAxi sDirection)(4) wherein
the TiltAngle is the rotary angle of the B-axis; 29 Teol Vectormach434 is
the input tool vector in the machine coordi nate system 436; and :
Initial Spindl eAxi sDirection 432 is the spindle axis of rotation with
respect to the machi ne coordi nate systemwhen the Tilt Axis angle is zero.
[00129]If the TiltAngle is equal to the singularity point tilt angle within
a tolerance of the tilt axis encoder2¥esolution or alternatively within an
operator specified tilt axis precision, then nethod 426 considers t ool
vector 422 is lying along the machine singularity point. In this situation,
met hod 426 sets the rotary angle for B-axis 156 to the last rotary angle
posi t i omacitind 2 4z@¢ @prekdntddbyl pasition 04taLy0 phizh hicaBdnttas rée Gme sl madhibe virtual

ki nemat |.Gs chine. _.This prevents the at ted det rnlnatlon of rotary
angl es #%r ngé‘%g?tﬁlzg&@%f’éé‘gt "efe)f?lboe()‘]r?sle“?&é"n‘t%?]alﬁg‘? BHhed dllgsenssebitor 422” does
not |i era&ief)ﬂ@tuﬁlh&ndﬂmbs meclﬁneszmgqu;ucre»n@@ﬂ #bre n%ﬂ%o"si‘%ﬁef fr 2RFteati®bn t he
C-axis 158 i deter th the following step th reference to Figs:

9A- C. A?l“%‘fkttﬁ?)td%??éﬁi EF& %ﬁlﬁavlé’%y@tr@ﬁ#qd Taegsetnge: d%“lll‘f@‘eﬂ‘f@ 2BoigyPeaxi s 158,

the til moaxg sro&ﬁﬁﬁrsﬂswumeo AXQESMESs 1R Qhfdti3h 6'sdiEd3 of @REH R osXSt ent') ,
which is ngggglcu ar to the rotary axis 158 and the tilt axis 156. The
1

directi Wh Hesgreshmed 11 48 @IWH’"EW}]E&‘GH‘{ todakesrany the s&rond position

Rot ar y Aiash2d fédidoXi s(5) The conponent of the tool vector 422 along the
tilt axis 156 i s expressed by equation 6 and | abeled as 442 in Fig. 9C.
Tool VeckecugentiProorammig \iect or mach Ti | t AXi S(6) The conponent of the too

vector MR Ong peyok asRVRE QIR aS L il Ry ERIERABEDY cauaL i on 7

and | abel | as 444 in Fig. 9C Tool Vectorit Vect orm
Cr 0ss Velased of 73peTified moehing exnfignrapern} Moandd generalhf@dkmemAmssllm 2@®.ossVector0

plane i aeaRS (%?ﬁgﬁerléfh Y Bk L QA iff ARG L RRG B %16@4& abtﬂalFﬂl&hm%g For

Pr oj Tool Vect or Tc
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 IO modules 206. Virtual machines 234 and 236 each
receive input data 240 and 242, respectively.

[00108] Virtual machines 234 énd 236 provides output data 244 and 246. Output data
244 and 246 provides the information requested for an application. In one embodiment, the
output data for one or both of virtual machines 234 and 236 is machine axis positions, such as
for a real time mill. In the illustrated embodiment, virtual machine 234 is coupled to a
simulation graphics software application 245. In one embodiment, the simulation graphics
application 245 is requesting the tool tip position to present oh 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 applicgtion, or other suitable

applications 247. In one embodiment, exemplary output data includes the current shape of the



Tool Vectorn, [0] 1 mag Tool Vector TcR[ 1] mag , Wherein 30 The rotary
angle of C-axis 158 is determ ned by equation 10. ( Proj Tool Vect or"R[ 0]

Proj Tool Vectorroz[l]i [00131]As nentioned herein the tilt and rotary angl es
determ ned by nethod 426 for b- axis 156 and c-axis 158, respectively are
only one of two possible solutions for a general orthogonal 5-axis nachine.
The best solution is selected in nethod 428. Determ nation of Type | Data
[00132] I n one enbodi ment, nethod 428 2det er mi nes whi ch of the solutions for
the rotary -

machined part or a simulated shape of the machined part based on the programmed movemenfs
of the tool 141 to be displayed by simulation graphics application 245 including the position of
the tool 141.
[00109] In one embodiment, virtual kinematics machine 214 is based on machine

" configuration 208 and is processing part program 204 to provide position data 230 to real time
mill 232 and virtual machine 236 is based on machine conﬁgurétion 238 and is processing a
part program, as input data 242, to provide position data as output data 246. As such, a user of
software controller 202 may be cutting a part 160 with real time mill 232, such as the 5-axis
machine illustrated in Fig. 1, while programming another part on a four axis machine defined
by machine configuration 236 for verification with the simulation graphics software
application 245 or for provision to a real time mill 232 associated with the four axis machine.
One reason for displaying the output data 246 on a display is to check for interferences and
other trouble geometries or to check the estimated time for cutting the part 160. In this
manner, software controller 202 permits concurrent programming of multiple machines
through the implementation of virtual machines, such as virtual machines 214, 234, and 236.
Software controller 202 may also be implemented on a stand-alone determiner, such as a
laptop. In this manner, a user may program a virtual machine corresponding to machine tool
system 100 and then provide the resultant machine program to a machine tool system to
machine a part or view with a simulation graphics application 245. In this example, the
resultant position data may be an NC program or a conversational program.
Cascading Method

[00110] As stated hérein, in one example virtual kinematics machine 214 determines the
positions of axés 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. &, 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



and tilt angles to select. Several factors may be considered in determ ning
the preferred solution for the rotary and tilt angles. Exenplary factors

i nclude the interpolation path of the tool fromthe |ast commanded position
to the next tool position that is being determ ned and whether a tilt axis
preference has been selected. Two exenplary interpolation paths include (1)
interpolating the tool vector 422 along a trajectory between the tool
positions and (2) interpolating the achine rotary and tilt angles linearly
bet ween the tool positions. In one enbodinent, the interpolationis a
li-near interpolation. [00133]In one enbodi ment, virtual machine 214 further
includes a nmethod to interpolate the shortest angular traverse direction
bet ween itfomhatipngd4 is oeferredTibiharcimed Topk 3 datmartdanatdes allihyar appptip pesitfoarandype 4 and
Type 3 |n ut to Thi s .nmet ho ically used when
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(negative or pomtng%}éame application wherein an operataor_ or software
i

cont r ol [CRPrdBts spgm 1°9“‘§1°P]écﬁ'€fF‘ie%‘ifdGP°rfi’é‘P'€éiﬁstft“i‘ prd igincluded breip Ehce i s

when a feaidéBe dbHitp &) Afhedifhictedcdifldaiata\6? oButdlala rBRH Qb MaPirAR€oR298 (see Fig.
20) . The tilt axis preference feature is useful when the tilt axis has

hi ghl'y a@fyw rlihg offsesssfor thaipers sqtyp qopudinsissivetrpa At Bep it sesowtinlbe Pahs about

the singy rM&thWnHtFlgaF)ﬁ AU ALTI ﬂ?orﬂiﬁ&&ﬂﬁﬁ)@né’%f"e‘fre&%ﬁé?@n éflﬂéqilia adl ger on
one side o he singularity point than the other. The user may al so

force tﬁédwhlﬂﬂﬁdlnekf%mﬂ@sb amdapim@xppsitionsrslativeie thepeashine seordinkte axi s
pr ef er eng %?ge when the interpolation path of the tool is not of any
concern. F'(S 5] Referring to Fig. 11A, the machine singularity point 490
for machfd2} ool égléhlémteliOﬁ)Flgs&shmudngef\@m Tiyge'td llﬁlugtoolldlaBilsa@cletd angl e

corres p%g]adgap%gd,’lﬁg n{’éhﬂ%ﬁibé batEadbd ddw Jio e%PHl 5L RREPrudre? P@!"”@fm ot %r Pia@ag to

Fi g. e corresp ondi negati ve erence is
shown. [u@ﬁl:IIBﬁ}ﬂlmpmhbnemﬂmdrrmnndmgmm0428&9Qm(l;ééliézse,sZSS,cﬂnHaﬁ&areF| rst, if

atilt a rgferen e is activated, then the solution corresponding to the
Hingoty i

preferré AT rection is selected and the rotary and tilt angles

are stonfed1dp a fThedtostsapblitatiamsof@ateeX 1Bicslds, vittdal kihpmdtice enadhida? @ ustgiGeput , ( 2)
Type 3 da s _actiyve,

is i.nput, (3) a shor raver.se .no or .
(i o 358 SordRnctPRy o f oind-E7 SR tertid Aok 2t PRSP PR dFerk s Bras  aver se
r ot ﬁr )é @Bﬂfuh&tio’hs ot ieschafi ghig! faur issuk tybbsﬂfs;]ddd&bd&%t Wihoh B8et fhdtibn lhshﬁlléhdohhﬁw ng
met ho S ortest r Travers t 37] Fi the change in
rotary &MY ‘%?ﬁ‘&acﬁ’ir;:‘g% BIRERsSs fhedaf atl\t/ﬁrgﬁé the ?Séadb'?grg‘?{‘r‘?‘{]@g as expressed in
equat i oneo1daf) ang opd 2JamphRDfpRMIAAGE Sovided Rt KIGERMNRY tnachine 214 '
Rot aryAnlng e astgll) erein ARotaty Antgl el. is the change in the rotary angle

ough a command from host software application 215, KM1.SetPositionType#d(x,y,z, u,v,w,
ij.k). 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



Rot ar yAngl eNext is the rotary angl e being considered; and Rotal yAngl eLast
IS the rotary angle of the previous position. ATiltAnglel =TiltAngl eNext
-Til t Angl eLast (12) wherein ATiltAnglel is the change in the tilt angle;
TiltAngl eNext is the tilt angle being considered; and TiltAnglelLast is the
ti'lt angle of the previous position. [00138] There are three cases to

consi der when conputing the shortestzgngular traverse solution: Case | -

I f ARotatyAnglel>li Calculate the alternate rotary solution. 32 Case Il -
| f_ ARotaryAnglel < -if 2 Solution #1 is the shortest angul ar traverse

solution. Case IlIl - If ARotaryAnglel = [00139]In case IIl, both of the
rotary axi.s gul ar soluytions are equidistant; neither solution.is shorter.
In thi SVE%%reéQA% ARG e’i‘%e?lloéiﬁllﬁagg cutFRg togl puter tadins st BB i on and

t he anguk@fmitk fht efobBaRM dedtet MBS dnd e POISkétbosR2ar e determ ned: ATil t Angle2 =
Alter nat[(?o-liillﬂt Angl Reeférrilé 'lotFAi\g.%B?al_ &?gagelc%)rltact point 414 and a tool Bottom center point

" 416 arc shown. A center 418 of the tool corner radius and a tool center 420 point are also

shown. Finally a tool vector 422 and a surface normal vector 424 through point 414 are shown.

[00117] The relationship between the surface contact point 414 and tool bottom center

point 416 is provided by equation 3

ToolTip=P+rx(N—f")+(R—r)><

wherein:

P = surface 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 (¥ - 7) combines 414—»418 and 420—416 and the term

determines 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 ambigility 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 kincmatics machine 214 through a



wherein AlternateTiltAngle is the alternate angul ar solution; ATiltAngle2
i§ the difference between the last tilt axis position and the alternate
angul ar solution. [00140]1f (ATiltAnglel == A TiltAngle2), 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 #

ATilt Angl e2) the shortest tilt axis solution is selected and is set equal
to solution #1. [00141] Returning to t2he determ nation of Type 1 data, next,
the forward kinematics are determned for the selected solution's rotary
and tilt axes angles to determine the linear machi ne axes positions. The
l'inear axis positions for the x-axis and the y-axis are determned through

t he par teofiand XMS I8P sid&; @3@( 3.4, NEBI TAXIcomBARd EduRialfoBe ihififed :8%ha th S
determ ned t hrough the tool matrix stack 270. In one enbodi nent, the |inear

axes podifyebkigematics pashineralf by thsyhostsptvarg application 4Py axis and tilt axes

obj ect pemERij ons 1R hitedinyRS@0d 360 MELAR aln&ﬁod&phlf@ada&n&m@eﬁyp@!z lgath | Near
axes object positions to zero; and reconpute the Part and Tool Matri x

stacks @98Gomtee Do)y, 4060#99‘!1%?(1?@?1%% Typhe defe HGsinelndegettel hpiant he part

poi Nt i ReABUNERGaRRRS Gk %H&ne%é‘%&&&‘ih@c@%skﬁﬁ?sb%h tﬂelr&afymxgms%me&ﬁve
coordi nat e syst emas rep resent ed Nyé eq uations 14 and .

Tr ansf oiorihg Pa sabe W@@h‘ﬁ‘@ﬁ'ﬁyqﬂlﬂeﬁsﬁ ot é@éa@qterm@mals@lwmgr Be ﬁ(aiﬂanq Poi nt wp)
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Tr ansf orlfi9 milf@@dleﬁqﬁmgﬁhe 83! {1423 dﬂtbe quiieda@o‘@bh\'d to thdmormlécree rFence

bet ween f he 1 {E?%I[‘%,Et%l%g t f[ﬂé Htaﬁ% B%o &ock Bud Jni‘ (ﬁ'fﬂ? Cpﬁ?nﬁﬂﬁs% % 5{)756

vector is use transl near axes
correct J-oeali8chatoesult haesppndtctBS‘Bhleg glégred ahthzlmdocbdmaetm&tzpmef tHeiigru topl 210 knows

the interd e e Cl n i axe 0.and whether a given axis
is a palpfm{a ete nglo{l\rl\?gl sTt %&% 66)&"“ dfsﬁrl d2he elr%natrl X stack 270.

[ 00143] Tﬁmzel}et er nTlree:dsdadmgmetlﬁ)ﬂdoo ifdrﬂleﬁme]ﬁidméthahQSafﬂdcdldiﬂming Mga¢ 1 axes
ositions to are eflne regi on.
Ao exenbra D8 sERERERT i 408 TheTnefoq od b Rhdatthi e B 8lF o BEng £} ho
var i ous Baxes256lahd &rakisifs8 e raaxie spmaletak@rlSS Beifg slighedivithrae ool @edtdrmicl s, t hen
an error |s reg ted to lgn ogerztor througtu,h 110 ‘g‘?’dm s 206. In one

enbodi nm@hihe inpyLtoginosition.sFyrthsh, thedpeqraxes ppattigps ase d £egsB obhe Qi splay. In
one enbglufidiiof the mﬁa)@sl’l'%ranﬂ &-dx@i288! Bfbodefen®O¥inRAC mefhol BER felcls@Y Bt hr ee
conditions.is iatl sfi ed: there are | ess t han 5-axes an_ the machi ne t ool

syst em PPPYORSREHEiB- %XISa%é6§n$ ey dasefl on hedlisy Bosifipn of e Rl ethamayemmres
speci fi eghet t'ﬂ@-hlaéhxﬁ@efx‘éé ﬁluit@and/bﬂ \{vheﬁiék fhe @40l R6il mBYe EREL BR riRBidekforce tilt
axi s preference); i nput data was the hi ghest order data

y
pr ovi dedmgbla’é%@@ﬁ‘éh ﬂ& %‘B’c“h@)fgﬂﬂw B8 ds thebipe | dete ineprang Fyw aKgsdsitianst ur ned
of f. O h&ridchfie tooPlydlehPivof2 is considered. Determine Second Sol ution
[00144] For situations wherein the machine positions are not at the machine

si ngul ad®@1¢3boi nt Thediype { Hata 40§ bmryided & 2 Biehed d3&ef catcrding methoddRhi ne t ool
syst em 1pQndus0 ReteAEh& H1aRE oA TG e ® BmE I Hr WSmdvenRRELFHR: various axes to

the positions specified in Type 1 data 408. In onc embodiment, the time step is bascd on the
feedrate of the tool tip relative to the workpiece. The feedrate may be adjusted to accommodate
violations of the maximum machine axes velocities, if necessary. The method updates the
kinematics machine axes positions and stores the position data for output. As mentioned herein,
the updated axes positions are provided to virtual kinematics machine 214 for updating of matrix

stacks 216 as needed.



Al t er nat eRot ar yAngl e = Convert ToZer oTo2PI (RotaryAngle + 7r) (17, 18)
AfFternateTiltAngle --(SingularityTiltAngle - TiltAngle)+ Sin
gularityTiltAngle wherein RotaryAngleis 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 [00145kI nterpolation through the machine
singularity point nmust be considered when the |last tool position is at the
machi ne singularity point 490 or when interpolation fromthe |ast tool
pesition to the next tool position will result in the spindle passing

t hr ough Qe machi ne.. si g arity point 490. In either situation, a nethod is
i nvoked 5 e K ailnterpolate known herein as |nterpol ate About

Machi ne [@12gul ar | Raturiiigné mbibbiozh ¢f cMRRdih# nethpe lad, it iype 2 ldeta 488 isone

enbodi ment, MSP. | nt.erpol ati on keeps the tool 141 in contact with the

wor kpi o RS RST pg S kb 404y 5o et iighepr Bk PGSBS BT ot at s
about t hgthodahdar@mine el inérsd Kingpitick o0 sysfe@OHFaReloartlid tog HoRorricgiger 12A- D,
tool 141 remmins in cont ac%;éwi th part 160 as ope. or _rmr? of the axes of
machi ne PPBbTH 3pg therralaigetpptrdsvhighys piverdor farihe (90! origmtationtslaling \aBsl 141 renain
in cont &ﬁﬁkﬁié&@b&hinﬂ@@irs‘i@gﬁﬁe AlfHoadH AstuRe@ Ut conh@ iR Gith BRtesd NEUathbdy poi nt
490. Tool 141 essentially remains stationary relative to the workpiece 160

during t*R@MYBECOMMOdpsRaY PEieeorad o eal TIPS nt er pol ati on pernits nethod 428

to sel eGo1est her Niethbd b8 irfiche @bs@lndhd RMoW L MMISIDWiREpHakds PsC@Rdi tions
are net because MSP Interpolation can handle the spindle axis 139 passing

t hr ough e ¥eqifdR? MathSeshens Fathe workpiscn eoondpate sysiom if transfsmad inshthgaclee used | f

any of tB&dindfc!raweng4 8) Qpﬁgihl@hé Phrt Y0E wrhskRM oA Ax I TheREAYEARD: (2) Type 3
i nput data is provided; he shortest angi{e traverse option is active;
a

or (4) twniformasenmatrt arietrated onFiks/Eacentaies all the o8y far te faghipe scenari o
(Figs. 13fneCkd id BRI ARlagP OB LR thaf nidle HBPafrBCHi NE

[00126] In general there are two possible solutions for any given tool position for an

orthogonal 5-axis machine except when the tilt axis 156 aligns the spindle axis 139 to the rotary
axis direction vector 158. In this case, thére are infinite solutions because the machine is
positioned to the machine singularity point.

[00127] Method 426 checks to determine if the spindle axis 139 of rotation lies along the
machine singularity point. Exemplary situations wherein the spindle axis 139 of rotation lies
along the machine singularity point are shown in Figs. 10A-C. Fig. 10A illustrates the situation
of machine tool system 100 wherein a spindle axis 139 is parallel to a rotary axis 158 platform
120 due to the position of tilt axis 156. Referring to Fig. 10B, a spindle axis 161 is parallel to a
-rotary axis 163 of a rotatble platform 167 which is supported on a tiltable platform 169 due to the
position of a tilt axis 165. Referring to Fig. 10C, a spindle axis 171 is parallel to a rotary axis
173 of a rotatable member 175 due to a position of a tilt axis 177 of an intermediate 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,

mack

. InitialSpindleAxisDirection) 4)
wherein the

TiltAngle is the roteiry angle of the B-axis;



singularity point 490 and the next tool position is not at the machine
sktngularity 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 limts. If necessary, the nethod 428 will invoke the MSP

I nterpolation to linearly interpolate the tool vector between the last tool
position to the next tool position. In this situation, interpolationis
then carried out fromthe machine singularity point 490 to the next tool
position using the tilt axis preferedte solution. [00149]In a second
scenario, wherein a zero degree rotation of the rotary axis 158 is
contenplated; solution | tilt axis is on the opposite side of the
singularity point to the last tool position; and solution 1 tilt axis angle

i s not qRoABELLL] 13 iR RN SRER iSihe Badifind ddoHBhdiAl8Emi A6 FidS. 14A-C.
Referring to Fig. 14B, a plane 492 defined by the tool vector for the |ast

posi t i oy, ZRE,LARALOB,e ik 49 ishRY spiddR REHE rBRIntvliB kedp3 @1y teYhcilhe aboUt the
coordi nate systemorigin and includes a tool vector that coincides with the
machi ne ceirdigatt systanywhaoi the Tdxis §@lEliSO¢rbn this scenario, the nethod wil |

sel ect ion th Kl t,axi s .on the ef erence side proyided
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tool position 458 using Solution 2 (Fig. 15C). 35 [00151]ln a third
scenar i &rogibnaleptantary nesisiom hasdgeniregingae yigua kingmatgs mashing of Bis pregsatsthe 58 and
sol utiop | bSitidrSofQ = ' f e machine singularity point
as the Ig%?h?%%F%gosP?f%nggéhgﬁ%ﬁgﬁﬁﬁk ?3@?“%§A and 16B. In this scenario,
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in Figs. 17A and 17B. [Q0152}}f.the tilt. axis—angle for solution 1 is not
on the tilt axis prefer@sd ol RomeAsEhodAF 11 <@ ect Solution 2 and no
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prior t habeled scidan Fgs9@ppl y, sol ution has any other rotation of the
rotary axis 158 and the tilt F is—angle is not on the sanme side of the
machi ne singularity ﬂ@?%?d@@@(g§7?ﬂgm@%ﬁhkﬁﬁﬁﬁﬁon. | )t his scenario,
solutio ' her,wi o) eqt w Ll n 1.0 ol ate the
correct e sirisgingF gy s Aind IS aRUed iER0 allebbn PRbp TR B0

i nt er pokqiadon hend laldlledmsd4dgn Flgr ®¥Ogh t he singularity point. [00154] Once the
correct solution_ js.determ ned, the mpvenment fromthe |ast position to the
next pog?fﬁéﬁo%shhéﬁ%¥%¥ﬁ@umfﬁﬁﬁﬂ@ﬁ“Vﬂterpoldﬂ?on, if interpolation is

sel ect ed, and, no et tive..ln.so scenari-os as described hereipn this
roverent " el Tt FsRAb e Fulbos SR TP hud i CRESRUBRFolterhaed ar ey
poi nt. ldbeledl hetdodh FigapCons al so descri bed herein, this novenment does not

i nclude the tool vector passing through the chine singularity point. Once
the interpolation is conpleted, tHéoH "o "Bl ch ar e Type | data 408 are
provi ded to nmethod 43oilooleaorassddoimgeomt hpead(0. | @er pol ate Tool Vector
Passi ng Through Machine Singul arity Point, [0015%]1n the scenarios as
descri bed herein wherein the noverrent fromthe |last tool positions to the
next toolyhfemi tion includes the tool vector passing through the nachine
singularity point 490 the following nethod is inplenented. The path
interpolated by this rﬁ@tﬁéﬁobl%@b@c%[OQ)hﬁ(MMec@QgBQ)E t heymachi ne singularity
poi nt 490 such that the tool tip and tool vector remain stationary relative
to the workpi ece coordi nate system 282. The nethod is used when the
following conditions are satisfied: (1) Tool vector interpolation is
active; (2) the | ast :




36 position machine position was previously set; and (3) the rotary axis
158 is present in the machine. [00156] The nethod follows the follow ng
steps. First, it is determined if the last position tilt angle is equal to
the machine singularity point tilt angle. If not, the notion is
interpolated fromthe [ast position to the machine singularity position
poi nt by defining an internedi ate pospti on at the machine singularity point
490 as described below. The interpolation is done by sending the
internedi ate machine singularity position through cascade nethod 400. The
motion is then-interpolated fromthe |ast position to the defined

| nt er medhaidlah asdit bACAL 15018 WRARKOLSI0AAN! Ly point 490. Arotation is
then perfornmed at the machine singularity point 490. Finally, the notion is
then interpol ated frgmthe internediRxbdopdsibigfo]at the machine singularity
point to the next posi{4 gsﬁfqugpﬂ%ﬂgmwaﬁy 1% erp@ﬁhting fromthe |ast
position to the intermediate position at the A& ne singularity point and
from t heoo181ler medaginentpasd idr@h thatilttahe rdtes hhdles Eon@lihed by h¢thb@UMY fol B- t he next
position, the interpolation nmethods either Stage 2 or Stage 1 and Stage 2
di scuss@ySAef B f-aie! BrisrrerdYrietic otlyant piitve apstie tiutont foF AgeNcEl e Posi ti on
at  MachiofBo o AIGUxa thichin2OTH be@RBlutitd BisEledtéd inGiethbaewet o [ 00157] For Type 4
i nput dat a, if(An%IeLastAndNextSurfacehbrnal = 0) then the surface nornal
vect or £ U ion and the surface normal vector for the next

i nt er poli@j188) POSithioAPemb&IimAH:! RS 428G Rk BINaKS ITHREERP etk S based
on the relationship in follow ng equation. AngleLasLAndVéxtSurfacémormm

ar ccos( pad filsargesde p@ffcﬁ-a$evequ§@gt3[§rnpaad@|qg@srl@aqd)m de¢termining the preferred solution

(Angl eLagtendMeximauid ﬁ%ﬁ&logmpli%y @)cto}rmauame fﬁwr&ﬁ%ﬁmg)%m!the\f@&fﬁ% for the

prior position ‘and the surface normal vector for” the next interpolated
posi t i omhedpss coramangds ppsitearto tHe@o1583| Pheitignuthftde beimpdatamined ehdwhéthar attilfe

MRCNT NE o2 B ALL hik REPLALRR. RIS PSRl orP heliFerd el B hRABMiR Shown T

foll owi ng equation. SingularitySutfac :
Rot at e AtlmubdvesienEetabong @ltast Sor fearehidhatad] positomsfaad éNonterRolattg he Angl e)

wher ei n mgzz R P{)?a &d til. & iers]?mé/a? tbgtrwe"ea‘rp%urt o\{\'hj)s(i: E]onts.h 2k ieo 0 1r%griltt ihgn Sur face
nor mal VGC?OI’ W F r Ot alige IS dlgt erm nea (E)age on fnhe r re“%a(fl Onsthl p1n
equat i omntérp&ption3¥ a linear interpolation.
[00133] In one embodiment, virtual machine 214 further includes a method to interpolate
the shortest angular traverse direction between tool positions. This method is automatically
applied for Type 4 and Type 3 input tool positions. This method is also automatically used when
Interpolation Type | is active.
[00134] Through the filt axis preference, an operator may force virtual kinematics
machine 214 to keep the tilt axis on either side of the.machine’s singularity point. As shown in
. Fig. 21, an operator may select a negative tilt axis preference, a positive tile axis preference, or
no preference (neutral) through a selection input 482 or within the part program. The operator
may simply specify a preference so that the machine uses that tilt preference if possible or may
force a preference so that the machine cannot use the other tilt axis direction (negative or
positive). One application wherein an operator or software controller 202 may specify a required
or forced tilt axis preference is when a feature is being defined relative to a transform plane 298
(see Fig. 20). The tilt axis preference feature is useful when the tilt axis has highly asymmetric

axes limits in the positive and negative directions about the singularity point and or when the

machine work volume is much larger on one side of the singularity point than the other. The user



Last SurfaceNorrnal O Next SurfaceNormal CrossVector2 LastSurfaceNorrnal O

Next Sur f aceNor mal and Surf Noni Rot ati onAngl e is the magnitude of the angul ar

rotation based on the relationship in equation 20 SudNor nRot ati onAngl e =

(I A11\ A3 * Angl eLast AndNeact Surfacaormal (20) wherein Al =.

ASi ngul arityToLastTiltAngle = LastMAngle - SingularityTht Angle (21-23) A2

= ASingul arityToNext TiltAngle = NextTiltAngle - SingularityTiltAngle A3 =

ATot al Ti | t Angl eTr aver se _

=I ASi ngul arityToLast Ti | t Angl e+l ASi nguPharityToNext Ti | t Angl el [00159] The

surface contact point for the machine singularity position is determn ned

based on equation Singulari A SurfacePdnt = Last SurfacePoint+ A3 ) *

( Next Sur f acePoi nt - LastSurfaxPoint%_(Zﬂ% [00160] The . . )

Si ngul ar ey e Poredhioyifea! kingmatigsmaching 3l toasetbe shacificd HY aris grefopence side def i ne

an '”tefﬁﬁ&*ﬁéﬁ&ﬁ&ﬁhkh%&h%?&kh&ﬂ%ﬁﬁ?bﬂﬁw%b&QHiar'ty point relative to the
e

wor kpi ece. _
_ [00135] Referring to Fig. 1 1A, the machine singularity point 490 for machine tool system
100 is shown. Referring to Fig. 11B, a tilt angle corresponding to a positive tilt axis preference
is shown. Referring to Fig. 11C, a tilt angle corresponding to a negative tilt axis preference is
shown. )
[00136] In one-embodiment, method 428 proceeds as follows. First, if a tilt axis
preference is activated, then the solution corresponding to the preferred tilt axis direction is -
sclected and the rotary and tilt angles are stored as a first solution. Otherwise, if (1) Type 4 data
is input, (2) Type 3 data is input, (3) a shortest angular traverse mode is active, or (4) a tool
vector interpolation is active, then a shortest angular traverse rotary and tilt axis angular solution

is determined with the following method.

Shortest Angular Traversé 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 I - If ARotaryAnglel > %

Calculate the alternate rotary solution.



i nternedi ate position corresponding to the machine singularity point 490 is
sent to Type 4 input in the cascade method 400. The novenent fromthe | ast
position to the nmachine singularity point nay now be interpol ated as

di scussed herein. [00161]In cases wherein Type 4 data is not provided the
i ht ermedi ate nmachine singularity point is determ ned as foll ows.

| f{ Angl eLast AndNext Tool Vector = 0) then the tool vector for the prior
position and the tool vector for the38ext interpolated position are
col l i near. Angl eLast AndNext Tool Vector is based on the relationship in
equation 25. Angl eLast AndNext Tool Vect or arccos(Last Tool Vect or

Next Tool Vector) (25) If (Angl eLast AndNext Tool Vector # 0) then the tool

vector for th i or posjtiron and the tool vector for the next interpol ated
positioﬁgﬁ?@_ﬁggkggpﬂgﬁ%gfi'[00162]The tool vector for the machine
singularity position is provided based on the relationship shown in

equat i ofolgon #Ris tig) sheiigshrigulaTHeIersyseluden. =

Rot at eAbout CrossVect or | (Lasf Tool Vect or, Tool Vect or Rot at i onAngl e) (26)
mherein(ﬁmmﬁb—ﬁbb%mﬂyAmﬁﬂkhg vector about which the prior position too
vector wll rotate is determ ned based on the relationship in equation 27

Last Tool[MEG90r O INexde Tooboviest ths rotarpsas Meatadkdlutions 4ré Ehuidib@st dg@kect or 0
Next Tool Vectorl and _Tool VectorRotati onAngle is the nmagnitude of the
angul ar SplBten is shprish dnthisgse W i/urie s eonsidersd; dheeftemaicangylar sphision and the

Vect or Raf d AHNHCE 5 h A S AOGNGKILgo!  Vector (28) A3 wherein
ATiltAngle2 = AlternateTiltAngle — TiltAngleLast (13)
wherein | h
AlternateTiltAngle is the alternate angular solution;

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

. [00140] If (ATiltAnglel == ATiltAngZe2) , 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 = ATiltAngle2) the shortest tilt axis solution is selected and is set equal to solution

#1.
[00141] 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; st all lincar 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 Forward Transform(ToolTip g, uiezeropoie)  (14-16)

DeltaVector,,,, = TransformedPartPoint,,,, — TransformedToolTip,,, .,



Al = ASingularityToLastTiltAngle = LastTiltAngle - SingularityTiltAngle
29-31 A2 = ASingularityToNextTiltAngle = NextTiltAngle -
SingularityTiltAngle A3 = ATotal Tilt Angl eTrayer se

=1ASi ngul ari tyToLast Ti | t Angl el +1 ASi ngul arityToNext Ti | t Angl el 1001631The
tool tip position for the machine singularity position is determ ned based
orr equati on 32 [00164] The Sin gularityTool Ti p and Si ngul arityTool Vect or
define an intermediate position at the machine singularity point relative
to. the workpi ece. The internediate- pd@ltlon correspondi ng to the nmachine
si-ngul arity point is sent to Type 3 input in the cascade nmethod 400. The
novenment fromthe |ast position to the nachine singularity point may now be

i nterpol ated as di scussed herein. Rotation About Machine Singularity Point
[00165] ¢#fHd2k he tBIDPBYpateranthe differrnee préweandbr wransformerepartansint pessthei on to the

machi ne tﬁhﬂ&‘rﬂe@'&dotl ¥ip PPk Uit} is dsB@toENL1ae tt}f‘eﬁm'e% aB&Q@ th %u@ﬁ ﬁlett&ﬁ ¢ @e! and/ or

the part about the machine singularity point. The nunb -interpol ation
steps t 6omest bcetiontna theorsrt. dhelgencralined lgmatla&)lahxﬂryt%@kmﬁhme singularity

poi nt 's;mg:asﬁmen@@giberevgenqr;eevfmfsogaegﬁmand%vh@a@ﬁ%%%noix,s i0g &b@ftﬂe I or Of the

39 tool tiprotating a e machine's singularity p0| I's used t
det er m meatihwackZiHer thofool meixsabia?i®n steps. I n one enbodl ment, a flxed

exorpl ot Fhoq | RssERAtoR plHED Bl b Wl B BRaPb PRl T, A
| nt er po Ichchkcrhtogtee;mlne 1f@hﬂyrade Bthiop pteﬁéﬂ.rt?ce}é@m per pempiaguiredefinatiicgion @ st ance
of the ttl?eorleglorll Qou%%ecf byethg‘fst i Ome \Ifar%%%é %{reis.t I¥any of the axes positions are out of

machine limits, then an error is reported to an operator through I/O modules 206. In one

embodiment, the error is reported through an error message on a display. In one embodiment,

the error is reported if any one of the following three conditions is satisfied: (1) there are less

than 5-axes on the machine tool system; (2) the tilt axis preference is active and the operator has

specified that a particular tilt axis direction must be used (force tilt axis preference); or (3) Type

2 input data was the highest order data provided to cascading method 400 and tool vector

interpolation is turned off. Otherwise, solution #2’ is considered.

Determine Second Solution

[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 Pl (RotaryAngIe + 7z)
AlternateTiltAngle = (SingularityTiltAngle — TiltAngle) + SingularityTiltAngle (17, 18)

wherein

RotaryAngle is the.rotary angle for solution I;

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 wili 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



position to the rotary axis centerline is defined as the

Rot ar yRadi al Di st ance. The RotaryRadi al Di stance is determ ned as di scussed
herein. [00167] The interpolation is a linear interpolation. The nunber of
positions is determ ned based on a chord error tolerance 494 (see Fig. 21)
réceived froman operator. The chord error tolerance and its relationship
to'the arc angle is shown in Fig. 19.34The nunber of iterations is coupled
by the fol | o ng nethod. [00168] Assuning the relationship provided in
equation A is satisfied, (RotaryRadial Distance> 0 and Rot aryRadi al Di st ance
ChordError and 1A41> 0)(33) the nunber of iterations is determ ned by
equat i opndémbodiment M8P ma—gowﬁweekﬁrmmolmnwa&ﬁﬁcawml tHeaneigpisbenei n t he

ceil () function rounds up.to the next |nt or dEr.r or. t he operator
Cpect i CHOSHERARED e Bk e Rl B SRS o Bt REF R AGRT.

Last Rot aggAngl e) (35), wherein the functlon ShortestAnguIarTraverse()
returns’ the angul ar_djfference between two. angul ar p03|t|ons that is |ess

than or [Ydal to Beferrigeiploes 124D, f‘??él‘f"e‘fea’ﬁlnéﬁé?ﬂnﬁcﬁ Withepaiat 068 0nE0T i 5 not

sati sfi @gbre biBe hith 6F RAdhR{el 18 sPRED OO H6¥cS. G NYIRES, Qxftllsdﬁfd%dlql?lﬁ to one.
Nunber of Interpolation SteP Fi xed, Angul ar St ep 00169 gln one

enbodi mBFPAIN greog (et Broygh gﬁ%éﬂﬁymﬁﬁ@“ ﬁﬁ@hméﬁmBW@@Vﬁém #30%hoaltldbs based
on a fixed @MY RiinSdfRnAS Felatt@P (e KB ripce 240 durfas WV Ynt@PAWiGH St eps

i ncl ude about
[00147] MSP Interpolation permits method 428 to select either Solution #1 or Solution #2
when the following conditions are met because MSP Interpolation can handle the spindle
axis 139 passing through the machine singularity point 490: MSP Interpolation may be used if
any of the following are true (1) Type 4 input data is provided; (2) Type 3 input data is provided;
(3) the shortest angle traverse'option is active; or (4) tool vector interpolation is active.
[00148] In a first scenario (Figs. 13A-C), the last tool position is at the machine
singularity point 490 and the next tool position is not at the machine singularity point 490. If the
tiit 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
contémplated; solution 1 tilt axis is on the opposite side of the singularity point to the last tool
position; and solution | 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).



every tenth of a degree. This is represented in equation 36 40 A4

Fi xedRot ar yAngul ar Step [ 00170] wherei n the term Fi xedRot ar yAngul ar St ep
corresponds to the specified angul ar step. O herw se the nunber of
iterations is set to one. [0017110nce the nunber of iterations has been
déterm ned, nmachine tool system 100 rotates about the machine singularity
point. In order to rotate about the nachine singularity point one or nore
of the positions of the various axes 3Are changed. For each iteration, the
tilt angle is fixed to the singularity point tilt angle, the rotary angl es
are known, and the positions of the |inear axes are determ ned through
~cascadi ng nmet hod 400. [00172]In one enbodinent, a CurrentRota'iyAngle is
set equd@01fH t he Ipritigrd scotagipysobutigh ¢ hasa k@rﬁegsermahbniomt}eqotanyiamfs 138 amdld t he

angul.ar Vi d d ation 8 Curre tRo
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angul ar smvenn(l:@ekﬁp\ gndi 1$B. érsthnstshamlo,rthequwmet@namgw dﬁjemhdﬁom ahgtherghd ar 'St ep

speci fi b: tof t he.rotary ool tip
posi t i oﬁg 2 %ra hilEs % Sghé@l 188[] ar éxta%fsé)rr?%rﬁ%cc? 5t 05“?‘06‘399?41.8’“&&‘@% %‘f
'Si ngul alsolworﬂms |ot1 mlanlltTaxcstre\faeh@rs;deTthalnefﬂon w1lTln|tdrponi’tg Frematidlast position to

~Current otar le are oth adin 0.to determ ne
the posii®Bif mSglnng%”tleﬁlgg%@Oaﬁlgg Invpke tg? E’ﬁéﬁmﬁﬂgp‘ig {’}Ifoévtfﬁ X i‘@erﬁgﬁﬁ'% ons are
W t hi n thegostaedibmfeorh theiniashing hﬁghlpﬁﬂy bbigID0as exd tda]g %ﬁfo@gn}ﬂdhtd@b%spghds t&
position is outside of the machi of the deternined positions
are del &21BYP it s fhe cgpeep eadnjr: d:sé %E‘Hﬁ‘f‘ apd,shopdntigs Wagdl arity
posi tion7Bn the other di rectl on (i.e. the longer angular traverse for A4 )
of equatj.on_35) b |nvert| n the step angle, dejermning a new A4, and

re- conpl¥1aY t he Thihsisexispng ?E‘F é?lPB‘H’sl ispREenBGilAaXis Brefreqnss pilhdi based on
the val uRdl wWillelqi S¥uRsS2 A ndirbBrid @ ohithé Q¥iUNGit POnGORGESkQNThislis (A4< 0)
then Azines" = Adpreyvi. 2Jr; or

illustrated in Fig. 17C.

[00153] -In a fourth scenario (Figs. 18A-C) wherein none of the prior three scenarios
apply, solution 1 has any other rotation of the rotary axis 158 and the tilt axis angle is not on the
same side of the machine singularity point 490 as the last position. In this scenario, solution 2 is
selected, otherwise the tool vector will not interpolate the correct trajectory relative to the |
workpiece since solution 1 would interpolate the tool moving through the s.ingularity 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



If (Adpr,,,,," > 0) then Adnev, = ALl-previous - 2ff. Note that A4 cannot
equal zero; otherwi se there would be no rotation about the singularity
point. If this attenpt fails due to a position being outside of the nmachi ne
limts, then both 41 interpolation directions cannot be executed and the
met hod throws an error of machine out of limts. [00174] Finally, assum ng
that the rotation about the machine singularity point 490 was successful,
the next position is sent through caseadi ng method 400 and the novenent
fromthe intermedi ate machine singularity position to the next position is
interpolated. Interpolation froma First Position to a Second Position

[ 00175] At several |ocations throughout this disclosure, it is nentioned
that a pestesHBRdching pbdii® WAl padveshskyTsemmi (B} ths kot akik i1 9%is pidedt idthet he | ast
position, to a second position, such as an internediate- position at the
-machi ne“?FlHEf‘ul arity position. " The fol | owi ng two stage interpolation nethod-
is an emrm{;]ary M RRehol F511IWALET RBAb Wi 8@pd. r nf adi ki@ 5t thd A% JoGitién S€CONd
position. The two-stage interpolation rre? |nc udes a first stage whereby
t he toofltgegle sreqpad tq the epgunatieglainopaiat tfltianglte tigwt. theavetion ig@erpadaed espondi ng
to the HomShe QQ%&h&ﬂottﬁk ﬁa&xﬁﬁ%ﬂx@uﬁaﬂ@'poé’nﬁ&ﬁ BJmt‘b%%@ﬁﬁ% LERRAALNg to the
second position. (Refer to Figs. 24 and 25) ge #1 - Tool Vector
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applicati.o 15 t.0 . Si ski st.r ght to

st age#2 OIthB%hﬁ]eng}loqﬁwnggor I|nrt1 7 peo a?telggla§ '?‘ﬁm%}e aoﬁg %m i?het he t ool
vect or mtereeﬁlma positidr atithetredchink aingulbrity @ugharﬁl fpinathe na&mmthateh;esmﬁmmdhm ate

system Qr.i et ween i.tion r st Si t| on and
The. cocORtROUMERE bkt EBeastimsrir e elRBice Sitpiahoeuse §3Be ons
1.1, 1. Rndaﬁgbﬂdlﬁcu&rﬁhsﬂem\mmmldﬁleg&d 24 and 25. Two exenplary nethods to
determ ne the _nu -. o |tnt erpol ated st ps between the t wo toolhposml ons

@Sit KA AL AACBIE i d H ARG A IMHALIOR A

i nter pol[(mtleﬂ st err&)r m§&84 iR ﬁtldmdlf@n@wLaﬁAﬁdm@pzsu;m%mwzazto)rthd%ftﬁ)é/du%&e a
desired angul ar step 501 (see Fig. 21) for . -the tool vectodor between the two
“t ool posomnabmtorfmehmrtoepmm@mdﬁmrsurfmteempmdl atdtonfoi he dett erterpaiadd f r om t he
relati OB(?S R dd CO?H‘I%Q‘II Qngleel StAngigextSurfaceNormal is based on the relationship in

following equation.

AngleLastAndNextSurfaceNormal = arccos{LastSurfaceNormal ® 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.

SingularitySurfaceNormal = RotateAboutCrossVector 2( LastSurfaceNormal , SurfaceNormRotationAngle)
wherein

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

determined based on the relationship in equation (19)



ar ccos( Next Tool Vect or Last Tool Vector)\ !IlaxAngl eStep wherein # .
lterations is the nunber of iterations; NextTool Vector is a unit vector in
the direction of the second tool position tool vector; LastTool Vector is a
unit vector in the direction of the first tool position tool vector; and
MaxAngl eStep is the desired angul ar step. [00179] Equation 39 is used if
Type 3 data is provided for both of the two tool positions. If Type 4 data
is provided for both of-the two tool 3positions, the #lterations is

det erm ned based on equations 40 and 41. # IterationsSurfNormal = cei

[ ar ccos( Next SurfaceNormal Last SurfaceNormal MaxAngl eStep 1" (40, 41)

LastSurfaceNormal @ NextSurfaceNormal

CrossVector?2 =

(19)

LastSurfaceNormal ® NextSurfaceNormal

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

in equation 20

Al
SurfNormRotationAngle = [%J * AngleLastAndNextSurfaceNormal (20)

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

A3 = ATotalTiltAngleTraverse = |ASingularityT oLastTil tAngle| + |ASinguZarityT oNextT ierngle|

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

on equation
. . . _(]a] . .
SingulariySurfacePdnt = LastSurfaePoint + Y] *(NextSuifacePomt—LastSurfacePoznt) (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.

AngleLastAndNextToolVector is based on the relationship in equation 25.

AngleLastAndNextToolVector = arccos(LastTool Vector e NextTool Vector) (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



# lterations = max( # lterations,# IterationsSurfNormal) wherein #
lterationsSudNorrnal is the nunber of iterations based on the surface
normal s; Last SurfaceNormal 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 MaxAngl eStep
~is the desired angul ar step. The nunber of iterations then is chosen as the
| arger of the nunber of iterations determ ned in equation 39 and equati on
40, as represented by equation 41. [06 80] A second exenplary nmethod to
determine the nunber of interpolated steps uses a desired tine step. The
operator provides a desired tine step 503 (see Fig. 21) for the tool vector
between the two tool positions. The #lterations for interpolation is
det erm ned f&ummmﬁ@dﬁeba%R@ms%mmﬁww@equabﬂbﬂn@@uﬁﬂnn&%mm&ﬂ@ﬂia@%ﬁohbxt =

(42) -
GetM nT|W@gF@pBetmeenP05|t|ons(LastP05|t|on Next Posi ti on, VbrkpleceReIatlveF
eedrat e) is ? Jéc%%&ﬂ thi%ﬂtzﬂreﬁ% OIBJ)\El)gn tbosl V%agr fllngtatset (E)etc]:cr{n(i)n@dt he Iast
posi tion {0t e nex posi tion spec

based on the rclatlonshlp in equation 77

—_— ToolVect NextToolVect
CrossVector] = ILast oolVector ® NextTool ecrorl @7

|LastTool Vector ® NextTool Vectorl

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

in equation 28
n (a7
ToolVectorRotationAngle = A3 * AngleLastAndNextToolVector (28)

wherein
= ASingularityToLastTiltAngle = LastTiltAngle — SingularityTiltAngle

29-31
A2 = ASingularityToNextTiltAngle = NextTiltAngle — SingularityTiltAngle

A3 = ATotalTiltAngleTraverse = |ASingularilyTOLastT il lAngle| + IASingularityT oNextTil lAngle|

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

equation 32
. . |21 |
SingularityToolTip = LastToolTip + 3 * (NextT oolTip — LastT _oolTip) (32)

[00164] The SingularityToolTip and SingularityToolVector define an intermediate
pdsition 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 Singularity Point

[00165] Once the tool position is interpolatéd 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



the part program LastPosition corresponds to the first position;
Next Position corresponds to the second position; and
Wor kpi eceRel ati veFeedrate corresponds to the feedrate of the tool tip
relative to the workpiece specified in the part program [00181] The
fanction Get M nTi neSt epBet weenPositions determ nes the linear interpolation
axes velocities between the two tool positions and clanps the tinme step and
hence the feedrate to the maxi mum axe¥ velocities if any of the axes
maxi mum vel ocities are violated by the original feedrate. The function
returns the clanped tine step for the nove. However, this time stanp is
only an approximation of the final time step since Ilnear i nterpolation of
t he t ooltoo} §p r@atingiabdut theewachmblsysinglilagty poe ismaohto detcamies thic mtlmbq:I@tf ations,
vvh| ch I t-h u I ar [ e | at ed

c. tpBEaaR. ok LHBOSHER, | Bhod RRpRONRLES o dcERh: bl B0 2" 21
p05| ti omntenpplatlori gteps hAn‘Emﬂlplﬁ@ﬁxed mnreﬁiastoadﬁxmi dngularaxhc:raﬂnatte and clanp the

act ual fA; n% rof:Im 3 s}a(;zgn Tgnd fat%_edrZ g}g’erfor each interpol ated position.

Final ly; e provided by the relationship in
equat i ori0q148) (\ TlHermﬁteﬁaqurlﬁrrhcﬁﬂthMee(bft#e iobBﬁ}ﬁﬁtItmaohﬁﬁlsingm&[VEI n # -
Iteratiqns er i xTi orresponds to the

ter
[ nterpolpa fl%nntoiﬂllerrrg{‘]’?‘tax's c§ rhn % B aithealgg?% 84“45% ‘paranet er.
1'001821®mdedmlm1@umens dﬁtemﬁr&ﬂaﬁ dieeissedierctiet er mi ned, the interpolated tool
vectors correspandi ng .i nterpol ated tool positions are determ ned. Each
of the ilﬁﬂgfllpm ot RSP L 1 6rBca A el APRECTiohPRYYRES Srdstrrpined
poSsi ti Omascdbf aSRH cirbif 0GR CARqRLFigrel hed:nﬂe@&romardqfemdﬂ MR éH3ed sl ti ons of
each of the axes. for tpﬁg i nt er pol aied posi t| ons, [00183]1n one enbodi nent,
the t ool*1¥aMEGPS SHipioRDIR B dIc Pouiel iMowariR Fign{ &y %1{“@8“? At B | owi ng

manner . ca'mda@gh@fohlgwmmtﬁolae prior position and the next interpolated
position is determ ned %/ﬁt he rel ati onship shown in equation (44).

Angl eLad{UAdINext ToSPOBE s Telatigpshippspridedtmeiaietd dy satificdxt Tool Vect or ) (44)
44 (RotaryRadzalDzslance > 0 and RotaryRadialDistance > ChordError and |A4| > 0) (33)

the number of iterations is determined by equation 34

# lterations = ceil a4 (34),

ChordError
2*) arccos| 1 —
‘ RotaryRadialDistance

wherein

the ceil() function rour_lds up to the next integer;

ChordError is the operator specified tolerance;

A4 = ShortestAnguIdrTraverse(NextRotm:vAngle - LastRotaryAngle) (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



wherein Angl eLast AndNext Tool Vector is the angle between the prior position
ahd the next interpol ated position; LastTool Vector is the tool vector for
the prior position; and NextTool Vector is the tool vector for the next

i nterpol ated position. Interpolation of the Tool Vector

[ 00184] I f (Angl eLast AndNext Tool Vector = 0) then the tool vector for the
prior position and the tool vector for the next interpolated position are
collinear. If (AngleLast AndNext Tool V&ttor # 0) then the tool vector for the
prior position and the tool vector for the next interpolated position are
not collinear. [00185] The vector about which the prior position tool vector
will rotate is determ ned based on the relationship in equation (45)
Last Tool Vect or 0 Next Tool Vect/or Crosgg4Vect or | lLast Tool Vector O

Next Tool Vect or | ( 45eratigner 6¢i }QEHE%ZVEETQEEZEQ the vect@ (in workpiece

coordi nates) about which the ‘prior posi ool vector wll rotate as the
tool pogpifoPns. akeleft e Q%ﬁx%&lRot!r@ﬁBgl%}lSY&)%%sﬂﬁdsttQﬁletsBé&ﬁe\d%ﬁ e for the

prior position; and NextTool Vector is the tool vector for the n
i nt er potten Ahegswise thegrmbroefIBBYiAnsH pitiaeneexer ci se is conpl et ed for the

sur f acepppfifal S, GASSHELREbYPRerdidldhi NRF dRERIndA! A¥IHHR o0l 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 (8, ) is provided by equation 38.

step

CurrentRotaryAngle = LastPositionRotaryAngle 37
) A4
= 38
P 4 Iterations (38)

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

step
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
CurrentRbtaryAngle are provided to the cascading method 400 to determine the positions of the
linear axes. If all of the computed axis positions are within the machine limits, the positions are
stored for output. If a position is outside of the machine limits, all of the determined positiqﬁs
are déleted and it is attempted to rotate about the machine singularity position in the other
direction (i.e. the longer angular traverse for A4) of equation 35) by inverting the step angle,
determining a new A4, and re-computing the number of iterations. The new A4 is determined
based on the value of the previous A4 with the following two conditions

If (A4 <0) then Ad4__, =A4 +2;0r

previous
If (A4, >0) thenAd,  =Ad4 . -27.

previous

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



Angl eLast AndNext Sur f aceNor mal = arccos(Last SurfaceNor nal

Next SurfaceNormal ) (46) wherein Angl eLast AndNext SurfaceNormal is the angle
bet ween the prior position surface nornmal 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

i it er pol ated position. |f(Angl eLast AndNext Swf aceNormal = 0) then the
surface normal vector for the prior pesition and the surface normal vector
for the next interpolated position are collinear. If 45
(AngleLastAndhbxtSurfacehbrnal 0) then the surface.normal vector for the
prior position and the surface normal vector for the next interpolated

posi t i ofht@pslatittdisiions Bt be-cxdRREAA th ehetRARE W RO or WP nahidd e BE | OF
position surface nornmal vector will rotate is determ ned based on the
relatloH@HPp I n equation (47) LastSurfaceNormal 0 Next SurfaceNor mal
CrossVegioahd =  LasuPUshaGaNeLIEE rdhddRXboa iHeacRNGE Eﬁﬁgdlarw Bbial Ho@RssVect or 2

is the vector (in workpiece coordi nates) about which the prior position
sur f ace S¥repssRll. theerkrosifipn s sewftthioughesssqafiag msiod 388 pnd theigoygrecnt fiemrtiso| at ed;

Last Sur Erﬁ&ﬁl@@iﬁt@%achlﬁe E:HEulz?rH& ?@s‘ftﬁ)nrw{mtaxt\f)%gi;l&{ is 1195rp51Q1‘?:d prior position; and

Next Sur f aceNor nal |s _ surface normal vector for the next |nterpolated
posi t i omicrpoa €69 b2 | nt er pol ated tool vectors and

the int atea [ (

determ ﬁ{aog?é For efgggvelr%lé&r%gt (?% lrtlﬁrv\h%% ?létltfrlllg)?% °‘g§‘tf{ TI% %EQ@E@FO e\%?n 4] Pt is 0) the
i nt er polmerpalated fbmudestepsifion, seh ag thedist pwitichetotasedond etitdom, aichihan pri or

posi ti Oﬂ-nté}&ehigg 'p(o\é”}{ic%jat W SQUAL 'sﬁgulg‘rﬁy position. The following two stage interpolation

method is an exemplary method for interpolating from a first position to a second position. The

two-stage interpolation method includes a first stage whereby the tool vector is interpolated from
a first tool vector 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 throug-h a plane about the coordinate system origin (see Fig. 25) between tool

. positions, the first position and the second position. Three exemplary interpolated tool vector
positions 1.1, 1.2, and 1.3 are shown in Figs. 24 and 25. Two exemplary methods to determine
the number of interpolated steps between the two tool positions are provided.
[00178] A first exemplary method to determine the number of interpolated steps uses a
fixed angular step. The operator provides a desired angular step 501 (see Fig. 21) for the tool
vector between the two tool positions. The #lterations for interpolation is determined from the

relationship in equation 39:



| nt er pol at edTool Vect or = Next Tool Vector(48) If (Angl eLast AndNext Tool Vect or
0) for a given iteration then the interpolated tool vector is determ ned
based on the relationship in equation 49 |nterpol atedTool Vector =

Rot at eAbout Cr ossVect or | (Last Tool Vect or, Tool Vect or Rot ati onAngl e) (49)
wher ei n | nterpol at edrool Vector corresponds to the interpol ated tool vector;
Tool Vector Rotati onAngle is the angle the tool vector is to rotated and is
determ ned based on the relationship in equation 50; and

Rot at eAbout CrossVectorl is a function2that rotates the LastTool Vector about
CrossVectorl through an angle equal to the value of Tool

Vect or Rot ati onAngl e. The Tool VectorRotationAngle is determ ned based on
the relationship in equation 50 46 [00189] The interpolated tool tip is

det er mi ned based on the relg@tj onsti royid non (51). i \
InterpolatedTooIg}%;5¥%@§%iigﬁ?§%%ﬂvg1K%%Vfog - %%d ool &p)(51)
#lterations , [001 6? e t er pol at edf@ahglefeand | nt er pol af edTool Vect or
correspond to the Type 3 data for the interpolated tool tip and
interpokake%ltool vector. This data is input into cascadi ng nmethod 400 to-
det er m ne the positions of the various axes. [00191]In one enbodi nent
wher ei n fAilyqperioks datha nimbgrrobiterdigahs; t he surface nornmal vectors

NextToolVector is a unit vector in the direction of the second tool position tool vector;
LastToolVector is a unit vector in the direction of the first tool position tool vector; and
MaxAngleStep is the desired angular step.

[00179] Equation 39 is used if Type 3 data is provided for both of the two tool positions.
If Type 4 data is provided for both of the two tool positions, the #Iterations is determined based

on equations 40 and 41.

£
‘arccos(NextSuifaceNormal e LastSurfaceNormal J _
(40, 41)

# IterationsSurfNormal = ceil
MaxAngleStep
# Iterations = max(# Iterations, # lterationsSurfNormal )

wherein
#'IterationsSuiy‘Normal 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 #lterations for interpolation is determined from the
relationship in equation 42:

TimeStepFromLastToNext = .
) (42)

GetMinTimeStepBetweenPositions(LastPosition, NextPosition, WorkpieceRelativeFeedrate

wherein



and the surface point positions are interpolated in the foll ow ng manner.
The angl e between the surface normal of the prior position and the surface
normal - of the next interpolated position (Angl eLast AndNext SurfaceNonnal) is
determ ned by the rel ati onship shown in equation (46). [00192]If

Angl eLast AndNext Sur facel Vorrnal is equal to zero for a given iteration then
the interpol ated surface normal- vector is set equal to the surface nornal
vector of the prior position as indi #ted in equation 52.

| nt er pol at edSur f aceNor mal = Nert SurfaceNormal (52) If

(Angl eLast AndNext SurfaceNormal # 0) for a given iteration then the

i nterpol ated surface nornmal vector is determ ned based on the rel ationship
in equ at]iim:ﬁt@gggml;aﬁﬂgy@{t 45 g Smetgp dysY the last-position to the next position specified in

Rot at eAg]%utagr (r)ossa\/e_ct or 2( Last Sl uf aceNonnal , Sui fi weNor nRot at i onAngl e) (53)
wherein rPtelppog'TéIf’edSurfaceNor mal corresponds to the interpol ated surface
nor mal \esdPositioSudrfeap@iiotortad et @isitionAngl e is the angl e the surface normal
‘vect or Irﬁ 'ifp be rotate ag@iis et egm’_ne based on the relationship in
equat i on' B4 S HRHCRETRIPENS St BFYSPOEYHA2%i s a function that rotates the
Last Sur fiaseiedeRethriaPedikart¥ R&spoaad @ik febir@ ghthabodiigteftivf hathe Workpfeee val ue of
St uf aceNor nal Rot ati onAngl e The SurfaceNor mal Rot ati onAngl e i s determ ned
based onmpacHid inthapirdoproliam. i n equat i on 54 SudNor nRot ati onAngl e=  *

Angl eL a?ﬂ(ﬁ‘ﬁf’]NeXt S AR RNe GIR 4, ?I%%Steﬁ?ém%e%’bsqp&s determines the linear

interpolation axes velocities between the two tool positions and clamps the time step and hence

the feedrate to the maximum axes velocities if any of the axes maximum velocities are violated
by the original feedrate. The function returns the clamped time step for the move. However, this
time stamp is only an approximation of the final time step since linear interpolation of the tool
vector will inevitably alter the machine axes interpolations, which may increase the time step for
the computed linearly interpolated move. As the tool path interpolated positiohs arc 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
MaxTimeStep

# Iterations = ceil[

j (43)

wherein

# Iterations 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 de'términed, 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(LastTool Vector » NextTool Veclor) (44)



47 (? Interpol at edSut f acePoi nt = Last Staf acePoi nt + *(Next SurfacePoint -
Last SurfacePoint) (55) iterations, [00194] ' The Interpol at edSurfacePoi nt
and | nterpol atedSut f aceNormal correspond to the Type 4 data for the

i nterpol ated surface contact point and interpol ated surface nornmal vector.
This data is input into cascading nethod 400 to determ ne the positions .of
the various axes. Stage 2 Interpolation [00195]Once the machi ne positions
are determ ned through the cascadi ng #et hod 400, whet her based on the

I nt er pol at edTool Ti p and the Interpol atedTool Vector or based on the

| nt er pol at edSur f acePoi nt and the Interpol atedSurfaceNormal , a second
interpolation stage is perforned. The second stage interpolation determ nes
whet her whareirher interpol ation should be deternmned and is based on one of

o Srar e A TR Bl B aR 3 R MRl o cce

coor di nabgtigystem Once again, although a linear interpolation systemis
present ed, with the object-oriented design of the software controller 202,
the | i neaws!Topl¥eqipolsdhe topl wyter Eonthewyioneositiopt asded wi t h ot her exenpl ary

| nter pol L pyayst ‘?ﬂﬁeto'c:rf(@em%lrﬂ{the'r{&ﬁEQHJoﬁttéd‘%ﬁmﬁgﬁtems in Spline, NURBS, or
any other suitable interpolation schene 96] An exenpl ary tol erance
based i dutenpplation ofthe Eapdteatvi s based on the chord error assom at ed with the

B- axi h C chan n.the. B- .G axi are
AN i i ons@é’%ﬁ%% adliedeToRF oM e o Pot i Ry pasitor ' ©
Last Ti | tAngk ey 5&lorkd te ,eawemeamwmgm are coASEROLAT yANGl €) (57) [00197] For

the chord error tolerance nethod, the chord error of the tool tip noving
about t r{énglé@cawdé(mqul Yactos et thaaribeiopi yeeisr fos thegsiar pasitionpdithe tachseatarber  of
i nt er pol.at maxi nmu endi cul ar radi al distance fromthe
tool ti Eortthe ?etzfp t’frp(ﬁatedlfosmo?ﬁre nlogésdtﬂmﬁorm tion and the next position is

sel ect ed0®EsSs) epr eRenteetdr dboutehielt the prier&osition tool vector will rotate is determined
MaxRot a st ance=nmax( Rot Radi al Di st ancel , Rot agRadi al Di st ance2) (58)
wher ei nlbégﬁ %ﬁlf‘técfr‘lﬁﬁgt"h?f@ tI“’"i(gg))t/he per pendi cul ar radial distance of the

tool tip to the rotary axis . SNz _Vegpgltlon (This may be the
| ast position conpUteedecirt-hge A reor-eetrar i nt ef4ol ation nethod.);
and Last Tool Vector ® NextTool! Vector

wherein CrossVectorl1 is the vector (in workpiece coordinates) about which the prior position
tool vector will rotate 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.

AngléLastAndNextSu;j’aceNormal = arcoos(LastSuffaceNormal o 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 (AngleLasrAndNextSuifaceNormal = 0) then the surface normal véctor for the prior position

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



48 Rot aryRadi al Di stance2 i s the perpendicul ar radial distance of the tool
tiptothe rotary axis centerline of next position (This may be the next
position conputed in the Stage #1 Tool Vector interpolation algorithn.
[00198]In a simlar manner maxi mum perpendi cul ar radi al distance fromthe
tool tip to the B-axis for the last position and the next position is

s€l ected as represented in equation 59

MaxTi | t Radi al Di st ance=max(Ti | t Radi al Qkstan cel, Ti | t Radi al Di st ance2) (59)
Tilt Radi al Di stancel is the perpendicular radial distance of the tool tip to
the tilt axis centerline of |last position (This may be the | ast position
conputed in the Stage #1 Tool Vector interpolation nethod.); and

Ti |t Radial D st anc LS.t e i cyl ar .radi al ., distance of the.tool tip to
Che b1t e S BiTar e GreLL B Bot e Pt Fiefie Relorid B8 o BRYUHIRH | on
conput eGhd dirthdi&orh#l Y8ctdhlfor @O hexYRfid 5laﬂe@é€@sﬁtmla§é hRBolllRLP0d) . [00199] The

di stances RotaryRadi al D stancel , RotaryRadi al Di st ancez2, _

Ti | t Radil#187Ist ancEe, vegtacibpit wirehithe priprstosiie surgeenamekyesiond! tofield on t he
met hod k@RS Eshs QRS EhOredliohdhs iﬁ%g&a'tigﬁ‘(@?”pu'[ e Tool Tip Radial Distance to
Rot ati onal Axes Centerlines. [00200] The interpolation is a |linear

i nterpol ation wi-thi-n—the choiS/BlcENsradRNAIGHuEMOGdI ed by_the user. The
chord error tol éraikecors T epresented—n Fg—2o—Fre—met hdd))det er mi nes i f
addi tional interpolations &FESHEsEImSt SiNextSudaselYaed| of i nterpol ati ons
determned in St%ge 1 satisfies the desired tolerance. Both the rotary axis
(G axi s)VPSFRP CRE VEiIPE2 ke opiar B PO PiFecooRiREy b oD oA hregar eistig t he
rotary auite ngGhi V4 aRalill kdhe hPAk &lol ARFIARY . RRcrpaeded i f the relationship in
equation 60 is true. (MuxRotaryRadial D stance> 0 and

Max Rot aripmedtfageloardng the surfive nermral vecteadier thonrios poyitiqne@)d | f the rel ationship
in equatjon 60 i.s true, th the nunmber. of iteratiagns.is.determ ned based
on equact S ERe i F s aTrahErli e phbe hfEE R bBIEE one 1< set

equal t qogisgs I ePKESARE Efbsk MecBAL BleliRBrpolated tool vectors and the interpolated tool tip

positions (tool bottom centers) may be determined. For each iteration wherein

(AngleLastAndNextToolVector = 0) the interpolated tool vector is set equal to the tool vector of

the prior position as indicated in equation 48

InterpolatedToolVector = NextToolVector (48)
If (AngleLastAndNesz oolVector # O) for a given iteration then the interpolated tool vector is

determined based on the relationship in equation 49

InterpolatedToolVector = RotateAboutCrossVectorl(LustToolVector, ToolVectorRotationdngle) (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 = ( j * AngleLastAndNextToolVector (50)

# Iterations



62. By setting the nunber of iterations to 1, no additional interpolation
i's needed because the next iteration corresponds to the next position from
stage |I. # Rotarylterations = 1(62) [00203] Regarding the tilt axis,
additional interpolations may be needed if the relationship in equation 63
is true. (MaxTiltRadi al Di stance> 0 and MaxTi |l t Radi al Di st ance Chor dError and
| A51> 0) (63) If the relationship in equation 63 is true, then the nunber
of iterations is determ ned based on#equation 64 [ 00204] Ot herw se, the
nunber of iterations is set equal to 1 as represented in equation 65. By
setting the nunber of iterations to 1, no additional interpolation is
needed because the next iteration corresponds to the next position from

st age 1[0089] t | t dhaintapdated (065)p F dOROSHhALmsei angh¢ febatinnshipgiroodediiner at i on of
at |easf ug%ql(gﬁ the B-axis and G axis is not 1, additional interpolated
position% are d)ét erm ned. The nunber of iterations is the greater of the

nunmber of iteratjons determned for the B-axis and for the G axis. as
represe n(’@ﬁfpﬁé}t‘fgh‘@z@? o] r#‘%@{?f /8. 6l o Lok g? %ﬁz‘r 0‘—‘)}%‘)(?‘#5’ ool ZIS ?3 1?
Roknylterations, #Tiltlterati ons) 663 Ofné 207] The change between

i nt er pol0A1¥d posiThe drsrpalaeedlod lpadnddinypadatertfion Hasiob ¢ercSparddo tHedypaiBt i al
positions are set to the LastPosition and the interpolated positions are

det er mi #RTop {hedpierRpiatsA ook b #13d intemrodater tholvector: Nebis dpdiois ppt imto cascading

Last Tool&ihBd M0l dbicRhiat {h@?&(i@(?n)s PRt aidARGe = (Next RotaryAngl eMach -
Last Rot ar @nglerrac" .)1# Iterations(68) ATiltAngle = (NextTiltAnglemach -

Last Ti | [O8K] e Af aélhylf#tn}t{oéirn&m thpgei(l gpe 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).
[00192] 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 = RotuteAboutCrossVector2( LastSurfaceNormal, SurfaceNormRotationdngle) (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
RotateAboutCrossVector?2 is a function that rotates the LastSurfaceNormal about CrossVector2

through an angle equal to the valuc of SurfaceNormalRotationAngle .

The SurfaceNormalRotationAngle is determined based on the relationship in equation 54

SurfNormRotationAngle = ( * AngleLastAndNextSurfaceNormal (54)

# Iterationsj

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

equation 55.



| nt erpol ated Tool Tip wp = Last Tool Ti pwp(70) | nterpol at edRot agAngl eMach =
Last Rot agAngl e mach(71) 50 InterpolatedTiltAngle= LastTiltAngle ,l|ack(72)
100208] The internedi ate positions are then deternm ned by adding an
addi ti onal change value from equations 67-69 to the values in equations
70-72 as represented for the first internmediate position in equations
73-75. Interpol atedrool77 p wp = Interpol atedTool Ti pw + ATool Ti p wp(73)
| nt er pol at edRot ar yAngl eMach = M er pol4at edRot ar yAngl e nmach +
ARot aryAngl e(74) InterpolatedTiltAngle ma," = Interpol atedTiltAngl eMach +
ATi | t Angl e(75) [00209] Once the interpol ated positions are determ ned
t hrough equations 73-75, the data is provided as Type 2 input to the
cascading nmethod 400 to detern1ne he porr ondi ng nmachi ne positions,
[ 002 10]AiPastedsisyasehpind gt fageFepm! b ﬁA& SutfeesRoig shasirfasePoin 5 6] on an
angul ar step specified by the oper tor. egardlng t he angul ar step,

addi ti onel194int er pticalnecopriaradSurfoedded anélleteipotutddSuifdveNomiad cymespaido ittfe t he
: reIationshiE in _equation 76 is true. (1A41>0) (76) If the relationship in
equat i o Yp&* faa for the inteppelptedisurfpngsppct gpint andrintetpslsiedisurfase merml MestPrbased on

equat i Orrh#& dads dnphl 1%1%@5@5@1@’ ABAYY 36056 PreinBRLhd pEYifi6H: W &8 valdidig admber  of

i ter ations i s set equal to as repr esented in equat I on
Stage 2 Interpolation

[00195] Once the machine positions are determined through the cascading method 400,

whether based on the InterpolatedToolTip and the InterpolatedToolVector or based on the
InterpolatedSurfacePoint and the InterpolatedSurfaceNormal , a second interpolation stage is

performed. The second stage interpolation determines whether further interpolation should be
determined and is based on one of two methods (1) a tolerance method and (2) a fixed angular
-step method. In either interpolation method, the tool tip is interpolated in the workpiece
coordinate system. Once again, although a linear interpolation system is presented, with the
object-oriented design of the software controller 202, the linear interpolation system may be
replaced with other exemplary interpolation systems. Exemplary interpolation systems in
Spline, NURBS, or any other suitable interpolation scheme.

[00196] An exemplary tolerance based interpolation system is based on the chord error
associated with the B-axis and the C-axis. The angular change in the B-axis and the C-axis are

g'iven in equations 56 and 57, respectively.

A5 = (NextTiltAngle — LastTiltAngle) (56)
A4 = (NextRotarthngl‘e.— LastRotaiijngle) 57
[00197] 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(RotaryRadialDistancel, RotaryRadialDistance?2) (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

interpolétio'n method.); and



78. By setting the nunber of iterations to 1, no additional interpolation
i's needed because the next iteration corresponds to the next position from
stage 1 unless the tilt axis indicates the need for additional
interpolation. # Rotaolterations =1(78) [00212] Regardi ng the angul ar step,
additional interpolations are needed relative to the titl axis if the

rel ationship in equation 79 is true. ( IA51> 0) (79) If the relationship in.
equation 79 is true, then the nunber 4f iterations is determ ned based on
equation 80- 51 (A5 # Tiltlterations = ceil (80) Fi xedRotaryAngul arStep
[00213] Ot herwi se, the nunber of iterations is set equal to 1 as represented
in equation TT. By setting the nunber of iterations to 1, no additional

i nt er polrRtdrMudidDRAALE s he papelidule rdiX tislah& FihQBolGpNs BSRORGSxLs0 t he next
position fromstage 1 unless the rotary axis indicates the need for

addi t i ogterling s nositign (This mapy bq the pext pesitioncomguted nghoStagenélsTael gctehe
nunber  Qfi.inb@fidd igRinah). at | east one of the B-axis and C-axis is not 1

addi tional interpolated positions are determ ned. The nunber of iterations
is the dPU&Bkr of InptsEmijagmsaner graxinpuan aerpendisuldetadiahdlipfarretiepm thpootipte s and

for the yeBXkis f@She 1_@@?@&%&%_@ e 8PP R sBRcted RALIdenid b &udfdnRS = max(#
Rotarylterations, #Tiltlterations) (82) [00216] The change between

i nterpol at ed PéwililiRadis/RistenderrdnaxilibRadiyDistnadli Toiad@DB&reald Ak initi al
PO O3Sl b B P R T B b ShaTS, L -
( Next Tool Tstpositioh aEHis oy Hd the @t/ pésitibeeomipuasdds §3)Stage #1 Tool Vector interpolation

method.); and |

TiltRadialDistance? 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 RotarvRadialDistancel, RotaryRadialDistance2, .

TiltRadialDistancel, and TiltRadialDistance?2 are determined based on the method discussed

herein in the section Compute Tool Tip Radial Distance to Rotational Axes Centerlines.

[00200] The interpolation is a linear interpolation within the cﬁord 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.

(MuxRotdrijadialDistance > 0 and MaxRotarvRadialDistance = ChordError and |A4|> _0) (60)

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

equation 61

A4

ChordError
MaxRotaryRadialDistance

# Rotarylterations = ceil

(61)

2% (arccos(l -
\



ARot ar yAngl e = ( Next RotaryAngl e mach - Last Rot ar yAngl eMach) | #
Iterations(84) ATiltAngle = (NextTiltAngleMach - LastTiltAngle 4fach)/#
Iterations (85) Interpol atedrool Tip," = LastTool Ti Nr(86)

‘I nt er pol at edRot ar _vAngl emach = Last Rot ar yAngl eMach( 87) _

| ht er pol at edTi | t Angl eMach = LastTiltAngl e mach(88) [00217] The i nternedi ate
positions are then determ ned by adding an additional change value from
equations 83-85 to the values in equd?ions 86-88 as represented for the
first internmediate position in equations 89-91. Interpol atedTool Tip"p =

| nterpolatedrool Tip "," + ATool Tip p(89) Interpol at edRot at yAngl eMach =

| nt er pol at edRot ar yAngl emack + ARot ar yAngl e(90) Interpol atedTiltAngle mach
= | nt er {28edTi | PhsYieathgermhgn of itaglens 19sc) cquabto[1(we 2opeisartedinteeation

i nt er pokat j & e 1N L : ] data is
R o e e R L S

cor r es posdiitatgtipmedicsrongdoioithd ngnkpositomplamestaBodl Tip Radi al Di stance to

Rot ati onal Axes Centerlines This,nmeth conmput es t he perpendi cul ar
radi al di stance of the tool #t’e%%p)?%?‘i’%g} rr%achi ngg%) rotary and tilt axes

cent er | i[00203]f or tRw@alingriedtilt £%6 BdditonaDisictpoliiond M Ekk neBdddiethaxdlfioattigct S.
The nethod is used herein in the Stage 2 interpolation nethods and in the
i nt er polk§4'8P dbdtts he machi ne singularity point. [00220] The net hod

| ncr enery Al hyRAdiAPRLALES 0 LREMELRIRA DIk L ¥fokiBrbPhd s 9@2 Q6HEN O

coordi nate systemto each axis' coordinate system The transformation

di recti ofith¢ felatibiipg i@ @buatibin 63 RWaE dBert thenwiik pf G &ion® RlddicAaihed biked &m Duri ng
t he increme,ntg% transformati on process, when the current transformed point
n

is in actytian al axis' coordinate system the perpendicul ar radial

di stance is conputed. In thellustrated exanple, the chine tool system
100 has a single tilt axis and a single roAtSary axi s. -

#Tiltlterations = ceil (64)
ChordError
2*| arccos| 1 —
MaxTiltRadialDistance
[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.
# 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, # I ilt]terazioﬁs) (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.

AToolTipy, = (NextToolTip,, — ZaslToolTipWP )/# Iterations (67)

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

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



[00221] The current point is set equal to the tool bottomcenter relative to
the spindle zero point as represented by equation 92 Current Poi nt

'=Tool Bot t oni Cent er spi ndi e(92) [00222] The CurrentPoint is transforned
through the Tool Matrix Stack fromthe spindle coordinate systemto the
machi ne reference coordi nate system For an ith axis, the transformation is
represented by equation 93. Current Poi nt

=Tool Matri xSt ack[i]--->GetMatrix()* QlrrentPoint (93) [00223]As the

Current Point traverses the Tool Mtrix Stack, each axis is checked to
determne if it is a rotary or tilt axis. If the ith axis is a rotary axis
“then a distance fromthe CuirentPoint in the ith axis coordinate systemto
‘the ith axis is defrernilaedlibdngepy, edentldtingile, equat i on 9472)

Rot agRadj al Di st angce .= Toql Matrj xStack[i]-> . . .

Get Per pi{‘]@i"% ar latﬁ%réef&mw@ﬁ%ﬁ%ﬂ?tﬁfﬁwne@@wdﬁl@ézrzaqqlwonelrf@a?&eh axis is
a tilt axius fioheduaiods 61-891&ahd ¥a0Bs iM&ublidng e07Pal Rbrekdhtdd!Ter the ArsdXi s
coordinate systemto the ith axis is determ ned as represented by equation

95. Ti | thsEnediats Ropitipe i cauations fast i xSt ack[i] - >

Cet Per pendi cul ar ficss Anagbomy, s CRHr Mo, 2N 003 nce (vhe Tool Matrix
~Stack is traversed, CurrentP&int holds the val ue of the tool tip wth
respect to LixepotaeiiRoeryARfIE], e rdRrer M EHROMRIBYS L SPNREMAUAGE, | (7THhe case of
machi ne tool system 100 Titl Radi al Di stance is equal to the perpendicul ar

di st ance fromittapolacdliltdeglem-chmdredlatedTitvegl &, axiAdilciagledi nat @5pystem to the
B-axis. [00225] Next, the Part Matrix Stack is traversed fromthe machine

r ef er end®288br di NG tagiaicamelatcspepitiensiaredsipsmist dreughsgraionnl &7 S yhs dotp

st oppi nGs gbvilileas HHL 2 IpliSto the @scaliig bR HBH 0GR detRGind HeNQrb S KPI ecc
coordi nate systen). Thus, the Part Matrix Stack is traversed frombottomto

top usi MERCRIAGBYsEONG.r ansf or mati on matrices. [00226] The CurrentPoint is

transfong@qof hr ough thePast, MaLL) sasst ﬁ&?peﬁzﬁ%ﬂ‘s@% mﬁ%id%ﬁ ah gﬁ%‘%{l]a?gg(éﬁ& the

coordi nate_syst emto tnhe workpl ece coor nat.e_ S $t em For an |
t r ansf ornesificdibyits apepioes Beaeeding e eeawer sigp, agditional interpolations are needed

relative to the rotary axis if the relationship in equation 76 is true.
(]a4/>0) (76)

If the relationship in equation 76 is true, then the number of iterations is determined based on

equation 77
. . A4 .
# Rotarylterations = ceil an
FixedRotaryAngularStep
[00211] Otherwise, the number of iterations is set equal to 1 as represented in equation

78. By setting the number of iterations to 1, no additional interpolation is needed because the
next iteration corresponds to the next position from stage 1 unless the tilt axis indicates the need
for additional interpolation.

# Rotarylterations =1 (78)
[00212] 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



Matrix = PartMatrixStack[i]---> GetMatrix() _

Matri x. I nvertRi gi dTransformati on() CurrentPoint = Mtrix* CurrentPoint (96)
[ 00227] As the CurrentPoint traverses the Part Matrix Stack, each axis is
checked to determne if it is arotary or tilt axis. If the ith axis is a
rotary axis then a distance fromthe CurrentPoint in the ith axis
coordinate systemto the ith axis is determ ned as represented by equation
97 Rot at yRadi al Di stance = PartMatri x$fack[i]->

Get Per pendi cul ar Di st anceToAxi s(CurrentPoint) (97) [00228]1f the ith axis is
a-tilt axis then a distance fromthe CurrentPoint in the ith axis
coordinate systemto the ith axis is determ ned as represented by equation

98. TiltRadial Distance = PartMatrixStack[is -> - _
Get Per pendi cul ar Di st #Addreapeist ¢ e Por T T 98 Ojce8Phe Part Matrix Stack
is traversed, CurrentPoint holds theValte YRE (ool ti p wth respect to

the wor kgjz¢§e COObHiRARLE MBI of HRPRHASs R ol AMPas TR emEE R dfadddg Max Axes

Speeds [ 00229] This net hod checks a given TimeStep to nake sure that it is
not goi d- Ry seling eheaugiberend itgsatianstte | anoraddional interpelatidnds peeded brepise ths maxi num
speed. ];Q)ltsitefgﬁ&h@(qre'sﬁbn%@C{hé &xgﬁsgﬁq ﬁ%ﬁpst&fe 1GARSSHE hodi4RQiapd stage #1

time step tool vector interpol Further, the TinmeStep results in a

mov enenneddlor sditwngdpfemalation.const ant feedrate of the tool relative to the
wor kpi ece coordi nate syste resented by ation 99. 54 [00230]Tim
eSt ep =Conzput eTi neSt epFor &@i[%nﬁ%sr kgi eceFee@?gt e() (99) [00231] The tine
step is[@@ad] cl anpashuminggdhgnupfibet biiteaatios ofretdeasumesp dedsaas ad(-atiatsedt f or t he

v, S4B o SRR IR 55 DS RE Ry
[ 00232] mombead iterandrs detemingd fat the Bsdxiandiferthel€dxisns epteadnt@ibyldation 82r ue t hen
the Ti mi(ﬁ}Z?g] # lterations = max(# Rotarylterations, # T iltlterations) . (82) '
[00216] The change between interpolated positions are indicated by equations 83-85 and
the initial positiens are set to first position from the twe positions from stage 1 that are beihg
interpolated as represented by equations 86-88.
AToolTip,, = (NextToolTip,W — LastToolTipy, )/# Iterations (83)
ARotarvAngle = (NextRotaryAngleMad, = LastRotaryAngle,,,, )/# Iterations (84)
ATiltAngle = (NextTiltAngle,,,, — LastTiltAngle,,, , )/# Iterations (85)
InterpolatedToolT ipw = LastToolTip,,  (86)

InterpolatedRotaryAngle,,, ., = LdstRotaryA ngle,,.., (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 §9-91.

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

InterpolatedTiltAngle,,,,, = InterpolatedTiltAngle,,, ., + ATiltAngle (91)



needs to be cl anped AAx sMove > MaxAxi sS Tim eSteppeed J (100) ?I wherein:
(101) AAxi sMove =1Next Position. Machi nePosition[i]- ' '

Last Posi tion. Machi nePosition[i]l MaxAxi sSpeed = Axis[i]-> Get MaxSpeed()
(102) The value for the tine step is given by equation 103. AAxi sMve

Ti meSt ep = MaxAxi sSpeed Honbgeneous Transformation Matrix and Matrix Stacks
[ 00233] The matrix stacks, such as the Tool Matrix Stack and the Part Matrix
Stack, are a general nmethod used in the Generalized Kinematics Library to
concatenate multiple transformations3nto a single matrix. In one

enbodi nent, for the Generalized Kinematics Library, only rotation and"
transl ation transformations are used to describe the kinematics

rel ati onshi p between machi ne axes. Using honogeneous transformati ons all ows
t he Mat 0185t ack Oncothe driernelatsd pesitians ateidstermingd thraugh auations 8rHnthedetrat i ons
into a singlk | ! rl ck's forward or
i nver se%tp rl;l(ngl](% %E %%ﬁgﬁn%% ?1:3g%?&%#%mgl%%?@ﬁ@%@n%%rc]b%eﬁg&@grl%put ation, the
mul t i pl meetinegresibnsal | matrices in the Matrix Stack is done only once.

[ 00234] A IRLE oISt AR APGRL Rk Bhafifhes RUIREG (AfpelBETi CES. A matrix stack
may al s nverse transrormatron natrices of other matrix
stacks [2H8d ontldisimetholl ovmipniex ths perpkndicautar ixalidl disraeck afithcatnal tipfth thei t hout

havi ng £ .po | the.atrices. of he stack. .[00235 expl.ai ned in the
Fo] oo, iRy Bl SRS tehERinRt for WA b PERR RSB B vt v 1 1

St ack aolgediherheaticthoibis used hStiadk the tSige Q antempblatioromsthad\and én the Mpdrpdlated.

Furt her bod%’t% to t.he.nature of, the matrices in the Tool Mutrix Stack and the

Par t I\/B.%I’qu 5" éigku,le HEAY ?(H\I/tErsi on of

[00220] The method incrementally transforms the tool tip relative to the spindle zero

coordinate system to each axis’ coordinate system. The transformation direction is from tool tip
towards the workpiece coordinate system. During the incremental transformation process, when
the current transformed point is in a rotational axis’ coordinate system, the perpendicular radial
distance is computed. In the illustrated example, the machine tool system 100 has a single tilt
axis and a single rotary axis. |

[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 = ToolMatrixStack[i] — 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 reprcscﬁted by
equation 94 _

RotaryRadialDistance = ToolMatrixStack[i] — GetPerpendicularDistanceT oAxis(CurrentPoim) 94
[00224] If the ith axis is a tilt axis then a distance from the CurrentPoint in the ith axis
coordinate system to the ith axis is determined as represented by equation 95. ‘

TiltRadialDistance = ToolMatrixStack[i] — GetPerpendicularDistanceTc oAxis(CurrentPoint) 95)



55 the transformation matrices used in the Generalized Kinematics Library
may take advantage of the nethods explai ned herein. Sub-matrix Method for
Transformation Matrix Operations [00236] The sub-matri x nethod reduces the
execution tinme for matrix operations by deconposi ng a honbgeneous geonetric
transformation matrix into sub-matrices and applying operations to the
sub-matrices based on whether the sub-matrices are identity matrices or
zero transforms. [00237] The sub-matriss nethod is based on the foll owi ng
decision rule: Conpute,-,(primtive.identicalv premtive.zero);

[ 00238] Choose to {(104) Skipotherw se. [00239] This decision rule is driven
by the identity of the geonetric sub-matrix. The deci sion-naking process is

based orpRe@erRl MAFxBtackiSHavdieiAM NPl hSIBEMESALS baRs %@h&ﬂﬂ\glt}p{e@ﬁe%ﬁs
itself, the identity state of the sub-matrices are tracked to avoi d

conput attp §1¢ ichinpge FreRasoperfinata spsiqsy.. Burideh it cave of mpeinevpelrsystert )0
r epr esengigR, HMDRAMAL llseahamﬁhe Spfidedr di%afddgr kb ﬁAn% cechfr BURPRI T the

deci si on-nmaki ng and identity %rac Ki ng o the(ﬁp% ownng oaneneous
Transfor%tcp@rﬁln%@tsb’fit@m(olﬁleﬁraﬁﬁ four sub-matrices. - [Rt sr k wherein R

5 L righa] on SNBGIRL PhMakid Gaddieud A0S hBL ‘ﬂmgqme rHercicd ol hear

matri x, and i's the scaling matri x nt o
Bool ean spetem $dveandsivhe wotkpicor ¢copsdimataisy stem skapping at the last axis (i.e. up to but not

including the workpiece coordinate system). Thus, the Part Matrix Stack is traversed from
bottom to top using inverse transformation matrices.

[00226] The CurrentPoint is transformed through the Part Matrix Stack from the machine
reference coordinate system to the workpiece coordinate system. For an ith axis, the
transformation is represented by equation 96.

Matrix = PartMatrixStack[i] — GetMatrix()
Matrix.InvertRigidTransformation()

CurrentPoint = Matrix * CurrentPoint (96)
[00227] As the CurrentPoint traverses the Part Matrix Stack, each axis is checked to
determine if it is a rofary 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] — GetPerpendicuIarDistanceToAxis(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] — GetPerpendicularDistanceT oAxis(CurrentPoinr) (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.



counterpart of the 4-by-4 Transformation Matrix (T). D= dR d, els d, The
correspondence between the Bool ean Decision Matrix and the Transformation
Matrix is one-to-one as shown in Fig. 26.: 56 Relationship of Sub-matrices
[ 00241] The conput ati onal conplexity of Transformation Matrix (T) .

mul tiplication can be optim zed using the Bool ean Decision Matrix (D). T3 =
* 7T2(107) Inserting 105 into 107 giveg: _ [_ R3 t3RlL t1R t, _. s3T k3T
_S1STh. ki _ 2'2 [00242] Because the geonetric transforns for nachi ne tools
are rigid transformati ons, the

[00230] TimeStep = ComputeTimeStepForConstantWorkpieceFeedrate()  (99)

[00231] The time step is then clamped if any of the axes maximum speeds are violated for
the move. Each axis is checked and if multiple axis maximum speeds are violated, then the
smallest time step is that is acceptable is used.

[00232] For each axis the relationship brovided in equation 100 is true then the TimeStep

needs to be clamped

isA
if M > MaxAxisSpeed (100)
TimeStep
wherein
s (101)
AAxisMove = |NextPosmon.AlachinePosirion[i 1- LastPositionMachinePosition[i]|
MaxAxisSpeed = Axis[i] - GetMaxSpeed() (102)
The value for the time step is given by equation 103.
isM
TimeStep = M (103)
MaxAxisSpeed
Homogenecous Transformation Matrix and Matrix Stacks _
[00233] The matrix stacks, such as the Tool Matrix Stack and the Part Matrix Stack, are a

general method used in the Generalized Kinematics Library to concatenate multiple
transformations into a single matrix. In one embodiment, for the Generalized Kinematics
Library, only rotation and translation transformations are used to describe the kinematics
relationship between machine axes. Using homogeneous transformations allows the Matrix
Stacks to concatenate rotation and translation transformations into a single transformation
matrix. Thus, when a Matrix Stack’s forward or inverse transformation matrices are used for
more than one computati(;n, the multiplication of all matrices in the Matrix Stack is done only
_once. _ '
[00234] A matrix stack can contain any number of matrices. A matrix stack may also have
forward or inverse transformation matrices of other matrix stacks pushed onto it. A matrix stack
can be turned on and off without having to pop all the matrices off the stack.
[00235] As explained in the following sections due to the nature of the matrices in the
Tool Matrix Stack and the Part Matrix Stack, the calculations may be simplified. Further, due to

the nature of the matrices in the Tool Matrix Stack and the Part Matrix Stack, matrix inversion of



shear primtive is zero. Consequently, the follow ng individual resulting
sub-matrices result in an equivalent transformation that may be
re-assenbled into a full honbgeneous transformation matrix T3: First, we
have rotation sub-matrix. R3 =Rl R +t, -s2r = R -R2,(109) Next,
translation sub-matrix. t; =R t2 +t1 k2,(110). Then, shear sub-matrix. S3
TS R+kl -sT =0T , | 2 Last, scaling k3 =s t2 +ki k, =k;k,.(112)

[ 00243] The operations of the sub-nmatrisces are multiplications and
~additions, which are binary and have two operands and followi ng properti es.
Property 1. ldentity operand of nmultiplication (i.e. value of 1)
contributes the other matrix's operand directly to the resulting matrix.
Propert ] il 1 i r It.s in a o,.in th
resurti Hae kBl ARHANE: Bieo T rk LR R AL K Bra B AR R Ml o1
Bool ean thMamethadsrexpbmtddreiBubmat ri x is added as a class variable of Matrix

class. ANl SRRl i RRGhSE N BoRl san Rt ri X Is true only when the
corresp = identity matrix. O herw se,

t he el erf@d36] s f alsesubAnadtriamsthod redtdes thermédution time foninfatrid opeetionsitiyn zer o

(transl agion and shear) and identijt rotation and scali.ng) sub-nmatrices.
Ther ef or&éﬂ’,contu??gmﬁgzllog%gﬁle%g&ie %%%“f\/k?‘?g&({mftéoq HITEF 4e ?3’&“%“{6% a&?‘l‘pp%?ﬁ ean
val ues apetatiois.to [HRQRBHhiFees Haodd @i iitther the 86b-a@RIcYs droidehity plaflResS&esro 57

transforms.

[00237] The sub-matrix method is based on the following decision rule:

(00238] Choose fo Compiute,c—‘( primilive.iden?ical Vv 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.

T= {l: 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 Decisior; Matrix corresponds to its
counterpart of the 4-by-4 Transformation Matrix (T).

dp d, '
D:[d d} (106)

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

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



1. When the situation fits Property 1, the nmultiplication is skipped. 2.
When the situation fits Property 2, the nultiplication and addition are
ski pped. [00246] The deci sion-nmaking rule (1) is expended in the follow ng
manner for the inplenmentation of skipping operations: 1. R3 =R if dR =
tfrue. 22 RB =Rl if dR2 = true. 3. Skip R t, if-dm=true. 4. Skip
addition if dll1 = true or dl12 = true. [00247] The Bool ean Decision Matrix is
t hen updated. Wien nultiplication offgatrix el enents nmust be executed, then
both el enments are checked for the followng conditions: If either el enent
is zero, no multiplication is perfornmed on the elenents. If either el enent
is equal to one, no multiplication is perfornmed. The el enent operation
returns tgﬁ eﬁeggﬁtlnot .equal to one. [00248]Sim | ar optim zations using
t he Bool = x are inplenmented for matri x addition,
subt r actjpeza1] and Thd doirpliati&al aﬁanxtitb of BehbBna8i0a MAGix(T$ mulkipfbsioacamt i on
Matrix |Lnversjo &%%ﬁ é Cener tri es are inverted using
-conputa@?BW&PF?P%' SPoee §“W RQI m nation, LU deconposition or
other simlar nethods, Thquropertles of arigid traq§@prnat|on matrix with
an orthogonal rotational stb-matrix allow it to be inverted by appl yi ng
sinple omertagilOfhmta 07t dreesi ndi vi dual transformati on sub-matrices instead of
using the nore conputatio aI expensi ve net hods. The foll owi ng equations
show the matri x mve[r%a o mizag fon tag described ifygy. Zeid, "CAD CAM
Theory and Practice"|s:MGja #ﬁlm, t he di scl osure’of mhlch |s

399k,
expressly incorporated by reference:
| nserti ﬁéﬂf@}; i ntBecause tl@ geemetrigitransgéorms [for mqqmne Rols are rigid transformations, the

shear primitive is zero. Consequently, the following individual resulting sub-matrices result in an
equivalent transformation that may be re-assembled into a full homogeneous transformation
matrix T;:

* First, we have rotation sub-matrix.

R,=R,-R, +t,-s) =R,-R,, (109)
Next, transiation sub-matrix.

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

sT =sT R, +k -s] =07, “(111)
Last, scaling .

ky=s t,+k -k, =k k,. _ o (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.¢. 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.



ST[2 t, n2. R TSI t, k1 (113) (114) (115) 58 t2 = -R t1(116) s72.
== [0 0 0] (117) k, ki =1(118)
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1. When the situation fits Property 1, the multiplication is skipped.

2. When the situation fits Property 2, the multiplication and addition are skipped.

[00246] The decision-making rule (1) is expended in the following manner for the
implementation of skipping operations:

1. R; =R, if dy, =true.

2. R, =R, if d, =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 1. Zeid, “CAD/CAM Theory and Practice”, McGraw-Hill, 1991, the

disclosure of which is expressly incorporated by reference:

T,=T" (113)

R, t,] [R t] (114)
s; k) sl K
wherein

R, =R’ _ (115)

Inserting 105 into 113 gives:



Determ nation of Part Setup Matrix [00250] The Part Setup Matrix defines the
transformation fromthe |last axis coordinate systemin the Part Kinenatics
chain to the workpiece coordinate systemfor the part on the nmachine. The
i-nput to conpute the Part Setup Matrix is the machi ne axes positions
relative to the machine reference coordinate systemfor the part setup and
t He probe or tool |ength used when determ ning the machi ne axes positions
for the part setup. Knowi ng the kineiatics relationships between all the
axes of ‘the machine, the Part Setup Matrix may be determned in the
foll ow ng manner. [00251]Let the Part Setup Matrix be a 4x4,identity matrix
in the Part Matrix Stack for the follow ng cal cul ati ons. Wrkpi eceZer onmelL
tA xis g =PaRiMtrixStack. InverseMatrix()1 , PartSetugResitions *

Tool Matri xSt ack. FonvardMatri x() 1 Par|SetupP03|t|ons *Tool Ti pTransformvat ri x
(119) mj%x(#ﬁnT)wﬁereln Part 1li/tatrixStacki nverseMtl7) x() 1 Zer oCal i brauon
is the Part Matrix Stack inverse(120).transformation matrix eval uated when
al | par@fa&eslare set to their Part Setup Axes Posi tlil8hs.

TooINhtfﬁé b AGK: SIPWAAMRILEiX01. , art Set upPosinons is the Tool Matrix Stack
f or wa tr|x stack eval uated when all tool axes are
set to Parﬁnq%' n@ﬁﬁ f t he

t ransf rnat on fréﬁ1%ﬁg %ngﬁgh%gor ans§§h§9£ &% <38¥H%?é%#ﬁ g AXi s

coor di rsmten gytht 8mnt Kinemiagcsahain pthe workpiest atbdrdmatera)tstem(foc thia {paxit nn g t he of f set
of the 1ne t”fh% mp% %Ec:%)%%utteﬂktlgrt Sspu rMiatr X 1Axt € mac Qsﬁ;%)%tlB S ra F;;ehtg d rel ative

[ 00252] ny poi nt i'ecc coordrinate sy s
to the tharbhcéudeas&:reaoq ®otlyate system for the part setup and the probe or tool length used

when determining the machine axes positions for the part setup. Knowing the kinematics
relationships between all the axes of the machine, the Part Setup Matrix may be determined in

the following manner. .

[00251] Let the Part Setup Matrix be a 4x4 identity matrix in the Part Matrix Stack for the

following calculations.

WorkpieceZeroy ) o4 = PartMatrixStack InverseMatrix() | posonpposiions *

ToolMatrixStack .ForwardMatrix() | pausempposiions *T00ITipTransformMatrix  (119)
*o 0 0o 1J

- wherein

PartMatrixStack InverseMatrix() | ;,,.comraion 15 the Part Matrix Stack inverse ( 1’ 20)
transformation matrix evaluated when all part axes are set to their Part Setup -

Axes Positions.

ToolMatrixStack ForwardMatrix(} | pasenpposiions 15 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.



Wor kpi ecePoi ntrabl eLas, x, =

Part Mat ri xSt ack. | nverseMatri xd rari setuppositions

Tool Mat ri xSt ack. ForwardMat ri x0l . T* ool Ti pTransformvatri x

Par t Set upPosi ri ons Wor kpi ecePoi nt Wor Api ece Therefore, the Part Setup
Matrix may be determined with the follow ng equation, noting that the Part
Seétup Matrix in the Part Matrix Stack i.s a 4x4 ldentity matri Xx.

" Part SetupMatrix = PartMatrixStack. | nwerseMatrix()1 .PartSetupPosi gons *
Tool Mat ri xSt ack. For war dMat ri xOlpanser upposi dora *Tool Ti pTransformvatri x The
new Part Setup Matrix is then pushed onto the top of the Part Mtrix Stack
[ 00253] It should be noted that all of the surface normal vectors and t ool
vect or s [g@ker encegh hhRiih ; ' : ds

di scl osed hﬁ'r ein. [%‘?254] Tare é@ﬁ?g&? ‘#&gﬁi% gﬁ%@ﬁé@@ﬂ%@%ﬁ?@gﬁ@ghavi ng
an exensePys Besi gn, the present invention nay be further nodified within
the spirit and scope of this disclosure. This application is therefore

i ntended to colf&F PP hniatidonBarifeEaStack Inyerse et O hss.ofb-4h& i nvention
using its generRivehixSGERFSSardVatiAgS, thi s 8Rpliselh@nmirii ended to
cover such depﬁJtures fromthe present dis¢losure as come within known or
customary practPEB e oMewaet to which this invention pertains. 60 CLAI NS:
1. A nethod for controlling the novenent of a nachine tool system (100) to
machi ne Taerpford, thePaA )Setup Matriemhpbe dadrmined iwit thdifellswapsquation, noting thatitcei vi ng
a machi nf j gur at i o 8). corresponding to the machine tool system
(100), ?%@gﬁﬁ hgﬁgiggﬁgPéégg%fgﬁdf§6§Y4ﬂ%3ﬂ3f?ﬁ?ﬁg a plurality of noveable
axes (150, 152,, 154 156. 158) of. the machipe tqol system (100) and a
plurality of iﬁ?ggﬁ%%%ﬁﬁéﬁé?@ém?ﬁg#g%é?ﬁﬁﬁka”ui)ﬁmmwgewéggting based on the
machi ne conf i glv@aoixS(@2RBpramdMargOns).a).i.48 dThdlTipMakifosnMidxary (210) a

€

virtual kinematics machine (214); receiving input data (204) correspondi ng
to a shapen&¥ PihSerihtatrix 6@kn p@AEH onto the top of the Part Matrix Stack.

[00253] It should be noted that all of the surface normal vectors and tool vectors

referenced herein are assumed to be normalized for the methods disclosed herein.

[00254] While this invention has been described as having an cxemplary design, the
present invention may be further modified within the spirit and scope of this disclosure. This
application is therefore intended to cover any variations, uses, or adaptations of the invention
using its general principles. Further, this application is intended to cbver such departures from
the present disclosure as come within known or customary practice in the art to which this

invention pertains.



generating positions for the plurality of noveabl e axes (150, 152, 154,
156, 158) of the machi ne tool system (100) based on the virtual kinematics
machi ne (214) and the input data (204). 2. The nethod of claim1l, wherein
the virtual kinematics machine (214) includes a plurality of virtual axes
(250, 252, 254, 256, 258), the plurality of virtual axes (250, 252, 254,
256, 258) having a one-to-one correspondence to the plurality of noveable
akes (150, 152, 154, 156, 158) of 'theonachi ne tool system (100). 3. The
met hod of claim1, wherein the virtual kinematics machine is an instance of
the generalized kinematics library (210). 4. The nethod of claim1,
further conprising the steps of: providing the generated positions to a

r eal tlmﬁfﬂNB| appllcation (232); and machining the part (160) with the
real time mlT é 5. The nethod of claim4, further conprising the

st eps ofl: A'metho fogéﬂ’éﬁoatngtﬁl&lb%‘@é‘émcﬂfaﬁﬁéhlﬁﬁ&?l peterdhfQ) sumashiess §2208) and

t he genQn@bu&ﬁgah&p&ﬂaﬁ%ﬁgﬂkgahg5y (210) a second virtual kinematics
machi ne (234); requesting position data of a noveabl e portion of the
machi ne t ool Te§§iEins maehing canfigwinbion:28® coresponding teitheanprbingttocd systeme Hi0Ak  ( 234) |
the movealh&nRRLbd réa@h M9sRUGHYRY a %ﬂ?ah PO mdV Tl Qiek'(ls%ppéz' ¢4 '19@ (232)
and raphical ly representing osition data of thé noveable

port i on 186 oA theimgshing tasd sysiean G&ﬁ@mnde pt“@édlty shigterdepqniomyes thegebetpreen;net hod of
claimb5, whe i 0) is a
ool (141). bt G TP AEREIRR L uion O IRE LB AR INFREMAA0Y) o
dat a of(2%%3NﬁW@H@M@mU@mng@ﬂ&Kbhﬂon the di spl ay of the machine tool system
(100) includgs..di b tiQ ing relative to

t he part (16%?@ghggh@?%%g%§@ ?géﬂéﬁaﬁéa ﬁSH ec%ﬁ% 88%%ﬁ?gof a machi ne tool
systen1(100)ghamﬁmgmaﬁphuﬁamwumndhynﬁmeahbba&x&$ﬂ(15D154526lﬁsnﬂ%mSG, 158)
to machi ISI t.he recei ving

i nput d@%h'?iﬁﬁggyé%#ﬁg%%g%% ng eoV lrguag apeat]oc ﬁhme (a?ﬂ) aﬁ mpm dita
generat(ﬂg)a first V|rtual klnenatlcs nachlne (214) based on a machine

conf na 8 ne t ste a ner.al i.zed
klnehgglc ﬁﬁ& }? § ng %Y%TM‘ nhéﬁg?4%§wﬂﬂ@ﬁ1 Qm%?fﬁi

geger (iltS wn@a?@@f] (zsom;jm 15?6e|2$8|) uhaﬁluﬁa%tizgffvﬁ’gmeﬁgé @56,)(?3 2545856, %1:532 (1334)
156, of the machi ne too te ased on the input data

aoa T Rhigh e bl TRE o SatratereTd T B SUTRER RS s Om L By a3 on & he

machi ne o 4l maghih@tobDsysed(B)0)of the nmachine tool system (100) and the
general i zed kinematics |ibrary (210), the second virtual kinematics machine
(234) géndPaimetigd podiim ‘oWhFWf“dP‘?ﬁé.‘ffP@r*F“FB‘P“%E Prsisg i @ ipvancs ehthef t he machi ne

t ool sygbﬁﬂu&éﬂghmnmﬁshﬁb@qgﬁnhod of claim?7, wherein the noveabl e portion
is a tool %1412 and the position of the tool is noved based on the-

gener at &d TBeErtird akclpipoimfuriier ¢qmnsising theysters oki nemat i cs machine (214). 9.
The et hod ofroGiafioThe, en%@&ﬁb%&n@?oifeﬁl%méﬁhflfdﬁhca'fnbﬁ‘?iﬁ} L nmachine (214)

and the second virtual kinematics nachi ne are Instances of the
generallzed R@ﬁ%ﬁﬁﬁﬂ@@mFﬂ@PhwthQI@ﬁ“ﬂwrﬂﬂl’3”

5. The method of claim 4, further comprising the steps of:

generating based on the machine configuration (208) and the generalized kinematicé
library (210) a second virtual kinematics machine (234);

requestihg position data of a moveable portion of the machine tool system (100) from the
second virtual kinematics machine (234), the moveable portion being moved by the real time
mill application (232); and

graphically representing the position data of the moveable portion on a display of the
machine tool system (100).
6. The method of claim 5, wherein the moveable portioh of the machine tool system (100) is a

_tool (141) and wherein the step of graphically representing the position data of the moveable



10. A method of progranm ng nmultiple machine tool systens (100) with a
software controller (202), the-nmethod conprising the steps of: providing a
generalized kinematics |ibrary (210) accessible by the software controller
(202); generating a first virtual kinematics machine (214) having a
first configuration corresponding to a first machine tool system the first
virttual kinematics machi ne (214) based on the generalized ki nenmatics
library (210); and generating &'second virtual kinematics machi ne
(234) having a second configuration corresponding to a second machi ne t ool
system the second virtual kinematics machi ne (234) based on the
~generalized kinematics library (210). 11. The nethod of claim 10, wherein
the fir ®ertion pr theldiselayefe imashingion) systeppZ100) ingludles displaydesomegprepentatiah of
kinenathﬁﬁoaq&ghgge&ggﬂgﬂﬁﬁﬁanhy instances of the generalized kinematics
l'ibrary (210). 2 12. Thé nethod of claim 10, wherein the generalized

ki nemat i7cé m¢thedfoy cqproliing ithe mgvembitede nuchiaatoebisystier(406) havinga piurditymdt hod of

claimi1 ' 1 gt i (100). ; coupl ed
Co the SsrPBRBELISHAS (580 1RGR) Riphdile SR EM AR AREEATE O0)

havi ng ficpeofor t hogonal axes (150, 152, 154, 156, 158). 14. The nethod of
Cnformatt on FEr TRET G 0BbAGERRROY s o g BT GO "1 58 P58) ' of ¢ e
first machi ngenewohg sfist erud koRjnatdstrmchine (14) based/om 4 mathind coefiptrata machi ne
Coup! ed 1 phke proBap sy afol Gile slBi Ry ke RBPsdBRY Bllob Aédat ton. 15,
An ap p?wmﬁdﬁmatimhdhﬁﬁe][(gléa gwegi;g j)G@t)oanérhhea;ﬁluﬂaﬁtgzlsatf nmméableﬁ?ks( ( {gdz}e 110 ’
appar a I.i Si.0g: r ame ; a, noyeabl e suppQor : :
128) sugg%ﬁ?ggSgéjgﬂﬂ%ﬁﬁwgiﬂwé&%éY%??Q@O}%“?%%l%?HWE“?Tﬂ§§8;?ﬂe noveabl e

S uppg:’ t (104gentrhfing ﬂé’e@%nd;ﬁmﬁ Idn;cbtlﬁ@ids hechat (23(1)(11.15@6(1 on thfl: machaxllemic hi ne t Oﬁl

spi ndl e 8) .su rt the frane 2 nd noveahl e rel atjve to the
pgr t( 16%3]*%‘1%%“ (PR e ff%ccbrnegml AL @&a%ﬂdé gralited kinsmglics UoREY at | east
one t 00k210§,440) secdnd& itV akhLRics a@Rd (234@%1;1@:3111@@03{'3@1) infdMshatidierormchi ne t ool

spindle (13 including a plurality of noveable axes (150, 152, 154, 156,
158) ; aﬁﬂweﬁaepom?nﬁ&ppdﬁmegﬁﬁpgﬂ“§9§@@Nr(200) operably coupled to the

machi ne gt aaé msfbM 6t GaifnlBSheRfAdhd B@yéﬁ@l\é?@hﬂoﬁ iSRRI 41)aA@the pddifon 2R . the
notion control s sten1%?00) executing the nachlnln% of the part (160)

t hr ough'aohi Teyied Pesed erithagorerer Posttiophior MerflistivipabRinerpaisn pehiza@s4)( 150,
152, 154, Tﬂré@nethgég’bcllﬁ%l 1 BBRGR R8: ViRl k%@fngéﬁésﬁ‘na@ﬂﬁglz1@{‘&1161?9%}?%\693[3' e

support (104, 110, 120), wherein the controlled novenent e plurality
noveabl| dirridgnqmpgios maghme (3 BY) areliggancesygd fhe gengrplired fagmpgjcsdibrarn@lBhce of a
gener al ijgeq kd Fesamnhi i : i NER v AG HEN ality of
vi rtual gxesnlfé(ﬂgbgor@ li)20%2 dﬂélg%ﬂ{uggg&g%%&%%sﬁ%gg ?@s“; 6@%&U?g&?ﬁgnt{)qng{ ality of
noveabl €03xitke (iab@l conppising ¢ stepp@; 158). 16. The apparatus of clai m 15,

wherein pl urﬁﬂobiﬁ%g@geﬁ@?ﬁ’lﬁ@@iﬂﬁerﬂﬁﬁ§ ligljagp(Ql(;')Sagcess’liﬁé by %ié@oft\;gg)coritn)ﬁl:rljdes five
ort hogonal axes.
(202); '
generating a first virtual kinematics machine (214) having a first configuration
corresponding to a first machine tool system, the first virtual kinematics machine (214) based on
the generalized kinematics library (210); and
generating a second virtual kinematics machine (234) having a second configuration
corresponding to a second machine tool system, the second virtual kinematics machine (234)
based on the generalized kinématics library (210).

11. The method of claim 10, wherein the first virtual kinematics machine (214) and the second

virtual kinematics machine (234) are both instances of the generalized kinematics library (210).



17. The apparatus of claim 15, further conprising a user interface, the
user interface being operably coupled to the notion control system (200),
wherein the notion control system (200) 63 receives a shape of the part
(160) through the user interface, the shape of the part (160) being
inhcluded in a part program (204). 18. The apparatus of claim15, further
conprising a user interface, the user, interface being operably coupled to
the notion control system (200), wher®i n the notion control system (200)
recei ves a shape of the part (160) through the user interface, the shape of
the part (160) being provided through a conversational programm ng session.
19. The apparatus of claim 15, further conprising a user interface, the

user i ntlér tacBehed pirlapdOanhsreip finneaalizsd f"f‘i‘émﬁ‘éﬁsi%éﬁ%@ﬁ@)r‘éim ejedt em (200),
wher ei noﬁelg&ulﬁ[ﬁlngty of interdependencies between plurality of virtual axes’
(250, 252, 254, 256, 258) are provided through the user- interface, the

pl ural ity &he methed efeshimd@nwhaein dhedustmichige taeksystear @PPrisonsrablseenled & axes

150’ 1 SO rc C C 1 at .0 l AY 0 0go aXC;rh
( Bt softmd Eréﬁvilglléa%), mfe,ffrmh@mm DEsyLeR (%&M%B R ﬁlje dogbsh g I%P e

apparatus of claim19, erein the user Intertace iInct art
ki nemat i(6¥): b¥2dé%4. (36dP8and a tool kinematics order (358) and each of the

plurality ehe Mhhba'adclAnas, %ggjcoﬁlﬁﬁsi{l%gléstegéﬁ’ 258) are assigned to one of

the part kinematics order . e tool kinematics order (358), the
plurality of ditenmémingpesidenfomsatioe forghedetcertgradl dxes@d0.dn2.dn4oi56eri8ng of the
vi rtual . , . h of.th 1t . neatics order
(356) ar?gﬁ]tgﬁ‘és(‘t%?%gfmfi‘%ﬁkes%é‘tg‘?iéls&’grg“été‘r%&?%éﬂs‘?f“%‘?g‘f?‘%ﬁ‘#é mgaﬁdger Q‘tllfsa‘b cl ai m 15,
wher ei n t he emtioing eosil tiwk neY sprdicat{o2(232) bperathety donpledibebe Avesethogahal nst ance

of the %girslggsgbioﬁﬁg pﬁiﬁ&{”@ﬁﬁr& i brary (210), the second instance being
erirs C

i ndependent © Instance. '22. The apparatus of claim 21, the
second ilAsAanpmratnciotsiachdnisg pparr @b0)twithodt laastront &dol, abeespp{r2DOconbRing254, 256,
258) which cogrr esEl(br;g to the plurality of noveabl e axes (150, 152, 154,
156, 158). 23"The-apparatus of claim 21, the second instance including a
plurality of awovéabklsuppoa 104)ilch 120y supsPRd 8y htd BoEable Rdativaedtha&atne0l System

24. A of confiquri a, so re controller (202) of a machi ne tool
syst emmg&(gggl}e ‘Pﬂveeaﬂﬁfﬁ’(?aﬂgg%p}fosifl%(ﬁkg‘fWQ“%élﬂfspa&f(imé’r oviding a generalized
ki nematics | i biadtiye toalk@hdRECIE Sifpofedyy thh GaBO{ 10PPI Vit Otel e tobHe
receiving information regar'dl ng a confi %&rgatl on (208) of the machine tool
syst em P¥BOY0): theanaphior toodsrigds (139k3dapted ooyPIR iriahlsast opt P # Dythef

or t hogomalvedmRv/Rppdre(184830,(126Pand ¥emachdft tock 8indId PBR) including a pdRNRY &t | Ng an
i nstance of the generalized kinematics library (210) which corresponds to

the macPNEGBEs dySilet (ctobp- b¥deddon the received information regarding
the confi gur akio8sh QntrbNEstEREPI0) SpdrY cipRUeHMHe hROine ABspindle (138:8%9@%'%0' l'ing
a novenent of the r{)I urality of orthogonal noveabl e axes (150, 152, 154,
156, 158)CvEIRiougPLrt (841481 12Ab Ehegrotioneorfen systan 280 Rrpipathcerechingeafy (210) .
25. The gegfah Q09 thrbl itk @fliro Ve ATRIC phlrA gy bhfoRLEIRSx K150, 152, 154,

156, 158) of the machine tool spindle (138) and the moveable support (104, 110, 120), wherein

the controlled movement of the plurality moveable axes (150, 152, 154, 156, 158) is provided by

an instance of a generalized kinematics library (210), the instance including a plurality of virtual

axes (250, 252, 254, 256, 258) which correspond to the plurality of moveable axis (150, 152,

154, 156, 158). ' .

16. The apparatus of claim 15, wherein plurality of moveable axes (150, 152, 154, 156, 158)

includes five orthogonal axes.

17. The apparatus of claim 15, further comprising a user interface, the user interface being

operably coupled to the motion control system (200), wherein the motion control system (200) .



generating a second instance of the generalized kinematics library (210)

whi ch corresponds to the machine tool system (100) based on the received

i nformation regarding the configuration of the nachine tool system (100),
the second instance being i ndependent of the instance; and provi di ng
simul ati on graphics information through the second instance of the
generalized kinematics library (210). 26. The nethod of claim 24, wherein
the step of receiving informati on reddrdi ng the configuration of the
machi ne tool system (100) includes the step of receiving through a user
interface a plurality of interdependencies describing the plurality of

ort hogonal noveabl e axes of the machine tool system each of the plurality
of ort hogoived a shepecithepaa(@60)bipugh thesicgimefat® thersbapafof thepait (160) bedmgt | ¢S

or der (%% de9991QH§?9um§iﬂﬁ. tics order (358). 27. A conputer readable
medi um havi ng c&ﬁpd%é?-e&éc'table instructions for controlling the novenent
of a pl uBalh¢ appefatusoiidainl B, factsr dolfpbising 8 Aser Wfidrfacd, 5k usdbijerfade @ingachi ne t ool
system (10 to chine a part (160), i d _comput er. executable jnstructions
conpri si H‘Hg&%%@%ﬁ%mei@&‘o f’?f’é?‘?&lﬁsﬁé’ (Izﬁ(gr wpgreip Sggotion £Sriton SYSHF&t H@@t ions to
gener at eccaives nshapnefehopart (h€0)gleneghahé zsedinkrfass eteistspelol tic pay ((@LBindased on a
configurati of the machi.ne tool system.(100); instructions to
provi de Pr%@? thioysh acopveysaiona RRSALYIBHSESSINF t he general i zed ki nemati cs

|'i brary 16218 appasths of claim 15, ﬂﬁﬂléﬂ&frﬂgﬂﬁ%g b Qsc@ terfidt AR usedihRrihécAinghe
generalize kinen%tics Iibranﬁﬁi21 ), the output data beiqg related to the
rovenenPPYFOY AAPHAP Hicimajiop Fortin avaismd24Rewhqrain g plurgjy ofjigigrdepeydenciesg) . 28,
The conpetisRén plEAUBIIQiriRMAXxEM280, 28b 2isH 328, 293y blcHedvide@ MRbheh thusef> -
instructions to generate a second instance of the generalized kinematics

| i br ary igterfass, tbﬁa@é‘ahb(r?f {rardenspdangigs deseribinggthe pinealifeed imayeablomies 8t I& (100)

t he secng1gaqggngqmgﬁ&mgwq&q§ﬁﬁggggbyof the instance. 29. The conputer
readabl e medi um of claim 27, erein the instance of the generalized

ki nemat #@sThg sppaiips ebglgm | phergiagheuspainterfaget ipgludes g park kingsajcs arlgr @56)ol

T L B bl Bl 3 10 SOOI AP A 5 sk 3, et
st ack (28%)arcassignddddo poodf thepart kinestatickord@7896) and the tool kinematics order (358),
the plurality of interdependencies being determined based on an ordering of the virtual axes
(250, 252, 254, 256, 258) in each of the part kinematics order (356) and the tool kinematics order
(358).
2L .The apparatus of clairh 15, wherein the motion control system (200) further includes a
second instance of the generalized kinematics library (210), the second instance being
independent of the first instance.
22, The épparatus of claim 21, the second instance includiﬁg a plurality of virtual axes (250,
252, 254, 256, 258) which correspond to the plurality of moveable axes (150, 152, 154, 156,
158).
23. The apparatus of claim 21, the second instance including a plurality of virtual axes which
correspond to a second machine tool system.
24. A method of configuring a software controller (202) of a machine tool system (100), the
method comprising the steps of: |
providing a gencralized kinematics library (210) accessible by the software controller
(202); '



64

receiving information regarding a configuration (208) of the machine tool system (100),
the machine tool system (100) having a plurality of orthogonal moveable axes (150, 152,154,
156, 158);

generating an instance of the generalized kinematics library (210) which corresponds to
the machine tool system (100) based on the received information regarding the configuration of
the machine tool system (100); and

controlling a movement of the plurality of orthogonal moveable axes (150, 152, 154, 156, ,
158) through the instance of the generalized kinematics library (210). |
25. The method of claim 24, further comprisiﬁg the steps of:

generating a second instancce of the generalized kinematics library (210) which
corresponds to the machine tool system (100) based on the received information regarding the
configuration of the machine tool system (100), the sécond instance being independent of the
instance; and

~ providing simulation graphics information through the second instance of the generalized

kinematics library (210).
26. The method of claim 24, wherein the step of receiving information regarding the
configuration of the machine tool system (100) includes the step of receiving through a user
interface a plurality of interdependencies describing the plurality of orthogonal moveable axes of
the machine tool system, each of the plurality of orthogonal moveabl¢ axes being assigned to one
of a part kinematics order (356) and a tool kinematics order (358).
27. A computer readable medium having computer-executable instructions for controlling the
movement of a plurality of moveable axes (150, 152, 154, 156, 158) of a machine tool system
(100) to machine a part (160), said computer cxecutable instructions comprising:

a generalized kinematics library (210);

instructions to generate an instance of the generalized kinematics library (210) based on a
configuration of the machine tool system (100);

instructions to provide input data (204) to the instance of the generalized kinematics
library (210); and

instructions to get output data from the generalized kinematics library (210), the output
data being related to the movement of the plurality of moveable axes (150, 152, 154, 156, 158).

28. The computer readable medium of claim 27, further comprising -



instructions to generate a second instance of the generalized kinematics library (210)
based on the configuration of the machine tool system (100), the second instance being
independent of the instance.

29. The computer readable medium of claim 27, wherein the instance of the generalized
kinematics library (210) includes a part matrix stack (280) and a tool matrix stack (270).
30. The computer readable medium of claim 27, wherein a plurality of sub-matrices are

implemented to analyze the part matrix stack (280) and the tool matrix stack (270).



