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



to a single conmponent in a class. One change does not
have a ripple effect of change throughoutthe system
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the syﬁ&g ﬁdrﬁ@ﬂs OQQheo%st@fﬁetﬁﬁta?er m8§tq’&5 5 chi ggg)@h a5 thelker interface and
exenpl ary enbodi nent of sent I scl osure, a
devicotvicorare sapturagld fayns th@rﬁqr@elpﬂtwe: dnnpcm@nts arerachiap@ssiblolto change

throug%%’itCeo%ro%%lH}sr &steosr’n)}% 18%% tg? N/%gﬁlm élg gﬁ&lltlos%lo oer‘ m(t)(ﬁﬁcation of

operatki frepmiscs |ibrary which may nodel varlous machi ne
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[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



having a plurality of rotatable axes including a tilt

axis. The nethod conprising the steps ofcontacting the
w@aoos/om3Bh a tool at a first position; identifRpCnygsSm07/075270

second position to nove thestool; and selecting a

first solution for each the plurality of rotatable

axes froma plurality of possible solutions for each

of the plurality of rotatable axes based on a

contac%ﬂ ?Hefﬂaﬁ%lﬁi Attoof"%?'asﬁr?tgﬁ)fsﬁ'bﬁﬂtﬁﬁtitfﬁhg alsbdofll gﬁ&h&ﬁ ﬂoC}ﬁ‘ove the tool;

ng a til 'S whi satisfies
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the machine tool spindle including a plurality of moveable axes; and a motion control system

operably coupled to the machine tool spindle and the moveable support. The motion control

system executing the machining of the part through the controlled movement of the plurality of



operably coupled to the machi ne tool spindle and the
noveabl e support. The notion control system executing
wo b@soeshi ni ng of the part through the contr ol P€DUS2007/075270
novenent of the plurality of noveabl e axes of the
machi ne tool spindle and the noveabl e support, wherein
the notion control systemcontacts the part with a
first tool at a first position and noves the first
movezpo'féoalxeg &f @t hié@hlhé’totoi‘Epln‘i’&lE bnd @ E‘Hotv%lé 4 ?Brt RQl%»ér&h A h&idh
second position by selecting a shorte angul ar
control syxtear gmtzx@l th¢ pohwitbe ﬁeactcbpl@f a ﬁrspp%ntam ztnyl nmcfves tredirsthdd

relatlvs lt%ﬁglpa]it i 1%6 g’lgsg IPBT%OH t8| a Lﬁef % §30]5161I0n gg é%le *ngtahsgortest angular
traversm suruﬁbh If()f cath 6 Etnabityeo faxatible[aQEldthd plusuliof bfhoveable axes from a
Iar% enbodi ment of the present disclosure, an
plurahéspafa?oa%lb SPIHOREICRFA 17 the TOURKTY Wi {H2i8ble Pegist one t ool
is provided. The apparatus coq§r|5|n a frane;
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part, tlhdlﬁhdlﬂief’t@ol%pﬁidlbfﬁbpt%& tcoéoufm\m@ial leasbxRStoolathd nibveBBlE Qupport and
ontrol system ably coupled to the machi ne t oo
the ma@binﬁ &b spindle tnrféufﬁ’aaﬁe@ﬁraél% OYeblepres: ARt # BIRUBFRIAL system
operabty §&ﬁ‘nﬁ%d% RiLthhdhéhel D s Gl[é' a!?l'd'?lge ﬁBvéaBE B5drt. tfHeQH&an Bftrol
controlled novenent of the plurality of noveable axes
systenoéxet:mfelgttm mademtng of theplaridhreugntic cosratied mmeml@pﬁ pitmtlurahty of

movea;g?e rersm{) F maf: nlil:lé olol g%{ncg cf t?ln%naoCt %Tglg)ggl% r Ehe %nlo 194 control

systent Ctﬁitacfs&haf)dtrveflth Q bftrit&ocrlaf 4 fifst powvitidreanlini®les prirktitodl rélative to the
secon osi tion ecting a first solution_ for ch )
part frgin the gwsEP%svtiWO 8°°G08¢ RPABPLDREESTRE 2 {ifd spiptipmior F%th)f% a plurality
of rotaft‘%\{eeﬁé% 8f ﬁ% %&rilft?@fﬁ‘io%a%[eae{x'eé offa REERHIF %o%@dl@&dl@tﬁb%s for ecach
for each of the plurality of rotatabl e axes based on a
of the plyeadity pEgtatbile a@x baseg 0a fagpeniaes] tllt inas pnefesftncsdh@ fifspsolution having
a tilt aﬁg\é %Vrlll?cehﬁsg{elsfies tl?entﬂ{ axil% ptjege?en%g #’(J)r 11? a Pé Plu}al gr ({)f}the moveable
axes. m)veabl e axes. [0015] I n still anot her exerrpl ary
enbodi nent of the present disclosure, an apparatus for
[0015 e hi ninrgllanpdétexvinphratmb&dsniostahd prebenit disploout chpparatus for
The appar.atus conprising a franme; a noveabl e support
machiging g pert gty [eapipnrdRAl iniavided. of haapppigius semprisipg @ frame; a

moveaﬁS'EéVs%@?&r?s%BRéH By SRR FeIhiR DB franfe, ARG RELIE@bport
spindl e supported by the frame and noveabl e rel ative

supponuigtﬂhfepmamactlmg tapheindle smpmrte@by ﬁ?@lf@nmgmweﬂde relative to the
part, t I%Q(!hln tggl ndi a%% ted cotuof%t ¢ a I]gaspgneet &’V@ lé suppgrt and
‘he fachr nert'§ol “sprh ' ur a

the marhine ahﬂ epladle Snchaji\@ ﬁplli[ﬁilllt}OdSlf rﬁ@\retablelaxesy sﬁdemn@peﬁ adaitml system
opera‘tg(.izI E)Me?d tto %ﬁétg%glg?eggé (rjsglrptdfeo Indt eI I?l(ojxlfeeablaer;gplgorllte T evrgoatlbolnecontrol
system executing the machining of the part through the controlled movement of the plurality of
moveable axes of the machine tool spindle and the moveable support. The motion control

system contacts the part with a first tool at a first position and moves the first tool relative to the



system executing the machining of the part through the
control |l ed novenent of the plurality of noveabl e axes
wobkooslespmchi ne tool spindle and the noveabl e BOpPSID7/075270
The notion control systemcdntacts the part with a
first tool at a first position and noves the first
tool relative to thepart fromthe first position to a
second position by determning a plurality of
t [
part frglg c;cgén BRt Ig(és?[ﬁngg 3 Vs\ﬂ&do‘ﬂa goglm}{ gcgeeﬁtin?]ltﬁ% ggﬁéﬁt gﬂln'fé?][)ﬂgt@d
positignd Gibé] thl: hirsy phbaineherthesesopd posytioanddd endtagsfintetpelation method.
present disclosure, a nethod for controlling the
[0016OVeneinta foftha emnb]ar;eemlmﬂlimsmstf elm Ibreselrradibélnmra apacthod Hr

contro bt et P DA PO L L RTINS L MR s Hethod

compris@l thé }Zt%f)s%ﬂreéeﬁkﬁng@ﬁﬁb}ﬂﬁe ESHTH, hﬁlﬁbﬂbdﬂ%@ bislBRY foftid MBckane tool
8 p
plurality of noveabl e axes of the machine tool system

systeny e aghingroanfigyratien identidyine gavreliy ioé gror prbleiet pleh machine tool

systenPSE! ﬁfn!aﬂg Hasede d‘ellilﬁ‘ AFe &P géﬂe%{ngtbh&'a ofﬁfiﬁe fachine
generall z d ki ne tICS rary a vPirtua Ki nemat i cs

configmatibn pe] a gaceilvehignemais _hnbaima cotwblspondics gnacbing; rstrapeg input

0 art; and nerati ositions f he .
data eqipos AR o T 66 b s i anser b Bluralipgphmpveate
axes ob@z@shchihe thrg sydtdrh Baded loh M RaEth 4 kidvathitN@admet dnldehd Mputdata.
data. [0017] In another exenplary enbodi nent of the
[0017Pr esentn afbhel S&HipRiry amBBdiRRet dhe fROEA qtslclo@@ret Dfdethod for
nmovenent of a machi ne tool system havin I urality
controfngipe/@apirecrhgba meghingion] yrstem hyaing 4 plu lbw deqycabtp akes to
[
machifled DAL AT 109 ph oo B STk v Bt hn
correspomrdstg w|arshml ofklncrmgerccsatmgcarﬁrsta/ub@é kdlematles mmhinerbased ona

confi tiop,of t ine to
machi§O AR OfnR ek B0 Msfe Y03 sl f R 0ty gy fibrary. the firs
virtualKtineRaich 68 cHBE fdrdeatig e PeLiAdhsTer A6 pivkdlRNf MeVeabltixes of the
plurality of noveabl e axes of the_ nachine tool system

machib9afsim Heed Pipte At data;nd sgRaiEingd ygonsl e enematics machine

based ¥h f}{el{ﬁ"c{chh{e Q%Hﬁédrgtﬁ)nrm‘ﬁliy Iﬁgchlﬂ?estggl s%}eﬁlréﬁd R h@t%hzed kinematics
configuration of the machine tool "system an

libraryg éwerednid zvethak kmemati ¢sgsachingrgangratingi@sgieo @trfdrmatron lfeﬂi a moveable

. ki pematics nachi ne generating position information for
portlo%()ﬁ@vgbaﬁﬁlgetoo PS6&of the machine tool system [0018]

lﬂﬂlsfppeﬁﬁeﬂs%ﬁ%ﬁa&gﬁwﬁher Ty Rttt SE R it sy a method of

prograf@fink RO mashifé BFBsschiy vatlsOIIMREEcH@BtlEal befided. The method
provi ded. The nethod conprising the steps of providin

compripingthe Py oferroridigrganeislipsdringyatiss HRwsy ancessie phige software
contlroagtf g%ﬁl %rﬁrgtqjultﬁl ﬁgl\%ﬁﬁﬁgsq{lédﬂgleana(/fn Satﬁryt' Johﬂ%lratlon

rratlc nmachi ne Ing a first flgural
correspamdinestp @arddstmgachmeadodlisys¢m nthe Aish elrtugkihn@yzgtce mac]luhebased on the
fir tics.machin
sencrafigh bt el HoraRe a0 RGP g SRl ocgine having o
secon® EiWig0ravibh téredspdd dv@nidlal seSondaedthing tdha ¥idién ahe second virtual

kinematics machine based on the generalized kinematics library.



second configuration corresponding to a second machi ne
tool system the second virtual kinematics machine
whawsd1ssst he generalized kinematics |ibrary. [ BOL®F200m075270
anot her exenpl ary enbodi nrend of the present
di scl osure, an apparatus for machining a part with at
| east one tool is provided. The apparatus conprising a
frame; a noveabl e support supported by and noveabl e
el ati u j
L R el Sk et B S R S S
machlﬁmgmaarvdthrmmabine toad Ilsatrpvnéed oThdm)pgatus comhlésing@ lfn'ame,
ndle. a d to ast one
movea:bﬁ su%&é%lmpgrt% m%vrﬁ:agl atrlﬁf aé SIB?V&%IPIS support
suppottmg lthtOhafQ a @aghié adoll Epindié sm@éﬁa@by’:‘t}ﬁfﬁl&e aalﬂdn@eﬁme tdl)aﬁlve to the
ontr ol systen1operab|y coup to the machine tao

part, ﬂgfpm%dul@ taAlFPingEs gdaRisa kil @uglﬁﬁb%%ttle%t e ta: the ﬁl%ﬂﬁtl? %ﬂppoﬂ and
the mat¥Hb %Ul %ﬁ@l‘é tlﬁd"&hﬁQz?plﬁﬁﬂﬁW o rﬁ&ve@f)leta;ags Ql?(f& mbf5PLEHol Q%tem

contr ol novenen plurality of noveabl e axes
operalgy cwpéedrtad:hﬂ mechinggbolsspind il aeldalmjmombmvm éhesmpipmrqontrol
system gxeec&t?\n%t o%l'a%%nl%%%?ﬁlge P alﬁcglféro agh'th Sthl lccgr%[gorl e or\mar\{lgn e ef ?}n%aetp)iurahty of
movedblleb%[xai yf thé"haclmns todhgendle ahdidie If’tg)vaa‘tﬂé Wp@bﬂtt Yhoé&ontiotlbdifbvement
a whi ch orrespond to the plurality eabl e
of the gllity Mouede s SrrYided by g iRdpncg,pd ﬁﬁ?%?ﬁ%l%ﬁ%wamﬁ%mhbm
The 1n@tfan<§e|"iﬁclﬁﬁlﬁ§ g urm@ %kmmeaxe@wﬁﬁh Qgﬁies‘?gn&%ﬁflé BidrdiiRgoBmoveable
sof tware con l'er of a machine tool systemis
axis. provi ded. The nethod conprising the steps of providing
a generalized kinematics |ibrary accessible by the
[0020k of t valnetit erftirtiodr Iee¢mp1ale'omhﬁidﬁtgeﬂtr¢f drenatsieohdis@gwmj iangethaod of
COHﬁgPI’l%% gwgrﬁ?%ntr\?fﬂﬁlé (bfZa IB cﬁlrlnaelr{o? (})fot?m d%/ PRy ?8?’1 FEGETD et%g% f:omprlslng
the stepX 6Bprogidihgraaicnagliadd KinsitAioe Hbt@fy dchesipsr tht safechre controller
kinematics |ibrary which corresponds to the wa%h
recewtﬂédvfogp%tw@ﬁ?%%@aa@ﬁnfiavéatwé@érh?éaa HEdPHaY figh, the machine tool

systen{ AR MlraliRECRMbESHA Rbl b1 kel I'g%nég%ign n§t9[9:|e of the ge?erahzed

system and controfling a novenent urality
klnem@tnqsmbg%m alhigeeeatroadsivdbe mhehsagfiook dysteinrdxs he fecmed

1nforn%?101$ L?lgarldz dt}r}% cO %%g}‘attl%ﬁ Pkth% Iﬁac}{lne [tooq %{sltesrré and ¢ coﬁlt{olpgg a movement
of the pmﬂzﬂmy ef orﬂﬁ)@dﬁdb heverde anes Itlavughgthe ﬁmm@dsftﬁe( g@mtaalbd:cekmemancs
i nstructions for controlling the novenent of a
hbral"->’|olurallty of noveabl e axes of a machine tool systemto
ine a part is gTOVIded The conput er. execut abl e

[00211 nst r U8 faﬂ%eréaﬁsap By figbodigeMed dhg pretsnkslisg astrs-@gcomputer

readatlld RE&LMH: ha'vﬁ]l%tcBHl%hfeP Bech@bREREHRLGhsA0r donEhMAE thcthiotdint of a
general i zed ki nematics |ibrary based on a

pluraligonf heneebleiages dfa m@émﬁcﬂlsmemm)maslym @mrt ismsevidest iThas

compl}éeg’neg Yab(?e gst?l?cltllons corr?pr}sf)ngtahgeenelra]lﬁze% 1nemat1cs [‘grary, instructions to

generate an 1nstance 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.



ki nematics library; and instructions to get out put

data fromthe generalized kinematics library, the
WwWoiog0193dat a being related to the novenent of PEOEUS2007/075270

plurality of noveabl e axes.BRI EF DESCRI PTI ON OF THE

DRAW NGS [ 0022] The above nentioned and ot her features

and objects of this invention, and the manner of

attaining them w Il becone nore apparent and the

i nvention it g@ifr WEJCRIPTRAY A TR $RLSHPQE DY

reference to the TolTow ng description of an _
[0022 ”bOd'ﬂ?e”Jbo% mk A% eH\Aﬁd‘Bﬂhgﬁfe RS And B Gk Qi Lfld the
e acconmpanyl ng draw ng erein: ig. f
manndr Iof sistimiag g lwﬂda bempieangre ramo;in«':m end dmlim&yﬁbmhsdi{x@iﬂlﬂa@]better

Fig., 2 jllu a.representative vyi
underspf bt b P SRS R ERE e Fby aBra S b on taken in
conjurfeyish @ith e fe@mpanyidgQR@bingEiveherein:i | | ustrates a
representative view of axis objects; [0026] Figs. 4A

[0023pnd 4B | Hﬁ%ﬁﬁ&@arﬁé&%ﬁﬁh@%habﬁﬁé‘%o&@ yeans of a user
interface for providing characteristics regarding a

[0024f Ot ar YFlg A iuStratt O plesEili@$ve i dNehePB a'ﬂlétﬂﬁtc{oﬁ{r@ system of the
exenpl ary input screens of a user interface for
exempbrgaghing teHaystemediFed.ilcs regarding a rotary C axis;
[0028] Fig. 6 illustrates an exenplary input screen
[0025F or spiEgi § itlunigatedrercprsertdepende ot gs obettween a
plurality of axes of the machine tool systemof Fig.
[0026]1 [ 00293. 4 gsl 4B\ilbmﬂat6' B’(drﬂlﬂlulsltinlal't sciceprdsantanioviace for
%/%of tg t ack and the Part Matrix
prowdéﬂga i 616 fiﬁre%‘ilr&mgél al% iY4tes a representative view

of the tlon contr ol stem

0027 g By %%ﬂ]%e%ﬁh Q@SH@S‘L\@&@H R

providigt ﬁfa[’ﬁc'fb@lsh&eregﬁﬁﬁfg)ﬁ I@ﬂagﬂ/ e-fhs;the tilt axis of the
machi ne tool systemof Fig. 1; [0032] Figs. |OA-C

[0028j ! | UStF@t@ﬂﬁs@ﬁ@M&e T‘«Q% rﬁ‘ﬁlf §<¥eéﬁ%f‘§peﬁ:ﬁ’flm Ad @K$dependencies
machi ne "t ool systens; [00 Fig. 11A 1l rates a
betwepme hiupaitg p hggiss af theynqybmqrtw@ifsyﬁh@ ofdicdhi lne t ooI system

of Fig. | ; [0034] Fig. 1lIBillustrates a tilt angle
[0029kor r eslilgmaAmgdﬂB iHuytosi repreecntitive vaissofpheT erléiaeix Stack and the
Part h/ia?rlsga 11Cillustrates a tilt angle correspondi ng
a n qat | ve tilt axis preference;[0036] Fi gs 12A- D
[0030 lulr IlJrS]tglg {uhl?%tgﬁia }e?)geser{tgtml ngw I0 a%gsrclzg c met\ﬁﬂoctl of %e motlon 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. 11 A illustrates a machine singularity point of the machine tool system of Fig.
L;

[0034] Fig. 11B illustrates a tilt angle corresponding to a positive tilt axis preference;

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



about the machine singularity point; [0037] Figs.
13A-C represent a nethod which interpolates the too
WO e@B8o1938%5 om | ast position at the machi ne si ngPCBUB1097/075270
poi nt, rotates about the meghine singularity point,
and then interpolates the tool vector fromthe nmachine
singularity point to next tool position; [0038] Fig.
14A illustrates a | ast tool vector position and a next
[0036]t OO' Vﬁg% qQAp@?l'hIs{er@ 1thit9Qo?tg]reIEehﬂs 1njc%§[aﬁ.1 \lli%hs ?ﬁ% @Lﬁn% a rotation
i ned by the tool vector for 'ast position
abmnéndmmhmesm@uhuenﬂmm for the next position about the

oor di Y, ten1or| udes. a t 0ol
100376 ot i B KRR o TR B SRR SRR Rom 1
posﬂu{nQ%@‘ﬂ&] mddhéhe sihm%@lalrﬂt}} psibt Aft@Ss bolDMe nfatioine ﬁlh@lhﬁ@tpomt and then
ition to the next position_ solution #1; [0041]

mterp@?f@%thei%%vectPre%Wéél@rfPa%blrﬁe@eWrWhp%ﬁt 1P RERAY PREIEEN he

[0038] ¢ 0ol gt A flfu@ﬂ!ttk@z?’ fasP@S1 {dc R pt)gtIBH gnd@ﬁgﬂt R&ol vector position;
singularity point, rotates about the nmachine

[0039ki ngul Eei 4B ﬁ@f»tmtes sarenetdedined lvbt b pall ataer ﬁOh‘éleﬂ@@posmon and the
tool Vec?th%())rrthg he mgasi%)n Corllﬂ S féﬁg I%tt i (g)gllnntndt celu aesla tocﬁ vector
ﬂmxaﬂmﬁ&ﬁh@ﬂnﬁmdmamﬁ¢ms@ﬂaﬁy@bmwn of a next position, both
the last position and the first solution of next
[0040pOSi i Ep. hiaVillagratesnagald fvéem tid Ihst pogtién RNhé Aet padiBorSiohi@ion #1;
of the machine singularity point; [0043] Figs. 17A-B
[0041] | | ustFigl @ 5A-¢ ashresBMS thétBHd FAIEh dntipbRites 310 t9b1 vRBtoP from last
next position having a tilt axis angle on the tilt

positiogp shqypaghiiiceriea | asityRoinh, tdiates AVt Be greking singwlyrignpognt, and then
4

mterp 30 e AP Sy Emach i it RS PR

[0042k hosenFig$. lﬁheanti i1bB ikdustrstearigdt @oil‘oon mhisa fiist ®iut®olofifiinoxt position,

n.the. ti r ef erence sid
both g ey il S g L BT i) ot Be PR SRS g on the
same si@&PofChd RPEIREEOhSlaitg psiat;Where the tool vector shoul d
not interpolate through the singularity point and the
[0043COF I eCligSAT UL Alhstidte AU p&@tl&ﬁin@(htfﬁ@‘b solRBABY a Féd podifion having
represents a chord error; [00479 Fig. 20 illustrates a
a tilt axis angle op il PEGOABT sip gyith [R0jdopigs ratam exisaptation;
[0044];XerrpI ﬁ Y ggtrﬁ&raes%gorfd()s LR GF Il%'n?%td%gttlol&&o%%yA which is
referefice and various paranmeters ig.
chosen iflthestilt atiesngldifor thel fatti sohsion pn Bigt 1R nat swtht aidtexsgmefachce side
surfac&nnornal a tool vector and the and a

wuhagggﬁkgg?g%ﬁpggﬁ¥8 P%int;[0050] Fig. 23 illustrates

[0045[ he sefigetiBANC afprécitdlcadeaiicadhe sl @EctQhBEIdindt RtEFS fe

havi n
through the sn?gularlty point and the correct Solution #2 must be selected,

[0046] Fig. 19 represents a chord error;
[0047] Fig. 20 illustrates a transform plane;
[0048] Fig. 21 illustrates an exemplary input screen for specifying a tilt axis preference

and various parameters;
[0049] Fig. 22 illustrates the relationship between a surface contact point at a surface

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



mul tiple solutions; [0051] Fig. 24 illustrates a tool
vector interpolation froma |last position to a next
w@omsisas [ 0052] Fig. 25 illustrates interpol B BEUSI000D75270
vectors; and [0053] Fig. 2®illustrates a
correspondence between the Bool ean Decision Matrix and
the Transformation Matrix. [0054] Correspondi ng
ref erence characters indicate correspondi ng parts
[0050]Erhr Ou%g\ruh ﬂltﬂFtraStgthﬁE T8 5 108 LOLER. b aqxsglzavmg
e enbodi nents di scl osed herein
multipde eolutédnsi nt ended to be exhaustive or I | mt the

nvent Precise f orm di in, the.
0051} o) P ok e dliPRel BELERsar ShrdleanaR Rt Iebfinade aese:
posmdrﬁ chosen and descrl bed so that others skilled in the
utilize its teachings. [0056] Referring to

[0052]F| g. 1 g a2 TRl HT Hes @@61?01@9@0@%"%@@51 @dshown having a
[0053]TOt | OﬂFlgOZH ﬂlglstrﬁé’ssz{ %H%&%der%%ﬁb%nk&%ooﬁ%%ﬁféﬁs&%amx and the
I ncludes a franme 102 having a first saddl e 104 coupl ed
Transfotrestndviat8addl e 104 is translatable in directions 106
[0054@23 dl:l'g&lrbé}‘pgrgig on%fesr%l%glcﬁara%tgrg Irlé 1ca{tjcp g%retspeo%dlgx)é L rﬁltro Sghout the
severaltizwand 114 relative to saddle 104. A pl atform 120 'S
supported by saddle 110 and is rotatable relative to
saddl e 110 DETAINEFEDESTRIERADNOE THIADRIAWDNIES
enbodi nent, each of saddle 104, saddle 110, and

[0055p! at f oTHY chafd dah etV @adel Bedehiy H41 86t iARh@IdS0 BB LHUM or limit the
controlled by notion control system 200. [0057

inventpgrte Hierprecase fafm disslasrg) ia thedgllpging dsisded é@cwwf gﬁ@ﬂl@@
embodéaglgl 1?01110%% L des @b ab ail Gink sﬁ'll%@ﬁ% 093 g%%%tlﬁgéjlt%%?chmgs

supports a rotata Rot'a
nmber t
[0056 ol at |1\{/e J?mgg[% g (ﬁt 3! B‘Jg@hlb@to%ll e}%?etﬁr%bgg(f?‘ %sﬁ?wﬁgg%lﬁg gfmotlon control
systens 2001 | Madidfic aotsysahat (?t{bineludmrbfmm&?bm asnvengmYieabidile 104 coupled

t hg ough tors ich are con by not i ntrol
theretg,, 44 Stf[abﬂm‘i’le}-‘{l B Io0p| 1 %gwcgwﬁwﬁ %eld Oy
suppoRédby AFsiakidf 104ardagus 110 ﬁalﬁﬂalam@aﬁﬁ hrceoupl1ednlia 14 8Qhtive to

spindle 138 to perform various operations wth machine

saddlet lé)é}l Asplatferm 1201 sereatisddyysaddell amftlsw@fétabkdebiﬁ%maddle 110
in dlre'all)l%s’ 12 %ﬁ'lbh I@%r?egﬁl ith&/"Ekh o?%ﬁidi%t sl tﬁ%‘ £nd platform

ool spin I's totata out a
120 ars paavethige ghxebsghlidOtotsowhinpate @ntroliat byomotion ¢dmerof swltenia(lo.
In oneenbodi nent, a plurality of tools 141 are stored
[0057] n a tathecartbintd adddledR 6 iAdabiortodal fideicdi0Rs Sabdieit 26 is

translatable in directions 128 and 130. Saddle 126 supports a rotatable member 132.

Rotatable member 132 is rotatable in directions 134 and 136 relative to saddle 126. In one
embodiment, each of saddle 126 and rotatable member 132 are moveable through motors

which are controlled by motion control system 200.

[0058] A tool spindle 138 is supported by platform 132. Various tools 141 may be
coupled to tool spindle 138 to perform various operations with machine tool system 100.
Exemplary tools include and an end mill, a drill, a tap, a reamer, and other suitable tools. Tool

spindle 138 is rotatable about a tool spindle axis 139 to input a rotation to the tool 141. In one



tool carousal 144 are provided in U S. Provisiona
Application Serial No. 60/821,481, the disclosure of
wWoR0si014335 expressly i ncorporated by reference PET/®@82007/075270
[ 0059] The novenent of saddbe 104 in direction 106 or
direction 108 is illustrated as a novenent in an
y-axi s 150. The novenent of saddle 110 in direction
112 or direction 114 is illustrated as a novenent in
embod@het, Q?lu?aﬁl@%f to-BIfkel ATONE %fgd iRk toc'(ﬁ@ %sz&qﬁﬁ ﬁdgitfoﬁgltdems about
128 and direction 130 1s 1l Iustra eg as a novenent In
tool carpusal ¥4 mre pEvidetiha U.BtRibvisionalf Apdicati abberiahdiob é0/823 A8l rthe
r.directi |ustrated as a

disclofist BPAHRR i b AEn SRR bl et bR OF o st ovm

20 | |rect|on ction 4 is
100992 ' EGeER o Gicebod il SEe Rl If fe TaiondDki e as o
moveﬂléntéhlﬂ AR BRR [B0Y The MovemeBCITisA@ile I N0 ANErLHBR Al BN direcONL1 14 is
of B-axis 156 and C-axis 158 is replaced with an
illustratedag & MAMIPRRtAN AR AtaKkisrlpe 1 be movementfisadde bk ingdiescien 128 and
directi’é? "’pﬁ) % ﬂiﬁs?trzﬁl&fjasya ﬁéte?néﬁ?gl arl 99}?9]1 54, h’fﬂéjﬂ)l?atfo ©f ?&Xﬁﬁﬁ%ember
0] one or nore of Hb-axes o nmachi ne t oo sys em
132 i1 0@ectiondd# ol diteatmy 1B6 1splrﬂssttatcm®oh meVandny e amBaxpalsh. The

rotatiieetut B a8 ip S ks o2 b Sec D b My e gt in an C-

axis lﬂ&i Mitaghife 1desyRash 1 0PR aafexpaplaryl $Qxik %d@hﬁhtef of Bihelﬁﬁbodlment one
061] The novenent of one or nore of the 5-axes

of B- aﬁfbﬁclﬁﬁ fad Codtis §3%dpnlawd With dontars Visdeip piasiogh [#Bts %lﬁable about

oneoﬁ@ﬁ&é@%2§&f§§ﬂ&%@@ ~Referring to Fig. 2, notion
control system 200 includes a software controller 202

[0060€nd On?hrggg}{@g%lol\/elgeﬁpﬁ{gn@%r ﬁw\%@e fthe § Q%HA Gif BEhine togl system 100

nder st t he met hods Posed herein may
a tool é% bouay éd pbyitisofdt raatiee monparol 40e(se2big. %ﬁs@omcbb)emlaifmuo to

nner_ as C|at d wit ntroller 202.. [0
be magipheh & RO ROR wFbis s Pabibb 20 B hii e P50 P& 160
platfo@®mbo.gurati on 208 and input data, such as a part
program 204, and then provides output data, such as

[0061POSi t i DKL Hdcindn® bf&ﬁbeormrb Q¥ theX B&s bPthacHine tool Svktend P60 is
and 158 of machi ne t ool ¥sten1100 In the illustrated

Contfoélﬁéfhip‘égh Iﬁo‘FlPllgconﬂfOl 96t (b Refprring|te Eig. 20R0ti@ipeqnies system 200
includB@4 LoV Q9% glﬂ][o?t%fl @;%d;@{"e?éyorﬁgc 1!119&‘151951 i I?% icf l%f%]élgrstood

one or hi ne configuratio
that thp moarhalis shictusecblhq;remdear}cbee@ceuﬁt&\bﬁ poftvhee vamtiadlgs 20X &8l be stored in
d. 15 f machine tool system 100
anmn%@”ﬁ%ﬁﬁﬁggwﬁﬁg) ‘FFcﬂﬁﬁgé 2?£each axis. For |nstance

as saddle 104 no direction.106 the | oc
1006285, 5 Sosfvre et it &y binaehig eory eas s A0R AR Mput data

such a@n%ﬁ%r@éﬁn@@@?ﬁﬂ&h@ﬂprbhﬁei G R, 9fchsRGRbiBod @dta 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/0 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-



[0063] Exenplary 1/0O nodul es 206 incl udes i nput
menbers, such as a user interface, a touch display, a
woeyBoaa3ds a nouse, one or nore buttons or sw PCHhES2002075270
CD drive, a floppy drive, am interface to a determ ner
network (wireless or wired), and other suitable
devices for providing information to software
controller 202 and output mnenbers, such as a displ ay
axis lgé?’ié“clﬂa@g%da Tth;gllé@(t}e,stﬁé RRBon bf @-Q&ﬁzl 5 ?rdkwn%g on AR o saddle
sui table devices for presenting information. [0064] In
104. one enbodi nent, part program 204 is entered through a
conversational node of operation whereby a user during
[0063]a pr ogamyilay [ s®idoles 286 mchsleningdt memberosacions aosee interface, a
creens throygh a user interface (such as a_ fouch .
touch 3P B kiydo dybBRpe hor By %F%}%Prﬁ%ﬂﬂbe& $eDURE, a floppy drive,

an intcGROY Y S@dtdrAdd nBigit BNRIAG of wirdd)s EhPSBE suabik eviRa & Hroviding
5,453,933, assigned to the assignee of the current

NoO.
informagpn foRfivars contielleni2Be pad optauignenpirg Rughsasanditnays(sych as a touch
screen?),rl Alf @ﬁ}?éﬁ gncpé/théres(lﬁg‘tﬁﬂﬁ&i&g & rggesegﬁ{ iﬂﬁ)ntng on. i
rogranm ng session, the user may program the desired
[0064]ge omet Inyont embbdhieenaphit pegrapa®4 ardtcsdealiobygh @nenversanwrabmode

¢ atIrig%t s. In pne exanple,.the user spe i igi t he
of operlion Mg %8&%?%‘{})‘“1‘1%? PEGREA RO SHEP A PY ‘%Ii%ze Y eabPhy more sereens
throughlaagkiSinRf fago@ecrea ehotdh séktet Bn SRE®bAILE SA R et argMektidod of
trajectory of the tool. As such, the %eonetry of the
convergiMithRiQeFayRing & defesd it bas BifeyiNe RS PP atighrl tadispssignee
ofthe G SHSALE RN 590l DAL RSB0 ERRks v,
During)‘pherpmgrammmegbyl, the uNe pEYORoaIFM the Heramtd gcomdtry for the machined
pr BTGP S R 5L BRUEPE oomers
for thedk@sidhwaddipd b9 fcrdatihg bloalgifagée hrb edwhithepédifids attbel and a trajectory
I nternational Standards Organj zatian

(1.SO or the )
of the o £t SHile§e BRATBETY 7ide medRsdrarigh deiiicd)bared op7he gperations used
to credSihaShLRResphilentified by letters such as G M F. The
codes define a sequence of machining operations to

[0065k ont r olin ameembadiment, hert megtanadis erofide thapgh 2 S6F mode
operatgoglgx%/lge?%bh/eaﬁl I\?(g 12){0%921%\1/ 1esr1<tf)atc’dea Ii]neto g%ﬁ%ﬁ%&f%&l‘g}/ %@j ’ Ila%%)eél})érgrﬁ(sj are

s for e varil ous axes
frequehBB exgfresRaE i anegaridaal G& VBRI did0agel or Delescatebioativerifthis language

part pr.ogram 204 i s parsed by a rser 220 of sof re
based g ity Flreg[fltem%éf@glﬁ?fd% DieqipliehdSpire t%ﬁ %éﬁrraﬂw%smes
Assocfeh (FIA)RISE2 &SD Vi Qb3 GRMTRT by IQBERLE as EXRIP! Bhd/codes define
geonetry segnents include |ines and arcs. [0066]

a sequReqgan enagkigingfopeiadi oy th gpRira imqsigntin heaepnafacodof ppart Software
ef | j ry. for.

controﬁ%%%ﬂéﬁcggge%ért € éeold?%z)rﬂrgxﬁ%igfg)t%%ltglo%garoglglggif r}(;hne \?«1?]18{151%65 150, 152,

154, 16@emdtli58 g maskide tao] syseain €0@.hin qrareinbotiowev,grart ppagrhm 204 is

rogram not spegjf he positions of saddles
parsed a5t 220 A8 BBG EORLF P hc FHS S0P RIS B eBgaa and
identiﬂk'l)é%t@ﬁ@@sl LeomRgREghddts. ERE@SSaRARbet)Sedh@tIRERUTIAG N arcs.
[0066] Y 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



software controll er 202. [0067] In one enbodi nment,
software controller 202 is an object-oriented software
waeoeoomgonmsat . | n one enbodi ment, software controPCEUSRO2075270
is based on the software dagcribed in U S Patent No.
5,453,933 issued on Septenber 26, 1995 and titled CNC
CONTROL SYSTEM the disclosure of which is expressly
i ncorporated by reference herein. [0068] In one
nor thEFRABhIERSlattiaf fZan SR dier 292 TRGE ggs‘?ﬁor@'lreoﬁété?ﬁﬁned by
oriented generalize Inematics Iitbrary 210 and one or
softwarpe@ntioiet 2080f t war e appl i cations 215. The host software

pplication 215 interfaces with instances (identified
10067600 1 FiRen® HriBpmient FobRES Fatt i b 80 565 ST R e
compohdfit) 189bné Hab@kmertadof@ete kinfreatioass bisbd aii yhe2dAwhikrdest@ided in
n interface, such as an APl _interface

a : I e 217. Host
U.S. Paispt Mar &4ap Bl satel on Sonsmbpiad. i derdditled GG RODNTRAQL SYSTEM,
the diseRARRRBEVhRHAL caRsMah&FRRE BY k8EreRQherghiCh as t he

real tinme application for the'real tine mll and the
[0068)yr aphi lnng gmbpdiatcno rofty @0 69]trotlen(2aihtlzdes dniobmeneriansed

| r 10,4.ncl S ollectio L ects.or
senerd QL @D ALY HF bR R P BE- v MR 213 e host
softwdiS giplic atiohed S linprivdes tmithlindtinden@ddntiicdraebinre vatAl kinamatin

i f the Lib 210, | _enbqdi ., th
machipgRoH s e k190 P L G Sl KGOy Dy erfce, such

as an APNhfepthter 172QFst BAREH APIORINI NG &8RN AWIAR 1P Bomponents of
software controller 202 creates the virtual kinematics

softwaigednitiol 222, suchms theacad itimeramplieasion ffeyrthe seabtimge il prd the graphics

applic hﬂpnatics machine 214 is stored in nenory. Virtua
Inémati cs machi ne 214 has the sanme configuration as

[0069) he acGemlalived kina@atilsdibrdrpet0 inoludbea eaebiioreof objects or classes

canfiguratio 08. Design ervi ew of neral i zed .
from %lﬂbﬂ@?thq B_B 5%{&%?%%? _HS%@ AP éﬂrPl?E]&nKPﬁé’ﬁﬁ‘%aicE@e 214 from
an instah&@ @il KHALAI10S [RFNARMJIdGALHt ARe RaOIhAEFRHdrakibh 208 AGRovided to
(APlI') 217 that a host software application 215 uses to

softwarg eanliollend(B. dased o machane eatiguipigit(8oveswarsdconeldgr\282 creates the

virtua@@hén \Hcg‘m?gﬁing 3 z@fr&ﬂgﬁé ﬁiﬁaﬁ ticlﬁﬂﬁa 3R P&l b NEnQRIRE hachine
or i ent ed esi gn paradi gm he host” Sof t war e
214 isatopdd i0adnaory 2 Vit kinematiismeaching 244 besthe prmyaingigmanbiens the

data in the generalized ki.nenati library 210 or
actual aclig: deneribeBindRt Mos RS MIEMAEOR {0% he Goner al i zed
DesigKOReRRS 655G ddehlidéyK [ehédds (libRrhost sof tware
application 215 interfaces_to the generalized )
[0070k nenatliccgencrabized kinzmptiehkiiaghcenainmm applicaiegipggsgmming

interfa g ¥A‘algl\)”§2’73th9p£ R&k s Q&0 Eﬁgic%@ﬂiS%&% RV aRaktNa Set data

functions and receive data via Get data functions. Thus, as per the object oriented design

paradigm, the host software application 215 cannot directly access private member data in the
generalized kinematics library 210 or instances thereof.

Interfacing to the Generalized Kinematics Library

[0071] The host software application 215 interfaces to the generalized kinematics library
210 through an API 217 designed using the object-oriented paradigm by communicating data via

Set data functions and receiving data via Get data functions.



Set data functions and receiving data via Get data
functions. Generalized Kinematics Library
wo noogioad3Bzat i on [0072] I n accordance w th obj eRtT/US2007/075270

oriented paradigm the hosti3software application 215

initializes the virtual kinematics machines with the

data required for the generalized kinematics library

214 to assenble the virtual kinematics machine 214.
GenerdRd RGRIm 3L | WRLS 1ARRIJaRAL | On 215 begins by creating

an 1nstance of the general kinematics |ibrary 210. The
[0072] ni ti alnjazedriowe pribedur eridngdd mwshgmthegh@s@mﬂvgm applioation 215

1n1t1a11,F¢r*s t% leﬁ\gﬂg %ntlatlfgg ?Ibag 1%4? n‘%h ata rscmtlregg rt{q %je?a%'tzg%kinematics
libraryuBsl@'to lagyathble tAOdir@bl lanan@nm hﬁclﬁﬁd: YBI. Mae agisb fivoire kaypltoheon 215
real ti me conponents of the. machine toaq

ste
beglns[t(y(ﬁ%e]tlng-ﬁg upace aifhe geperal gﬁ)ﬁmag%& litgary218. ﬁ}wpg@hza‘uon procedure
followk faglﬁg g&lf?g%?ﬁloﬁ)ﬁbt% JoRabout %h&hs&%taxwthmﬁ ,Ssaﬁgrﬁm %Hl numerous
call's the function AddAxis(ID, Connection
sourcep nalgling mﬁ’em&tlomﬁks,umlameutyandd@mutorma@s dtlh@remgrstlon by the real-
time cQ &Pen?src}féh%x+achlln%siooln0|st eIObhe set {0,1,2,3,4,5} which
respon near”and rotational axes
[0073]{ X, Y, ZTlee Hoscoftwall dpplithidnab lcyeés thitiugh tavhcixisahat id frésent in the
eralized kine [ipbrary 210 creates an a
Systenbﬁ}defaﬁ the Thretigp yhd %}S@P QANGHew- The priaPiegnyp ?fﬁ thymiquely
identifds tRd Am@fmehﬁ)laf Iah@msrigclg@et i @é fenesued Wiakh &chf‘esﬁaﬂd§ fo lincar
type by the software ap p i cation 215. [0
and roggtiogal pags {chx &a@} sOnith the call ¢f this fultﬂélondhqf mmeﬂaélzed mematlcs

hbrar)?plltorndé%)ag%s%ﬁﬂﬁg%b ec B me&&’? \Mncl{l1 8&9’{ then n%a?lrz% éVIt{I allg)f c|)1/n aell of the

din oca cen
followiirig datt @trequigeld faxths )1X1s byiparibly she MXSolﬁmma/zqiphcatioln@SS.
Connec (whet her .t he axi [ connected .to t oo
10074 ¢ o 1%%3 ax Ly IRay ngb%ﬁon}ﬁf‘tfé‘ offhe tpligviag é&ﬂh%{ een

[pcreated and initialized with the appropriate data, the

s library EndSetup() function is
Ty%gpﬁ{gﬂh%gg%kﬁﬁﬁgﬁ%ﬂ%ftmare application 215, which
es.the hi ne ki.nematics, assenbles the Too
atigdy (epnicrapg Higatabeiyl 2HY 280 (see Figs. 7A and
LHPB;, and determnes the tilt axis angle for the
Mgraohinnelsitregul arity point if it is a 5-axis nachine.
Cohhexti®h ighdthdr thy/aioisrbnidctet] tatglteolof td the pait) t  axi s
(B-axis 158) is determ ned by locating the tilt angle

[0075Wher e AR& SIphOHee havd eelleic@itd aWdl tfitidIRed wath MdapPidpSiate data, the

ﬁC—aX|s 156).
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, ecach of which are explained in more detail herein, are

set either on or off including:



[0076] At this point the generalized kinematics
library 210 is ready to be used by the host software
wappkiotsss on 215. Normal ly the generalized ki nPOBUSZN®7/075270
library 210 is initializedmith a starting position,
and other initial nodes, each of which are expl ai ned
in nore detail herein, are set either on or off
i ncludi ng: Shortest angular traverse, Interpolation
Sh§ﬂé§§ﬁ$n£nk§&Q?|at'on type if on Tilt axis preference
eIN or force use of preference direction
%ﬂ1 ﬁ tances of the Generalized Kinematics
n@ﬂﬁ‘%PQtﬁﬁO The design of the generalized
Tik pris peference) difgetipmyor affpordpice e efipactasaee desctionr e
appllcatlon 215 to create nultlple i nstances of the
stay arodid at bty for different
MAth

[0077#’{120?m ¢ de dl f E ! ent Esherall %Setd SI*%H/%@?S lebz‘re}&@ll()c tP‘IVnganﬁ?t sOftivare
apphcﬁﬁt&l p! 11536 amte mﬁtlpls (ﬁd;taﬁleesl ofttley gmneﬁahpa*ddgn@ﬁmlcé tibratyh®! 0 for
tinme r&pnlng of the actual nachlqg system
fhgymag

dlffereilb@m"%%‘%ﬂ (HEfferqmh 8psd Aeiovars apilications vp @eﬁ%wow%

softwdé @@3' £t cRBHpIR ocﬁietlhs%hcg?stlﬁegiw 1'nfbgpr J%graﬁb FaHRd FOBI- ﬁ’rﬂe running
t he machi ne ? system 100. At I hst ance may

of the aefadl mashing tienl pysé@m ;b% gngther fngtanek Ismwdetntdlmﬁhm@gl tn@e graphics

r al 40
and poq tl%B d%o dblﬁlolg Pgo%ppaﬁ{ngl%()% t@%}n (ga 1%1 tg)?gsﬁ/gt%m 1 OI }r%’zgﬁnpﬁlgtﬁnce may
be usetl In@mtemnecjsrogﬂamssfmf diﬁﬁalfeﬁt aadhlinesltd &ispl2Ph dgreplianmikic tigel instance
and to check thes s usi raphi ca
allowsJB pyef (RTPEAM 53 60 Fe %ntcslracgﬁlsg tj]éﬁgP L}@Pﬁ%ﬁ&ﬁ\”&gﬂ
controllbPFRIY caithBetb® td SHAeH BMIR Mes@ P PR R gUSHfhical Verlflcatlon Each
si nul taneously. [0078] The software controller 202

instanecotfithag g@le@h kinﬁlinﬂﬁlcél libraay 2&% lsenmndeﬁmndanmb@sseé pinpgtpncously.
ayer i zed ki i ] ' 0

[0078]| and t he ost app Fg%??g% cé@% 19 \S/vgé gl%%%%‘t?@h‘%lés,sp ffd Yetdhn AP

layer tzemmefemghnr gneahz@Eingraicel ilifnfae;r BItt andah@hm;e apdicgtianesoftware 215. This

f er ent. t software ati th|n ofI re . .
confieBipR BRL SgoR GO IS e Fer er el Bt within
softw BBt eki02a8Bitifl e kivddr iB§tdncdd Bf thb penteh kﬁqeﬁﬁﬁﬂ@lﬁbrary 210 through

uni versal |l y accessi bl e singleton class. The host

a commgh tupayessalp geqeeable simgleonselarpyhe host seftaroappheations 215 may also

modlfg {l{é%ﬁaﬁﬁs QL §0rf ergdt n}; gﬁ%@§ Wﬁa‘ﬂmc&% V\ﬂﬁ Ryample would be the
ecessary. exanpl e wou concurrent

concupem @r@nmmglggramimsossmms pathcgendralized kgematied litreg 210 that may be

modifg AR Fhiehioe” O e DRt e CRRD 161 B o, Also in

one erfYANEE&T @k deBeralkifi®naticd 1iIBRALY NPORGIINE e sih@lt-BENRBhtrol of multiple
ki nematics library 210 permts the sinultaneous

machipgiee} gistear Wwith 4 ipgle copitliFhe t ool systens with a single
Using %ﬂyaﬁ%édq{mematlcs Library in Tool Position Computation Mode for Motion Control

[0079] The API to determine machine joint positions for any of the given input types 1
through 4 (see Fig. 8) is a simple overloaded SetPosition(Znput 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 setup are set prior to calling the SetPosition(/nput Data)

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



Usi ng Generalized Kinematics Library in Tool Position
Conput ati on Mode for Motion Control [0079] The APl to
wa@lewsnni3g® machi ne joint positions for any of POEUSI0®BN75270

i nput types 1 through 4 (sae Fig. 8) is a sinple

over | oaded SQ Position(lnputData) function, where

Input Data is the requisite data corresponding to Type

4 through Type 1. Interpolation nodes, feedrates or
with t%#?g‘}tsd%%‘p‘?g u%é%%ls oﬁ S%g?ggg?‘?? g%?l/e&?t?& Egb%ftﬂéﬁfﬁ’%gn Ftsgl?]g the
generafized lgeﬂeata:ls |11be?dy RlOw@r@tqnmmeltockirpamyomslﬂleupmapqsslolns gnd time step
for thelalﬁ%u Lgogvg atreh? tteprglgllletéi Cat%a ts'%)r glafl éﬁ,}eo%t%\/)fihtﬁzgeﬁeg eltlzegg%r}ema%cs library 210
then up@ﬁestltsﬁﬂtern‘é\hEiSthﬁitﬂg dafabgenefth kheziﬁlﬁht lahdh &dffaﬁrmﬁ&i data which will

[ibrary 210 to determ ne toal positions, the joi

be used sy pkodreisiony 19 defemypeihe peyt e o POt Fae o Soffware
apphcgt‘?(;nQI@Mﬁ AhRANHISERE Aot B RN mafibE u GRS G@!P'oglﬁgnData() function,
ki nematics library 210 then updates i1ts internal
whichrefgtnpegtfeicoee Wat dasoj degewdralized kmeinapestlibaarg 2de that edntans the
deterrrgfi‘%dadatm' ch will be used to nake decisions to
deter'fine the next | nput tool position. The host
[0080]S of t warie: lppdofivatd gpliedn\ilb kat feifignteake ginetaieed kinematics
det erm ned, i nfo I on us a t Posi t| onDat a
library 2}Qdp ioHe adgftionn! "&r@ﬁ%@ %L?rghaélrtge H@CQIBehnl&pa%@O%S&n@ﬁ@e step
for ea@ﬁﬁ@x‘eal:blz@ﬁniﬁlen Wﬁ%ﬁﬁ:aﬂldlﬁﬁlﬁ‘lﬁ Ves?@e td thelvoR@NcRl 981 veb@r direction
determ ned data The host software app1 i cation
with rgspect gaiie genghing m@f@retlmogéh@f%l$}ism2% ®eorhigi ¢8).1 i brary
Using %}jegertaﬁze%itlgﬁgmﬁ%g ILtlﬁrgRIqll doﬂfp% aﬁ% M) other than the

TTECIIT [TE ] O 1Tt POUST T ONS_anu tr1 e St ep for each nove.
[0081]For exBipdcagratioml kitdnmticobatiyohl Owhdyhba ws¢hécd pire céputation mode

rkpiece, tool vectqr direction wth to.the

WhefGMFP@SP@P&t@ﬁ& R H%%Sél%%@tueﬂ%%w? @Eefferﬁﬂame%ol
positiddS THE ceBeiRki1Z@6n KlaRfIvBbLicS dbéifbAY Aol thERIBP Phtath B host

Mode [0081] The generalized kinematics |ibrary 210 may
softwaseanpdisetiansugh Wml@ﬁg) thealipping motieofweqrented getract plane to the

S

machlﬁéaﬁlgﬁl) ? Jl"ltlé Ielrs %tsﬁﬁelggt vt geocgllg t?%%n%ﬁﬁmﬂ@ aptg at&é?ﬁ?&t%ﬂ where
Input Plvans ﬁnkem@slﬂe agiacatregendisg anBy@miothtoughd yb@bl Tlma‘td[ulslm machine

host ft h
states poft EHRREprig 6 ¥t BRRanF o i B o SRITRHS e ifPosition

descrlmflh'tlﬁ%rl:xhﬂﬂlstﬁctloﬂ"'e APl is a sinple overloaded
term nePosition(/"/r Data) function, where |nput

[0082]Dat a i % addgion yeananutiag eching inintaaplsh Eirigput &poiry@%ﬂcms the
genergha&mgan;r YR %bﬂm( gmema gidh SbikEnilRBRI A and %fvzeﬁ{sly gata Rith respect

prior to |ng term nePosition,
to anylotﬂ dmtqooedlnatte)sytssmgn %tkﬁamatlcmhnldgwf thesodeled ingchine. An example

would i R Ll e VP B CE b SbEIeE COHa e Fren th

macm@@j@aft@bslﬁ@@ dﬁd Iaﬁ%l'&{ IGEST d ol D AW reNIRc iy VRt isife HBihteToRitides), where
\/

tool tip. and too ector data with respect.
Machine Joint Posmons is a vector containing all the relevant axes positions. This function call

would not update the generalized kinematics library 210 internal LastPosition data object.



to any of the coordinate systens in the kinematics
I i nkages of the nodel ed nmachi ne. An exanpl e woul d be
wo b@somsplit ati on of the tool vector in the nmachCT®ES2007/075270
ref erence coordi nate givenithe nachine joint positions
and angl es: Get Tool Vect or Wt Machi ne( Machi ne Joi nt
Positions), where Machine Joint Positions is a vector
containing all the rel evant axes positions. This
The ViHREKIRMaGA Ma¥iMd not update the generalized
Kinematircs Iibrary 210 internal LastPosition data
[0083obj ect GFiteenlivid kinamatkisAibray 2 &G chaglhﬂamghe[ 00884tics calculations in a

single [i %Eaé}ﬁ%(f : c(z:egcg%t aclﬁg E?ﬂ{aireo nthrouﬁﬂ%utglll A 38 %%%%clrrdhzagla? 8P ffe library

providefamea@ fobthe$ibasie e drbdtOb ghraul kihdrBatetechihBef any orthogonal
enerallzatlon of the Ilbrary provides a neans for th

machm? P teoefPda P @xes- Wi pReAO A M dsachs AT Weh 6R Oalﬁyt oriented

demgan&bWHuMhé?&tchl%o&y St @I NMRLhMP tdo? sﬁtc‘fi‘ﬁ( 80 is lcfbaR8n the

dinment, this is achieved with an obj’ect-oriented
libraryd ddthgeghi the glmecaﬂuzad kamm@rmS lilpeetrin @ W isidesdribad Heskindbr wdgevith machine

tool sygﬁﬁﬁ ot Htt(% ortﬁcy er a Xi Ze Itﬁge e@%& orle?teglr?igsriéﬁ gﬁtgg g%neralized
kmemd@csafbrdiryedl(b1&1r@nr’n>efspafc1allﬁed fir hbn-oEbsonel dysems ayd foe @st@ﬁs with

to 5 orth onal a due to the obhject-oriente
more fﬁ@s? g¥FSofl bf ﬁ%gge%‘fl %an Rlior‘féiﬁatheékextﬁﬂw 13 §EISHAE 2 Plflg -and-play

libraryCiit RS SRRt ahd g&gigﬁfernse@% ﬁabaélcagy eﬁhog%mtrﬁmmﬁngolfsg’gtem from
systerrs with nore than axes. The object-oriented

1 to 5 geesi grrtheroalihgegh dqserlquémem fqrtuye wish garehiag 004 system 100, the

oo 5 RELHL 84 PLOGEL I SEORESD 500 L B i

Hm84rron1IvtmmﬁhammﬁmsﬁumhMe214aﬂhhﬂu@hmdesnmmnﬁmnhaﬁekmdmawxﬁ

use with a nachi 00 t|on
hefemc Eyednatey sy 555 A 50 iﬁ@éﬁ S{nﬁ‘% and7 I%ya@ § maRsicpifat
descriBY/ft 8RArhA&HS4ed Horic QP Mok €St thé QAL aXby 1302k 5Ki1RENBY6l &% 158 of
machi ne 214 is based on one or nore matri x stacks

machigg tpolissstan hel- et dditiqnpd sharpgierigties of merlyne togksystesn Ppmay also be

Y/ tire t '
sconfi e s 800 P rgkARLNE IR bl d5RRE 20
Axis (ipéets 152, 154, 156, and 158 of machi ne tool system

100850100 g 1568 DI dcBRRESE T E1 TROPhE e b Sl LRG0 470 158 of

machidd ®ol §Rkenh NS0 RIIEeribRALS anl 6 cétS THOWRIs %@J kB alaé @érfv‘éﬂ rﬁ*om a generic

120. Axis (Objects £0085] Referrln%) Fig
axis clgsg %)26¢pr@&¢@tedarr Figud Axisslaps02 pdlpe aﬁ%qlamf%aﬂ @mﬁolalscss and

deﬁne%&ro‘ﬁ@ﬁl@é 55%6&1&91)(15%? L)Sm)% 9&5 19 GRS 3@qgclﬁ§es%ﬂ&® a%?st attributes

axl's objects are de |ve troma generic axls
303mﬁbﬁnmbpna&mnnadawdoﬁl@heawamwsda%éﬁécaﬂﬁn$&nnmenﬂaaend
ects and defines properties and
methofiy FRCHLEFFY et EhGpRabfe

Axis class 302 incl udes

[0086)Var i OUBheafsilSwiptid & butoeaata O hared it thansdiobasatliagBs02:
matri ces 305. The Axis base class 302 contai ns common

Data: gat a and '
Axis ID= integer {0,1,2,3,4,5,6,7} corresponding to {X,Y,Z,A,B,C,S}

Name = string {“X”,”Y”,”Z”,”A”,”B”,”C”,”S”)
Type = enumeration {Linear, Rotary, Tilt, Spindle}
Position = axis position

Matrix = axis transformation matrix

Connection = enumeration {Tool, Part}




met hods that all derived axes objects own. [0086] The
followwng is a list of data included in the Axis base
web@s®1882: Data: Axis I D= integer {0,1, 2,3, 4, BCBUF3007/075270

corresponding to {X, VY, Z A B7C, S} Nanme =string

{mx oy, rzh A, "B, "CL, " SY) Type =enuneration

{Linear, Rotary, Tilt, Spindle} Position =axis

position Matrix =axis transformation matri x Connecti on
MinPGEMBLALE Bnfi BpRlotiofar t} M nPosi tion =l ower bound of
MaxPHBEL,QD ng%}ﬁiddf Sypper bound of notion
AxisLi ZZJS )!"'S _tBS aﬁ rue qL ﬁan {Tr ue, Fal Se}

Inztzal zn% 1 ecz or— Fctgr 1|1ﬁ\ﬁac%1 6gfee ence fr%mer* rep ositive axis
moveraw BESHE) ‘f ATt R %%% rﬁ&mposmve

rotatiofant gy | j ne for Ri ght - hand positive rotation.
Maxc%ﬂ%ﬁ?@ur@ﬁé%a“anﬂ’%‘fdpol ati on speed MaxRapi dSpeed
MaxRegtidgpiegd miwnad s9aePawlt hods: Several nethods are

Methodpic| uded in the Axis base class including Set() and
Severatatethods arean¢lodes! if dre Axis hasgiclashmchidngSetapiad GEDBMEtions for each
of the Bleonvievdeth. f rom axi s cl ass 302 are three derived-cl asses,

[0087] i nearDaxicd f@20axis @agsdioe aeectihseeiﬁlﬁﬁyedaa‘ldsses;liaeay agix 330, spindle axis

21, aid foerg s 00 neaS SpTle S T S b S SR L AT bl gtess. n
additicdd tetah Ris A dRE DOTGata LitEmSIb M HRAPIRIICAA$ 61232321 includes:

includes: Data: Location =spindle coordinate system
Data: origin with respect to axis |t IS connected to

Locati%@%{%ﬁ?l?%pl nm%lﬁ% oti uWi &% 2 B%&ﬁlh@d?ed 10

| on Chl ne rection
Methodect or) function to set
SetAx1sg(S mljc\l/?hza LD an:t?oCt i onVector from base Axis cl ass
SetInitSpindleAxisDirectionWrtMachine(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 Lincar Axis class 320 is derived from the Axis base class 302. In addition to
the axis base class data 302 and methods, the LincarAxis 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



Set Locati onWtLastAxis( ) = function to set the
| ocati on of the spindle coordinate systemw th respect

WO e0o8loe93Bast axis it is connected to [0088] TheCl/uamar/075270
Axis class 320 is derived fisomthe Axis base class
302. In addition to the axis base class data 302 and
nmet hods, the Li near Axi s Cl ass 320 includes: Methods:
Translate( ) = functions to translate a vector or

Rotat{?él—t qu!:tYon@ t(g%ttz{té X V@(‘}f It(l?(:r‘ndlﬁlgl? %rma‘.rill)& ﬁy ﬁlrquﬁjtl@ﬁ I on

trix Axi s( X, = intfalization functions
GetPeFDﬁBEqulimslﬁocﬁquméRwlst) ¢l fasgio2&uins pdpendiedarf radind distence to
axis o Og% base class 302. In addition to the Axis base
c1°85'§"302 data and nethods, the RotationAxis O ass 322

[0090] ncl udBssed D&lhﬁchlﬁe BdrfTgutafieon %O@ Ci/&l&lia(Dﬁlneifnat&o(si rﬁadhfne 214 includes
rotation _Methods: Set = Initjalizati

five mpgiHpg ﬁpéﬁ@Réi“étOEJ(ed)s 250#&‘%2& %%6 taad F%ﬁ Wpigh 50%@@%4 togyees 150,

152, 1@4" Ik Py 138 %@ng’ X EXeﬁlﬂ%;Frl%lﬁtsbl‘aEhs of a user interface of I/O modules
t Per pendi cul ar Di st anceToAxi s(Point) = function

206 are etqwch:é fpiespp@f)dmg:mnaar execrglagy atmmtealnﬁé@@orafoyf §-afis 258 (Figs. 4A
and4l%) ?tforoé‘ QgQ%Fl%g%%gaé’ﬁ%n ' chi ne confi gur ation 20_8,

KiRéna 214 includes five nmachi ne
[0091speci fRefer@iniz3o Bigk etA snPHR), atteibate 11dbAnatidd s spaeific® 58 C-axis 258

ich corre 0 a 50 152, 154, 156, nd 158
througga yspryntey aceE%%rP%ﬂ{&} 9103 %cke%ﬁs%?m&at&gﬂecpn? 154 réﬁlcfna%e

attribu®f 330/ @sa%i H189 2408 n@xEnith @yée%@lnﬁ&e 33peql by bf%ﬂa?r‘?l@?ault position
exenplary attribute information for Caxis

attributign3 n diﬁ‘zf@;mgﬁdF i 4B, Bheasainter pBGutttibpig$24 HACads Bi8)is defgned as an
ottt bPRH FELEEH 19 HAKLIOSs fh 208 48 attri bute
I ntorma e or

I's spec axi § 258 through a user
[0092] nt er flacﬁferri&gaio Efgs 13 amfRL | agtsib@td Gnfotnmtion ds spéifiad for B-axis 256

ot ati.on g tlont te 330 is set to
thfougﬁnﬂqsefrlateafg §2§ #A@? mayls da]tzﬁﬁlg. f gotafon cogfgirafion type
attribu@ 830 @get@@fla WthryP® fakin@iin §ckd bitiliRe 354 o cRBSBidn Rhd S&Smm 340,
Fi g. the centerline attri bute 324 of C-axis

a mlnuﬁiéhlieﬂm teayehlimig B3 end 3 pHrsrditgetion teaveklipiy é%n&efﬁﬁlr@ft@ §ex 5B, the
center@%gatfr bafl 4?0?3321)%?958 1% ggf%?e]d agagfl %ffgéft Irée% ‘ﬁgo § 2?2% offset

tr| Intformati on IS Specl aXI
348 frothryeaxgh2®. user interface 328 of 1/0O nodul es 206. In
[0093]Fi g: 4SA1malla 11 tulteolrr]lfo%r%gtflcl) félrreacte}V%H bgl %Po%on control system 200 from an
operator through 1/O modules 206 for lincar axes 250, 252, and 254. Further, additional
attributes may be provided for the rotary axes 256 and 258. The attributes 303 and
transformations 305 listed in Figs. 3-5 arec exemplary and are not intended to be exhaustive.
[0094] Once all of the axes are defined, motion control system 200 receives from an
operator the interdependencies between the various axes 150, 152, 154, 156, and 158 so that
virtual kinematics machine 214 has the same interdependencies between the corresponding axes
objects 250, 252, 254, 256, and 258. An exemplary input screen of user interface 328 of I/O
module 206 for setting the interdependencies between axes 250, 252, 254, 256, and 258 is shown
in Fig. 6. In one embodiment, the definition of the axes is accomplished during an initial setup

of a machine tool system 200 and does not need to be altered during subsequent operations

unless desired.



attribute 330 is set to tilt rotary, a maxi num speed
attribute 332, a calibration hone position 340, a
wWoRwsd1eB3 ection travel limt 342, and a pl us BCT/@81000075270
travel limt 344. Referring9to Fig. 5B, the centerline
attribute 324 of B-axis 258 is defined as an of fset
346 from x-axis 252 and an offset 348 fromy-axis 250.
[0093] Similar attribute information is received by
tio t p r @Mgﬁ
[0095fgdu glélqg% g ?chhso\f ﬂeﬁi&@%@egﬁg@ga%‘ézﬁ{dﬂ}% dehﬁé lof)Qator are
displayagr tAreoperacidnay lmphlightt grich axiesy-may 2 Hkis plﬂlmmdédhfcmgh aim@put
attributes
membt” A FAER SHSeS0E et or i oV 08 v Zfa greguyer ora
part kiaBélatdss @x&adrdérnisePitethdtadoblekinkiaios ey @rdef AQ43AR b@@éﬁlectﬁig| input

of the axes are defined, nmption control éstem
350. Thecwpipgy My gAY Erih P é?“étzéP higher infhcrigepEidene Py §electmg input 352.

The o&%x\ﬁﬁ% 6 MRNKL zQ(‘rESQS@Xl@v%eIJéQhe ckpnt 2456 ﬂy’sg%lecﬁﬁg inbaB354.

hat” virtual ki nematics machi ne 214 has the Sane
[0096] nt er dEperrderd ithwsvapiensxen int the pad kimewploesdixpgordsidsst 356 and the
obj ect s 250 5 256 and 2 8 ex | ar
tool k1ne11nat%cs aé?seoer%eré ? %JSS82 roiilld S so glélree rép? 81&r{§u1nte\f%eé)§ndenc1es
of the ﬁzﬁxﬁous akéd. Mhectineg liskt akd elpeibﬁeﬁC?o%SanﬁGB&Me Bxe xR FOk that

. 252, 2 256, ;and 258 is shown in Fig. 6. |ln on
pameléﬁvﬁ&ai /g%Hkustr%tﬁ%moFég.%ﬂﬁ BT B R P 3&%&%5?% Fagesponds
to the gkérs'l@g 30, 194, i 5@lang @5819f Iﬁgchﬁlerf@&myﬂ@mtl@gl AS Y248 i8@Gy. 6 in the
and does not need to be altered during subsequent

part kigpraptaas iagersorder] Liss $5 6l agixsgd2 [p0d 054x19 39 8Riogh mgye darhwish y-axis 250.
: , 8 .

FurtheEr_),:}g-ragl;sg g?S élr%ges dﬁéﬁ% Wi%}?g ax%%@&per g ta%% dog&fl(ﬁ r1]1gcﬁ/|e Ik%(ﬁl% I'\lxgth X-axis.

Neith@ ety 250indr yIpxRXISS nﬂﬁ@s alsng Withi ﬁtnii(ﬁ/teﬁdnt dfh]—mig hF@rthe tool

ut ne r uch t ouch, screen er at qQr
kincmpt ﬁXﬁSa@fH?rﬁvE e Vl%\%a%sm%eé ajoge Y Zow%f%gufaz s $54 does not
move KloREWRh IEC8xi@x$s AR tht dtcBaf 08 PAxA 2500l ayhé Qﬁﬂ@tb&@s
axes order |ist 358 by selecting input 350

indepengent af the mrspmenivel ztaxds 304nid B-2802%.gher i n the current
Nhnu{$§&$356 by selecting input 352. The operator nmay nove

-axis 250 lower in the current list 356 by
[0097k el ect Angrentiypigtl aBS4, c4cb 09 Gdriclhexarxier 253 2§ha5e,anid @6 has a

coms G B BB R B bR 5k b arious i
250, 25D 5wer %, S IROVik@k] Idhbiatict hathige 2 Nt BhF eRRAMEHE] @&t matrix
t he varlous axes. The first listed axis in each |ist

stacks 36 galgiHefe 3amoysdynen of pane datd oVirtapl kinpmatigameshing 2l inglygdes one or
more @%tﬁltxl 2%%% ) %:1 ggaéésdg)y,: drGnitQlizdt Eﬁ c81'i19 enpi 1 8a)i\q;tr1§§gli1§%é’31%' arc a

correspon axes 150
general MIhOﬂﬁﬁw aribe gﬁlsrathﬁed’ﬂanhnzrm:s ﬂlbr.alry %Mlslbe?nnmate/keultiple
transf f W%Flg 6 in the part kinematics axes order
mns?ﬂﬂ& 1035ReCtiTaxi s 252 and C-axis 258 both nove al ong

[0098M t h YF&X bfendfifly nidtfit fecks 206 axd r8préSehtdday Bszsaf A YBL A tool

X-axi s 252, but % axi s _does not nove along W th , o
matrixsfacki2d0 1s used to mathematically model the transformation from the tool tip position in
a spindle coordinate system (spindle) 272 to the tool tip position in a machine reference
coordinate system (m) 274 through a concatenation of transformation matrices 276. Tool matrix
stack 270 is graphically represented in a leftmost portion of Fig. 7A and mathematically

represented in the rightmost portion of Fig. 7A. In one embodiment for machine tool



Nei t her x-axis 250 nor y-axis 252 noves along with a
novenment of C-axis. For the tool kinematics axes order
WO 2@B8/08B85 B-axis 256 noves along with z-axis PEHUSINT/075270

z-axi s 254 does not nove along with B-axis 256.

Finally the novenent of y-axis 250, x-axis, and C axis

i s i ndependent of the novenent of z-axis 254 and

B-axis 256. Matrix Stacks [0097] As nentioned above,
systenf ﬁﬁﬁ \xﬁﬁﬁch\’@fégpééént@d(ﬁfvi%ﬁgb kifteratic€ Rigchiae S 4, ﬁféd[oglﬁﬁatnﬁﬁa@k 270 is

correspondi ng transtormation matri x 305. By know ng
represeifted byne@rtdepdndenci es of the various axis 250, 252,

254 256, and 258, virtual Kkinematics machine 214 may

bEdFiay &=ohengernpdld ranatornx 1 b aesemt,6..d8l 7061 78R ©.q ] (1

various_types of output data. Virtual kinematics

mabdreing 724147, )¢l de soloma vectomeprseming ithe 18taiok of titbool tip

created by an initialization conponent 218. Matrix

stnabksgiRll6candinate gestenal nmet hod used in the

s library 210 to concatenate

eralized_ki nemati r
%@P’f”?ssz@sptnﬂ%ﬁ%%ﬂ?ﬁifg%m? 5@89( the ﬁpln%@@%@lnﬁmymm to the

ex ary matr.ix stacks 216 are represented in Figs.
7 ?%gb'afé.coﬂ“{“&%?s {{"i x stack 270 is used to

NRt-hamahi §3d thY taRdSImatibe fohAis F QLHE-ha8 cddr@imhit REstd R @

tip position in a spindle coordinate system (spi ndl e)
2th2 ztagistdoerdimatd sykiep; posi tion in a machi ne reference
coordi nate system(m 274 through. a concatenation of
¢ ey Pmes twa%fémaé@n P! the GoRISFRPIHRAIGAER 1970 | s
giﬁaﬁﬁc&k%%n£ggkﬁgfghgd in a leftnost portion of Fig.
7A and mat hemat’ cal’

'y represented in the rightnost

p[%ogl 795 Pfs FdoBumd ﬁ;ctdﬁl’fc&@s%nﬁﬁgjﬁﬁg kdBR Iﬁb pBinoIgﬁlctH{: Rfachine

t ool sysfem 100, which i's represented by virtua
kédoediaite wstdimchi ne 214, the tool matrix stack 270 is

osof PRI, B <l s LT98 TLBM LU TERRSL SR TE, o o

transfHMHRESA Rotn EARETHoRE RAEE WorkSie® OB T ¥8EHfvp) 282 to the part point in
representing the location of the tool tip in the

the maghing d¢fercoerorodidivatesysiost ew) 284 Thiengl o corsateadtionjofjtrgnifpyanation

. sfor I ] [ j t Qo
v A0S ORTRNGE L1 50 NG HRLICLSSORL AL RSB P e 70
and mathematicahg tepiexattcdin the aghtidvet poatiar yf Be 838 . sSTleqartdhatak etack 280

cont S R g SR Rt b SRR EE T s s
MatrixS¥Rt €Mrcthod oFB&RINRInG A Bl X&) SMETEIN0 i8P@vided 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.



[Tool TipM] is a colum vector representing the too
tip position in the machi ne coordi nate system [0099]
wa@antpmat ri x stack 280, shown in Fig. 7B, i sPOFE82000075270
mat hemati cal ly nodel the transformation froma part
point in the workpi ece coordi nate system (wp) 282 to
the part point in the machi ne reference coordi nate
system (m) 284 through a concatenation of
[00106]r anSfl‘ﬁrorﬁ@te{n‘BGdlﬁﬁH T&rq}?e 1%§<§nné3 t%?ltsr)[lo fnrl'dé %fn%ﬁlfs %g&sénﬁed by
graphically represénted in a portion
VHHMUEMdewﬂamd@maﬁkbdkﬂymmggnesenké&)mmqﬂhﬁnmdghtmm@mn2
of Fig. 7B. The part matrix stack 280 contains

P@M’Ol‘@lmd =d¥iesesfeimanteli ¢rsformakd Traes omarlx tPﬂéthapMatrix]
n hai he Part Se -
SR R A i Tttt T P U BT ey g e N 5 o

prOV|d ed—herein. Additional matrices can_be pushed
owh%femr{@aﬁé’mmml rs|%@0§rlatke%é?prﬁwéﬂ%@ﬁ 1‘1?%‘@‘? efrthe goint

defined rel| ati ransform.

%’I%P?ﬁ L‘f & feSF ﬁ%ﬁ B S&%t‘émégfrq téadlsg’ﬁmt%aé“e?)?rcﬁg?%ﬁ or
Tﬁ&h%@@faﬁétbﬁﬁglal{é BB ES ok M8 IS tdek €Batdcall AHRISFQE T m
Pl ane Matrix Stack 292 onto which any nunber of
tPEW%$@ﬁWWpIanes can be stacked. It also has a

94

ML e s AR R g R
Etxe mafuapositiat t er n transfornatlons |nclude transl ate,
rotate, and mrror. any matrix_ stack, both the

TETzi%Wmﬁlfmeé({?érvaﬂwkw%ﬂmrﬁmﬁaﬁtﬁﬁi Eraaﬁ@rrnﬁlﬁml\;!ats@@kls

t o de
PR di MoRR iR e eV o ok IR o PR B Bl
n@hdki t¥ tisd jRetscRPQosmyhacayt@ing t he transformations
illustrated in Fi 7B.[00100] I n one enbodi nent, for
t Her g emMeg ixlds the 393@?@&?%@ fropm therpartcoprdiatssnemdo fhe C-
V|r I ti.cs machine 214, the part matrix stack
§&§”mnmeEQEI?ed by equation 2. [PartPointM
H[ra-ﬁoﬁf(lvﬁzf eri‘fﬂle]tﬁé[lélff)@%ﬂcoﬁ i ghy Jthi3Shki@@ordinate system to
]x[PartSetupNhtrlx] x[TransfornPIaneNhtrletackfx[Pre
4h€mamshmonﬁhﬁmﬁmhhrlxStack]x[PartP0|nt | oca
rein P0|ntlocal IS, a colum vector
W@%ﬁ@fj@ﬁ{ f £ HansEat PR HoBrthe K@X i GPorimate Se/ﬁtsmﬁame ¥n
t he mor&glece coordi nate systemif no transform pl anes

a8 KOFTUEC S ¢ he top transformplane in the

TIanss eIV tht xShEeiknatibn &onl BaglaxRBoldiRsyekm mliane
is acti vé; [Pre - TransfornPl aneMatri xStack] is the
pahétetidiefgerice as@timnrat stomsamippl i ed to the input
pasition; [TransfornPl aneMatri xStack] is the

c prweelagmgt] esla Tolams fvoctoPlearvedvitig itheStastqloint position in the

(2)

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.



matrix transformation fromthe systemdefined in the
patterning transformation stack to the part setup
waeoesmigsat e system |[PartSetupMatrix] is the PCT/US2007/075270

transformation fromthe part coordi nate systemto the

Caxi s coordinate system [Transfront | is the

transformation fromthe rotary G axis coordinate

systemto the x-axis coordinate system [Transform. ]
[00102]S t helntorn@'aﬁlfbgﬁlﬂﬁhf %trﬁcreg Qﬂe ?he%l b ﬁla%p&&jdk%b% the order from

ystemto the yaxis coordinate system | Transfor ]

machlncsrelfdﬁelce rcaordfnarermsticmr Sft rootwardhe) the apxindle @wdumawavsem 272 and on

St emto rence st
to pargSHif Bt ot Folanagitse L RS ot IRhF sOBHE 2R Sl @7pe
workpp:sae nborpmsuetsm&nlzez t Becry iR empae fFae bf he amqﬁmamhe tool system
stem [00101] . It should be understood that the abov
100 dqeﬁ Pafs&eﬁ%&s%% reduiffprelcurgen phiBic vappusiasinpacksd0 gagd £30. “in one

emboRERL the %%ﬁérél%é kfHeRaBil Yor &% 270 liadiYes AN AL HQUR uFBbA bf(a given
stacks may be used to transformvarious types of I nput

matrixdeich it eeeded-i ous types coordinate systems once the

[00109nt er g%g’eega(,jﬁel %,Izqisénﬁee V\ﬁeeg;[]otogg]e \égrl 1(91}1uasnai F ﬁ%(jsition a%é both

desire@ irbihd nfiehe comtihhie egstan e3pushaekinotvot o/sttat r0MrEiklack aRﬁi@ X-axis
nce coordi nate.system

in.t order fraom ine r
152 G DAt GO 5 Sﬁﬂp"’ét FiEr Ernace e eapraisd Fjggmaics
libraryoy otmm@éaﬁcum& thicYa h?a%x 484 jgrom&atd@@tﬂé%hlh%mbeé@lreﬁamsto the
coordi nate system 284 outward to the workpiece

machigoenogidinaie sységps 2&mbagwill oy mlcnbtﬁeth@wpl ohtrrigack 270 hecause the
tool lﬁﬂxl%% ngf mo %I}l *rlé ?)O[ile ﬁ%?ﬁ ? 0%98n§9 tcrllﬁ) t T}E]ig?gi?lt?e%rthé %%ber of

quire recal ion o var o trix ack
matrlxaﬂdltlﬁ&&.tlohsnthﬁ)Me prefoohicde hi onetdxamglen@haj axzeploémm st de€ Sirtual

ary 210 eCld S whether..a recalculatio iven
machl ? £4 L}ﬁ/dg‘rle%le jgehjagis phiegtppsit ogdﬁ_%g]axqgapmg%ﬁﬂl erelg ¢ current
positidnN#tantaRR Jo@@bn thdhgROBichiadRga et th@e ﬁ@!rbplﬁ)é'{’@’to%l a®l Ratrix
both desired in tﬁe machi né coordi nate system 284.

stack Ncetnid 380 insldating Hrabtie fwatdr @Wsnmr@sMaﬂr@nSgaq@mﬁfgrm@@n matrices
4
must t%)e%le-%éfegiﬂ%gg_lﬁ[glg Métf& g ck VR h{(&]&erﬁﬁ chéu?ﬁ%géﬁ m%@%i%al\}}metf hey are

ener I'zed ki nematics rary
next réqpeatClok asee t he part matrix stack 280 because the part
ed rel tlve to t hi ne rdinate s
10010335 "o PR ks G D BRI O Ry 2 TR vector
relativéd {QaBes@ai&Rrdifte §yReim, HblwhipicbOtook@MAE sysdnab 82/ ehd piddne

machi ne coordi nate system This reduces the nunber of
coordinate system 272, or the machine reference coordinate systems 284. Other matrix stacks

may be implemented for transformations to a transform plane coordinate systems 296, such as
shown in Fig. 20. Transform planes 298 may be defined in a programming session of a
conversational part program.

[00105] Returning to Fig. 2, virtual kinematics machine 214 receives the geometry
information from parser 220 and determines the actual machine positions for each of axes 350,
352, 354, 356, and 358 (see Fig. 3) which correspond to machine axes 150, 152, 154, 156, and
158. These machine positions are provided to the motion systems of axes 150, 152, 154, 156,
and 158 to position the tool 141 supported by tool spindle 138 and part 160. Exemplary

motion systems include servo motors. The machine positions determined by virtual kinematics



matrix nmultiplications that are preforned. In one

exanpl e, when axes positions are set, virtual nachine
wQebsopsat es each axis object position if the BKI/®S2007/075270

position is different from2she current position. If an

axi s position changes, then a flag is set in the

appropriate tool or part matrix stack 270 and 280

indicating that the forward and i nverse Matrix Stack

machlflé Qﬂﬁ!ﬂ@ rrgfﬁé eﬁ%dlrﬁ?tprokﬁgﬁ 4S80 &l d8LiR ':[cma Peecﬂj tlmyh%ll machine

trix Stac re-determne the required matrices
232. Ememntdaleaﬂ?é)r@en exttnece (cpjbfspr@slsnte@lrto m@é tln[e(mliblBP Neationess but

rather g‘gr%l}r%i ﬁlél?ltngé%st%ﬁ el at4|n\r1:}é’ lﬁ%()ea(ﬁl% OéXIOSre 8%%#)8?1981%5%¥ a glven ax1s on
a staclhat Bvadt hierewlikPingie 23T ot aBt Pheddfdtee MalBidic ntill€32 may be
spi ndl e coordi nate system. 272, or the pachine

movmrgé?OéIe B hHiEy pe%}aPlar%%\feéO%C}/g?Séﬁ*ﬁgl (Bygughey prates phfysrnediategeints)
while Uﬁﬂlapﬁném&%ﬂﬁlﬁfé A &ert@ﬁﬁﬁlﬁg 'ﬁ?etété:ﬂgsto Ezﬁ%e Qrotn{ %@%E&;nmposmon
pl ane coordi nate systens 296, Such as shown in Fig.
to a third poditiamsf or m pl anes 298 may be defined in a
Q session of a conversational part program
Cone THfthn ning to Fig. 2, virtual kinematics
[00106fChi NBy Bdving acfe;vat&%ﬁtftﬂkg@@ﬂ@nl’emte it hénedtick haithine 214

20 d detern nes e actual nmachj ne positions
based Pg Figéfeﬁe%mgﬁu%%g@g@ur%s% 555@ a s@@rallgﬁéﬁ@s@a@@é@rwglo

softwa??é cm&ltér Q@Z L3 B@ aekdtin cHﬁBB‘aﬂ@n AXBR vhALy oF ﬁgtualjﬁziéohmes For
156, and hese machine positions afe provided to

instaned éf M@rﬁhl@)ﬂg%etﬁ@btﬁ abgues-axis 02 fE9may ba takes Gto aeapunslyy the
mach1£9 d&ﬂ%{»&t@g&b@gés%’} s]o‘%&va?e{r‘é’&?{oh&d%(ﬁy tool spindle 138

on systens include servo
[0010‘h]Dt or sTh@'h&rermrnom enlpalse flexabisitylef seftmanecbniryllen 202U Bt also the

wsortSSR ST RIS 505 B R aRl SeTh B SR i
machif@si34i 40 2d @Tafé g,?e%QraEE‘ae S/iR@il RRBHhe2840€2108 B8ALAthacRine
real tine mil 2 all at once, but rather virtual

confiki HemOT oA g NBIpIAClBg S ks A o Kingextics maching
214, b?g%ﬁ %)9 ﬂss‘edflg L d?f;%éﬁ(tjﬂrt@fls t\ggre%ﬁgltrr ?éf 2()5] Ay d ffgl%gngp&}fose such

S nee ore, rea
as simodakibn g%hrcaypﬂﬂ&:anm/ﬂh‘jg Virtmai maéhmcsi%pleﬁaiadmm a wcend machine

conflgBEﬁ% %’5? gﬁ?etvlgg% %Pé}hﬁg%?@ﬁ?{oég%ﬁﬁ%ﬂl nt léli%l_ %» atlned 236 each

recelvgﬁﬁlﬁlf aAth g ah 245 k@psctivelyt ake from the second position
third position. Concurrent Programmng [00106

B
[0010$ﬂavu nngt_wk Raghenes gt aatl 3¢ prayidey @H@ﬂh@aéa v wiged40. utpﬁlt data
244 arfff ih%'{%%ﬁés tﬁ?ﬁ%@%an é%e(ﬁé%g f&rlmgaggﬂ%%ﬁfé Imat orIc J&lﬁnent the

configuration a general I brary’
outputiady fos oh¢ walragh oOwiruel tharhirRG23Aayd P26 weeathing axis positions, such as

for a reﬁquennalh OI% tﬁ\é hﬂlst‘%at (? emgct)c}imggt 91% Pmacqla mne ig]4 1"2 'cm'fp%d toa

simulation graphics software application 245. In one embodiment, the simulation graphics

application 245 is requesting the tool tip position to present on a display the tool tip position
during machine run-time tool graphics display. This may be determined from the positions of
all of the machine tool system axes positions. Other exemplary applications include a wire
frame graphics software application, and an exporter software application, or other suitable

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



instance, if platform 120 was tiltabl e about x-axis
152 this nmay be taken into account by the nmachine
wa@ eouBiogassat i on 208 passed to software control | BET/RORN7/075270
[00107] This increases not 2enly the flexibility of
software controller 202, but also the useful ness of
software controller 202. For exanple, as shown in Fig.
2 two additional virtual nachines 234 and 236 are
machlg [rabetkim }ﬁa’fetd%hpen@fctﬁé Hﬁcl%ﬁé]'d batt Blse@ok? ﬁl%eﬁ n%ﬁmmed movements
I ne con uratton such, virtual chin
of the 2«8)4 146 tot lbﬂadlsmmdd;sf sihnkatiah gtaphesrapplmgtwmm inelugibg thdprsition of
theto%%lbe used in a different part of software controller
for a different purpose, such as sinulation
[00109)r aphi BSonaRAIbo&ididn® N irdubd kinWinatitkatha dhed 2 IAes Bakdion Iﬁkﬂ:ﬁﬁﬂ
on a second. machi ne configuration 238 received thro
configgiPaEO R FBS STBSCSNG DITAPTORiEEh P ol Fawds e Sefbdass A to eal time
mill 25?&1’13(1 Mﬁuél‘?ﬁ’é&m{é@% @ﬂ&e@@ﬁi %t Bine CESMAEAH NEIY- anh@soﬂtggéssmg a
Virtual machines 234 and 236 provides output data 2
part pl@gthnzﬁslnmtlmﬂwao arqyade msdlozzﬁ@tamswtmdattaﬁé6 As such a user of
softwargﬁorg{nﬁelr ?& 1%%\2%? gltlt d forlitgf@? g»?ﬁ)ll(_)r:g]agﬁlto 1c % fsuc% as the -axis
machlﬁaﬂl’mmﬁsd ﬂﬁﬂigandvlﬂ&fprbgraﬂi&ﬁﬁg aetidotipartpasi fbmoaasss mScthiiE defined
. for real ti mll. In the illustrated
by maghige g9 atloe}i%ggqveﬁ%ﬁﬁ%mé%ﬁle simylgiign ggriigs spftware

apphc§ﬂ16H-'i@5t draBr SoARMNGS asré’zflttﬂi@r Iﬁlllapﬂl ds@&‘idt&f‘w%ﬂ%’ne follr 83€machine.
nbodi ment, the sinulation graphics application 245 is

One rqaé@}u@g ﬂisnblytnlgéh@ eebutdag ItHsont 4 diplewy igfp ¢beakt fopmtegferences and

other t?%lgq‘i’é gé/ «{ﬂﬁes oqgé cﬁ IR tlpeo%s'tﬁﬂs?%rerlé%%foq Yuflils '?lﬁérrﬁaé{ #Hbotlh

mannqﬁp@iﬂt\xiam‘lsormfollaﬂ Iozqferﬂnhe cmuh’emtq;rbgamnﬁrygbﬁnuhmhﬂnachmes

osi t Q her_ exe appl,cat.io cIu
through B IgF‘&E‘HF%* Yot .I%,acg%lﬁ% beh ?So‘ﬁftuaﬂﬁ%ac Weégg‘b%érmd 236.
Softw§t@fcbﬂ\@61%r apPhia§ Ao MR imPlenh R@ronS th RI0d 1 Sn SRR rh e | QR as a

247. In one enbodi nent, exenplary output data i ncl udes
laptopt He thisimeandr, & hep@ayforedramachitvel dnashing correspording kamaehine tool

N

swrf 908t U5 RS RS AR A ERF Lo AT e
machis¢ aphrabt viewgyidph smmlzaj@}nl grgdti¢sappRedbion 2db.uth thgs dxlample, the

lt%?su.gon f th?) 141. [100109] In. one enbodi nent ,
resultgnt ppsitipn §ath B OF 28 NiaRIEHET 97%°9™Y ALY B SRt hi ne
Cascaglggﬁ\h@m@tl on 208 and is processing part program 204

provi de p03|t|on data 230 to real tinme mll 232 and
[0011% rt uass Haleh haeim sonesexsaplay igHaltardmaties awahing gt h¢temnines the

posm(%%%f Q?% 25% P{068p %5@ JarfY asddf Q& @%aél?f%fai?gﬁtgcﬁgl.q}o%gions. In

provide position data as o
one ersbsliper, wsteal wdchsef 2 Matcermnores thel fositioR 2f sy 2H@, 2650t 2347856, and

time mll 232, such as the 5-axis
258 thﬁ‘?iggﬁl césciagln@st?‘?h[g?cg%éq n Fig. 1, while progranm ng
[0011BNOt heThdd@kéadty Bethedro@xiiBustediin€id el iIRk@dring to Fig. 8, four

different types of input tool position information 402, 404, 406, and 408 may be provided to
the cascading method 400 from which the positions of axes 250, 252, 254, 256, and 258 may
be determined. Tool position information 402 is referred to herein as Type 4 data and includes
a surface contact point on the part for the tool, a surface normal vector of the part surface at the

contact point, and a tool vector relative to the workpiece coordinate frame 282. Tool position



by machi ne configuration 236 for verification with the
simul ati on graphics software application 245 or for
wW@r@si0$436h to a real tinme mll 232 associ at ed MT/KS100B075270
four axis machine. One reassn for displaying the
out put data 246 on a display is to check for
interferences and other trouble geonetries or to check
the estimated time for cutting the part 160. In this
infornf¥BOR €64 15§%ﬁ¥?{0%e9é?195{ 'ngﬂeejr %dﬁﬁﬂ{ﬂléssa lﬁﬁQICtH&rtﬁﬂgosmon and a
programing o e nac I nes through
tool Vfrctmldangmnathaom tofthtvatktpmlce nee tinate Stans 2SR . B@l\pmltlulainformatlon

nd cant r ol
106 is ORI e 1Y B AR Rl AR bR o e
Workp&kte Bo@dinatelsgft0R 82 hid tolkdr$ aR@PacikionLrel4SiOE toBY it OErdiihid system
i rtual machi ne_ correspondi napto machi ne t oo stem

285 (Figaéobnﬁlqmgwoe%@ﬁted%ySFﬁ@&Ség fesrpteperifietido w%b%aw iece

coordidattBERA € the MUacBNs tEHehQ IBRIMAES teﬁﬁf@ Qf th¥ 'o?f‘é\ét%ltet}ef% then it
simul ati on graphics application 245. In this exanple,

is diregthyerclagiz g fa thamaphis téadingta tiameedP4 b ésanki® min dlegr amtlesr pagt setup
conver nal ikl a 011

coordln te tS\é éesrﬁg?g }sna coI It (%1 efnéergaséfci Slérﬁx%ta P/@[%% ﬁl[égéstln% Ldé%isherem to

prowdﬁfal@émmlay 24 ditldte peiceds neivied data @8 blitpoindatodeladixe & R ranbdd,

I I T R I R A TR

Setup ﬂﬁ&ﬁ{ POEFiE. NS, PR bbRHish 1ﬁf0r1%2&%?1 zﬂféqs red@fod 18 @éveuza%firype | data
and 258 through a cascadi ng net hod 400. [00111]
and inglgdesdieigpxaepiaiePng @0d fosary presqropisipesire]ativefogthe alachme coordmate
ﬁmne?gjerrlng to Fig. 8, four different types of input
ool position information 402, 404, 406, and 408 may
[0011De pr oAs dimstrdtad infEg.Radgadiing omﬂao'dr}t})%oﬁ‘mplmtmmah it feecived,

ositions of axes. 250, 254, 256, and 258
the cagadiag pcHod 40 966ﬁ°a%sdPWP§ﬁteFH‘r“8’rgﬁB‘f oBFT ab@b?rémeé@ﬁ pputfool data
until thaxtpeFRitdn@and N&ﬁsﬁon@ﬁfg&m@é@du bREhUdes0 253U 449066, and 258 are
contact point on t part for the tool, a surface
ultimately determieesk or of the part surface at the contact
oi nt, pang r v -
[0011@0(” di Eat e %ﬁginféggﬁ\%rg Iﬁ%géllist‘ﬁ%%a? %&%rﬁlﬁﬁ? Jlﬁgéhi%? 1i4§1 sing Get
and Sert é[ﬁrﬁtlomdntamdndaneé o ﬂamd'@dpﬁu%t datmecdddignrpeinaighées. Bhere are separate

i nea osi tion nd a, tool .vector.directi )
Set fupduoRe oy 6o fhEroRE il s TR AR e A b e i fed. virual
kmem@t@silxﬁdcme 204 BfovBdskPMRe 46 thrSudtehe cisegiihmbbgiuno.as Type
a and includes a linear tool tip position

[00114le| at i Ieaémts SxapRle ypkpieta és Rrovder Wativuad kineagiiogpaching 214
t 1
througil;asc{%gbﬁ@g?fo{r{’f?&sk Edfﬁxgh‘%e 1@11%5%&{1921%00 SR shii o5 P e%g%sz,eu,v,w,

rdinate system
ij.k). iThe burfkes combapyindfsfspediBed by @&Lyi,gn Thheunfvee lnpined erector is speciﬁed by

o EBHEHPERR R RS LS BRGS0

normalliécesitahyl tdo hédtbrvige Hefirebeclameho it WwaRpidida@badihdte R teaBas2.

As i's known in the art, the part setup
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



coordi nate system 285 is a commonly referenced
coordi nate systemand is included herein to provide
wWob@salBity to either process received data oPCDUBINT/075270

data relative to that frameeéof reference. The offsets

for the part setup coordi nate system 285 are taken

into account in the Part Setup Matrix 290 in Fig. 7B.

Tool position information 408 is referred to herein as
Vector-EI-‘QQe Intorf8h@m gﬁrdm'eﬁﬁ%h H@fﬁiels 'tﬂ'éec%heffi‘txt@ ] OB 'r&du?gnﬁld%ﬁgler radius to

rotary axes positions relative e machi ne
deterrmm@thdrtm{oettcfmaﬂéelzsﬁ.an{i @@m@l]veﬁtsr 422 ustrated in Fig.

10011, o7 VRO PR FiskoZ sl BB 108 0 4By ST comerpoi

416 ardeh@vn Aictiget418 of Gwerbolrvdree Fadinspas a@crollcanemzloqx@int d&taﬂso
until the axis positions and coyresponding tines

showng Finallya togyector 322 andp susfaee nogmgl vagepr A%thrwgh@&r% |49/4 are shown.

[oomﬂlet er nrﬁbeféran&%%ﬂﬁémé@ﬁ%@%hc@Mw& biinPa %fdttm%%tt&%emer
I's virtual kinematics nachine usi ng Get and Set

pOlnt‘fl@n@pIO@rd@dlbm caertiondance to st andard Obj ect-orient ed
design principles. There are se rate Set .functions
for each of the fou ut type Nad* 0 V\hen a
Set fundbpi@w rf*c’é*[%d%\ﬂ(ﬁt—lfalx %? fne 214
processes the data through the thod 400.

where[ 00114] In one exanple Type 4 data |s pr ovided to

_Su faget&ﬁgf%r%%&ﬁ)%cm ne 214 through a conmmand from

ApplTcation 215, KM
—to laxsvesr ype#4(x y,z, u,v,w, i,j,k). The surface
R—tg AL ac grm nt is spe(:|f|ed by (X, y z). The surface
0 'MSis specified by (u,v,w). The tool axis
r=R ?00 s specified by (i,j,k). Each of the input

surface poi nt, surface normal vector and tool vector
Equatigh @ dgeribrwthe meavameidrar theruarfagsraeptagiorointdd # do Hadeo! bottom center
point. Sigttam 28 Bt @hbimeatti 408 afd/40-34 Madnd thO@AA5] The
cagcadi ng_ thod 400 includes a nethod for determ ning
& 3 &t m t he provij ype 4. As stated
(R- ré% |I % f% %ﬁ‘@lnﬁsﬁgit(g4lg_14&§es a tool bottom center
a too ctor both relative to the workpiece

[00118]oor di Viaiadls s Ne s @B 2re drbtidabihflgh ttraskleﬁ)emrihmaa@wlded
t he shape of the tool 141 in determ_ning the to
Variablgst R apd cap peyvidgd hroaghea tephconfigyratien filte Hasgesd %%quarom%zool

botton} Fer@PHofX 81P]sQketcRing@d 412 uses the current tool outer
radi us and corner radius to determ ne the tool bottom

[0011%]e nt erIngh&caan shawmeintfap |23y eberon thleZ@ol ‘{e@m %} isRefrerdeninyith the
surfac% O?rtnba?hv%cé%rﬁgrﬂ %grrefa?ecliilgg% %Oeutl(ﬁlg ?0 posR1 erﬁa {e(])Pl %&%e%gllallx Jlf| éhe tool

outer rtaamls isamf B@ral foadr: ttﬁ)l adtfleraadio@! InakiRtase, ¥h2BoP @l Mposiicds tool bottom
so shown, a tool .vector 42 amg a.surface
é

centre r%ﬁ Fﬁiqzon\t,aé&{h@ Isur zg:g ppH}t 6&1@%'}156} ﬂtmlgal_tgfs %1\1,% of the solution. The

infinite solution case does not exist for ballnose endmills where the tool corner radius equals the
tool center radius.

[00120] Method 412 returns the tool bottom center location 416 relative to the workpiece
coordinate system 282 along with the tool vector 422 provided as part of the Type 4 data. Type
3 data is provided to the next level of method 400 in virtual kinematics machine 214 through a



[00117] The rel ationship between the surface contact
poi nt 414 and tool bottom center point 416 is provided
whgos@uesss on 3 Tool Tip=P +r x {N - f)+ (R - (3pCWOS2087/075270

P = surface contact point am workpi ece; N = surface

normal vector at P; T = tool axis vector; R = too

outer major radius; r = Radius of tool Equation 3

descri bes the novenent fromthe surface contact point

t .
comm P3P s SR Bend FALRD B faifrtDotermal
VHHmWOGimﬁksvadmabﬂb@mﬂhehpﬁanﬂwmeapyupHOVRth t hrough the
e 4.input data re Var |

[0012]p])r/gw d ﬁ(%aglnéﬁnetﬁ)(% qO 18%%16}5 élu e%F?cF 2?26%'0{ %eqerglémg% Tgple 2 data
406 fre@ Wiad Tyare 3&104t Qg sthat ¢eierchaTepe Paatdtod klidss a tool bottom

determ ned. [00119] In the case shown in Fig
centergha Fath et éhet%%kple%toaf ingBo Y AR O %FStpﬁ@tlons relative

to the EM §RESCIICUNRL sHEGH 985 Addthol NES @etéﬁﬁnés@cs'oﬁitltoﬁ for the machine
solutions to position the tool tangentially if the

rotationalgixen(h- @XIS 2@@&11515(3121815 R368) tegligh thedoal helntlbdl38 ©6maehlne tool system
100 to tﬁl rlen‘ta ]fg %’Hlestoocl t(];}(%ﬁle 'f 30 c?a%a rela 12(& &0 C woblﬂjtlet:c%mFor

cen cont'ac e”'sur 1 Hte o n
machigd loﬂi sryateﬁsl (IOt]ﬂleﬁr[bdl}ng i @fmdrbeolsdnsdtfoahe pdditgons of Brixtie256 and
ot. exist for ball

sol u ase .d ose e 1Lls
C-axigdpdit Eattr??@ﬁt%a?mfﬁaiagbel% iapsd agthd f‘stOPE % 6?9 gﬁﬁ? gyput tool
p051t1cfnaci’h'é§1etehﬁfﬁl‘g&4 ofiYhe *P?;S’a Adda 168 fﬁ!rd@é:crlﬁo@@hér@lﬁl bot t om

center |location 416 relative to the work I ece
[00122o0r di Rzt casendetcenethed 460 ﬁm@lewnt:wdcﬂwfem@tb@ﬂ 4¢8 Eeralegaping Type |

data 48§ ?r\&ndég)e%d Side. of}%etrFeve A fs%heg@toﬁg OP- %8%83 pgs% e éqﬁutlons of the

e nex virt
B- ax1sk25|6&1|ﬁ&t(] oss MEcthatresultlid spindlo lagia 148 baing atdgiéMwith the tool vector 422
Set Po

itionT This ¢ d coul
of the mpgbws@pw o ﬁi@ esbfilfl?@aX%SdOO\%th%%fF dﬂé?%wrg jc@gh of the two

solutldi'ﬁ%h’[}féEB alid 25y add'e aRiR 958 SRS ndaid odiitint, Gtk AN 28 L8lects the rotary
121] The cascadi ng net hod 400 incl udes a nethod 426

posmern@ |0f thetbepis A endiygeis 258 hesgd g0 éheflp ppsifien qhibe togl, 4hmmovement
type, tﬁé RbighE g{ ﬁ[lllﬂi,leg-"d/ ok nglt TP %o o(ﬂ i m%gg tﬂr@@élutgg tha Jlé)

on1cen re Ive to the wor coor
singulsytgtpeimt.28Re wtpluttolﬁmeﬂmtldrz? 1saﬂqe$yppd$1attal(bmr nigl @tary exds (posmons

ar t coordi nate system 285. Method 426
mrnﬁﬁﬂ?ﬁ? i ij@Hlution for the machine

[00123] The Type 1 data 408 is provided to a method 430 of cascading method 400.
Method 430 determines an axis speed-limited time step for the movement of the various axes to
the positions specified in Type 1 data 408. In one embodiment, the time step is based on the
feedrate of the tool tip relative to the workpiece. The feedrate may be adjusted to accommodate
violations of the maximum machine axes velocities, if necessary. The method updates the
kinematics machine axes positions and stores the position data for output. As mentioned herein,
the updated axes positions are provided to virtual kinematics machine 214 for updating of matrix

stacks 216 as needed.



rotational axes (B-axis 256 and C-axis 258) to align
the tool spindle 138 of machine tool system 100 to the
woriosnisss on of the tool vector 422 of the TyppCBUSEDA075270

relative to the workpiece. 280r machi ne tool system

100, there may be two or nore solutions for the

positions of B-axis 256 and C-axis 258 that result in

spindle 138 being aligned with the tool vector 422 of
Detenhfﬁgtlblpgpfvﬂeqo&atpo&t| on. The determ nation of the Type

Z data 406 is described herein. [00122] The cascadi ng
[00124et hodRﬂMIIfglm tvirodi %IOﬁd@sachnmmﬂwd 4@(2,8h¢ Bype 2 data 406 is

A R N L TN
metho@f’[o henBnathic $nv2H6 kaeehaticvodithe B Ent h}Il'baB@B(hﬂ the kddl bottom center
indl e axis 138 bei n% aligned with the tool vector
point ‘hlézméfthet tRel VeRign 22 walc ﬁo%,mqt%rfor the, Faoh @pentation relatesytp the
Workp?éégéod}eﬁh{e' ?ﬁ@m@%@ ﬂ'ltfl&;%%u&@ﬂ 1@@091He&font\xhﬁ1 ¥€m 100, method
solutions o B-axi s and C-axis 258. In one
426 meyrbordinmndate angottbeos2lsS-gxs metlene.he rotary positions of

h d
[0012%103 tB @ﬁ%h%g%?ﬁ i nne ?%1&?(% rﬁgf%lel?re nfh% fglﬁ]ovglgg leog§6551ﬁn First, the

tool vax@ 2P iwithtrsspeatitd k}&rwdﬂaplhlf@crootdi@té g&lenWsltﬂanffOMﬁaed 1hfoCth@h11achine
the machine's singularity poi The out put_of ne
coordipaig ﬁiagletgﬁé%wa@ﬂnga%% Bary %t%fa%mém’alam BRYIXakRgPart Sateg
transfd}ﬁﬁhéﬁ &Bﬁle N LIRS Pﬁga 9B, éaiﬁzhﬁmlme)offse{@%%?& mddhne axes
gcg data 408 is provided to a nethod
conneeied nathie igemetidsdukagroof thisaxgs thanBOvelthe vt nes an axi s

peed- i f s
001288220 TR SR AL MBI PE b i g
orthogd848.5-dxis machigndxoeht I‘mieh thettieaxtis h¥ digapthespindkedisad3dtthehe rotary

feedrate of tﬁgtool %relalvehglthe vvorklec
axis difgeHOR ¥eciprah 8 wl%@sgaﬂ’ g pledn 18%?8 b PR C R AR 25

pOSltl&EdEmemhlﬂy%?a% nRimxes velocities, if necessary.
The net hod ug6 he ki nematics machi ne axes

[0012H0si t | MathodAdo shaskets derpemppsst the spindlatesisflaP obigtgsion. 1ie$\§10ng the
o E B0 5% AR S EYPSRIL 08 18 Braon

along thedatching sofulaEtyrjontsitaxdlosn2d Gigasl (te€d k. EDGAeHmtnaws ith@rsituation

of ma%é%e-rtégl] ét %‘aeIItOﬂ a{]z%%%%g ]Slflﬂ@t i nlégg iséoélfage ;‘rggadrpgary axis 158 platform

120 duéab ﬁ{dﬂoﬁﬁ@nfofﬁmahBQS@_ YR@feﬁn%&I) ®ih0dB, d PHiid€axis 161 is arallel to a
enbodi nent, neth 426 incl udes a vector-based net

rotary gyis d 63 &f @ﬁqﬁ@bheméatfoméﬁéévhmhné peappred o a tilieble platfem i@fbdue to the
i t [
posi RSP 1S, NP el O Qe Spdf k410 BRI )
173 ofraglottableemtinb¢rnd Swioe kpd posgionad| radlltrvacml Ky e mt@@Rdiate tiltable
b ]{ ough di scussed in connection with system 100,
MeMbHet Hod 426 may accommodat e any orthogonal 5-axis

[00128MaChi Nethod 426 determines the rotary angle of the tilt axis, B-axis 156 for machine

tool system 100, based on the relationship of equation 4 as illustrated in Figs. 9A-C.

TiltAngle = arccos(T oolVector, . ® InitiaZSpindleAxisDirection) 4)

mach
wherein the

TiltAngle is the rotary angle of the B-axis;



[00125] Method 426, in one enbodi nent, follows the
follow ng progression. First, the tool vector 422 with

WO e@p®Ld33t 0 t he wor kpi ece coordi nate system i SPCT/US2007/075270
transfornmed into the nmachine coordi nate frane 284 by
applying the Part Setup transformation matrix. The
Part Setup transformation matrix, as illustrated in
Fig. 7B, contains all the offsets for the nmachine axes

the kinematics |inkage of. t he ax
Tool Vg ot ToolVegaer HEY BéE? mptlbf@ilz@ftorﬁl SR D

i ons for an}/ gi ven tool position for an

InitiaiSprHtsdsnRIregiond® intienphdicexeeprotphemvitheespedt fo B mgchine

al i ndle xis 139 to the rotary axis
coordifig s NGB IR 188 Tt R case, there ard fnfinite
[0012¢)0] Ut i BR% DRgALsEs tdiRl fdﬁﬁ@élﬁ@lhﬁy?@ﬁﬂt tiitangld wilid Hi®lerance of the

' machi ne singularity point. [00127] Method 426 checks
tilt axis enadeieresdlwieon dr althrmagysihndithinanioperh®9 spdfeifreditdt dxprpreéigan, then

metho? 4?@ g?nm rsn‘EaCl \;ent%r i.%{']%lfl ar | %}% gelxr{qgéchilgglengﬁia}aié%/ rlltO I,I]n this

situatibm, eﬁeﬂ&%dong steﬂs ehe"mehy m@lﬁm @ag 136yto ﬁl@el gt ragasy aﬁigmsinnn or to
Figs. |0A-C Fi 1QA il ]Justrates the situation_of

zero, lﬁﬁ% frr@t%e@sﬂggﬂglaé RECIOGT BT WrtHalaiaggmatigs @agsep% Hhygpyeyents the

atteméd &drBlindiBn %f fo%r?réﬂglég(fo?d GellcalfQr m 120 due to the

position of It axis 156. Referring to Fig. 10B, a '
[0013Q,lp| ndl Iéthac)@r@smemed wopeactir B deas nat h@@lang/thaxm@hm@fs sgfgularity

point, E ?1%35' angT 66# ?Xlgz?]e SpO!S‘]:II il%giri %@tﬁ%e ﬁ)ﬂngng)a(steios thétgglef%rence to
Figs. Q%ebe rAd mhdgonﬁlcgordﬂa% syﬁelﬁm setlhpeusang the dofdry iagis1ag ahé elt axis 156,
tary 173 rot af ab e menber 175 du

and thg%f% St 0P (oar fqordinnE sSom by igh P & the oty axs
158 arld! tht 8Rh&is TSETOBke difcdtion 9@@2&%\/5&&%0@0 vAEEPEfifgSs t he

rotary angle of the tilt axis, B-axis 156 fior machi ne
t ool system 1B&ssVbhased- Bmat)hﬁzs@lrmmnshl pS)of equati on
4 as illustrated in Figs. 9A-C. TiltAngle '

The cemponedia)f tsobvleeeior Aat#long tie tiltaixSpiShds evRkéssw byesupton) 6 and

he TiltAngle is the rotary angle of the
labeleéﬁﬁwﬁﬁo%@ ector mach A2>A is the input tool vector

in the mcfﬁoﬁﬁe&&,@c @]ﬂ%&Vch&t ey ABkyis and (16)
I nitial Spindl eAxisDirection 459 i's the spi ndl e axis of

The cdtﬁ}io&h%thﬂ tvd thbll Vee®PaT2 alb@g thd € roRVbEtoR) Lloakidtial ie csytsdsedrby
_Whengéé1 Tilt AXis aoé;q[e is zero. [00129] If the
cquatiqq { g Bﬁ@llquaséé he si ngul arity point tilt angle
At—qlferante It axis,gncoder resol ution
TOOW\Mmr Dérrﬁ%ﬁ ?/%%‘ R 418" per at or(_ pecified tilt
The to@Ne%to‘i’ "pfcﬁéc%écﬂﬂ ithd ﬂ xgg%n'ggﬁos%%@ct_‘é%ﬁ?&% Bx )}ﬁ&%d Mﬁ&%&%ﬁon 8 and

ying along t I'ne singularity polnt
labeled hs 41;46 in Fig. 9C

ToolVector,, [O]/mag

ProjToolVector, ., =| ToolVector,., [1]/ mag (8)
0

, wherein

mag = \/ (ToolVector, 4 [0]) + (ToolVector, 1]} (9)



situation, nmethod 426 sets the rotary angle for B-axis

156 to the last rotary angle position or to zero, if
WoeosAsd33F ot ary position has been set in the vPeT/u8t007/075270

ki nemati cs machine. This pBevents the attenpted

determi nation of rotary angles for degenerate cases.

[00130] If the transfornmed tool vector 422 does not

lie along the machine's singularity point, the rotary

I t | ed w t h the
The m%’? of IE ﬁgcsa?%plg’ 8\?\%( ét1 er?@]?eéir néglgst%lmggs 9A-C. An

orthogonal coordi nate sy trROTos! V3@bHP, (m] ing the rotary
axi s 158, Rarevdrgle =anta im@ ssVétor O 440
("TCR coordi nate systent gt ¢ d endi cular to

[001314he fOAéfn)én 8hé1% tﬁ@glt%ﬂ § 4%@:?%1& et nedﬂ}%nethod 426 for b-

irection O OSS ect or Iven Yy equa
axis 1 5 oslc-Mact oY, @spedﬁmtlaraye ooty sneTofl tWA>piossﬂ(15);olifmsa°onmgﬁmem
fthetool n tilt, a 156 i s
orthogal it ASre The bRl ide mediB [ 0H 5. oc

Deterrﬁﬁ@ﬂla{ﬁ&tpfpeTﬁata{ q] = Tool Vector Mach T|ItAX|s (6) The
conmponent of the tool vector 422 alo

[0013%y o5 s \VBEms cmbadigneds, msghadgn déte@wa?w@éa OBSheéa]Hﬁ?IFSofﬁr the rotary
and tllgﬂ%lésqp clibgd S raﬂchtéIQ nﬁ Be cg&'lde-%lplln\é%f‘ehﬁfmﬁqugg E)}e]ferred solution

Vect or Cross ctor he t ool
for thqmotaqrje@ltdetdt anrglctSh éxTinplapxfastoaidcl@loths e apola@ippathef ihs tool from

th 1R B GRRE PRy R Tl B8 G b P B Geigpor s e

axis pr_EféReI{cthém@n(s&}cted whes exdinplag 11ﬁeI(pQDairB1epiitﬁ§ ﬁhE:Is(lda(lghﬁte@Blatmg
axis 158 is determ ned by equation
the toqiws‘ft%W\?é%%%tmﬂfraﬁﬂF%ﬁ &WM@%O@U%% %qde(a) @terpc(lﬁtnyg the
machlﬁg RJ‘[J? hNVEE L les-rl%m[l}ll beth@AH Lo APodBMs! 6L s RliMert e
't and rotary angles determ ned by nethod 426 for
lntel’p@atmrgs a%i@candepokkips. 158, r espect ively are only one of
[0013 r]glghpgﬁl%ln?‘:%r%ng ln*%% fl":iltal rgra]chlln Qﬁ{égﬁergﬁglu Onalt}bo% ZE% énterpolate
the shddedsedngunatraaiscafireEy@ebdtwEdit tdol positions. This method is automatically

applied for Type 4 and Type 3 input tool positions. This method is also automatically used when
Interpolation Type 1 is active.

[00134] Through the tilt axis preference, an operator may force virtual kinematics
machine 214 to keep the tilt axis on either side of the machine’s singularity point. As shown in
Fig. 21, an operator may select a negative tilt axis preference, a positive tile axis preference, or
no preference (neutral) through a selection input 482 or within the part program. The operator
may simply specify a preference so that the machine uses that tilt preference if possible or may
force a preference so that the machine cannot use the other tilt axis direction (negative or
positive). One application wherein an operator 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



[00132] In one enbodi nent, nethod 428 determ nes which
of the solutions for the rotary and tilt angles to
waetsoi933Several factors may be considered i n PCT/US2007/075270

determining the preferred solution for the rotary and
tilt angles. Exenplary factors include the
interpol ation path of the tool fromthe | ast commanded
position to the next tool position that is being

may alE St @%tﬁpginmgﬁég%acﬁin% & t@ffs‘esthé)sr %&%Eﬁﬂﬁ %Xl{g ??efgl%ﬁ:& side
sel ected. Two exenplary i1 nterpo atloﬁ pat hs i nclude

when thg Jntempb tipobath ohthetiénd i mdlof gctomeerd22 al ong a

' . b l. it :
001315 7T R EYRED FRe kbl RS al BRGS0 Rhmaghine oot sysem

100 islshvear RyferigWe 1. 1 B, 4 ti10dnghOSIrEckfohdlinglth a @OSitive tilt axis preference
) enbodj ment, the interpolation is.a |inear, . ) )
is shoypy BefsgImette Sie- || 908 ingls cirsPauiigdp deiseativg tiltayiy preference is
shownm@chi ne 214 further includes a nethod to interpolate

the shortest angular traverse direction between tool
[0013¢losi t i lorese cMhpdimeat, Mthodst28 prasaedsias &lloyvsafipht, da tloaxis
proferG B85 PR R AR ol PR bSPRot! o BB RRabR s
selecteicinid ige rofdP A3t diplaughstbied ab b ifiest axluBorpr @fhervans &, (1 phype 4 data
. . operator_may. force _virtual kinematics nmachine 214 to
is mplﬂg(ngme? #314 ts 1Bt S@WBH@P&@?@_@W&?S@%@ iy et 49 tool
vectorShiegpeladibh tvacROd, Men ARoROL WLl tfal&tse Blary @Rd AR E8Xi&bAFular solution
' may sel ect a negative tilt axis preference, a positive
is deteringd apthghpfodpemgraethodr no preference (neutral)
ShortdsA QUM RaRBlSGLAOR | nPut 482 or within the part

progrant _fthe operator may sinply specify a preference
[0013H0 t haKirdt,hbe chaalt meotageamgidaid thé tHanpe @if tdt @rgteare tietermined as

possi bl e. or y rce a preference so that the machine
em”a%ﬁiﬁdﬂuﬁ§@59ﬂgaﬁiﬁg? tilt axis direction (negative or

posi tARNSdry4 a:@RBM'zﬁgﬁﬁﬁmeﬁéﬁ' n3leLRREr ator ogp]

softmare’go%?rollerkgo may spec??@ga required o$ )
wherefnor ced tilt axis preference is when a feature i s being

defined relative to a transform plane 298 (see Fig.
ARotagginglfris the dhinekyip SRgPriiElite feature | s useful when

Rotar%grggléi\iféxf i Fot %n?\%/ggb%rcglisﬁ‘égﬁéﬁﬁ axes limts in the

sitive and negat ( about the singularity
RotarPdMLaanth tRE rotd9 Bnd B 8f M GRivinRis PBsikorv 0l une i's nuch
| arger on one side of the singularity point than the
ot her. Ahddugkt mdiiibdgdd/ekior Ti@Anglelasi rt ual ki ne(l@li cs
machi ne 214 to use the specified tilt axis preference
wherely ge when t he interpolation path of the tool is not of
ATiltﬁ;‘S’Yelgg&g%h%ge[h@ﬁl_jc?téﬂan Fef erring to Fig. 1A the
chine singularity point 490 for machine tool system
TiltAng @D/ ek Sis SotinangRebeng eongideedfimg. 11B, a tilt angle
~corresponding to a positive tilt axis preference is
TiliAngledart. is Reftdt anighyofithe piegiousndSition. ti It angl e _
[0013@?2\5\;\ S }?err]ed élrg %hrtec? caasesnt%%%gsliXeer \xtlhlelntcor%élllfng%lg ];h%ﬁrt%gtca%gllﬂgr traverse

solution:

Case 1 — If ARotaryAnglel >§

Calculate the alternate rotary solution.



[00136] I n one enbodi nent, nethod 428 proceeds as
follows. First, if atilt axis preference is
wacaoswadsesl, then the sol ution correspondi ng t oPtHeEs2007/075270

preferred tilt axis directi3en is selected and the

rotary and tilt angles are stored as a first solution.

O herwise, if (1) Type 4 data is input, (2) Type 3

data is input, (3) a shortest angular traverse node is

active, or (4) a.tool vector interpolation is active,
waIihéﬁAﬁogh@h@ééK—angular traverse rotary and tilt axis

angul ar solutioris determned with the foll ow ng

Solutl&l?#f‘@(ﬂhe sPORES: 8Rul ANEINERE sdll@er se Met hod [00137]
First, the change in rotary angle and the change in

I determ ned as expressed in equations (

Case Iill 11§f @@09 ’?‘i'%lgl DBot ar yAngl el =Rot ar yAngl eNext -

Rot a yAngIeLast 11) wherein ARotaryAnglel is the
[0013?Jhangeln|°|%5qlll\]eb?t@t0£ﬂ$¢ rafE & iREEy Al emeRg cquidistang; neither

n d R

solutidh it Sk R Dt He Lo Rs TR AR AL Rl 3p and e
angulaF Jiffdraeed @m%last'po-ﬁtlbhéfbgie&ltﬁﬁied( 12) wherein
ATiltAnglel is the c e inthe tilt angle;
TiItAmgg§¥§%3823'4%@”??%@Aﬁﬂﬁré7Bgﬁﬁéaﬁbn3|der@é) and
TiltAngleLast is the tilt angle of the previous
p05|t|on [00138] There are three cases to consider
AlternuleTi: Lapip Ut tho gtdritge syt eslutiaigul ar traverse sol ution

Case | - If ARotaryAnglel >- Calculate the alternate
ATiltAnglear iy theoliffercoer. leagesnithe lLastitflt sxRopaaitipAngd dic akicrngislangilen

# 1 is the shortest angul ar traverse solution. Case
solutiqny | _ |t ARotaryAngl el = [00139] In case IIl, both of
[00146]“e rolth\‘BYzlzﬁ%gél %l#zﬁ{ng%@? Uhé:PEh §61§m§ﬂlé!réjéq?rﬁcﬁ§£nt and the tilt

nei ther 'solutron is shorte In this case

axis plefer@RBSpU@! © deledib®; tiadntths flabezlangul @rsokedbuti oBlsarif the

. an%ular differences to the |ast position are
(AT iltdeg élrﬁﬁé@:ngldﬁthe shortest tilt axis solution is selected and is set equal to solution

#1.
[00141] Returning to the determination of Type | data, next, the forward kinematics are

wherein

determined for the selected solution's rotary and tilt axes angles to determine the linear machine
axes positions. The linear axis positions for the x-axis and the y-axis are determined through the
part matrix stack 280. The linear axis position for the z-axis is determined through the tool
matrix stack 270. In one embodiment, the linear axes positions are determined by setting the
rotary axis and tilt axes object positions to the chosen solution 1 or solution 2; set all linear axes
object positions to zero; and recompute the Part and Tool Matrix stacks (280 and 270), compute
forward kinematics to determine the part point in machine coordinate system and the tool tip in
the machine coordinate system as represented by equations 14 and 15.

TransformedPartPoint,,,, = PartMatrixStack.ForwardTransform(PartPoint )
TransformedToolTip,,,,, = ToolMatrixStack.ForwardTransform(ToolTip g, uezemopeis) ~ (14-16)

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



ATiltAnglel =AlternateTiltAngle - TiltAngleLast (13)
wherein AlternateTiltAngle is the alternate angul ar
waoelosioas ATiltAnglel is the difference betweror/Uk®m07/075270
last tilt axis position and3the alternate angul ar
solution. [00140] If {ATiltAnglel == ATiltAnglel) ,
then both solutions are equidistant and the tilt axis
preference option is selected, then the tilt angle is
[0014'§|\et tor #Fa'\/%ﬁto#gs théﬂhﬁ%fenbé li)e{tf%-éd th@ﬁ%s%rmed part point and the
| t Angl e e shortest t axis solution'is
transfgeled daod dpaﬁdlswscteets uequaltranﬁiats dhedtinicainaxgd to o0g1he Jool to the
det er ti on_ of ..T dat a next
corree{ Yot bt st e PP s BBl
mterdé:pahdﬁnlce@ betwicot thieyaaag axed 170andsvirtagk 8§iven agie i parne the part
the linear machi ne axes 03|t|ons The linear axis

ma““ﬁ&§#@§8ﬁ%mF&WﬂPﬁ@”&“%Qﬁ% and the y-axis are determ ned
[00143*]h rou gﬁlet fReerPdeh r@fﬁltyr dnﬁ tﬁttae?(@é( &&fns -ﬂﬂ@thle 'hﬂgeﬁ'raxé’s)%o%ltlons are
position for the z-axis is de%ern1ned t hrough the tool
checkerto detersinasithay7@e withinonpredefinsdiremort. , An beeniilarg a@redaﬁe@ region is
ositiaqns anpe . dete ne set{d e rotary. axis
the redlEb GRS ISP OERo W 5SS (5hP REOZ b SR Nigftr gyt of
machide ihits Ghaht anGiro? is S@drtedltd ah beator taxagh 0lo) @otiulpoX06t iID0Ae
zero; and reconpute the Part and Toal trlx éPﬂiﬁ
embm%l?s@ félﬁ&@%)fep%faaﬁuwhfa&%r PRPRSARE rit,sg 2y o IS gment,
the ertbhR r%irtted@pd ?toné of ﬁﬁ@%‘lld%@ng ﬁﬁ’éeddoﬂéftl%n§1¥ shiMednd ) thige are less
tool tip in fhe machine coordinate system as
than Sragpy esidn @r@ghllgy taod siestdns(3) the tifyis peeference is active and the operator has
spemf-gé)ar ?%/E% Hey élt(t: E}g%__ﬁtrec% ust b used rce tilt axis pr%gre)nce), or (3) Type

orvvar rans or art ol nt
2 inpul dan shothewibhes! ofdqp dMagiovided to cascading method 400 and tool vector

=Tool Mat ri a For war dTr ansf or m( Tip
interpadgfi) lé%}l%sﬁ?ﬂr 8%{*&1&6 f%ljﬂ%?f wee%lgﬁf %
Dewnn$5@@§%g@%ﬁgPﬁrtP0|nt Mach - TransfornedTooITip

e DeltaVector is the difference between
[00144]h e t remsftertions whaiein the M@hlamosutms ereaies pioheragchiposingularity
I

point {dop he-mhﬁfltl\é g)?% Péi ?olHt?(h gfo%: fo?lra%}g ﬂé@ieﬁgﬁ)ooﬂﬁ %ﬁr}ed based
on equbhiensgeneddBi zed ki nemati cs Iibrary 210 knows the

|nte o] e e varl ax s 270 and
RS N Pat matrin (718
Aladmnkﬁ%@gleﬁ Szhg:lummrzlmgtelﬂzsﬂwgik) %@gul@ﬂ@fﬂﬁﬂnglﬁh ’

determned rotary and tilt axes positions and the
wherejy near axes positions are checked to determine if they

ROtmj%{ngffW% M%'r[)‘taﬂlﬁf ROef idigshn €9i on. An exenpl ary

' I ned reglon Is the regi on bounded by the lints
TiltAngke 1% the ttanglsusr ke®n 1t indany of the axes positions are
Singul(c)nl’%}yT%Angle is the angle of the tilt axis at the singularity point.

Interpolation Relative to the Machine Singularity Point

[00145] Interpolation through the machine singularity point must be considered when the
last tool position is at the machine singularity point 490 or when interpolation from the last tool
position to the next tool position will result in the spindle passing through the machine
singularity point 490. In either situation, a method is invoked by method 428 to interpolate
known herein as Interpolate About Machine Singularity Point Method ("MSP Interpolation™). In



machine limts, then an error is reported to an
operator through I/O nodul es 206. In one enbodi nent,
WO b@s®i93eF i s reported through an error nmessageCDOSA07/075270
di splay. In one enbodi nent 34the error is reported if
any one of the followng three conditions is
satisfied: (1) there are | ess than 5-axes on the
machi ne tool system (2) the tilt axis preference is
one eI%dllﬁ{&lt %gPtIﬂ@rpgpﬁBﬁk&rps lﬁfésto§lpl@r(f I11); bﬁﬁiactt Q@ﬁl the Wor iece and
ticular tilt axis direction nust be used (fo g
statlonar}l telagixe ® the mémm @} thedool(13) roftytpeatui the mactiae aln@a]grlty point
490 t he hi ghest order data provided to cascadi ng net hod
" 400 and tool vector interpolation is turned off.
[00146} her V\Refefnng@d) Bigk OIRARD, 1091 CANS Rk @iflconet e/ﬁtm'paﬂ 18@@@@(& or
Sol ution 00144% For situations wherein the mac
more ¢fdhg piey AEMaFENG9P! yptepnD0maRies nB ISighdafiapi Rajt léelaﬁfi fool 141
remaiftBbontaBEhRIER | BREEr QA roB8iER AR HeUthiBthef sﬁfgu[ﬁﬁ%&l@t 49@01"001 141
system 100 rmay be determ ned based on equations 17 and
essentibfly AmanysiateRotyacipingloghe Workplece 160 during the MSP Interpolation.

o GRS P 0 pd B ggpgron

when the %lmh@wﬂdyt‘ﬁnh hANattdevdues ISP IRmnaﬂatAnghﬁehmﬁﬂd the splndle

) ot ar or sqlution 1; Til I s the tilt )
axis 1 ¥$ W@iﬁ E? gPRIRe singtlerdy ﬁ@lar %ﬁﬁ? 3\45}}’ |I‘i1tm’@fa80? Qay og used if
any oﬁHéJfoﬁonfngtﬁ@trﬁé lt) T?iSé # irfut Elahﬁlssﬁr@\g&'é@(l t%p@@'lﬁﬁut data is provided;

Interpolation Relafive to Machi ne Singularity

(3) theppriest pogla frB{erserapéio & aatw@; 9T (4') rieal ghctohiatampadsfionds active.
[0014@' ngul gr.f 'f§r¥t ROLBH éf&?.};é%(:@%‘eﬁh&‘%&ﬁ% &0s a'?ﬁle'lﬁaféh% 0

position’is hine sin an
smgulmty\pbmm 49mﬁnﬂtheha¢t itaxth pbgitiem & et dtalsdt mbchade Sjl@]ildrltﬁ)p01h0490 If the
the next .too] Ig&BMA|| result in the spindle

il axig BELETRREC i PR GFibe i rEs PRI P Y BRI 1014 fy selected
if it is YithiehadiddUhiO e n@ceE@%Ir)h aft théthdd kel iRVok¥BANOE PARB Fofation to

i nterpol ate known herei'n as Interpol ate About Machine
hnearlsulmfgmp@rq thg tqob v eptorNastwrsd thie' Ingitoql ppwtigbloghe aext yool peraian. In this

51tuat1§ %%ﬂg? hSIYF%? éa% (Rl(l) Iﬁ%hf e gﬁ@lﬁﬁ? sﬁlg@aﬁtggol }nl'ﬂé‘o {ont e next tool

cdn plece an ative
poﬁnmhsn@uhkphemepaﬁxmhmsbhﬂh1141 rotates about t he

Chl n arit |nt 490. (%00146é Q&ﬁrrin to .
001487 G e B G TR D SRRt OVt R e 188
conterﬂiﬁat@@ &oRitioA rtfPt Ads it B tXPposfe sSTROTIIS i@ rity YSiheid HO@st tool

noves. In Figs. 12A-D, part 160 and tool 141
position; and solution 1 ti t 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).



remain in contact through 180 degree rotation about
the machine singularity point 490. Tool 141
wes®snid3as |y remains stationary relative to theCT/US2007/075270
wor kpi ece 160 during the M3P Interpolation. [00147]
MBP I nterpol ation permts nethod 428 to sel ect either
Solution # 1 or Solution #2 when the foll ow ng
conditions are met because MSP Interpolation can
[0015f]andl € ahﬁlré E’(ieﬂgtjl@ s@l)ﬁhén iﬁgs zp%:()sd Eketrg'{aﬁ&g{?f th@?ota ax1s 158 and
machi ne singularity point I'nterpolati on
solutidmel til¢ exds 1sf0natheysanie tidteeo fitind mgvhlmgm%uéartty pem( ds)th yip‘retodl position as

shown ARk, B8 Shd Porft BMLRS enaSF md gfEo s UBBHG LRRgon whether the

tilt ax@@hglv eor sofutiodt) i &othe vikaki rpremﬂeﬁcfdwdleadrln@n Iif $hearflt ztx\lf_‘angle for
In a first scenario g 13A- C? the | as
501‘1“0(“01015 056%% lf s pefeagnee pide e meﬂ@ Svilh gnieraplate frop .tl}?tla%QGSItlon to
the ma@ﬁﬁile ‘éfﬁ%ul‘ﬁﬁ?&tpotnﬁQbO pcﬁecﬂ ﬁl’&l&& th@l\/fsqiln?ct{pc;lﬁﬁ)nnﬁ)@lmve@ by interpolating
singularity point . the tilt axis preference is
the tood yeétorfrom hleﬂrmtldinenem@mrmhp@m 49@stp @mntm ppstlpm whishrcertesponds to

solu‘[lqtnI 1I t"{he}g( {s esclzo%%e Itslluslerateg iy II%E t15A Cjﬁrgm a s own I h#lg% 17A and

nec hod P v ok
17B. MSP Interpolatlon to linearly |nterpolate t he tool
vect or__bet ween ast too].position to the next .too
[001535si ¢ i I6ihe tilhaﬁlw@?esﬁl% Ef&k“il%h'l isingt @}%Fi&ﬁxgmr?f&repweﬁﬁée the

methof Wlﬂ kaskt @'étutlt)ﬁ 0 hll RE rSBEH dBBuSthd &Hgﬁﬁﬂlﬁ%oﬁ@ isHecAQ8yt Qhis is
the next tool position using the tilt axis preference

illustraged wthign.7(} 00149] In a second scenario, wherein a zero

egr ee ; 8
[0015%on te InI agfioe 9(%8% 9 ﬁtPl;% ﬂé)f% ?:’)thgﬁcjiui n%h% oof 'r‘%l’?et%rlor thpr%e SGC{laI'IOS
apply, sohheomﬂ hhdwmyajt]ﬁngmd)tamrt of thototdry tois tl He andtht tittagls angle is not on the

and solution 1 tilt is angle is.not on the. .

same g4t d&%‘%"}b’i‘eeﬁi‘”é%“é'ﬂ&% Panbddes o Fder Bbealn ISpEgRro, Johiion 2 i
selecte? brhbrwiRethE tdol DELtdrQyitiingt inddBblat (R AR cARE AT ka1 Siel Y the

the tool vector for the last position and the tool ,
workpiese sigee faditianhlewerdst intgrpsiatei thitooswbving drough thpsingulptiy point.

oor di C

0015100t IS ST EM A I a0 hQE W b PRk S pgton o
the ne{deMEl@]l id detdrinirge dslwengtr 1n03_,rp(tliit&)nLTEftnlIt01qb01M1b1h isseleetet and not yet

ion 2 to ep.t ti.lt.axis on th

active g s o S SR e n iR R B F £ clor passing
throughRmashind dittslldrAy B6int. Nin kIS situkBibnCalsd MBcriRidMeetin, this movement

i nterpolates the tool vector fromlast position 454 to
does nphiachyde Hﬁeﬁ@lyﬁﬁgwaﬁmg {hrepshyihe mochipgyipgulargnpoint. Hapce the
1nterp68{|§ﬂhcglgif g?llﬁ{)llé@ﬁm niaggl ( Hla{]arg qg?é legar‘%%h’@%i&re tp]r'b%ldgﬁ%] hidthod 430
1nﬂwpmwahmpmamed40me t ool vector froﬁ1the machi ne
u‘.oo i.tion 458 using

Point
1 & scenari o,

[0015§ol ut l mhelsdaaﬁloa ad a&;cﬁsgﬂﬁeelﬁ @thateirDihc afovtMentfRin@thy last tool
axis 158 and solution 1 tilt axis is on the sane side

positiqgs tq ﬂsl@ needpelmesigphiiudes thy gndivattorpsting threpgh thoppchine
smgulB@tz Ig)ar 9Eﬂ9@§]h gafob\gglré Hleﬁfo anlgéj@ﬁé ape L 5@1@ éoa{hrlng\eﬂﬂet ted by '[‘I}jnes

method rotates the tool about the machlne singularity point 490 such that the tool t1p 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



tilt axis angle for solution 1 is on the tilt axis
preference side or not. If the tilt axis angle for
waoelosisas 1 is on the tilt axis preference si deCT/UR®07/075270
method will interpolate fromthe [ast position to the
machi ne singularity point 490, then invoke the MSP
I nterpolation, followed by interpolating the too
vector fromthe machine singularity point 490 to next
r
Pt P RO T RB L P s m 8
machishown in Figs. 17A and 17B. [00152] If the tilt axis

ngl e for s
00173 &, DSBSk o et Gtk b Elioeaif e gposiin
tilt angl@ 1sfd@1t1ﬁttb e radxBite siﬂgalasmngjjhtam ztmglep ar nét, 1hs nﬁﬁfbﬁSSSlaerpolated
s is illustrated in Fig 0153] In a fourth

from t%% @ﬁ%ﬁois’élo{l 19 s maghine @}lgmlﬁ%w%mﬁa ﬁ@mbby fifffémt% ggipteppedigie

positichCR BRY th&RiRRR M lari ?g‘gd‘lﬁt‘ A ad d&%ﬁb@&‘%l&% hafe 15@%12!‘[199 i9done by
the rotary axi's d the tilt axis angle i's not on

sendinglike mme@at@ena@hmt h@gnlanh’l noesition rﬂggu@rqats«gadp oictitod490. dke motion
is then 1n?e g) ?§%d ﬁos Itltlel laglt §3 ﬁﬂrté t%e ﬁcfe ne%rlrllt(e)l’medlci) l eu ]‘;)](I)stci)t?onzat Ithe machine

T her W vector
singularity @b O a1, EAtrJSteU(QDlB rtl&mtpetfbﬁmﬁkm aticymachirtsing@lakioy pdist 490
wor kpi ece, si nce sol ut| woul d j.nterpol ate the too
Finallyrgq mgHiqmip &?&Hm@%‘a&q 1 s?na%d gt PO HBAC THbE Sgulariy

point t%QlﬁJ B&E pSPHdA 490N Th ﬁw@%e&ff‘ﬁt@ﬁ)@latlhg GoVE ﬂi@mosf‘[foﬁ% tae
| ast pOSltl on to the next pOSltl on is determ ned

interme@ipsunghition eethp olaghinesingularity powt pesl Gemde interyyediatepegition at the

f
machlﬁggrelgfnﬂlr%t% ?Emﬁ%\/‘[gﬁg%ﬁt |pI %ﬁﬁ?@e 18%%%)1%t§)§|n%3}égi?%ﬁﬁér%%e 2 or Stage 1
and Sthéy Ddigéustdilehenme hicimpknegtetdari ty point. In other

|tuat| ns also escribed herein, thi move nt 9oes
Identi 7 osiion lagnin gpolation Thereto

00157YBC NI Ny SiyREUliuk bidta PO( AHore RIARINVEES) EQWQJ ALIOYchShe surf
[ g&paéfﬂmﬁ&mﬁoﬁ%%c meTﬁ%ld&aﬁM&m?wme

normapvevordectht prioigidinidn430 tHersutthe rmaﬁala&bmg forehdaott #@polated

Interp | ate To Vect or Passing Throug
positia; g ff! ?fiaryApsﬁﬁfwa@f%\i Dt Vb Sohr] g baedlaonship in
?§§ ed herein wherein the noverent fromthe |ast
follo $ﬁ%€3|t|ons to the next tool position includes the

Anglek%h:gc??\%&c%%%@é%%n B= tafb"c&’st{:e%ﬁju?dﬁl o ineNéitﬁzQ%c%Nh;Wal)

ol nt 490 the foI oW ng enment ed
If (An@@lbstﬂﬁﬂ]@fxmbﬁtﬁ%rﬁw 2 b? ) sheRei\RefatOhn@Bvdche féraBé¢ prior position

about the machine singularity point 490 such that the
and&mswﬁwtmmmaﬂde@mdbrﬂecmgmnmammnﬂhxmamn@nanyCMéhanlve to

t t.hod. i .
01505, "R SO ELARRS T A LG PR g oo
on the TelationsBpts@swh i RIIPWIngtdqomions active; (2) the

| ast position chi ne position_was previously set; and
( S%gulaheSuw"@tzmrnw ﬁ&JilC@Ab]?@&Ois@ctpﬁ@Machmelh%rfaceNormRotationAngle)

wherein

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

determined based on the relationship in equation (19)



machi ne. [00156] The nethod follows the follow ng
steps. First, it is determned if the |ast position

wWo 2008/0293g5 e i s equal to the nmachi ne singul ari t pCPOBIN7/075270
tilt angle. If not, the noBron is interpolated from
the last position to the machine singularity position
point by defining an internediate position at the
machi ne singularity point 490 as described bel ow. The

|nterpolat|on|s—eleﬂe—by—seﬂ?| di ate
mechi Y85 slher a kP ARV B! Pr¥aitHIcaEdde et hoy

400. The not i on |IaSheRNIHAl @NSBFIomENe | ast
position to the'defined internediaté position at the

SEROR R I ADNEBTiL | Phdeti e AheliRf Ath t S4&fe relationshi
and Z%Zzgfor rréd at gfEeIé n}%éﬁ&heﬁ%el(ﬁghﬁ ﬁpty?%gﬁéﬂa§ed& ¢ relationship
in equitiohaddl y, the notion is then interpolated fromthe

i nternmedi ate position at the machine singularity point

f PomEAR fm%'b‘fs"s? s % AR i RIS T etk

the nachine singulari oint and fromthe
wherelgt er medi at e position at the machi ne singularity point
to the next position, the interpolation nmethods either
= /Sirgyéar ity BrLaStTdgtngle ahdstBiltdgele? digdugsEdihgeei n a

Ali enlla' nt e e05|23)
A2 = Agih }wﬁ % @hé fté(ﬁft trjaf fﬂ?ﬁénbﬂquﬁ{”&fﬁ% t al%)n Tthirg(rfto
23 = At ilasgl Kﬁ@v@%ﬁt@eﬁg@gm?ﬁgwb&;“ﬂ&”ﬁ&l@ﬁ@@ ip T TiltAngle

or mal wvect

[0015 or nal T}%/eescl:l{fgce on ac{ 01ntﬁfég( nP 1|nte Isﬁgltll%rgg/ FPtOSl il IS < Je?ermmed based
on equaibh i near . Angl| eLastAndNext Surfacel\lor mal is based on
t he relatlonshlp in follo n equat i on.
ceNof | X rfac Ly, Lf
SinguiRgSh dieae :%@éﬁfe?ﬁ’&é o Ve tehog he gueson) (4
nor mal vector for the pr| 05|t| on and the surface

[00166)0 Mel TW@&%Q[ZW@?&H}‘JE@NMZ Szﬁgﬁ&r@%pﬁ}‘a%QP&ﬁzs hid @&)lasfe%tor define
not collinear The sutrface normal vector fo

an intarimedigigglabitien 8f thg mlaglring yngid@mty ipomt foedatiye b thd e@rBaS@dTbﬁn

1nterm§d1§te Lﬂ% 1%5{1 8<§ g%(g%Mh? machci)ne smgule%t? 86‘ % Jl&ﬂs sent to Type 4 input

in the @d@@icﬁtrﬁe‘t\bﬂlﬂ(ﬂ dﬂﬁ\ri&ﬁffeﬁléﬂt(ﬂ:(ﬁﬁ tisuadt pogiNar wethe machine singularity
Surfac Nor mRot aél onAnﬂg wherein CrossVectorl is the

point [y RQYY %BB?}POW éndip heginposi ti on surface normal

[0016MeCt ONnWalds WiRtAt Bypcs @S RITt pRYideaarRdnRAnddife machine singularity
relationship in equatl on (19) Last Sur f aceNor nal

point i©dotsgihaed oy follewg E(\J@ﬁ@l@gﬁ@ﬁqdﬁf@ﬁﬁ@dﬁ&zcw = Q)]_'@l)zn the tool vector for the

Last Sur f aceNor nmal tSurfaceN? n('ia
prior position and the tool vector for t e next interpolated position are collinear.

AngleLastAndNextToolVector is based on the relationship in equation 25.

AngleLastAndNextToolVector = arccos(LastT oolVector & NextTool Vector) (25)
If (AngleLastAndNextT oolVector # O) 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



and Surf NornRot ati onAngle is the magnitude of the

angul ar rotation based on the relationship in equation
wQ@ooostoessei n DI = ASingul arityTolLastTili Angl e PCT/US2007/075270

=LastTiltAngle - SingulariBgTiltAngle | -ZD) D2 =

ASi ngul ari tyToNextTili Angl e =NextTiltAngle -

SingularityTiltAngle D3 = ATotal Ti |l t Angl eTr aver se

=\ ASi ngul ari tyToLast THt Angl e

- . +t yToNext Ti | t Angl e—086359} The surface

%ﬁ‘ﬂ“’é’éfoo%‘it%tz Rogre b vl prid o enoaT P {epdertadre’s) s (26)
Whmﬁgfternined based on equation (24) [00160] The

i ngul ari tySurfaceNornmal, SingularitySurfacePoint, and

CrossVOQbr1 M€ Qe EfiAEWRR K ItiY it giiabLtoBPsdctdr QAN Bbtate R€determined

machi ne singularity point relative to the workpi ece.
based T éheirplponsbighiiateugtiosi2fi on correspondi ng to the machi ne

singularity point 490 is sent i nput in the

to Type 4 |
cascade 00LasThee! asipe ke Next T eadfedidre | ast
positioglgtgogigtczaéi_m@ Try,PoL] may Aol be
i nterpol ated as dilscusse erein. %d01 1} In cases

rein Type, 4 data i s not. pravided the internediate, . :
and THERERoLRE s T O stheRlqes L Rl B ol SFTEEEE Rpaonship
in equiftiiigeLast AndNext Tool Vector =q) then the tool vector
for the prior position and the tool vector for the
next interpolated positfilem) are collinear.
Ang| dpeldenadiaaiondsgive t}_}é T dndlelgstingYextheolVector (28)
rel ati onship in equati
Angl eLast AndNext Tool Vect or =ar ccosylLast Tool Vect or
katTooIVéctorj (25) If (Angl eLast AndNext Tool Vect or
Al = Knduiteity TdlestTadnglee Las THohgleneSipgilotty Pidngleon and t he
tool vector for the next interpolated position are 18t31
A2 = pgngilwead oNpobig23/e THéext GoHng/e cSoutasity Kilkdngdlachi ne
singu[arit%wposition‘is provi ded based on the '
A3 = Myl {lhwg il e ReHAP RS W atia | pwa@@g@m |AvingujariisT e Gitdngld
=Rot at eAbout CrossVect orl i Last Tool Vector,. . . ,
100163400 veEtIPRIPRISEIRAAY) tés me%aﬁle AR AN Peyifas ivdetegpineg based on
equatibi2 vect or about which the prior position tool vector
will rotate is determ ned based on the relationship in
equation 27 _, LastT|QMjg t or Next Tool Vect or

where

SingularityToolTip = LastToolTip + e NextToolTip — LastTooZTip) (32)

[00164] The SingularityToolTip and SingularityToolVector define an intermediate
position at the machine singularity point relative to the workpicce. 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 interpolated from the last position to the machine
singularity position, the next step is to rotate the tool and/or the part about the machine
singularity point. The number of interpolation steps to rotate the tool and/or the part about the

machine singularity point is determined. In one embodiment, a measure of the chord error of the



CrossVectorl = - (27) LastTool Vect or Next Tool Vect or
and Tool VectorRotati onAngle is the magnitude of the
war@sloaa33s ot ati on based on the rel ati onshi p i NPET/USLHODO75270
28 Tool Vect or Rot ati onAngl e39f D *
Angl eLast AndNext Tool Vector (28) D3 wherein D =
ASi ngul arityToLastTili Angle =LastTiltAngle -
SingularityTiltAngle 29-31 D2 =
tool R B DL FOTIAT & W RATS RO i d Qe ping e mamber of
interpedpti®i shepgl &ir dneychidhoslgndtit) d fiypglimcrement is used to determine the number of

. +\ASI nqul grityToNext Til.t Angle .[ 0016 The.tool tip
imerndh @R AR RAA RS it AP gl BF eBfer
Numbé&leiferoipedion 356 - onoelfmasi on 32 [00164] The

SingularityToaql Ti p and Si ngul arityTool Vect or, .def.i ne an
[00160]nt er nERA RARSIGISHIE T2 distaptfeO it Hohip &) thytreling yngoITHY
positidnetb Atd ¥eird il BEMRAKRIEESed a8 HIR ROALSRIBHIFRL EnROTIHET ON

corresponding to the machine singularity point is sent
RotaryRadipjipietaged in determined #redigasseddierciret hod 400. The

ve t f the .|l ast pasiti.on to.the ine... . .

0016507 E TP SRR it Ehherb Mbb Aot s e QMg s dstgrmined
based beb ehdsrd cRot @ldratte ABO (Kee FRC DI NeccSidagtdnatn biyerdtor. MThe chord error

[ 00165] ce the tool positionis interpolated from .
tolerargeg @nﬁ 43 fe%;s@g?ltlp e e Bl in iR §F%d§i 3hs pYmPSQf {prgHons is
couplddy (REMI0S iR néBod.0 rotate the tool and/or the part

about the nachine singularity point. The nunber of
[00168]nt er pd$samingrthe tadgwnslop peavided in peuatioph iapdisbed.t he part

(BB SS B 5 PR BB T B BRTMRE) ™
i i bout th hi ne' s singul ari
e 8 g B L BHRIB BB ot e e oty

steps. In one/enbodiment, a fixed increnent is used to
determ ne the|nunber of interpolation steps. An
lary fixed increnent ista fixed angular

i(a)rig?t‘grﬁgﬂ TR 'emg{of S:Enter PO AL LB, St €P % chord EGHr
12
h

[00166] The p atticoul a —dr of the tool
tip at the machine si gu|1§ﬂtqr’1y§adzalDzstance

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

A4 = ShortestAngularT raverse(NextRotaryAngle — 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



position to the rotary axis centerline is defined as

t he RotaryRadi al Di stance. The RotaryRadi al Di stance is
waledwsnniged as di scussed herein. [00167] The PCT/US2007/075270

interpolation is a |inear interpol ati on. The nunber of

positions is determ ned based on a chord error

tol erance 494 (see Fig. 21) received froman operator.

The chord error tolerance and its relationship to the

arc angle is shovvn( n Fig. . The n§n‘oer of

i terati 9nsrddncoun! ng net hod.(35P0168]
Assuni ng the rel at i\@risddRpiaprAngulledep n equation Ais
satisfied, {RotaryRadi al Di stance >0 and )

[0017§ot ar yWeIPAIND tsta HeedR o dRlap ptep serreppnds toghespagifigdhgngular

step. ?Hﬁpﬁée 8t nhﬁlﬁ%tg&i;ifgﬁv\ﬁ%héisg&ttg5%.ned by equation 34 #

terations = erein the ceil () function rounds
[0017Lip t 0 ©he theximbarto gemtioGhas H&Emrdstermsectl headhpertadleystem 100

oo S5 A S TSP Bi s v ryghast o machine singuari

point bRl Rtr@bHAD ?bset)ior{s%'f)he vohigiieixds hld@hfnpd@! Fémeach iteration, the tilt
Short est Angul ar Traverse() returns the angul ar o

angle ifped fathe snBelatiar it il aaiguthg Fotprysingicd s knpyh. angd theragitions of

the link418ReLhre ﬁ&gﬁiné@tthQQ&5§?§ anehfodw@_@. relationship in

equation 33, IS not satis the i nterpol ation
[00172tet hodinsat smbhdimeutrb&iurehtRotay Atglo ssset @ualte thaNurmy estagyfangle as

| nt er pol at i St.eps - Fi xed ular St 001691 .1 n
represgyte LG Hernd S Lkt B (Gmy TS BRIGEY OF FESHGRDEY of

i nterpolatio t eps . based, on.a fixe ngul ar s 496,

P e T v e R v

about every tent h@of a dggree. This E%brepresent ed in

equation 36(36) [@017 erein the m

Fi xedRot ar yAngul aerSt 2ﬁte%‘fofl%sponds to the specified

It sho 8L h&kd &€ Qn%tgufb?é'pwiés ) tN&ss MRS eq fté e rP%EeidRGtsar}iﬁﬁnégéﬂarStep

set to one. [00171] Of¢e the nunber of iterations

specifR@ 8N ttedRdned, nachine tool system 100 rotates about
t he machine singularity point. In order to rotate o
[0017Hpout Newd. thaetamangylauddeal tip pesitines fopeachmoprspre aigfdeteained in

aloopP%E Ma%ﬂﬁie @fi 'il[ll?n}y%sllt% STRY R & Sf}ﬁggﬁﬂthIFggé a C.h
iteration, the tilt angle is frxed tothe simgularity
CurrerpBbtaty Arigld arapgiveled tdhthe rcatcading arglodstOa teddterong thapdsititve of the

lincar g)geélci%ﬁﬂ%f tﬁ%ﬁ%ﬁn%&%ﬁaﬂosﬁ%g? ar% rwel‘[h(ijne t %rmrgc 1%(62I litmrlltrs ’0 tﬂg Bositions are
stored for output. If a position is outside of the machine limits, all of the determined positions
are deleted and it is attempted to rotate about the machine singularity position in the other
direction (i.e. the longer angular traverse for A4) of equation 35) by inverting the step angle,
determining a new A4, and re-computing the number of iterations. The new A4 is determined
based on the value of the previous A4 with the following two conditions

If (A4 <0) then A4 =A4

If (A4 >0) then A4, =A4

+27;0r
-2r.

previous 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



[00172] I n one enbodinent, a CurrentRotaryAngle is set

equal to the prior rotary angle as represented in
wequanisss 37 and the angul ar step ( gstep ) i SPET/OS0d®0A75270

by equation 38. CurrentRotartyAngl e

=Last Positi onRotaryAngle (37) = # IteMati-ons (38) It

shoul d be noted that angular step ( gstep ) is |less

than or equal to the Fi xedRotaryAngul arStep specified

interp{ﬂ%‘[gqu(?regﬁﬁ{s%taﬁgot bk Q0L 4Rk a )fﬂe’métﬁ'&l A % 98t ﬁﬁc}f'ﬁ@out of

o I p positions for each position are determned in
limits.a | oop. The Machine Singularity Position Tool Vector,

0017470 dofing ha T AR g ARl TR ARy poip 00 was

succesofu$ ithd @4x$ pe¥fitidnhie sérit fieatigheoseSdingfmahdd 400 dnb@hciaofinicde from the

) axis positions_ are within the machine |imts, the

intermgiaieypaspae sigulafipy Rafitiog o BigrsdPosition & igEralateth i s

InterpQHiSH £6m AFikhE RN AR ckddi BRitioft! | Of the determ ned
positions are deleted and It IS attenpted to rotate

[00173Hbout Ansveratlatons thieughavt thiy dpolistic oihisi mentiecdthhier movement is

. Lrection.(j.e..the |onger anqgular. .traverse for D4,)
1nterp(g?te§ grlﬁ)g]tall %1%{ %c}gjtlogysqcn \a/tse 2 %il%sgp%lltéong %oeab &ggré peczsmon, such‘as an

intermdéiberpskitbn gt the ARvhié singwmdty fpesidompiid fotowing twuRlage inddrpolation

iterations. Th}%@ngw.m [ ? determ Ped based on th(e1 ..
methog &3y ypeexsmpERemsthad fgtcinelafing fropytisppesiigndg asggond position. The
two-ste@dictpo®ion etk JdiRcludes Y firk (AR EMy Th XS BI R 0P USintErpaated fr
v Sol(%énll fe%( D4pPevei ous >‘uO)S tllﬁettr}%%znew :yD4p_ - 20. I\gt e seem
a first aehvedny 42aArrotresngnding rethg firgpheition e scherddogogrigr he2kho

tati . S [t j If this attenpt
corres{’gr}dﬁg tggléea%ég%éi %)gl‘saloﬁ i %@Pnggvs o%)?%ll{gdzeS )of t he machi ne
Stage Wi wiTvsl, Vdchernibohiribt er pol ati on di recti ons cannot be

xecut ed and the met hod throws an e&r.or oE machi.ne out

l0017@f i ninetlis stegd fHiPoRySqior jyAnteolaizh wiptivh i the Rorkniges epfdinate

systenBBOUSctl B8 tHRERE P& IRInNAU IR debdndiRsffon 42RhIMRE a linear interpolation
successful, the next position is sent through

systeng gslisqtpiserdy vitttho ebiaaorignigd deregmefisefieate dopsehlar 382, the linear
ol IS8 SNBSS PO O A0 BBt s
or anyRalsir intempolatomscBemonfuites; this ctagh GG tpliodd] swew endathe operator or

| ocations thr hout this.disc|losure, it is nentjoned
host sqiRgte AOTHHIHIRIC T8 SRt o BTN SEIPPISRY Lo SO B IonT 2
[00178UCh a$of Ik@at RErpRATInt dFARL tobOvedtos AREONE] RREIr tdir8&tionSt4ah

as an internedi ate position at the machi ne singul ari ti;

interpefafsithrough 2 maee #hon] BRICAY IS sytaPericH E9ITE atY) HARER Y
positi(glg, R0 ARX BORGGH Hha'Th %Qg%i fitolt PO bl gty fif b Brelat8 ibector

sition to a secon
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:



two-stage interpolation nethod includes a first stage
whereby the tool vector is interpolated froma first
WO 0@/ 0¥186% or 422A corresponding to the first ppST/UBINT/075270

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
coordi nate system 282 (between the fi L{y on and

t he second posit ‘QWS?OSAM%B{%W%WMW@@TQO( m?fé’riy | ati on

syst enfaratieiis seied FGWIQW de§i%n
of software contyoller 202, {“ﬁg \"Hear i nt erppl ati on

system can be overl oaded to use Spline, non-uniform
whereinat i onal B-splines (NURBS), or any other interpolation
schene, Further, this stage is an optional stage and
ft lterqliqus 6%%‘F3P8Lercﬂf“ﬁf?§fm§oftware application 215 may
NextToD880k 9s $ Pl ttcthh MehRUSH o FANTL B Sthb BloHtibon tddI vector:
stage#2. [00177] For linear interpolation of the tool
LastTed&eaer, ig denit gtor yiethe diredtioned thedirsidpdll positive tqed vedter; and
ut .the coordinate systemorigin

t hr gugh | ane ab
Mamf‘%%‘gte ilsg.%egg TR lﬁaérnStﬁfpcml positions, the first

[0017910S1 t i PRL8B839 REsSEFATHe PASati] HBvidINFRSoXEMR &Mool positions.
i nterpol ated tool vecfor positions 1.1, 1.2, and 1

If Typartalathomievided Forgoth githaive sl pdsiﬁ@nwhmﬁrmtgpnmdﬁﬁﬂ@irted based
I I the nunber of interpol ated steps between the
on eq‘%\ﬁ%&t@o%%é&si tions are provided. [00178] A first
exenpl ary net hod ftjo _de J mpercof l
LBl 8, ste i R T AR e
opé Brévi ey a desired angulmbiesksp 501 (see F

r
21) for the tool wector between the two tool
positions. The iterations for interpolation i
det er mi ned! far@ans renpdf &gﬁa@a&h#ﬁeﬁqﬂo&%ﬁ?\fpaﬁaﬁ
h 39: arccossyNext Tool Vect or Last Tool Vector | #
WOCTYY er ati ons =ceil (39) MaxAngl eStep wherein #
# IterdtloRS S INOMR al i tHRinTheRBEiter@fonk beic@lbh GtSsurfilextoraalsVect or
is aunit vector in the direction of the second tool
LastSposietNpoma/t is@lunitercttor in thaditcEooh Yetht surfics narmedifer theGtsoposition;
in the direction of the first tool paosition tool
NextSydegediormainty avaAisgres: thp direction af the siifesg narpdifay the pesgnd
osifi n09&79] Equation 39 is used if Type 3 data is provided
P or dboth of the two tool positions. If Type 4 data is
MaxApgleSicplgdhd ddsirbdidputh stepe two tool positions, the

iterations is determ ned based o o
The number of iterations then is chosen as the larger of the number of iterations determined in

40, 41
g4

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 =
GetMinTimeStep BetweenPositions (LastPosition , NextPosition, WorkpieceRelativeFeedrate

42
)()

wherein



on equations 40 and 4 1. axccos(yNext SurfaceNor nal
Last SurfaceNormal # lterationsSurfNormal = (40, 41) #
woesat3efns =max(# lterations, # |terationsSurpP®DUSEIN)/075270
wherein # IterationsSurfNousgal is the nunber of
iterations based on the surface nornals;
Last SurfaceNormal is a unit vector in the direction of
the surface normal for the first position;
T zmeSlt%ﬁ’S ur%sgﬁog\w%{) {rmrrg fifhe @te{b’ ﬁjghstégg% dﬁoggg)lntt? glﬁqiegcﬁ%ts 14 sﬁémﬁed in
the palpxoigheStep is the desired angul ar step. The nunber
of iterations then is chosen as the |arger of the
LastPgifigye cosesppidsita thedst nesitiehni ned in equation 39 and
NextE2843 b&l{lesé&qs%éthre%%%ﬁ?@&ﬁ% Bygequation 41. [00180] A
second nplary net to deternmine the nunber of
Workpiede@elptivadtcediagtcepsspasdsto shadfesdrate df therteolsipaplatiiidie the workpiece
operator provides a desired tine step 503 (see Fig.
ﬂWCf@iﬁlﬁﬁwaﬁﬁé¥¥%6l vector between the two tool
oSi ti
e G e S T S P
interpdiati@Sixep el o¢tiastchodiaxhe &vo(tde)positions and clamps the time step and hence
Get M nTi meSt epBet weenPosi t i ons ast Posi tion
the feed@%oﬁ@g MaKEHIm WRJ&]O@@@@Q@&}' pf,&lp@é%ﬁrrm){él)num velocities are violated
by thewgfrﬁl féahm%sﬁ" ﬁ@ﬁﬁ%ﬂn@%&mwﬁéélafnﬁe& hﬁe Eﬂeﬂ?otstfi@ﬁo(/é' Bwever, this
ast position to the next position specified in
time stahnp ipanly ap raplgfpalmatllgasf fgdi ntal tcme gfop slegq)lmsmte@pql#t@n of the tool
et AL B OB AP SRR RARE B Cul G BB o
the cotnhaeteﬂ aﬁebrr@tleteqfolattdf&fnbm | Ag thp tdo bath iinterpb Rtddp@sivondkgrt eetputed,

ifi.ed in the part pr.ogr 0 The functi
the TYQ%?%/PHSFF%’@P%’B&M Bofien ?’%afgfe \i‘ﬁ#ca-}@ge e a}nilm@ls petual final
time slePtafll RRULAL féf‘eai%h%%eﬁf)% a@éal dok@idn DEIWEE Ahd RENEBT ftQRfions are
ositions and clanps the tinme step and hence the

provided by thetrelationshipein gaydtivnitAxes vel ocities if any of the

axes maxi mum vel ocities are viol at ed
] .| TimeStepF romLastT oNext
# lterations = ceil

) (43)
MaxTimeStep

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 determined, the interpolated tool vectors and
corresponding interpolated tool positions are determined. Each of the interpolated tool vectors
and corresponding interpolated tool positions are sent through cascade method 400 to determine
the positions of each of the axes for the interpolated positions.

[00183] In one embodiment, the tool vectors and the tool positions are interpolated in the
following manner. The angle between the prior position and the next interpolated position is

determined by the relationship shown in equation (44).

AngleLastAndNextToolVector = arccos(LastT oolVector e NextTool Vector) (44)



by the original feedrate. The function returns the
cl anped tine step for the nove. However, this tine
wa@sPp14335 onl y an approxi mati on of the final tPEOBUSL00P075270
since linear interpolationd4ef the tool vector wll
inevitably alter the machi ne axes interpolations,
which may increase the tine step for the conputed
linearly interpolated nove. As the tool path
wherelgt €r pol ated positions are conputed, the Type # 1
position input in the Tool Position Cascade wl|
Anglet aktdud éevel cmhitbc ol dsrthetangle detweah thei il positien stdehe seaxd interpolated
..feedrate for each interpolated position. Finally, the
Positigiymher of iterati ons are provided by the relationship
LasthﬂV@&Hra‘ié 08 tdof Fdctor for the%rll)ﬁﬁfsﬁfohoﬁﬁl (43) wherein
terations is the number of iterations; and
NextTNabVEctnEEBt ép t@éwcce@rfondbs next lnﬂamdmdalqsmﬂoat ion time step

InternS cifjed bg/ AN, oper ator input paranmeter. [00182] Once
—Qﬁé—’ﬁ%éﬁz%ﬁéf—ﬁ%”e rations are determined, the
[00184)Nt er pl‘f{ﬁ%@éia&ﬂ%’N&@%&V&tWO)D%ﬁ ﬁ}%ﬁ@(ﬂdﬂe%r for the pl‘lfor position

i nterpol ated tool positions are determn ned. Each
and tht el wdtcﬁrprtIhaM@d i toplo] ateelgtositisn areccotlorene dpondi ng

o R 0B B S P B SRS ot oo
for th%%’?glg% ILth‘?P%e %reﬂ?h&tc%ﬁml%s' tions. [00183] In one

tool vectors and the tool positions
[0018%r e i nTIEr\moioatﬂﬁdlt whidhitie prodrlpowiting tavhnentsr. willretagng H@ermined

pr or ion and the next interpol ated
based B‘B@ rF%HOIfS lpdgte%‘?artr‘loﬂzjdst)by the relati onshl p shown in

equation (44). AngletastAndi tr

=ar ccosCkaskaan Ve AFS44) whewsj n

Angl eLast AndNext Tib&s\t/&ibﬂ@fctdr@NBﬁT@ﬂg&ceo et ween the

prior position and the next interpol ated'position;
whereln@Shsk@obYaCH e Vedtok (18 wdPRicdtebRlinat &y aldu€wRIch@ke prior position

posi tion; and Next Tool Vector is the tool vector for
tool vecks wiblxetaterss diegerlaosigopot itenolaicdt er pol ati on of t he

841 t AndNext Tool Vect or =q)

LaStTg(ﬁ%a hestt%m[&)vecdffmlt1fb %%%grﬁﬁo@aposnl on and the
NextTooldlecrordg the tdocbWedtbtefonmxmextnhtemtﬂt@ilgﬂmpﬁs| tion are

ollin
[0018&] g 51m11ar exercise is completed for the surface normals, assuming Type 4 data has

been provided.

AngleLastAndNextSurfaceNormal = arccos(LastSurfaceNormal 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 (AngleLastAndNextSurfaceNormaZ = O) then the surface normal vector for the prior position

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



(Angl eLast AndNext Tool Vector q) then the tool vector
for the prior position and the tool vector for the
W eoos/0i938®r pol at ed position are not collinear.P¢D0$857/075270

The vector about which thed4prior position tool vector

will rotate is determ ned based on the relationship in

equation (45) _, r , LastTool Vector Next Tool Vector

CrossVectorl = - (45) LastTool Vect or Next Tool Vect or
(Angl%fﬁdﬂfe%&?&cg&gﬁn?ﬁ V\7/&h(b ?HEJjﬁie V&iFY oﬂtﬁen nglki%&‘ ﬁl%%rlor position and

coordi na prior position
the sul\fﬁSétr@FmW\Jel:tof ol ﬁ{ealeﬁﬁlnfelﬂlﬁ)lit@@bos@tﬂﬁll atré ﬁdsts:oﬁrnear
i nt erpol at ed; Last Tool Vector Is the tool vector for
[00187Ihe prTlsrvepos pbqué whickribe Nesktrpeipveefase nprnal pecteigwill rotate is
deternﬁﬁ&f‘t%ae(f N b li]&atﬂ)%zs(ltup DL RGN gﬁ?d posi tion. [00186] A

simlar exercise 1s co ete or the surface normals,

assumng Type. 4 1

Angl ST aoinbxt A N RSN QIR Nopmal o

(46) wherein An&M@Eﬁ@@ﬂﬁﬂmwﬂH@dﬁﬁé@@N@ﬂﬁﬁmais t he

angl e between the prior position surface normal and
wheretn{eonéktioirhisshputcairdth wokpictorw osdindter) ebot mimdh; the prior position

LastS rface ma t he surface nornma or the prior
surfac BRA yecor i RBles i BeeR i e SRS T ace nor
LastShliceNoBn 1€ thd dutfeé Orah BEbcRP $drith©priorlfosition; and

(Angl eLast AndNext Sur f aceNor mal =qg) then the surface
N@anqbaﬂthebmdhehmﬁmth@mpmvamnﬁmgmth@n1mnmohhdlwsmmace

vector for the next interpolated p03|t|on ar

[0018%o| | nlélacrwmg ﬁmw&@%&@mﬂmsﬂe@dm%aémwaﬂt e@)ltefm&tpd tool tip
tideR frod MR PoRRT TR ay R LR B [t QbiRPehdLan and
poal%ﬁgmsurfacécnorﬂg%wVectofn or’ t e next ?nterﬁo at ed
(Anglplasidridtiaxt@pe Veobr €0) HicrisarpoldQita8Rlectbha seegjualrto aloudl vector of
whi ch the prior position surface normal vector w ||
the pripppegition; as igfh¢adsdin saeptioadd€d on the rel ationship in

equati on (47 Xt Sur eNorwa
. _. CrossVect'5freesye" eﬁ”@ﬁ%‘”‘t@ f’%rurface{@
If An%?eﬁm%% %f R or rfgf Q?v&%ﬁ&gﬁwg%{@ utltglgjolﬁ?&itt%l vector is

pl ece coord ates out the prior
deternfif&l Bas@NorSHHE kélatonsioip iabquadei 99 Wi 1|1 rotate as the tool
positions are interpolated,
InterpolatedToolVector = RotateAboutCrossVector1(LastToolVector, ToolVectorRotationAngle) (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 = ( -
# Iterations

j * AngleLastAndNextToolVector (50)



Last SurfaceNormal is the surface normal vector for the
prior position; and NextSurfaceNormal is the surface
woeoosaiozsect or for the next interpol ated positPONUS2007/075270
[00188] Knowi ng CrossVectoub the interpol ated t ool
vectors and the interpolated tool tip positions (tool
bott om centers) may be determ ned. For each iteration
wher ei n (Angl eLast AndNext Tool Vector =q) the
[00189]nt er pﬂ;eaihf%ﬂ)otlé%&i tOX?ﬁ‘ﬁ RldeleimBEd b5AY @h tﬁeofefaﬂgnsilgj%rovided in
vector of the prior position as indicated 1 n equation
equatidi8(J1int er pol at edTool Vect or =Next Tool Vector (48) |If
{ Angl eLast AndNext Tool Vector. q), for a given iteration
InteldRReATOBITiNE eLRTbSTad: EMDQZNE;&T&B?T@V—@d}%Omﬁ)ed (51)
on the relationshi p i n #4eatiorerny 49
| nt er pol at edTool Vector =

10019801 ot e Misolit ey gaiogled! b, dabitereligd CedFectop Eepdrp the Type 3
' I i n t edTeql Vect. : :
data fdgg}?eﬁggﬁﬁ()lnﬁé(ﬁ ?0)81 1 %&flﬁ{%géroé%?({a {%gid cgog] 9@% é@%‘#? [nput into cascading
method do) YWeddtamiat tht posituig loftle viakieusaaxgb.e t he t ool vector is
o rotated and. is determ_ned based on.the rel ationshi
0019l equ]g‘t(’iHSﬁ BAIMERY S A1 R 4 dh erbRBYKER Gy Sirficgnormal Vectors

and thE YnEdek BBint Pethitidn bt iR rfoltRed-AThel RALWRELRINNBP OFtle angle between the
CrossVectorl through an angle equal to the val ue of

surfacT aeyimpé ef e RopERISBIPARGH Ee. surfaee Mgkl dhoraRbinserpeatad gpstion

(g e R T S B DR ERIBh faRR i
[00191(;5 0) #fl A0l ongNOQBRe Nbvendl N &:Rﬁpﬂo%ﬁﬂf_& Qgiv_eh litBratiSn then the

eterm ned based on the rel ationship provided in
interpdgfad surgare (bal vEeides palegtd dd thelsTifpeenotragtvEctot i the prior position

. t Tool Ti p.+ LastTool Tip) (51) \ #lterations )
as md‘%%@@bﬁquﬁ%ﬁ%ﬂ er pol at edTool Ti p and
I nt er pol at; L 21 he Tyr@@gs dat a
for the interpolated tool tip and interpol ated tool
If (AngRELOM ndNXiSHrladNorinal & 0pddr 4 diven icasadhagheaitdrplakdGurface
to determ ne the positions of the various axes.

normaj peri@ 1§ deternopesl basdsben e nelatignehipiimedqpppen @3dat a i s
—provided—t he surface nornal#get—er—s—and the surface
Inierpola Sy NgirIc e A & Ton B ol 4t SRR DG o Ansle) (53)

wherell@Nner. The angle between the surface normal of the

Interégadtt%d;Sggﬁ%{\ig%{afgl ggﬂtg?l%)ﬁgs t%lfﬁé ﬁ?e?p&ﬁgyg{rfa% n&lﬁﬁll Og@%r,

SurfaceNormalRotationAngle is the angle the surface normal vector is to be rotated and is

determined based on the relationship in equation 54; and
RotateAboutCrossVector2 is a function that rotates the LastSurfaceNormal about CrossVector2

through an angle equal to the value of SurfaceNormalRotationAngle .

The SurfaceNormalRotationAngle is determined based on the relationship in equation 54

SurfNormRotationAngle = ( j * AngleLastAndNextSurfaceNormal (54)

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

equation 55.



( Angl eLast AndNext SurfaceNormal ) is determ ned by the

relati onship shown in equation (46). [00192] If
waéngkelest AndNext SurfaceNormal is equal to zerpCT/W82087/075270

given iteration then the interpol ated surface nornal

vector is set equal to the surface normal vector of

the prior position as indicated in equation 52.

I nt er poat edSur f aceNor ma =Next Sur faceNornma (52) |f

{ Angl eLast AndNext Sur f aceNor nal ) for a given
Interpoldt¢dSurdce Brint=nlgmn:Stie e Poitier MNeabefundiomat- Dee§t tcePoint) (55)
i s deternined based on tHe“F%l°4t1 onship in equation

[00194(]53) | Td P %%%J&P&W%H@llnter olatedSurfaceNormal correspond to the
=Rot at eAbout Cr ossVetct or 2{ Last Sur fpacel\lor mal , SurfaceNor m
Type RodtatdraAngrm)até by fask esreach pbint @rdaalcgiobdSiyulaceiNamantector.
. corresponds to the interpol ated surface nor vect or;
This daggy %@%@ﬁ?%@%t@%@&w‘gﬁéo deCpige ﬁﬁaoémf’ﬁeor}g{ﬁ yagtous axes.
Stace DL PR, ¥BEtOr is to be rotated and is determ ned based
on the refationship in equation 54; and Rotate
[00193bout CPersshemadriine pasitont aigcicicomine girowgh the eascadieg method 400,
S face I . Vi r h
shetnb AL SHEL A DL AR, RSRBAL A Rl AT PR BNy e
InterpoWlié BaENUIPTR): Ratiatd BRADSL SIS HeNeFNgd.Las ﬁﬂerﬁﬂaﬁ&?stage is
relati onship in equation 54 SurfNornRotationAngle = *
perfordwadl €hasiimbdtepctiturfotetiondetarmhinébwhctherHfuithee idtipolagonshould be

.00193]. The. interpol at ed surface point i.s de m ne
deterniiGGaGn DR OF BTEh BT bt GSBER Sl DA bR s R angular
step mefholiNLEIRR Akt RpSHtiJranaRed, Me tobas) SuittPeRRAIiMthe witkpiece

(Next SurfacePoint - LastSurfacePoint) (55) # )
coordipgte py¥¢rBnnge Ja3om guhough e linardptggotatien Syt sapesichted aigh the
oblect g E G R o Rl b Bt ay b
replacedveh pthlcatethpbary irepolatomsistewsc Eacmplhhy intedatlaionsysteopsiin

o scadi nmet hod. 400 .to determ ne the positions
Spline, MU e AT abE Tt ib b ol ot i on | 00105
[00196NCE t AR cxaReiARGolPRRES baROBin®i S 1SRk e dbdsBd enl gl chb® crror

cascadi ng@rret hod 400, whet her based on the )
associptad wiith dhaBwyrend thed--ane Theangas chimea il Sopiettdghe graxis are

given PARRHAR sbARq 5NLEY &k%&gdsurfacepm nt and the
I nt'er pol at edSurfaceNorrmal , a second interpol ation
stage i s perADef¥ekTiHeglsedondilstiags i nt e(5ppl ati on

determ nes whet her further interpolation should be
A4 = NextRotaryAngle—LastRotaryAngle) (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?) (58)

wherein
RotaryRadialDistancel is the perpendicular radial distance of the tool tip to the rotary axis
centerline of last position (This may be the last position computed in the Stage #1 Tool Vector

interpolation method.); and



determ ned and is based on one of two nethods (1) a
tol erance nethod and (2) a fixed angul ar step nethod.
WO 008014383 i nt er pol ati on met hod, the tool tip PET/US2007/075270
interpolated in the workpi @e coordi nate system Once
agai n, although a linear interpolation systemis
presented, with the object-oriented design of the
software controller 202, the linear interpolation
ot e aeg ol P Ao P LPLIp (e poary i
centerlime GpickiensitiNURBS;s neyy barlye mxhpositgu doatputsdiim therSpageatli kool Vector
inter slche B r{tgr(r)l 96] An exenpl ary tol erance based
Py 'ﬁttloélpg%(f ati'én systemis based on the chord error
[0019818 S 0 ci I&ta&iﬁni&hrtrﬁarﬁlhﬁmaﬂﬁmhﬁp@p@ldtdﬁ&r Cardoat idﬁ;tan&_@ﬁ'oﬁmgéﬂoar tip to
ge in the B-axjs and the C.axjs are given |
the B- %}a E&r ithsriastpesitipiyamizthe pexd pagition is|sglecteg a&repmé@&tqd llntem}w@ 59
%ﬁ"ﬂlﬂayﬁmzls%ce(5@&){(?%]?2161@)@?&5&39@16%%&9&11@zstance2) (59)
Last Rot ar yAngle) (57 0197] For the chord error
TiltRatlilBx@aned ifrdichpethendlibglachdiatidietaner of@fﬁe ﬁohlalﬁ ©ahe ftilit pxis centerline
novi.ng ahbout rotary.and tilt a cen erllnes [
of last pogitioy bl %%&%%M'@ PR o B soas OﬁéVﬁf@r interpolation
method J€n@8X1 Mum per pendi cul ar radi al di stance from t he
tool tip to the Caxis for the |ast position and the
TiltRadiedRistyned2tis the petpesdivelar rdiabdistagsrasemtoeltin to thejiiiapxippenterline
I t cel,
of 135'[%%%1%1)1( @d %gﬁg hg rrllce ;io@f?@ﬁ rﬂ\}ﬁfftgﬁ B AL g@%g !#?lTQ'OIS\E'&Q
1nterp(R®lﬁcafry1thd)a| Di stancel is the perpendicul ar radi al

i sta f the tool to the rot s centerline
0015 °) ;thep‘g%tﬁliqe%ﬁOf("ﬁfﬁ‘@”ﬁQW“ﬁéelt Rt i BTy
T zZtRagz(&'ZszaﬁQe] | Bnd hﬁR@Bz@QﬁstﬁncJeZ-E%Odleté{ﬁﬁﬂe‘arbabéat&ftﬁ@hﬁfﬁog Qiscussed
met hod. ); andRot aryRadi al Di stance2 is the

hereinge thgeaeiionffamputabpel TiiRadiakldistapge toftativop! Axqs Gepterlnss.
[0020(¥]Ot ar yTl‘iaexlh%g&)t Zﬂ}oﬁrlg é Hﬁ}eaﬁ &(lgtl(ﬁio\%g}glhq’ﬁek %ﬂiﬁ éi?tgégﬁglegﬁce

next position conp ute
specifide by die usnt. él"hp ohat ieoor talegzmce isrra])rese[n&(d]lﬁ) 8]g. 1. hsmatihbdr

mann endi cul ra nce fromt .
ceternigy i il rerege i erergp gt T hE o BbF Pl ermined
in sm%emau@@@slthé aRirkS$ tokehRe! Bdttade E&ﬂ&%&@mm@h%an@ﬂh@ &t QR (B-axis)

MaxTi | t Radi al Di st an. ee =nmax(Ti | t Radi al Di st ancel

arc chquked.Radi al Di st ancel ) (59) TiltRadial Di stancel is the
[0020f3e" Pe“ﬁég%ﬁh e h axfll 8 4&1‘@&1%1 fﬁ‘ier{a&l@tl&q % ar\/tﬂeiﬁeéd%dﬁf‘tﬁﬁe

axi's er e of Tast position be t
relatlohdsplmmamom(ro 1s¢mput ed in the Stage # 1 Tool Vector

i nt er pol ation nethod.); and
(MaxRotaryRadzalDzstance > () and MaxRotaryRadzalDzstance > ChordError and |A4| > O) (60)

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

equation 61

A4

ChordError
2*| arccos| 1 —
MaxRotaryRadialDistance

(61)

# Rotarylterations = ceil




Til t Radi al Di stance2 i s the perpendicul ar radi al
di stance of the tool tip to the tilt axis centerline
wobkosasidsposi tion (This may be the next positiBOT/US2007/075270

conmputed in the Stage # 1 TWeol Vector interpolation

nmet hod). [00199] The di stances RotaryRadi al Di st ancel ,

Rot ar yRadi al Di stance2, TiltRadi al Di stancel , and

Ti | t Radi al Di stance2 are determ ned based on the nethod

I scus : : :

02t et e P s PR R IR L IPRpeedtfed in cquaion
62. By sgtanihe Thmbé¢mifetemoioas fodnnd sdditidpriahawerpélatiar ipokalkeil bacause the
next it\é\{ia%ihril(r:] tehe0 ch?g,ﬁll error igiol frr ansgée eslpeci fied by the

Gser” erﬁépclﬁ% 4 EProrP TSP R IRAE %s‘represent ed in Fig.

19. The net hod defRomiyiREariohs addi ti o i nterpol ations

are needed or if the nunber of interpolations
[00203et er nRepaetlingrthstitigesisladslatianef intsspaldtene ewiy be deedst eff thaeadationship
ine uBcOtnh63tiQ > Lotary axis (G axis) and the tilt axis

q ?@- axi s? are checked. [00201] Regarding the rotary

(Max BHR S @SR deSRndi MY IRIA DRRS DR 1BRIMESIRE | AS > DNg63)

relationship in equation 60 is true.
If the feMaisROtiRmydqastionl 43 is traf@er>le adber of iterations is determined based on

MaxRot ar yRadi al Di st ance >ChordError and D4 > QJ (60)
cquatipn 64 he rel ati onship in equation 60 is true, then the

nunber of iterations is determ ned based on equyation 6

1 D4 # Rotarylterations =ceil (61) J 1 1 ChordError )

2 *| %riélzosl. 1 v v|MaxRot ar yRadi&i Di st ance J[ 0 2?({2%
| 1

O her CrAYHE Tifffoer of Trerati opg, B, 5Ft eanal
as represented in @ﬁigtniccm[tiﬂ et qD urrber
is

of iterations to 1\ no additi OKAFRAEEHYSIEES
eeded because, the next..iterat.ion corresponds t he .
10020§)2 5 L OIRER R b BT 2GS0 kot £RYA (OF Bt TeBiveerisd ip gayation
65. Bf 08dR3{hc RegdeciMm@ratibes foi 1, ho addiSonad Hdrbo1AeH is necded because the
Interpolations may be needed if the relationship in
next itgigtian FYFFsBEds o the gext popiRToRAECdl Di st ance >0 and
MaxTi | t Radi al Di stapgg,z&hardError angshD5| > o) (63)
If the relati onshﬁgp ?ﬁaequatfon 63 i gk l)rue, then the
[0020Funber Ashmingthatimbg df steagde phitiedt drsd dhedbraxis 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
[002006] # Ilterations = max(# Rotarylterations , # T iltlterations) (66)

[00207] The change between interpolated positions are indicated by equations 67-69 and
the initial positions are set to the LastPosition and the interpolated positions are determined by
equations 70-72.

AToolTip,, = (NextTooZTipWP — LastToolTip,, )/# Iterations (67)

ARotaryAngle = (NextRotaryAngle vuen — LastRotarvAngle,, .., )/# Iterations (68)
ATiltAngle = (NextTiltAngleMach — LastTiltAngle,,,,, )/# Iterations (69)
InterpolatedToolTip,, = LastToolTip,, (70)

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



equation 64 (64) [00204] O herw se, the nunber of

iterations is set equal to 1 as represented in
wequanisss 65. By setting the nunber of iteratiPOFUSIHOL)75270

no additional interpolatiosois needed because the next

iteration corresponds to the next position from stage

1. # Tiltlterations =1 (65) [00205] Assum ng the

nunber of iteration of at |east one of the B-axis and

Caxis i tion ol ated positiens are
det er mi ggcf%f%%ﬂr{%ﬁ%leeﬂ “of %aftgfr}%ﬁg%ﬁgh is the grgleg?er of
[oozoslhe num%qme%edlﬁt@wélﬁéaﬁsaréd%ea&bﬂaﬁﬂeéwadd a% a@mti%nmqange
for the Caxis as represented by equation EOOZOG

value fro@reguitions 6 =AY the R@Eﬂ* il aqeptEnp 6 g2 ag reprasente@Fatheofinsy
- : bet ween i nterpol ated positions
mterm%?%?eiﬂﬁglfaélgpeecﬂﬁggoné%g%? ons 67-69 and the initial
posi tin@AsolaedTwkLip |,0= TirerpbgddosiTis 0n ARdiTtine  (73)
i nterpol ated positions are determ ned by equations
Ih@ridatedRaotyRnpley), ,~f NextpdboddRopwpd ngld, a5 t-Tdokarvnglé #  (74)
Iterations (67) ARotaryAngl e = NextRotaryAngl eMach -
L agtiRpvbn alKiiging Mag h =)Ih#riol eedliiitdrnge (6 ) ATNIHRgIANGI e (75)
=(NextTi |t Angl eMach - LastTiltAngl eMach )/# lterations
[00205(]6 9) | (ﬁ]@c@rtb@;néqrgﬂqt@@ pqqltmmé am_(ggqrmd-rhrlgﬂgh ?qp@"lons 73-75, the data

oy B L PR AR £ AP AR S St

machi(lG?}Q()Sit[O(h@ZOS] The internediate p05| tions are then

021l o AR E g D1 A B G bl P iR MR i BT ot ki Meutar step

speciflc@ Bk ﬁ&%ﬁeﬁﬁorf Reghidfgfthd Slgulantep ditdhd iesolations arb needed
equations 73-75. Interpol atedTool Ti pwp

relative |t<hthé rfryaésd e ratpiponshi T@éﬂmﬂmﬁ (stgie.
I nt er pol at edRot ar yAngl e )
=I nt er pol at edRot ar yAngl ch +gl%t aryAngl e (74)

e ST ST AR L B S ST b

equatipo®7 ti ons are determ ned through equations 73-75, the
data is provided as Tpr 2 input to the éascadi ng

met hod 4Q g t he corAéspondi n h(la
posi ti oﬁsgmfjgff %ﬁ% o Eﬁp&]@ft&ygﬂgu&@feﬁt ep b Sgd
i nterpol ation systemis based on an angul ar step
[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.
(]as]>0) (79)
If the relationship in equation 79 is true, then the number of iterations is determined based on

equation 80



speci fied by the operator. Regarding the angul ar step,
additional interpolations are needed relative to the
WO oa0any93axis if the relationship in equation 7BCT/8S2007/075270
true. ( |D4 > q) (76) If tshe relationship in equation
76 is true, then the nunber of iterations is
determ ned based on equation 77 # Rotarylterations
(77) Fi xedRotaryAngul arStep [00211] O herw se, the
nunber of iterations is,set equal to 1 as represented
i n equati q;fTﬂ?]g@mms&eJey[)ng_t_he_&inheLoLs} teg@tions to
1, no additional interpoFaeimaivdnpidededh because the
next iteration corresponds to the next position from
[00213t age DA, thesumbgriof Friagonsry pet geed tq Eés sersgertest in equation
I ks = (L.
G T
next itemtien potapomisso the acxtgeditidn frehattiged tnbest He rofatyt axaxindichtes the
ons in equation 79 is true. ( |D5 > Q)
needf{@?@ﬁdltiqlnaltlﬁté:rqoiaf@fll onship in equation 79 is true, then
the number of it egBld@agohs=0et erm ngd)ybased on
equation 80# Tiltlterations (80)
[00214j x ed RofaumaRg the apoperrfigopion pf o lpwst apesef the Beaxisuyp &raxis is not
t:
1 addffontt AW QG AioHdre B b8, The FmBERIIFERRLACINAL grogtor of the
numbaref addiitnsalearminet éorpbd Btaxermnid Somnbe Gedidmaoeusented dy mawdtion §2

[teration correspo to_the ne ositiqgn fr st age
100218 /' e€ 4eiaigny ofnéi‘{%c}%ﬁ@”?rﬂﬂ?’@ Fuiheraondeq 1@
dditi t )
[0021? 0021 4?ﬂza<!haf&% tﬁeg\p%h%ﬂe er POS ftllto%lge %?I?dé&qn 'e?io byleqh?rwns 83-85 and
the 1n10m1@081ft10hshzﬁe Betax fisst pordtidn o shd tsvonobitibns Goidistaigomalhat are being
¢ t& {)o at ec%l do]%)sntl ons 38% determ ned. The nunber of
in erp‘?l'?g A3 eBHrEe PHEUgPER87°%f t he nunber of iterations

det erqigagdy f or (VherdBray),s— Bnedrd ot WQ%&@%&& as (83)
r epr esent edey equati on ''82 002151p Iterations =max(#

Resian g e =N QRS atty Aighd, ) ;emsﬂmm@m(g%)ach 1/8@24bbnsThe  (84)

change between interpolated positions are indicated by
equatATingnB3=88eanikAngle,,,, — LastTiltAngle,,,, )/# Iterations (85)

InterpolatedToolTip,,, = LastToolTip,,  (86)

InterpolatedRotaryAngle,, ., = LastRotarvAngle,,,., (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)



the initial positions are set to first position from
the two positions fromstage 1 that are being
WO ntosoposBat ed as represented by equati ons 86- 8BCT/US2007/075270
ATool Ti pwp =\ Next Tool Ti pwp52Last Tool Tip p )I#
Iterations (83) ARotaryAngl e ={Next RotaryAngl eMach -
Last Rot ar yAngl eMach )/ # Iterations (84) ATiltAngle
=( Next Ti hAngl eMach - LastTiltAngl eMach )/# Iterations
[00212(]85) '@ﬁ&rtﬂ@ln@érﬁ&ilt@@gﬁénﬁ’dﬁ@ aré-@éér;{l%dxhﬁ\ﬂ@h %CE]Q)IOHS 89-91, the data
I'nt er pol at edRot ar yAngl eMach =Last Rot ar yAng P
is providgdeas Joipa £ enblit ka thAngicadimariethod 466 T cﬂeltermm the mcdsp@f&@)g
machi%oocgétg)]n The intermedi ate positions are then determ ned
YPRGE g an additional change val ue from equations
Compﬁta 1%51 T@ R Dadtaies td Roaoial ANaBsCéfieriiesas represent ed
e first intermediate position In equations
[0021939 91 Tl}lhfnéﬂ}%ICQW@E%@F?F@%dm}l?ftréﬁhﬁ]oqh%{%f&?é&e@@t}P to the
machléeTQ the-&'y Qﬁ@ it 3R9s Jeﬁlteﬁfrfégk(ﬁ‘ttmﬁf ﬂim%eeﬂ\@ﬁl%n stored in the axis
I nt er pol at edRot ar yAngl eMach +ARot ar yAngl e (90)
objecty.ntley Ipcihad ediFed hoteiglie Ve SitageZnnterpditan elmtThlddtSAn@lnethauﬁel‘polatlon
ATi I 218] Once the interpol ated
aboutﬁlem"tc me m ulg?é)é{oérgm ned t hrough equations 89-91 , the
[0022(¢1at a i Ehepﬁahmﬁmdreaﬁ:nfﬁylp @radsfoinpiihe tool tip eclans G(adie@glndle Zero
coordlggtg rs]?q?gﬁgoo ate]gﬁglg: %%%Jgarete gyhs%nRC oara]rp%%re%)]lgéaglge 1rf:g610n 1s from tool tip
towachQB@%vbfk@?élce ¥ R8inkte @9&&11' D&Sng HO gﬂa%me-ﬁml %raﬁ@&}ﬂﬁ@%n process, when
nputes the perpendi cul ar radi al distance of the tool
the cutrﬁrpi tltaesfpmedrmmmm@ agtofagipeal pxiahepordinate ayeésm, denpaspdnidipglar radial

dlstané 1S c&?ﬁut%ﬁ%ﬁﬁ% 1&2@1@&&8 go dé % ee?rgaczﬁ nl% &ﬂhgﬁg[a%o ﬁ%zg asingle tilt

axis and‘lzt ﬁngiekcaﬁny@xmsrret hods and in the interpolation about

ine sin uI.arit oi t, 0220] The met
l0022ilncrg§@?ﬁ%ﬁem hisics o f0<95> oYM AF IR fpghetwdle zero
point &REFHNBLAP RqEARKDRNat € systemto each axis'
coordi nate system The transformation direction is
fromtool tiQutreuBeids=tlhe/Batsokbrreer, . goor di%8at e system

During the incremental transformation process, when '
[00223]he cuFleQurrentBeigt o handfopordthroughithe Boql dMarik Stngk fiany the spindle
. r di e Y e radi LSt.ance
coons SRS YRR cmasimdlulan rad gt apee
transfdroatios igst@mchfdd bhaguaioniddgl e tilt axis and a single

trﬁteatr %’%ﬁﬂff[ g?@@%ﬂ@fx@f%é?@f Wé 'f%é"é %@%@52@3

[00223] As the CurrentPoint traverses the Tool Matrix Stack, cach axis is checked to

determine if it is a rotary or tilt axis. If the ith axis is a rotary axis then a distance from the
CurrentPoint in the ith axis coordinate system to the ith axis is determined as represented by
equation 94

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

TiltRadial Distance = ToolMatrixStack[i] — GetPerpendicularDistanceTc oAxis(CurrentPOint) (95)



poi nt as represented by equation 92 CurrentPoint =
Tool Bott onCenter Spndle (92) [00222] The Current Poi nt
WO 2008/02933% or med t hrough the Tool Matrix Stack PCDOIS100®075270
spi ndl e coordi nate system t56 the machi ne reference
coordi nate system For an ith axis, the transformation
is represented by equation 93. Current Point
=Tool Matri xStack[i]->CGetMatri xQ * Current Point (93)
Once t[hQ Q%gt?l\]daﬁ% Sttgbq’( iCHAV £ P@&ﬁ@nti’&ﬂ)’l’?&l&seﬁe LhGe gpﬁ’ik thﬂig hith respect
each axis I's checked to determne if it Is
to the mtlangjrecﬁﬂeltqelcoo@ma@ systfemt Herthethingké sase of maclonatopl axies 100

Tlthag gglataﬂ etlg e%%/?‘fo t% p%rp? 1}%’%{%{15 aintcgp <-f)lrgogr’nt tgig?oeofl Ej?ttOéIa ceélger in the B-
axis cdRPinES etad thhe BGuad.i on 94 Rot ar yRadi al Di st ance =
Tool Matri xSt a

[0022%et Per Yefidie BP%W%% Blitele PomxPagACiP P bt PR RS re(cgyye coordinate
systen{ RQ2EAlhd folkBRcd Edbr@the s&ssterﬁ‘ S{O?ir)‘ulhg axhs larshﬁps @cAloRE Fot
fromthe CurrentPoint in the i axi s coordi nate
lncludssgstheamtk@mph eodrdinatgsyssernl THes, dhafarddatix Steghrietaversd fiom
tion 9. | t Radi ID|s ce Tool Matri xStack[i] -
botto % usm Vers-Fﬂtra I?gr é‘ﬁlce 0 %lrésyCur rent Poi nt) (95)Once

[00226]he Tdﬂie OhtrentRoint &B’Jﬂﬁaﬂs&rlﬁlécaﬂﬂditfgﬁdhe Rt MettxPsthdk fréra tigsmachine
the value of the tool tip with respect to the machine
referencgicapidiiRe welshde Haq\@or§9§e%?ﬁor¢mt@ e, Foregdthaxiseths

transfdfﬁﬁhbrpﬁ rE&QAent%M S’%gﬁa}flgg ofi t|1 Radi al Di stance is equal to
t he perpendi cul af stance fromthe tool bottom center

in the Baxis dburidFdardlgysiieshlt] o> ChdiBrialli s. [ 00225]

Next, the Part MetafixinRraikidTearkforngisgd fromthe

machi ne reference coordinate systemtowards the

wor kpi ece coGwdémB@ietsWﬂénT SwoppPoig! at t(P€) | ast axi s

I.e. 0 but nc udi ece, coor dinat

00228 7 o Pese o Rl e R SR BRE o
deterniifd QD b GothiQor GisiaRE. 1NWE ith Axis iLNFftY ARk kA andidtinice €®m the

[00226] The CurrentPoint is transformed through the
Currepigiofnt NRthe 1$h aisseaerdipdgPstan fohe ith axip ¢ss defeamansd as represented by
equatiGPy di nate systemto the workpi ece coordinate system

For an ith axis, the transformation is represented by

eﬂuaﬁzkddmllﬁﬁzncd\@PdrMm%F?&ﬂc[ﬁz]VBtGetPX&rﬂﬁ}M@rD]smncefﬁ&zﬁ(ﬁbﬁr&nﬂ@nt) 97)

trix.InvertRi gidTransformati onQ Current Point =Matri x
[00228]Cur r elrﬁtt}pdfh(ﬁxw(lg @)tlh{a@@zheﬂ a ¢Nstap qn theeqirpgitReint in the ith axis

COOI‘dl%l%[@g§S£[&S o lthg &h R tis ﬁ@érﬁhﬁ(edsats ?&heseﬁéﬁ IBy %éﬁa‘clfloh 98¢ hecked
TiltRadialDistance = PartMatrixStack[i] — GetPerpendicularDistanceT oAxis(CurrentPOint) (98)
Once the Part Matrix Stack is traversed, CurrentPoint holds the value of the tool tip with respect

to the workpiece coordinate system.

Compute and Clamp Time Step Using Max Axes Speeds

[00229] This method checks a given TimeStep to make sure that it is not going to cause a
given axis to attempt to move faster than its maximum speed. This method is used in method
430 of cascade method 400 and stage #1 time step tool vector interpolation. Further, the
TimeStep results in a movement having a generally constant feedrate of the tool relative to the

workpiece coordinate system as represented by equation 99.



determne if it is arotary or tilt axis. If the ith
axis is arotary axis then a distance fromthe
w@sen3BPdi nt in the ith axis coordi nate syst ePCT/0S100®075270
ith axis is determ ned as represented by equation 97
Rot aryRadi al Di stance = PartMatrixStack[i] -
Cet Per pendi cul ar D st anceToAxi syCurrent Point) (97)
[00228] If the ith axis is a tilt axis then a distance
rom-t %%;; '
[0023@ stem??loe t e it é‘%”é@%’}% ?}éljés?nan%?gg ?%%?@%nt ed9)b

[0023Fquat | Dht B8 stdpp IsttRAcilahpIdSt ancs the Las bvRinkuing §§e@6§({u’b ]Vlolated for
- >Cet Per pendi cul ar Dj st anceToAxi syCur r ent P0| nt) (98
the meaqc Eaghhaxipcheaygd prdif giubiile peis pazipaims sRecdscaie v iohtesh ﬂh“%l the

smallelgptlng§sthb%tﬂﬁllyfcc%taﬁlgfsdsg@l tip with respect to the
kpi ece coordi nate system Conpute and C anp Tine

[002323t ep Usirsgehvies thy edat@pelad or{voBa 29 pqurtips 1 kishiod tadnebk $imeStep
needs%&'ce‘?rﬂ TimeStep to nake sure that it is not going to
apglven axis to attenpt to nove faster than its
rmX| me Speed Riysismmthod is used \n net hod 430 of
cascade net hodleg?—a:gd—s A Axisipeeiire 6108p t ool vect or
i nter pol ati on. WHEFP the TineStep results in a
whereffovenent having a generally constant feedrate of the
tool relative to the workpiece coordi nate system as (101)
AAxishNRPE € tﬂbdztz@é MWl PeYi i) L QQ2B0iti dn MR&hiREPosition]i ]|

MaxApS%z“%% “hillcr FErdeepes ""?LZ?EPA%ESWZE?%P?% 102)
Thevﬁﬁfeeﬁ)rﬂgm,ﬁgl%%%g‘%gb?feauéq gllgﬁed for the nove. Each

i pl'e axi s maxi num speeds
are viol at ed, znt esnmIAxeMovt?lne ep is that is
acceptable is us 8”65F ERS, 57 ct{ is the
relationship provided in equatlon 100 is true then the

Homogermtp®t EBpnsfemtisioh ddiex ehdMpadtk StadksAAXi sMove . . o .if \

[0023ﬁAxi S%p Et% S?&%%g‘ihg% kﬂ%ﬂ\ﬁ%ﬁ%@}a@s %ﬂeﬁil[tpf i’ar{ &/Pa:tll)lx Stack, are a

general kR$Hod@sEd inQRe YBEdMINBE K%hetrﬂa@l@s{ Lﬂb&a%é@ﬂc&@@e@@ﬂmltlple
=Axi s[i] ->Cet MaxSpeedQ The value for the tinme step is

transfoymadensyptogcfinrale mﬂtrlfo 3n omerembgsdgngntetsr theAigncsipekK nematics

Library, only rotation and translation transformations are used to describe the kinematics

relationship between machine axes. Using homogencous transformations allows the Matrix
Stacks to concatenate rotation and translation transformations into a single transformation
matrix. Thus, when a Matrix Stack’s forward or inverse transformation matrices are used for
more than one computation, the multiplication of all matrices in the Matrix Stack is done only
once.

[00234] A matrix stack can contain any number of matrices. A matrix stack may also have
forward or inverse transformation matrices of other matrix stacks pushed onto it. A matrix stack
can be turned on and off without having to pop all the matrices off the stack.

[00235] As explained in the following sections due to the nature of the matrices in the
Tool Matrix Stack and the Part Matrix Stack, the calculations may be simplified. Further, due to

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



MaxAxi sSpeed Honbgeneous Transformation Matrix and
Matri x Stacks [00233] The matri x stacks, such as the
waoms/oMsB5 i x Stack and the Part Matrix Stack, BCEUS2007/075270

general nethod used in thes&eneralized Kinematics
Li brary to concatenate nultiple transformations into a
single matrix. In one enbodi nent, for the CGeneralized
Ki nematics Library, only rotation and transl ation

the trahﬁ@ﬂﬁzftf%ﬁ R QO 915 & i tﬁ@@gletrzﬁ’lzg@ﬁﬁfehﬁﬁcst ]Dl@ralfy Hﬁmkle Gavantage of
rel ationshi p between machi ne axes. Using honogeneous

the mathalsskprimed horis. al | ows the Matrix Stacks to

Thus, when a

[00236{Bt ri xnﬁt @Bl*mz&rli ﬁfeﬂ@ﬂdecﬁfces thy exe;:andsri ans fammiik Operations by
matrices are used for nore than one conputation, the
decompppipg pPRAETISAISHORFIICTEPH 0BRGP ANGIHS VR o Raigcgandjapplying

operatf&g'?o @RLYb-ARERes bROZ3HVhANPRLE Lob-ShAeks é‘r@meﬁg@ttﬁé‘cﬂcé@w Zero
unber of matrices. A matrix stack may al so have
transf(fl‘mswar d or inverse transf or mati on natrices of other

[0023ﬂ3t ri XSt 3! tp>f; ?raﬁl%td A RQe Bn (e £ tvscllnxdéc'm aﬁ?k?ﬁan be

rned on and o hou aV|n
matrices off Wﬁk@%ﬁ([yﬁﬁaﬁzﬁdeﬁﬁca@)&%r@mﬂ%Zérﬁ)
[00238]ol | ovFipsetect i Qns dye to the nature of the matri ce§104)
in the Tool S(glﬁ’ Sfack and t he”BAM*“Matri x St ack,
he c | ml §
002340 "o 25’%%1&{‘%“”%“??% Bl e pBiic Ml The
dec1suamnhak1hg p’f'éaefts ifvbdsed xn Boalckn logit suck ab hinerysilo ltheoie’cis'@n-making

procesi i e L By Uiy Brie a0 R o i g (e

identit9X pl 2bPLB eS8 DcisDM ik (DX réfetdRedd bo rquart@ﬁ sb&r ali&no the
Matri x Operations [00236] The sub-matrix net hod

matrix; ash EesiPppié thexdseisonapekingindridetigatraqinegy dhaloflpwigipmogencous
Transi%ﬁﬁﬁmﬂq\%tﬁg (2)uﬁﬁﬂ?&ﬁgl§(pﬁ§tr&g§net ric transformation

matrix 1 nto matrices and applying operations to

the sub-matrices |Hsad on whether the sub-matrices are

identity mat ri && sOr ;Zero transforns. {1(9@237] The

sub-matrix methodis bBased on the foll ow ng decision
wherelnUR & thé (ARIALBb-nTfri, Primtive.identical v

premtive. zero): [ 00238] Choose to (104) [00239] This
tis thefeaslotiohmetiixe i s driven by the identity of the

lsth‘%%ggged&%&&@%]b matri x. The deci sion-making process is

ean | ogic, such as binary. In the
k is thelewiliag ontrikaki ng

[00240] Each element of the 2-by-2 Boolean Decision Matrix corresponds to its
counterpart of the 4-by-4 Transformation Matrix (T).

dy d,
D= (106)
ds dk

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

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



process itself, the identity state of the sub-matrices
are tracked to avoid conputation of the identity. A
wWQ 2030293800l ean Deci sion Matrix (D), representdr/bg2007/075270
equation 105, is added to tshe matrix class to support
t he deci sion-making and identity tracking of the
foll ow ng honbgeneous Transformation Matrix (T) with
four sub-matrices. wherein Ris the rotation
RelatiSdRiBiSubXnatlicdsS the translation nmatrix, s is the
shear matri x, and k is the scaling rratrlx [ 00240]
[0024Hac h eTlmr@mput;ﬂtionzHeo@pbthQ oBbehgarmdbec iMaiton (Manwltiglication can

sponds .t o count er of the 4-by-4

be op G ERBRIET PhRieh PefRUr MR 2 R 6% (208) o . d The

corresponmgeﬁqqa i)zetvveen t he Bool ean Deci sion(ggfrix and

the Transformation Matrix i s one-to-one as shown in
Insertikg ¢05 2o R¥1 @tvésonshi p of Sub-matrices [00241] The

conput ati onal c | exi ty_of Transformation Matrix (T)

mul ti plicglki os Rbeto Rai Aed using the Bggkean

Deci si on Mt r ikx T 753 sT1 kT2 (107) Insertinhg 105

into 107 gives: § FR 1 FRR2t 2 (108) [00242]
[0024BecausBedatie t@@@emidtmc:trﬁrfsamlfs GorimBachiie tOEC e Nigid ©alsfor@bons, the
e SRR BRI RSt Agies el an
equlva%h@ ARG infG8n (RS Hhl bl Ro-AReROIdl ¥R £ Al AdndRhQuT LA mation

that may be re-assenbled into a full honbgeneous
matrixt Fansf ormation matrix T3 : First, we have rotation

~ Sub-matri x. )
First, we have rotation sub-matrix.

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

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

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

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

binary and have two operands and following properties.

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

Property 2. Zero operand of multiplication results in a zero in the resulting matrix.

Processes with the Sub-matrices

[00244] The Decision Boolean Matrix m_bDefaultSubmatrix is added as a class variable
of Matrix class. An element of the Decision Boolean Matrix is true only when the corresponding
sub-matrix is either a zero or identity matrix. Otherwise, the element is false. A transformation
matrix is initialized with zero (translation and shear) and identity (rotation and scaling) sub-
matrices. Therefore, the Decision Boolean Matrix is initialized with all boolean values as true.

[00245] The following rules apply to the processes.



RB3=R1R2+Vs 2 =R1R2, (109) Next, translation
sub-matrix. t 3= R1 -t 2+t 1- 2, ( 110) Then,
web@anisah-matrix. S3 = s -R2 + -s 2 = 0, ( RAWLYS2007/075270

Last, scaling k3 = s -t 2 8k k2 =k k2 . ( 112) [00243]
The operations of the sub-matrices are nultiplications
and additions, which are binary and have two operands
and follow ng properties. Property 1. Identity operand

1. WiRh dfidubdRld ﬁ@b&cg;'ért& l: B PHMipRadn i})skiﬁﬁ&i ributes the
other matrix's operand directly to the resulting

2. Wheatthd sttuatRmofte Ptopetty 2 2de enudtgraicatieh ankl additibn piei skatpedn
esults in a.zerq.in the result;] i X.. Processes

00246401 T LfichipHitEutq Bobir sl el Sin bR ET TS he

impledv®xitition ohskippingwbtrsubiyat ri x is added as a cl ass
variable of Matrix class. An elenent of the Decision

L. R; B &afw WHEU®4-x is true only when the corresponding
sub-matrix is either a zero or identity matrix.

2. R alheliiis & "4he el ement is false. A transformation

.mgtrix.is initialized wth zero (translation and
3-Skllgﬁ%,ah) lfjafa@:itﬁlgntity (rotation and scaling)

. ricces. . T f or t he Deci si on Bool ean Matrix is
4 Skl}?%ﬂp ia lilfzdg‘d_t\fﬁvluétwﬁIF §f2|—%%%| ean val ues as true. [00245]

[00247]ne T O O JIn RS nAARE X i§ Bich DEIRELORRSESullipli¥IRA of Rfitrix
situation fits Property 1, the nmultiplication is
clementk iyt cxgeutith drentbiath emerds drewhédked fprtlapletloying condidons:
It eithgr“e'lén'le%'t AL 88 nﬁﬁ‘t‘i’lﬁl%gf(i’éﬁ i %Qrfgtrn%dsok 'ﬂgf:oﬁgm%xh?.oz“] The
eci sion-making rule S expended i n e foll ow ng
If eitheredidrednt fsaiquiile ohdrmb entiplahiienis @erfsiagip Thgelomerttalpe@tisn returns
1. R3=R2if dR =true . 2. R3 =R if dR2 =true .
the clogengpolgapelfo RS2 i f dRI =true . 4. Skip addition if dL
[002487t ' Ue Sinild} SptihizMBns ubiRP At Booldag DReR| @A atkR GlSihiPlemented for
~Matrix is then updated. Wen nultiplication of matrix
matrixeddditiont sibiraestonpandaneltiplication withyegorsiandpeimtsnt s ar e

TransfOREGKEMABL 1hNG:§0! | oW ng condi ti ons:

[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)

-1
R, t R, t
R R I
SZ k2 sl kl

R, =R’ (115)

Inserting 105 into 113 gives:

wherein



If either elenent is zero, no multiplication is
perfornmed on the elenents. If either elenent is equal
WO 000808933510 nmul tiplication is performed. The eP€MERL007/075270
operation returns the el en®sst not equal to one.
[00248] Simlar optimzations using the Bool ean
Deci sion Matrix are inplenmented for matrix addition,
subtraction, and nultiplication with vectors and
nts. Transformation Matrix |nversion [Og
nelral matrices are inverted using conputati naIIy
Ve Gauss- Jor dan elim nation, LU dec?mp;c)‘;& tion
br ot her simlar nethods. The properties of a'rigid
k, _kggansfor mation matrix with an orthogonal r@t@l)l onal
sub-matrix allow it to be inverted by applying sinple
Deterrometiert ofdtagt Setunt Matrixndi vi dual transformati on
sub-matrices instead of using the nore conputationally
[0025@&ix pensTiveParel digaslatrikhiefihed thowamgoregtian fromsths histmxtsh@ordinate

mat ri x ipversi.on opt.i on as descri
systenyy e Bark R eierataB TS FosB s sy g prt o the
machid®9he itpguetotoRPuRStHE Bar@Kctip M‘eﬁirvt & tBXRLESSI dkes positions relative to
i ncor porated by reference: =T11 ghpl 13) Inserting
the maghme Tefpl@nq_q_cg)ogf{ @aées systgretos ﬂﬁ: gag setup a(ld Ep)rcﬁae-or tood lepg(h used
h Kifie THeSrtachinea t o) ’rﬂ tiRELiHAnat
when ?r%mx 0525a°jﬁ R g%?ﬂ nge%p trﬁ(Elp f(?l neg éﬁ& Hnatics
relatlomlapﬁsl:ﬁewmtallldhe fxesnf theendchmt, thx Part Setop Matiat mag ps tetamiined in
th flih Part Kinematics chain to the workpi ece coordinate
¢ IORYEPe MY t he part on the machi ne. The input to

onpute th i X 1s the mac es.
10025500y Grndit ik B e hidtieie’ P b e s R el or the
followSSda®iMl idhs. t he part setup and the probe or tool length
used when determ ning the machi ne axes positions for

t%r@%&z@% g1 | ﬁKn P PR M ISRV SR () €] at | onshd ps
between al | % xes of the machine, the Part™S&tup
MR gl d O@éffréMﬁWwéblmmmpponem £ BB 'rfgfsxft?ﬁﬁé‘ffémx (1 19)
[9@2501] Lef the Part Setup Matrix be a 4x4 identity

he Part Matrix Stack for the

t, =

S

wherein

PartMatrixStack InverseMatrix() | ,,,ocamaos 1S the Part Matrix Stack inverse (120)
transformation matrix evaluated when all part axes are set to their Part Setup

Axes Positions.

ToolMatrixStack .ForwardMatrix() | pysenpposiions 19 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.



foll owi ng cal cul ati ons. Wbr kpi eceZer oTabl eLast Ax s
=Part Mat ri xSt ackl nverseMatri xQ \ Part SetupPos t ons *
wa o@sNig3Bss xSt ack. Forwar dvat ri x() \ Part Set upPoSPCT/ORR07/075270

*Tool Ti pTransformvatri x ( 549) wherein

Part Mat ri xSt ackJdnverseMatri xQ \ ZeroCahbrat on is the

Part Matrix Stack inverse transformation matrix

eval uated when all part axes are set to their Part

et up [

0025 R PP Epief MR I B PRI b the bl
last axistansf or mat i on matri x stack eval uated when all tool

axes are set to their Part Setup Axes Positions.

TooWoikplacelshey nVRL, = RarvMat ivétat k. davefselbimatxi(d pmtwg,}gm { he

too at e to the
coofet W BB R ER A ML ot ¢ L TS s
conWaikpicagPdihg, of f set of the tool tip relative to the
Spindl e Axis coordinate system[00252] Any point in
ThereltotJ tl%l@{/ Igb[%e%ﬁ)el\ﬁlﬁ&?(rlﬂz}w&t &t Mlg%(eﬁsrallglat?ée Poqloqglgé &]%gltlon, noting that the
Part SMbp Kpitrexc }Rb¢ ParT hﬁltreL&lﬂtl@was‘rx4 Identlty matrix.
=Part Mat ri xSt ack. I nverseMatri x() \Part Set upPosan *
Toolmnupﬁtam F@ftW@Mcﬂcllm(e)’seY\Rﬁﬁzi@@tny pPos| twns

osztzons

*To sfo nmvat x* kpleceP ec
Therer B g B RaE A e

with the foll ow ng equat| on, noting that the Part
The n&SeParp Sdfap Matrix 13 thdmepuRbad onathe itop Stthe Rart MagrixdStdck.

ldentity matrix. PartSetupMatri x
[00253]Par t MatlidutEbandkkdtar slébhthe isKl@ce\rB&hﬁlS&bmpd:’&)ﬁi tbolowestots

Toql Mat ri xSt ack. For war dVAL r i \ Par t Set upPos ons
referenc\ﬁ &Ffﬁllmfﬁ&ﬁ%mdﬁ%? ppymatized ?P? rhodedi aﬂowéthﬁmn is

ushed onto the top of the Part Matri x Stack,

[00251100253Whl ¢ thit ByPRf1ehan %%detsﬁ%?edaﬂﬂha&mgtaﬁ@X%Plﬁ%éwgn the
preser VIRl oV RiGY BE SurRf nfofHcdUEHi P iR shETtahE AEHE R EIiSURCIBSRe. This

assunmed to be normalized for the nmethods disclosed
applichiggreis ther¢ G284 dighiol coverhing viargteamtsi @ns,mgd@é@mns of the invention
using gs %ene{akf gncﬁgles alyur@lgrr o b %))(ﬁrg) gtion % drqt%rslfile%ﬂb c sBche&epfl}tures from
the pr@Bl(ﬁ detpereak cbrlne smrﬂlrslaioa&wr eustdiiiy pagupice nﬁhe an té ®hich this

therefore intended to cover any variations, uses, or
inventigpetaiiSons of the invention using its general

principles. Further, this application is intended to

cover such departures from



the present disclosure as cone within known or
customary practice in the art to which this invention
w@eoosaisss CLAIMS: 1. A nethod for controlling P&iEUS2007/075270
novenent of a machi ne tool ésystem ( 100) to nachine a
part (160), the nethod conprising the steps of:
contacting the part (160) with a tool (141); and
noving the tool (141) relative to the part (160) from
cLATGsf i rst position to a second position while the tool
1) remains in contact wwth the part (160), the tool
1. A 1pdthdd fdrpbetr@bhgthic mepvemeningla nsachene ool ey gém ¢L0akd mychine a part

oi nt e mmachi ne tool system (100). 2. The

(160), E%etrﬁggg%?o%?résmr%tﬁe St\%WerPel n the step of noving the tool
(141) dolhcamlﬁgwmefpmmmopaz‘.iﬂhtaltoa (1ot hel second position
whil e the tool in contact with the

(160) BOYipE rlgeégolt( h‘él )éﬁléﬁb‘? tg e () Ay e figy uoowwat)% a second
posﬂufn%lﬂe' the toQ)P( ltlh?reﬁﬁfﬂs 1& d6RAct f\xﬁl‘ﬁ"fhé I,I;%ﬁ't ({ 166 EheRrol' (i A 19 nntEl%olatlng

an intermediate position generally aligned wt
throughvmohachenesingglarigy paiyt (AP thieap@hinertoelay$teny (h@ﬁ)ut t he
[ nter I.at vin o
2 o BLBPSEUELT) BB B AR {0l posivn
the seq@@d ipbsition tvaild the ted ¢ DHY rgn@snd in@Bntad. willhthe pRit (I6@) edmprises the
cI aim2, wherein the tool (141) remains stationary
steps ¢l ative to the part (160) during the step of rotating

about 4bh&n \A%me%mm@traam&btme%ﬁ (460)% &ﬁtﬂ}aqm@inon to an

claim 2, erein the step of rotating about the

mtermﬁﬁlta@rmel@p@g@lepﬁbf aligaed wishpheimashine h@ggkaépyspoamt (490);

det er d rotating through
t he anmé)palltlgg %ﬁymeﬁﬁ?‘ﬁ%g %ﬁ’l?@ of positions, the
pl ur alindyingthepodi(14 10 nelative to gheq{balrﬂ’(il 60)drdnotteriataamedidic position to

met.hod of claim2, wherein the step of rotating
the secoB@ RSN § nt er medi ate position conprises the steps

3. Th@ethd8beERIND NGh@8n ARAVS AN 4 1)QbRAMO ﬂatlo"»}{&%z fePJn@E tdWlie part (160)
t hrough the angul ar rotation at a plurality of

duflngptb% Ft?]P phtating abyit grcanferyedidte pesiien.ons corresponding to
4. Théam fh)éﬁgf ag%b,%he?&ﬁ fhe step of rotating about the intermediate position comprises

the steps of:

determining an angular rotation; and

rotating through the angular rotation at a plurality of positions, the plurality of
positions being within a tolerance.
5. The method of claim 2, wherein the step of rotating about the intermediate position comprises
the steps of:

determining an angular rotation; and

rotating through the angular rotation at a plurality of positions, the plurality of
positions corresponding to a fixed angular step.
6. The method of claim 2; wherein the step of moving the tool (141) relative to the part (160)
from the first position to the intermediate position comprises the steps of:

determining the intermediate position; and



6. The method of claim2; wherein the step of noving
the tool (141) relative to the part (160) fromthe
wo 2oos19363i ti on to the internedi ate position cRPOPUSEEF075270

the steps of: determ ning tehe internedi ate position;

andinterpolating a plurality of positions between the

first position and the internediate position. 7. The

nmet hod of cIain16 wherein the step of interpolating

t he pl t tHURER on

and thlg{e?ﬂndtkgr r%\ec}3 hg[?gﬂypdg Ptﬁflgﬁ I ncl Sgﬁeff{sih%%gltog%g&gﬂe
hﬁmnﬁé@@nm$MDmg a plurality of vectors and a correspondlng

7. Th$ %16{ al| %?1? ,p\%sclqr%lrsl (t_)}{ersgeil:?ao% éntg %al ﬁ} (_thr?loty 0%8851{] ons%%tween
the fir@@oki€isPambihe ¢htéreneting: paiten ndhdt alermqas bfon, eac h of
the plurality of vectors and correspondi ng. poi

cor r os{RHITBE AR PG oE o TR P ralty oF points froma

first V&%r%'b%éﬂoﬁgmg fo e it PbARGERONLLSdOR clo? cc\/ﬂré%b@{(ﬁﬁjg to the
bet ween adj acent interpolated positions and

mtermdéna‘emwmpm,g:aalddﬁ the phyadlity of eacppod andedripgronding meinitsf coptggpond to an
inte 01 te& angce . co(rrdl tion is violated. 8. The nmet hod of
P A7 OTWAET ei n a nunmber of the plurality of vectors
i's detcttltemnﬁtﬁdg Faseldraate eonllitioads eioBdddictvedeapdjabent irrhepolated
.. meth of claim.7, wherei nunber, of the plurality .
positiqyp av@@rtsﬁrenrng ag]%rfler%qreaols@@aﬂaﬁnsaf greieararrwngttl@}a 1s violated.

8. ThdBethbher E'Iﬁﬁltﬂ@%lﬁgrelﬁ |a"i‘1'ufﬂb2n of‘m&ﬁlﬁfamit)t &Yex/egﬂokérlﬁl hét%ﬁfmﬁéd based on a
vectors are eaC t ool vectors. he net hod cl aim

fixed angulahetepi n the plurality of vectors are each surface

9. Th{'%]re{ﬁ%h of 85527 Swlge:l'gln a;l;ﬂglbmﬁ(#}ﬁéjplgfahgj (?f' \’%]gt.%rs A@ﬁngt%ﬁ@geé lgar%ed on a

rance cond ord err
fixed tite¢ eepri ni ng position information for a plurality of

rmve bl e.axes_of a ch| ne.to stem 100 to
ﬁtﬁﬂiogﬁﬁaﬂ "(lfé%l} Sl al.%ﬁessct%faﬁﬁrqaélr 081 YHEPr8t eps
11. Tl‘i@c rnctBb@YF thﬁiﬁ AvHeRSE B Phetali® o Ok tdid QR cadie GRRIE RSl vectors.
pl urali técl Hﬂr fferent tool "position input types;
al

12. Tlrfe@eﬁthl A raeraipdic tplorsned emditionds 4 plrosd errerol

13. Agiqutbgd R dgtgﬁllilﬁ?‘l%?p%glltlglg & a‘r%gﬁg ?(tr Jf&ramy%rf?ﬁvle%bel@ lees ofa

erent 1 npu ypes; erm ni n
machicawobdisteqn (180 )to cﬂna(cltiﬁi@)a ptth eél@ﬂ),stht methat comf)nxingt}iecm:ps of:
based on the recei,ved fi r ooleppgloslt

. 14...7Th .
e he By 41 GG b 0D HatosBBR RinlyRity Bhaish Rt joghposition

input fyP&s; €ach rotatable axis is

receiving a first tool position, the first tool position corresponding to one of the
plurality of different input types; and

determining with the cascading method (400) the positional information based on
the received first tool position.
14. The method of claim 13, wherein the positional information for each rotatable axis is
determined through an inverse kinematics operation and the positional information for cach
linear axis is determined through a forward kinematics operation.
15. The method of claim 13, further comprising the step of moving the plurality of moveable

axes based on the positional information determined with the cascading method (400).



determ ned through an inverse kinematics operation and
the positional information for each linear axis is
waledaosonizaed t hrough a forward ki nemati cs oper aP€DOS2005075270
The nethod of claim 13, fumkher conprising the step of
nmoving the plurality of noveabl e axes based on the
positional information determned with the cascading
nmet hod (400).16. The nmethod of claim 13, wherein the
16. Tﬁé fﬁ&h&fio abig f@ W ?Q:Mh% Eteb%?d&a%ﬁﬂﬂg%tmﬁé %Qacﬁlégorgéthod (400)
e positional ormati on I ncludes“the steps of:
theposieo@mfmmvgloaufqlud@stlscstetps pbn having a correspondl ng
ﬁ‘g\%leglb g ?rﬁr%? a lﬁég(g'éttki) %)r({lgs c%fgreéjgozlld a],F Iyeé'lgléhotatable axis
of the blufgRy oﬁxlbﬁeaefe dxbyead ur aI ity of rmveabl e axis. 17. The
nmet hod of c¢l.aim 13, wherei n the first tool positi
i ncl ucdederainipg ¢ ResiliQoler sach lipgarects of thajplpraliey Orfél?(WﬁPble axis.

17. TNEGE@Rbd 8F clhilifl 35 WHERGEhE Pl 51 pBQHSY incRAE ROl cdﬁ%& f%lnt a
and the step of determning with the cascadi ng neth

surfac¢ 4Q@)al vértono dictsigine contatiaroneit ingire toalcicatwesnd the sep @ﬁéetermmmg

with t}%ehcasca%t S metﬁ] (%{) t%loocl)su?%ta ormap § elrnchaeSntEle base on
surrace co (o surtace norna vector

at t hedesamfiit@a eohbaeim b@iteﬁtpplnahﬁiseﬂ be thcakfavesheict point, the
determ ning for each rotary axis of ihe plurality of

surfacg RV eftohas esHTasefoatap R Y hhHEot ¥6{oThot t om cent er

and th&etér&%n B ek roaﬁn}da;g@sﬁh@})mrmy HohoRash a&wﬁ% le based
axis of th epuralt of noveab eaxesap03|t|on .

on theTpd baterneanter andthg tepl@ctoprradei n the first tool

posi ti 0 .

Pos L QR AIARED LTSGR TR o
18. Tlxamethdd nfyclamet fﬁ)dvhér’éﬁlﬂﬂle tfine tqud potiti@nakludef otooklidtom center point

in Iudes ste det er n|n .0r each
and a Q] \Eol ap ﬂ’eﬁre@f Eﬁfﬂtfvm&ngﬁﬂ%”hs%@ B Mg O%{ﬂ%i%ggélawnal
infornfflof HRI1UIeOIhe RRPS &M center and the tool vector; and
determ ning for each |inear axis of the pl urallty of

mov eabieeraxung for gty rofagnaxig of thyplurglisy plbaovdable| axpsamamgle based
on theg@%‘é{t&n% r}t&f tdtﬁeot%l&e%?&r&{nt‘a” input type is

term na rom a second tool position input type
t hrou gch:tamﬁmng for redthHodandxit dfehe placadith afgneometiblo dx ¢s40bsition.

th t . t d t
19. ThGfa Sh FbofioFuns Rtk iAo Pt Sona A g
second‘ﬁbhﬁtﬁltﬁfn ihhe tﬁ)’é&@t@dgmﬂ firge @ d (oﬁﬁﬁ)casc@&lﬂg e dd40®), the second

tool position input eis determnable froma fourth
tool pesgfisin ipRyy |txnedhd¢tﬁ§u@ah1§/§@mtaﬁhlé@@ﬁl ROSitHINAEP Y Redlroggh ¢ preond

meth08 e ﬁlglq;h&tg e :I:I%g%gg?%) and%ﬁe ngJg4%JI)FpBQGt L :[]31 ﬁg@é H‘d%t%rmmable

from adbmtlll to@hpdsition input type through a third method of the cascading method (400).
20. The method of claim 19, wherein the cascading method (400) determines the positional
information in the first tool position input type from any other of the plurality of different tool
position input types.
21. A method for controlling the movement of a machine tool system (100) to machine a part
(160), the machine tool system (100) having a plurality of rotatable axes, the method comprising
the steps of:

contacting the part (160) with a tool (141) at a first position;



information in the first tool position input type from
any other of the plurality of different tool position

wo p@siiggpes. 2 1. A nmethod for controlling theCcT/US2007/075270
novenent of a machi ne tool 6system (100) to machi ne a
part (160), the machine tool system (100) having a
plurality of rotatable axes, the nethod conprising the
steps of: contacting the part (160) with a tool (141)
at a fijy [ R sition to
nove tlhéﬂf}é@ 2 Eéo‘ﬂ)ﬁpbgﬁgﬁ &é‘%tgt}l%t(’%gagl’llgra? gst angul ar
tr avers;té:csug @lshommstfaogulelatmetvecsk SolhlEOlpf(m readhi afithayflurality of rotatable

rotat rom of .possi bl e sol uti ons
axcs o & bR AR bR O Srehyok A BRES o s they
22. Arfﬁettmﬁfofr QbntEDIg @k Imomanélheaf memamoocpﬁysaenna@b) Endchde a part
(100) to nachine a t he machi ne t ool

(160), é%f‘s%%n(elte@)smswh%o)élawa Pé’lh}fiﬂw @f rqt%i@%{@ AFAs dnclydiag a tilt axis, the

methoﬁlggllnggélggth% stebk braxis, the method conprising the steps
. contacting the part (160) with a tool (141) at a

f| irst pogictind e paﬂékﬁ()i)WHhWQOd ($¢Dand fippposifion to nove
the to]%%nt f%lngalse(%ong&pm E’%%%Yeaﬁlg {00§ 14S]fg| Uyion for

each t e axes plurality
Of pOS&lebhﬁg Sﬁfsltltcbl@ﬂitﬁl ]TOQ tacBalidpl0falitynef rplatabRl dxtyfroh a plurality of

t abl e axes based on a. spe fled tilt axis
pOSSIb&ﬁ ‘E‘P@ﬁgqé caghf t‘?ff Plgfa%%? JP{) @% GG PrRycdon p precHisgitidt gy

prefer&rﬂ:@ the kibst %ﬁt%ﬁ’ﬁyvﬁ% @t didfld £ et 4)('14 Whidk kaﬁlsﬁes the tilt axis
pr ef er ence. A method Tor controlling the novenent

prefergfcea machi ne tooI system (100) to nmachine a part
( h . i :
25 AGRIRk) 56 DAL B oSk AL FACRL RKLPAO L s o o
(160), shcemsdmfe toclcsnyttamt(ﬂ@(g hiahiag pahiral{ty 60 mowtdble @ct,ald mEthdd)
at a f| rst position; identifying a second position to
comprh%‘%’et £AEP$Yol (141); and deternmining a plurality of

i nt er pQInglcgf ﬁ@%h&'(mmwflﬂh%%éﬂtﬂlf)'aﬁ§Ers@9§é1ﬁér9n to the
second position wth a two stage interpolation nethod.

24. Thdendyined sg«fondlpaiilmnz@ meiteethetael (14);tend- st age
i nterp @éte%nnggg g?fu?ﬁ bp%} E&g ch dotk fohPRE F' \%‘E g%ﬁtlon to the

determnes a ura e i nt'erpol a
secon@pssitidnomish atveb saa@entanﬁ)mibage:t}twlw ng a tol erance

20, TESBE R 2 QRP b B IEiAh LRl i e
which@etekBinad & st ﬁfurztlﬁ‘}eoftﬁb git@péeletcd %Bﬁh&ﬁs%d a second stage having a
tolerance condition, a second plurality of the interpolated positions being determined by the
second stage due to a violation of the tolerance condition.
25. An apparatus for machining a part (160) with at least one tool (141), the apparatus
comprising:

a frame (102);

a moveable support (104, 110, 120) supported by and moveable relative to the frame
(102), the moveable support (104, 110, 120) supporting the part (160);

a machine tool spindle (138) supported by the frame (102) and moveable relative to the
part (160), the machine tool spindle (138) adapted to couple the at least one tool (141), the



25. An apparatus for machining a part (160) with at
| east one tool (141), the apparatus conprising: a
wo e@s®1933902) ; a noveabl e support (104, 110, 12BQT/US2007/075270
supported by and noveabl e el ative to the frane (102),
t he noveabl e support (104, 110, 120) supporting the
part (160); a machine tool spindle (138) supported by
the frame (102) and noveable relative to the part

moveﬁai@s@%}po& p%4 npl“ﬂh ah@@le rﬁ&:‘hﬂfélt@olgﬁgﬂe (# 11tlé)a plurality of

t one tool (141 t he
nmvmbhpp@$ﬂ501ﬁﬁ 1&&056ﬂ26)aahd t he machi ne tooI splndle

1%510 131%§§Atr%gl%yl%gefg%1§)eré{)gﬁg&lt c O[f tlgtor}/l% % .»ﬂe%%? XEe gfei(@?& and the
movedpesuppdry (10auplloe t2()otht hﬁ)tlﬁﬂ@lﬁhtﬂﬂ si@@h eﬁd@uﬁl(ig tﬁhe (IﬂaBBl)nngnﬂ the part
t he noveabl e support (104, 11

(160) thepmen e coptplied BQ Agthe Hlélf"ilrﬁ}ﬁ Hf WPYF@bEfaXF%@Ba]P@ 154, 156,
158) 0@ ﬁ@q}lacqlhlreqycg @pl‘hﬁf& (@ﬁgtaﬁ@ tcafoviRyEe g%gjortqfl 04, h@O,pﬂﬂ”, et the
150, 152, 154, 156, 158) of the

moveabl e axes ' 3
motlomﬁmh Q'steootonﬁapitmtht par( (138) withd firti¢oahblAdabl efisstippdron and moves

the ﬁrétjfocﬁ él%i{ r?lﬁtlveq V\'hﬁtrég§(ﬁ f% nhth t étr%g §1%%)rr1] %({ o%efﬂ cf pos{P on while the

first tool (19,11) RAsisiio eonami whith\iespdrh@ 60) ﬂ&tﬁrm@d)l ((44 Itetpeladihg ¥eough a
to part omthe f| po ion to a second

machlg%%lmq By \Rmn§ é“%f@ff thy Pgghippispl f(ymf) 8 Pé}m. ns in contact

26. TN dppataflR oPBfatm (Zgr @Qﬁerelh g ﬂclbtioﬁltcohﬁ’@ll sytdfhlhoves the first tool (141)

i nterpol ating through a machine singularity point
from the} o) pwnqnne treessandeposivion vayls thenfirgtiiod)(14 Deemaing in contact with the

i & 0
part (1%89@21%%{7’1% gdle ffljﬁtgtog: (%? ) r%Yg ﬂ()?l}lél%% G@{)Ti f?(ﬂg e.lnfﬁrétt osition to an
1nterm[ed)18tetp0®1lfloi1 geﬁdﬂﬂly&éﬂgﬁmﬁwm@ fictmazhinaiingelatityepdintr($20)t ®adting about
. (141) remains ip contact. wt art 60 V|n
the mt%lﬁ%e]df%t? Resttjogopnd mpavife the fiptitgel ( i‘gﬁtrﬁ%“‘ﬁ?alé’t]ﬂl %;{6@0
1ntermteh'1ﬁtefﬁ0§§15n RPG 5 RAd b&sifdh. i nter nedi ate position
enerall%mall gned with the nmachine singularity point

27. Apapmyatuy or archigingagrt (1608 Wit as leseidingtieo] p bl +tho appagaties
compﬁgg%yg the first tool (141) relative to the part (160)
romthe internedi ate position to the second position.
24 fraAp (HRpar at us for machining a part (160) with at

| east e t ool 41) ., e apparatus,co 'si
f ?%ea?) por(tj\( 1&% lél)gb %J}§B?}8’gtrefi %( f}é(hmon%% e rf%g)/e % the frame
(102), ShiPRevdaBE sbypomd om\wam()gesﬁﬁ)batﬂg\me %aﬁ’t tiee);frame ( 102)
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the motion control system (200) contacts the part (160) with a first tool (141) at a first position
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comprising:
a frame (102),
a moveable support (104, 110, 120) supported by and moveable relative to the frame
(102), the moveable support (104, 110, 120) supporting the part (160);
a machine tool spindle (138) supported by the frame (102) and moveable relative to the

part (160), the machine tool spindle (138) adapted to couple the at least one tool (141), the



plurality of rotatable axes based on a specified tilt
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