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experience and result in an iterative programming process wherein the trajectory is executed
and then modified to reduce the velocity in sections where an undesirable deviation from the
desired trajectory is observed. Thus, programmers control the deviation from the desired
trajectory, and therefore the quality of the motion, by manipulating the tool velocity along
the trajectory.

[0004] Motion control systems for manufacturing equipment, often referred to as

Computer Numerical Controllers (CNCs), attempt to maximize the velocity of motion
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control manufacturing equi pnent such as | athes,
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path. CNC tolerance is defined as the amount of the permitted machining error while
machining. Motion controllers are expected to maintain good or tight CNC tolerance. The

machining error depends on many factors including the performance of the motion
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machi ni ng error depends on many factors including the
performance of the notioncontroller and the feedrate
waeloeavsd7 f or traversing the trajectory duri ngPCT/US2006/010607
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SUMMARY OF THE INVENTION
[0009] The present invention applies smoothing to any trajectory of a motive body. For

example, the present invention may be applied to smooth the trajectory of any motive body,
such as a vehicle or projectile, regardless of whether the vehicle or projectile travels by land,
sea or air. In a specific implementation of the present invention, the method may also be

applied to adjust the feedrate of a CNC machine tool based on the CNC tolerance specified
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sea or air. In a specific inplenentation of the
present invention, the nmethod nay al so be applied to
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control pushes the cutter tool along the
apprabasiates the programmed trajectory by pulling the cutter tool from preplanned target to
target using the following error, the TBC control pushes the cutter tool along the desired
trajectory, correcting for deviations as they are encountered. TBC control may include

controlling or adjusting movements of the tool based upon the current tracked position of the



trajectory, correcting for deviations as they are
encountered. TBC control may include controlling or
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such as an S-curve speed profile. Because lookahead is usually performed in real time and
includes recursive modification of previously processed motion commands, the high

efficiency of the algorithm may result in reduction of the CPU load and an improvement in
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such as an S-curve speed profile. Because | ookahead is
usual ly perfornmed in real tine and includes recursive
wore@cflozsat i on of previously processed noti on CPOTYHRZINS6/010607
the high efficiency of the algorithmmay result in
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prog@ﬁalgl?qr CF] g‘&gﬁr | Iirlll}ﬂﬁ%l% ssit Wand k %ﬂg%c}r%% ﬂrel n%rl'andowg NT and

WinddWs€XP a:6s BRetlofl l&ﬁﬁvnpﬁl&ﬁﬁgﬁ otl@r iafaceefiag de msed Wlth other
provi di ng status information back to the users,

undetlpigtapeeplige spiees  Wisl?) GympensatscBry &e iiefiog maghles forgprocessing
L
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transducer ard. The Machi /O Servo Driver may
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von ) L B RTS8 PR RS SR B DAL A L 5L S
genefﬁggnﬁﬁﬁ{ég%g B&AiFol Eh@ ProcBRinFaR&h MftoleRRtriADSighAN¥EEJing motion.
This driver may also take feedback signals from the machine tool and convert them into
information used by the TBC software. 4

[0020] RTSS Components may be coded within the RTSS, ensuring deterministic
response. The RTSS components may include TBC components, machine I/O software

components, and component integration and communication components. The TBC
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i nformati on used by the TBC software. [0020] RTSS

Conponents may be coded within the RTSS, ensuring
waledenmsmi sti c response. The RTSS conmponents nBET/US2006/010607

i ncl ude TBC conponents, nmachine |I/0O software

conmponents, and conponent integration and

comruni cati on conponents. The TBCconponents may
compprgnideay bicbidartelerannelendersiadiimgeaymensndaa co@pssion
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tolergiig! dnd%ﬂlVI@IaWV@ly(‘sﬂ?aﬂ%%aﬁJrg QR gelhe i nvention .

COHETI ses, in one formthereof,” a nethod for adjusting
[0022h Kheiivantiesy caanprises, e obo tym therebf) dinghodimadfugtimigpath data for

- ecutive.points of the.path data. A first

s O B IS R RO Sreonl RSB S5t B bbb, s
distaped berFeariciculirded eRREbyIRe Bifecdihts Shd b %g&ggﬁoﬁgﬂ dH9 first line

between a first of the points and a seco
extergingbei ween & 5est pf tierpoints andsaessnnid of the aninés isesewemmetihd second

. ' . 1 edl e . portion of a second |line
asafl L0 AL Ao L bRaR A M eSS ecen
the spuoind (peint andis deird ¢f the Poind ik becBrimned. eARSMRST: BdbFedd the First line
i ne aﬁ[]]rg the, second line is determ ned. Snoot hi ng is
and tb%?%? Be tifletermingde Swepaging is nerformed pi thetsedomst pointaf the first
. ' ' han t hres d
ol SRR A s LR R0 SR st

is graater duncl tireahoji@angle0023] The i nvention conprises, in
pat h data

nother faormthereof, a method of adjustin h ¢
1002 T iomgiprisrin s st [ erso g oq of adiusting path cat
of a GOy M@luﬁﬂgﬁﬁ&tﬂiin#qgul%h ARt @pointd®f ftl?euéath data. The four
consecutive points inhclfude a first point, a scond
consgsyiiye poiptstinglude pbishpoiahd sacdnduymofinit, pthindtpoittaniis fourth point. Itis

r whet her t.he second.point is syitable for
ceteriHBI AT AN nafn S Rudehinialf hergpond poin s
suitatdefsrtshioaching, ledh @fifst btland@hGe@d A SRIOALARLED MeQecond point is

| gcat ed, and the second point is
moved into an area between the first arc and the second arc. The first arc is defined by the
first point, the second point and the fourth point. The second arc is defined by the first
point, the third point and the fourth point. A line move associated with the second point is

replaced with at least one arc move associated with the second point.



noved into an area between the first arc and the
second arc. The first arc is defined by the first
w@oeioat1p2sthe second point and the fourth point.Pdh®Es2006/010607
second arc is defined by the first point, the third
point and the fourth point. A line nove associ ated
wWth the second point is replaced with at | east one
[0024]r CThmiveeriva@oinptisss, i Yei ahdtbesfornbreafi amefl@dXat adjhssing path
i nventjon conpr.ises, i et .anot her form.thereof, .a
data WE?W%IVF@P%&?}F?}E%PE éde’ggﬁﬁn%‘ four censecufIve ROINLS, oéﬁq&ﬁath data. The
four édﬁ%ﬁdﬁﬁkf@ goih%%&hfié’é Rigst b, LRBSRCPHiAY & R fift £ o f8rth point.
pat ata. 1he four consecutive poinfs include a first
A firgaindefingd bg tlonirsppiint, thessecond ppiniainditheafeyrth poonig lecated. A
int. A first _arc defjned by.the fir i
secorast ittt i A paieEich Bl BouteAe e RlyuB bRt 5008, The
secorif Foiftah hideed Mo hibgreh beSteeAThefisst 4r0@nd e sdeqm dit. and
the fourth point is |ocated. The second point is nmv

) ed
[0025]nt Bhesimvention commyieess it hEurther Sarmgheregh @ ngtbods ko aAiystipgpath data

0025 he_|ny: ' : | [ :
o R S o AR PUOPAL 1 g SReROEERIPL b o e
data fadiecondpdinicifbe pairdhtaf iihedina nidvees replaeedwithradinsigart neive and a
a first point of the path data fto a .second point of. .

secoRdasc IAVE- dAE ArStRrampY e A thesiistpeintang tiFripatss 6 4 iypetion

int2F ' i ' i cond point.
i ey SRR EIEAS T St Sont
[002@oi The inVaeicneoopiises, o stillandtlsgiforsn thereofier fethod obprocessing path

e P RS h i 51 S150 BERd SHGP i
aloné;}g thed 1] pRIMOSRE&iEhiRAE R, BBk AuAOAl10% BT stotikOaistafECHE the tool

a_machine tool, including |dent|&y|ng a plurality
at a ladt of tierptosntal Arest maximygmtalioweblesaedd, ofahgitogbatdhedast prjntesuch that

xi mum al | owabl e. st ing distance. o .
the gttt AR AR et HRRGRAP bl SR8ipely Bporainea
An oftRe nfa@BhurdbllbWeble @%ﬁed@ﬁiﬂm tosLigthntofiad ohé ef the poim@yuchaha the

to a stop within the maxi nrum al | owabl e stoppi ng .

tool wpy passely plowedavay ohelagt mapaIhEliowabls $AsRs HPPLYEIING at the last
. he tool at an other one of the points such

pmn’[ﬁﬁgﬁ%lﬁsee ‘ool may possibly slow down to the I|ast
[0027ex Thel vahticveaibipeissy éeanatharfoan thevéaige methbdef paskssing path data

point is established,. [0027] The Jjnyention co rigl;es,th d
for aimachistteRly NP B ARHENE 2P Bl G POMHRIGREE {37y tpaliRath, an
estab‘iji?fliﬁ fa%ax%n?ﬁ%i'l'o%bfe‘?@%l of BEHMAASE APkl {06l PAh &om the target

p ur%llty of points along a target tool path, and
tool path.all degtderod carvetuxé nfitine sdrgettadl path shagplutityieiMpedtions alohg the

an actual tool. th fromthe target, tool path..A
argchihgl Bal gt scerynbhr-S e Mg G Tolshon s 2 g tool atcach of
the pBld¥ Abhg theQhrghiatsl fatE Ri@AhddN®héRIBE nla@ThuRallbwhble
ascertaf ned. “A naxi mum al | owabl e t ol er ance speed of

tolerarne spersl is depesdentt uppn theempoinnsalinveble tetiel of seyietion awsl the degree
of CIPr\?z}tll?rel. A r%%t(i%u% Qﬁ(QWabVl\@ SGtE)SIBi?lg tdps?an@)c()f {Hé%cﬁlak QYR Eine points is

determined. A last maximum allowable stopping speed of the tool at the last point such that

the tool may come to a stop within the maximum allowable stopping distance is ascertained.

An other maximum allowable stopping speed of the tool at each of the points other than the

-8-



tol erance speed i s dependent upon the maxi mum
al | owabl e | evel of deviation and the degree of
w@o0sab2ste. A maxi num al | owabl e st oppi ng di st ancEUS1006/010607
the tool at a last of the points is determ ned. A | ast
maxi mum al | owabl e stoppi ng speed of the tool at the
| ast point such that the tool may come to a stop
last peintuch thet theseolhmay possibivasibe dowappithglash Bidmeam dlfowable speed

upor i ie e B T DOisdes S TERRS, ol oRt<s 28 ERmat ey 3 Grahss tolerance
speef ahd theSHSAniuRA41 S 1d &@ﬂplﬁ@%ee@ a6ldeh %r ﬁleﬁ%ﬂnﬁg}(&]ﬁ&{% i

| ast maxi num al | owabl e 'speed upon arri vi 1'5st
[0028Dbi dhe n@eéborammma in el ader fatn ﬁlhﬂ:oﬁmxnethml of processmg path

0 n eed.and t h 1o
data ﬁ%ljoap%?ﬁlglges ﬁggzn j?cﬁ n%grlqgnaeplbl cgniis &g}ﬁgl aftla@gt tool path.
Eachl 20:283d tWaeofith/ 1?1i1ﬂs BBing RBHUrASE By a'r@spﬁ@&'ve%%gﬁlgﬁtr leh @R MA
thereof, a nmethod of processing path data for a

maxiggip elewakle stopping |dwéﬁmg of @@ﬁwlfay arhfc}t af the potts isylegfmined. A

t h {
BR800 GpRa P80l 034 BB oo EORRAORERLE bl
stoppieg gista.ncé\ofrﬁmltmlm theelothea bt &t Rl 10®r Wss HARGSLRT oftthe maximum
at .a l.ast of poi.nts is determ ned. A maxi mum

allov%%?eomlgg glﬁgagae 'g,ftflq { poih andithe,segmentlengthdbetyreentibe other point

andtﬁ@qa{ghgmﬁyﬁgsgelg@{neg required stopping distance of the
tool at the other point is equal to or |ess than a sum

[0022)]f The Imnﬁlmnnajrisemmbh éurtiteo }ﬁmmtj;lerhoﬁtaaﬁetho@bf bpeeattnasd

mac alﬁe {(])P]”I énci b%flﬁg’e nga J@g%egft({]oéb @‘d g? gcqulgl;n(? % tg tfollow the
target tO6EPith Fone Qlﬂﬁﬁﬂlaﬁl Positib! A ffrk'tr dchen PBQ(I(FB {rﬂgé &1 is Rnsed after the

nmet hod of operating a nmachi ne too I nc
commmiﬁg $top-ng st targgiiool sbpathdrdm thEtferst aptlal pesmmmmahbaﬁlted to

et too roman initial
correEPfof- ? Hd%@{vi%%o}sqfl %éovteﬁlgfl (bfg[g? quﬁm of the tool is
[00303]e n’S]eadmaélﬁt&fn dogprisesyivasitli sk €rm thefdof, H méRbY 6f‘ oﬁéi’{t’c ng a
h fromthe first actual position is calculated

machfip feelt» i“&l:‘fd"%?mB‘ﬂééllﬂBé@?t@@l@mgwgdlﬁtWelmmﬂnomnmh efthe tool.
Acmilqgéven{éﬁ%&]thg 11 48 cgﬁfo? P ngﬁxgv%glﬁ hteg%crcl are |

formthereof, a nmeth
contrphed degiendene npor the atipyricly eerermineg ppsdeetiveternoes Sidr@hdonh Brrors in

nt of t . Actual novenents of the tool are
thea%ﬁl‘?‘b‘fe&?otﬁ?@ﬁ%@?’ﬁal m(;vgﬁents of the tool are
[003190 @H&hb&ﬁmﬂ%@%ﬁ@&t iP&M Hﬂt‘ﬁezeﬂ}?xhrth&@&t %e ac(f%r(ﬁ] o%gxqatmg a

pre ictive errors and randomerrors I n

machm,tg@ﬂelmwglgcﬁ pluradityt Qf(ﬂeque{rm@Bmpvﬁhmta; firending BersgHhi e8]
m t her thod of operatin

POSiﬁiOH ﬁgckﬁ‘» tﬂgl E{f%g Fltfhsg\ﬂf h&rrgo‘iﬁ cin‘{tpe sécfﬁféﬁft pogjtion of the tool is
calcuﬁitédﬁﬁ@éﬁ Sn tHekhgist 6. SEMSiafift ﬁé’slﬁ&{ ﬁ%?lcﬁ%?édttb meﬁgnsta{%efor

tool after a first of the novenents o
predlqtgflegéqorsp@gi randmn efrotstie thegopvengents of the tool. The sensing and

calculating steps are repeated for other ones of the movements of the tool.
[0032] The invention comprises, in yet another form thereof, a method of operating a
machine tool, including sensing an actual position of the tool. A position error between the

actual position of the tool and a desired position of the tool is calculated. The position error

9.



cal cul ated based on the sensing step. The target
position is calculated to conpensate for predictive
weesoone2sand random errors in the novenents of POEUSOE/010607
The sensing and cal cul ating steps are repeated for
ot her ones of the novenents of the tool. [0032] The
~ invention conprises, in yet another formthereof, a
1s comgrabasidio @fspeiGedibirogtoleramee hiArspetdof the iaud lidigjngeS@pehdidit upon
the &1 actuatIF position of the tool. A position error
BEPIERR S FRe actual position of the tool and a desired

[003BPS Thé &ivefiort BGnpRRL, ih nSBECHHA RS eof] D SRR cﬁ'é)g@ragng a machine

erroris conpared to a specified error tolera
tool,dpedading fensing anmsttual pogitdgust the tadé plongenth afropiutahiey of axes. A

I tep. [0033] The inyention copprises, i
ol E RN R Pper R P el pod i SE AL thashiof g aes
and 4 polti-dinkekisdhNGfeaRs ittty acdaltdlat®DSA tnflf-@heddidhal EQ%ition
al.ong, each of a plurality of axes. A multi-di nensionha

erronsianaf jsgodiced depradariaipon e eadaulatingistapi. tA speedfandioea tlvedtion of
' ti.-di mensional refer.ence

the thdl oFECRYed BEpANER BB 4R L dirb PR bEF B T HEu A o

[0034) r Amlaslitv&_glt@ge (:fsth@p%dehm Mgdﬁ@g?dﬁﬁﬁt %tp@iﬂlef Bﬁprov?d ttr%j ectories or

tool ]%%hqcféaﬂg:l rg%ﬂﬁqeg oio% d\/@&d@ﬁ%ee i a}flﬂn rlya Ekﬁ?tot)llﬁga%gs zirg r;mgother, ?hereby

g high PR idi ' ~

pea b RIS S0 00l (b SRAY,

i nproved tr aBRIEBNESCRIPTIONI O AHESDRAWINES nachi ne

00 re particularly, the too at hs ar.e. snoot her
(003} J%%é)ﬁ"oas F‘Eﬁ“&?Pﬁ‘Saﬁ‘&K%#%?%@a ad e e Dipventing, and the
1004 RIS Wdna G | i
T e DRAW Nés%?o%g%l}@%ﬁgp&aﬂgjg\% éﬁrgrgﬁh??ﬁ%g’t@r? ?@“ﬁéﬁ! Bbetter

undefsgend hyasiesenge o thedpBowmgtdesesiptinn ofi ti empodinuént bithemeation

; LAaing. il becone.nore apparent and the
takerf 2y B AERich A ot g RS RHEER GnGRRELS
[0036]ef Eigarecieistadldw hdrpdf ieieitbod BE&iHt bPh kA18rafke B3ed control trnhethod of

enbodi nent of the invention taken in conjunction w
the present ixegHPaNyi ng drawi ngs, wherein: [0036] Figure 1 is

0038 oW chant ' . o] erance based
[ @o nt 1%%6 mta#é@ﬂko«?%ﬁ@'ﬂgﬁgé en Bclhﬁi?él ﬁ?flt %k&erfl&ﬁ?g’?fedé‘?oé@? gsystem
of the2priesenaintyentidn. di agr am of one enbodi nent of a tol erance

ased cant.rol,. syst of the present invention. [0038]
[003% Jiigweda 5 8 digefam fusitting the feapins et diéerpmtplerrgooralucs to
diffex@htfx%gib_ﬁybfﬁleélﬁﬁﬁg%gaaé@' ues to different regions of

machi ni ng space. [0039] Figure 3b is a diagram

[0039]) 1 Higere3biing dinghim Stustratives afirshcast o€ ansthtrodibodivherafof thee
mapping of different tolerance values to different regions of machining space.
[0040] Figure 3c is a diagram illustrating a second case of another embodiment of the
mapping of different tolerance values to different regions of machining space.
[0041] Figure 3d is a diagram illustrating yet another embodiment of the mapping of
different tolerance values to different regions of machining spaée in the case of an arc.

[0042] Figure 4a is a plot of program data points, illustrating a method of data

compression according to one embodiment of the present invention.
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mappi ng of different tolerance values to different
regi ons of machining space. [0040] Figure 3c is a
walc@gneasii | | ustrating a second case of anot herPCT/US2006/010607
enbodi nent of the mapping of different tol erance
values to different regions of machining space. [0041]
Figure 3d is a diagramillustrating yet another
[0043¢ MTaglireEb s Dplot bEprogmt dga pdintl, fifvstraimig 4 wethodrod data
val ues to_different ri%ions o; nachingn? space in the
compEessign afcosding fanqtlers MO et 8T thy Bresell WFEIOZs pr ogr am
at 50%S; ol ' AR {ngitainathed Pk Es&ingtata
1004437 rAnR0 2015 pll HFOERL) (i ol 12 g i TR IRcing
points for datisooftifi@icording teeonttenitedimerit of thefpreseptinammiéng: a

100400 ke ab s &oloh ot nOEEn P T Epf SRR Wecting data
point$ Y %?faisﬁ{bloid{iﬁ?é&brd'}hgtﬂ gholitr embadipleat obthe praemitanvahsion.
us

points, il rating a nethod of selecting data points,
[004] orFigiare 2 évmploh pprogtrsn dafk peints 1B E2tEpECHOF ot g uptipg line

r.esent .i.nvention, 04 i ' .
By SSTRREARY S S OB AN e B
[0047A€! Iﬁ%ﬁﬂefw idaparspaitivt ¥idwoof diptoaofprogtahi deja peiaty, dlusgating a
anot her enbodi ment of the presenf invention. Lg0461 fth
methgd giadgusgag lige mayepforsmogvng asrPrgiopgothes embodiment of the

i]d ting a method of adjusting line noves for
mﬁ“@%%%%##ﬁg according to one enbodi nent of the present
[0048]NVEiBiiedNs ah @AATded plgiofehdiniddie avopmristpof Figuee ¢d.ew of a

100481 KigWie S PHa A diooBB b BO RIS ettt P RgEr G one’”
subs%ﬂ%lﬁt?)i&g%m% ilﬁfstrﬁﬁlf% PHES §fRP of Meanéthed of FgaARa for

I's an enfarged plot of the niddle two points
adjustihg Ehguoeestor shoodd]g. Fi gure 8 is a plot of the program

o0 BB 50 GO AR5 BB SBpne

usingd BEARE 4t al:g[oﬁ%l{rﬁ aboriifk teehd ehbambhtnd thopresert divention.
snoot hing. 10050] Figure 9 is a plot of program data

[005Hoi Fﬁgﬁlie 1i01is s plotaf hefoal vebediaidesus simsoplep Afeided 1@ aidhmig-Curve.
) | i i . i .
00s3h, SRERE 5 R GRG0 B cBRE LRl poes

along ffdol p&h. vel ocity versus tine, also referred to as the

S-Curve. [0052] Figure 11 is.a plof of a.segnent .
[005Flonbienresit BAdIg bR HEE i dei Qohs SRR 168! ST AR i gesired
tool ath 00! path. [0053] Figure 12 is a plot illustrating

€ deviations of an actual tool path froma desired
[0054]00Figps 1. is a plot of control loop cycle time for the servo signals in one

embodiment of the present invention.

[0055] Figure 14 is a plot of program data points, illustrating a method of predictive error
correction according to one embodiment of the present invention.

[0056] Figure 15 is a plot of program data points, illustrating a method of random error
correction according to one embodiment of the present invention.

[0057] Figure 16 is a flow chart illustrating a method of the present invention for

executing a motion kernel.
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[0054] Figure 13 is a plot of control |oop cycle tine
for the servo signals in one enbodi nent of the present
WO pwenvison. [ 0055] Figure 14 is a plot of progrenUsBEN&010607

points, illustrating a nmethod of predictive error

correction according to one enbodi nent of the present

i nvention. [0056] Figure 15 is a plot of program data

[0058bi Higyre LT iswshlock dingram ofinectbotiiman dbanechiae of the present

ctio .accordigﬁ to one enbodi ment of the present

. orr
lnvefﬁgé {P@ﬁ}nﬁﬁﬁgﬁ?k Yiire 16 is a flow chart
[0059] | Bsukat 8 3G BoWBAOSK Sife dnldIRRER S the HURRA bpﬁefpg{sg%tkinvention

.. executing a notion kernel.[0058] Figure 17 1s a
illustggtad alfigte one enbodi ment of a machine of the present

o0 BT LLg PG et B S h RS E b Bl heno

illustpated gfigiy 6rhd gn illustrated in Figure 5. [0060]
Figure 19 js a flow chart of one enbodi nent of the

1006kt Hisdreot0 isreflqyy eastel angearhadinent of thetmethediof the Pregentssvention
ilust1té ) 7 061] Figure 20 is a flow chart of one

1 uSerrbogll r%%%{eggf the nethod of the present invention

[0062] | bigurest led aiftowFtlgut ef dhe chfid@Rherftio theanéthdd btha pfdseNY invention

... chart aof one enbqdi ment of the method of the present

luuStFB.R%Wtﬁngef ?Iﬂ?:fgf‘@’aé'ed in Figures 5 through 9. [0063]

[0063] OFfoRre?® jisS fRovf RN AR enfod Gt %Fﬁ%%éﬂ%ﬁ ofthe ﬁgﬁ%en‘c invention
met hod Igure

‘ od of the present invention illustrated in
illustrated ndGgu 1ti gure 23 is a flow chart of another

rooe i PEEHRERa i gl 93t oo Penries metiod of ta epen

invmﬂhmﬁnu@&mxﬁﬁpgﬁﬁghgr enbodi nent of the nmethod of the
nt invention illustrated in Figure 11. [0066]

rese
[006§i ohigaresls is g flowt ¢hawl aftygt anatiier smbodimirnd pHithatmashod dfithe present

: t.he. nt invention illustrated in Figure
unmﬂﬁgﬁq?%ﬁ%%?1ﬂfgﬁ%§§§6 is a flowchart of another
[0066 niRidinrenstis afflohehareiffoad eafbolirenpbLHe MethdiVéithé Bl;élsent invention

. illustrated in Figure 12. [0068] Figure 27 is a ow
ﬂlusr‘?ltf“éﬁfltr"régur?ég- anot her enbodi ment of the nethod of the

[0067" ©%iglMe 26 is a flow chart of another embodiment of the method of the present
invention illustrated in Figure 12.

[0068] Figure 27 is a flow chart of yet another embodiment of the method of the present
invention illustrated in Figure 12.

[0069] Figure 28a is a graphical representation of Level 0 data smoothing.

[0070] TFigure 28b is a graphical representation of Level 1 data smoothing.

[0071] Figure 28c is a graphical representation of Level 2 data smoothing,

[0072] Figure 28d is a graphical representation of Level 3 data smoothing.

[0073] Figure 28e is a graphical representation of Level 4 data smoothing.

[0074]  Figure 29 is a plot illustrating one step of one embodiment of a double arc

smoothing algorithm of the present invention.
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invention illustrated in Figure 12. [0069] Figure 28a
is a graphical representation of Level 0 data
wa@pwetisny. [ 0070] Figure 28b is a graphical PCT/US2006/010607
representation of Level 1 data snoothing. [0071]
Figure 28c is a graphical representation of Level 2
data snoothing. [0072] Figure 28d is a graphical
[0075] eHigwe304s b phot dfustretiveg ar®thta step offone tinhedime03] double arc

Fi.,gure 28e is. a graphical. representation of Level 4
Sm(’oﬂ‘éﬂ%\alg%%f%?%?f’ 5 A‘Tveﬁilﬁ%r e 29 is a plot
[007 6;' lﬂgﬁl{a a1 ;09 pRA EREEE Y et GRS ENRESb BRentodBnélR 6P b Bouble arc
rc

moot hi ng al gorithm of the present
smoothivgpaigonthn] GOAE prefefuneen8oni s a plot illustrating

0758 54l SR SRRl AR R

Curv&igure 31 is a plot illustrating yet another step of
one enbodi nent of a doubl e arc_snpot hi ng al %orit
dafed

m of _.

[0078] hFigwiesiehtis » dipgram tiicalinghay distyisesargs %H&nqgtrof Figure
32a plot of the tool velocity versus tine, also referred

"to as an SCurve. [0078] Figure 32b is a diagram
[0079] NdFig el I3dis hid\iug(ﬂdr? ilanaesngthe comdept gﬁbtomdilstaalcelpl ot of

Figqure 32a. [0079] Fjgu 33 i s, a. diagram.i strati.
100801 o iswireidpt yerangitispplar of e deol VElSGHB ] SR ine Fpbarl Mlifive and
non-a?l?ﬁ%%ol@h@é ﬁgmtitlﬂg]tool velocity versus tinme for both

a [ ofin n-a 5

Itive an itive | ookahead al gorithns. [0081]
[008Hi gFigere3Ba is s flawfdhow of hae embédinwet efitpadidivatoakahead algorithm
addi tive | gokahead al gorithm of the present invention.
of the PGEY MYeGHPL 35b is a flow chart of one enbodi nent of

[0088 NEBuRdibiil ¥ SlokotsAhFdde BnBsdindeftd 4 ANBA]difivlabkatizad
I's a table conmparing the kinematic characteristics of
algorghmon- addi ti ve | ookahead al gorithm and a TBC additive

oaokaheag. al gorithm [0084]. F ' addie

o0s B R0 e N st U v
lookaheA@RIGEABM aff 2 TBE FAdRBRNSoKaRYRIMIg@ithm] 0085] Fi gure

38a is a plot of a reference traj ect&ry y:i F/‘[008%} 1
(00845 gligaresbisdleckshesramrotoRe rbprERLel 1 Ry CBCIPYH contro

Fi e into a tine-based y-axis
arangh UG S P RERL
[0085] Figure 38a is a plot of a reference trajectory y=x.
[0086] Figure 38b is a plot of the reference trajectory of Figure 38a decomposed into a
time-based y-axis trajectory y=kt.
[0087] Figure 38c is a plot of the reference trajectory of Figure 38a decomposed into a
time-based x-axis trajectory x=kt.
[0088] Figure 38d is a plot of actual trajectories resulting from the reference trajectories of
Figures 38a-c.
[0089] Figure 39 is a block diagram of one embodiment of a TBC motion control
arrangement of the present invention.

[0090] Figure 40 is another block diagram of the TBC motion control arrangement of
Figure 39.
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[0087] Figure 38c is a plot of the reference
trajectory of Figure 38a deconposed into a tine-based
WO 2@%i18251T aj ect ory x=kt. [0088] Figure 38d is BCPUSL00€©610607
actual trajectories resulting fromthe reference
trajectories of Figures 38a-c. [0089] Figure 39 is a
bl ock di agram of one enbodi nent of a TBC noti on
[00913 0 Figurk 44ty aplgeithntratirfg thiealpuletiemef thestenpérariane mgmal direction
Figure 40 is another bl ock diagram of the TBC notion
for H@dﬁ?tl“lﬂ arrangement of Figure 39.[0091] Figure 4 1 is
[00923 e 1) '1éJ§ bloRtiRFaif}ethe Bhickhas: @ﬂh@fstobF@‘ SiepRemnal direction
normal direction for line notion 0092] Figure
forard?aortlsna plot ill ustratl ng the cal cul ation of the

0093 e 48 8 B1g" ARt (ETHLRh AR anlBlsOn. L0
[0094qn iysrt 34a (00841 plot Ulikeatitdaart ishoﬂoﬁ igt@ihetpy amalysis.
Ilustrating arc notion ?reomatr anal ysi s. %Oq(iﬁﬂ;
‘on

[0095% dﬁ;gw;re 44p 1 xsegon plon dlusfrafing are ErélﬂPBtgPﬂ@efé}’
[009fﬁ|e| dglfrp 4 ? Y5302 0%/ cha 18195%%%1n€ bgéfét?%nggf dr® e%tfddﬁﬁ\érﬁ %@EltFBC S-

ihg operation o nent of a
curveSCuﬁtyale@ontrol ler. [0097] Figure 46 is a block d| agram

[0097 or}%é%]re%tglrlg g,‘qgg; @%g | gt%ﬁ?églg%%- Bq)%{lllge dt| ({f% 'f?%gegeg]forward
contrglrﬁfﬁégerﬁgnt'o%gl?e I%Ie%fllflrgl'eﬁt%rﬁm illustrating one

arrangenent of the present invention
[009§]orFigaeiddhis e btymknlidgra bduskratiogenradmbeddimentafianarieggement of the

009 es din erenc i ndi cate
preschioi BLi9anEN TG AP ST SO oL HLBOEI T Ui cve.
(0099} tEQHIBohdIBe %@%&@&aﬁ@tﬁr@ﬁﬁr&te&fm@@bmﬁmgSpm tlﬁlbeghout the
resent |nvent| on, the draw ngs are not necessarily

severstdbws.aAtthought the drmag&ﬁeﬁ@s%y edigentrgfithe BEFSEH “?J‘?eag?n the

drawtn%§ gﬁl}tog Hecl:e%?tfl n‘% 83?1 {iiﬁl& géag’flél{ep giu?rb%%ﬁﬂé%?rated in order to

bettet flhubegdté aﬁ&éxlﬂﬂn%@@fésm hivendior. HEhei e‘mmphﬁoattmm st outéherein
form and such exenplifications are HOt to

illusteptrssmranehpdisentiokihg ingentiog, BwE ot ap S5 efliGgations are not o
Eﬁé T ﬁh‘e ENE ENTI ON
be CO?%%%)F@% 8PP SR Jé:o{/)v to%ﬁgﬁg\%ﬁ? S ghglvpartl cularly

-to Figure ]DES@EIEI‘ION O GVHE BRESENT INVENTION
[00100] Referring now to the drawings and particularly to Figure 1, there is shown one

embodiment of a tolerance based control method 100 of the present invention, including the
performance of the major functions of a tolerance based controller of the present invention
as it machines the part defined by the part program. While the controller of this disclosed
embodiment relates to a particular case of the present invention, dealing with CNC machine
controls, the invention may be generally applied to motive bodies having various motion
control situations as one of skill in the art would recognize, such as robotic control,
vehicular control, projectile control, and the like.

[00101] In a first step 102, the controller receives part data from the part program. The

part program may include data specifying the dimensions, shape, and other physical
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enbodi nent of a tol erance based control nethod 100 of
the present invention, including the performnce of
wo b@erredsor functions of a tol erance based contPOl/U82000610607
the present invention as it machines the part defined
by the part program While the controller of this
di scl osed enbodinent relates to a particular case of
charattesistins @f éretpartrorémiorlo piecelgalbe mgacwrlea onesnessd e wajectory

t.rol t
preprierivesiEbADASHHFs TR NSt o PR AP S deP e
machfi® t051&hSk1d FHd id B‘rdEPﬁ) Iﬁfb&udéﬂh% fhrt RERHNH eBtivelyshoRperiod of

robotic control, vehicular control, projectile
time aminwitlih dimerssianabtolérkece qopgimantp. As the Barti§mashimsdappsition

ecotrolerrce| r
feedbﬁ{:]gJ 1n$|r11ée ‘H&} p8§1}é§1§ gﬁ}ﬁﬁ%ﬂ%ﬁ%@ |t(]l;,l d?&%&tagn gg)g%c}l?tilvlenaad
randotnh @rr&‘ JORipeh DN sEHAVS,to avdifytsteod commands to redirect the machine tool
physi cal characteristics of the part or "wor
to compernsaistn éd. cwsecgeb@h arediciive P‘éf@é%‘?lﬁ eHP@;?PE&é%‘S‘W g* fdh-
104
sl ORR AL oSSR, AeboRRleotd
In a fir2] §te d0S; @hé Mmedifitdisemiotdonmemdrigtransmitéd/tostheservp @nipbifier for use

) of tinme and w t(ﬁan di mensi onal tol erance constraints.
n acmgtu@g]@e&gcpm%o chi ned, position feedback specifying

[OOI(HJ éﬁ%:lﬂ&hmp dF &M {%fnow&s&%éﬂ' iASndr®@btail SvithS@ebrénitedo the flow

Ive an andom error conpensation step 106 to
dlagramcbfnygLEe v &n genenalnstepst H)?-ra@dl 104 correspondricthie f&ueup danager Task
te f

T I R

progiath fhB@pR&idéahe I&ﬁmﬂ%ﬂd@é&et@?&h‘tsaﬁa tBO S aice of tie pang and the
conmended tool path. In a final step 108, the nodifi

ed
Numeeal ovtokmainterpelatariwiyeandbese sliscrre BRIntFG0 AREE f‘é”me a desired
traj eq}%qngzoodpaﬁatét & Rp&nttlgﬁ ‘ﬁges 3 at %arggl As LQé?ﬂﬁ%émTtﬁ%@ term "arc"

may Wdidatd £E@hRACES 4 @rdl&leTﬁzithtlﬁh ag h&mhafre Elcgmﬂt:mt 2adilin The quality
general, steps 102 and 104 cor s 0 o gl %%h

of thwamgeﬂleva@waé&prpgr@m Ray be dizget g%gd o gl ygH the cutting

resulfs orntr £IRAAL 1681 LDt %lf@otg% ﬁg) o KeQiits 9 h# sérfactBat is not

program ray ations o di screte
Smodml nts on the surface of the part, and the Nuneri cal

Co I I b h d
1001973 Fes QUH e RSl ok PBLeeR bR Py S5 PO Ry four

cons%cﬁlglgtg g?&gtl&r%rﬁiét%b'ﬁ)rﬁl' iNBifo WBH 84185 moion WaRbdlefeehdRun System

m "arc" may I ndicate a segnent of a circle.
Taskkxatutessif. Thefomr opmgronsaareTalewns aderstanding gvithip dolerance Queue

ual Lty of .the.data in the :
202, gqa?ae{;?%veﬁ?‘ﬂ‘% S'at%lrbe?l??gredﬂg? eueo t Pe c urg{)(?tﬁlg g eéﬁl}ﬁ Soothing
Quel¥ 0%, FREAUMiGvE PObkatead ¥itain Mﬁh@ﬂd&blﬁ@y 2081 @he gasud hsnager
In a part surface that is not snooth.
may perform the corresponding data processing on each queue and move the data flow
through the consecutive queues in a pipeline manner. The data processing includes the
tolerance understanding operation on the tolerance queue, the data compressing operation on

the compression queue, the smoothing operation on the smoothing queue, and the lookahead

operation on the lookahead queue.
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[00103] The Queue Manager Task preprocesses the part
program noti on data with four consecutive operations

WO b@b/1025sansform it into high quality notion daper/bsfoos/@10607
the Run System Task executes it. The four operations
are Tol erance Understanding wthin Tol erance Queue
202, Data Conpression within Conpression Queue 204,

[001P4} 2 Theraueusimefulé may prepressshNEgn@irmu@niogdsanch as positioning

(o B Tt Al Y SRR R o o e olerance
basefd contesis iUy o8 theeEBD tapuasIogR ik oRBNRnt Wih Bikand J)ﬂ\é%ahc (CNC part

through the consecutive queues in a g el ine ma
progrags. oEhis teghplegssalings the pperater tspeeidy tasance commands along

: : i i he,_ t.0l er ance ( t he
i BRSO H e ohn B B GG Fepstae command
withinhem eising GaN agle paitiposgram, th €NUBIimticAUPeci®BNdifforent
CNCtr']Etgl | ookahead, operati on on the | ookahead queue.[00104]

CHUEUEPSBHNSe nmay preprocess NC notion conmands

001631C "TRSNLAS ehdrieB OAraf Apecitl AGedi appli
[ gﬂd an tc(;l er ancen%o n if%ggzéﬁ%dra ?}Eegaxgc%}uaeﬁ@e@e applied
to thiggegidn elomgvaih a ¢gemarid idestifiBfoh @amber. oy NiGstol@fsdeSoattand is

wi,t h_existing or | egacy CNC part programs. This
deﬁnteggﬁﬁ%ﬁocé’f}e‘al | ows the operator to specify NC tol erance

conTRnéls Xal ong m1tkwd o2 &b $fgl ng NC commands f or

execution. By inserting a new NC Tol erance Conmand

e ) r t he
00108 AR A S0 R A s D by
coordinatss ofthe iagofidl @dbifs}s (kbey N1} aldaxay® z2) KaxElS 1spEGi kY2, hold
a reﬂ?gﬂland aaiolcgjgg .value to be applied to that
a nof-ggp GRLF WY o ¢ i Rper i rip FrTE e Bmand o be idevtified by
an inf¥get Q1@ @nce command is defined as an E code: E tol
XXl Yyl Zzl Xx2 Yy2 Zz2 |id [00106] An E code requests

[001QH atlt 2 nassibls-fai mehiploBabdesdo idafiqribarlapgigp asledats rgibnly One
the caoordi nates of .the (i nal corners (x|, yl, z|
point mdy l(z:eg%ng gQZfl nuix%e’r of fl(&yﬁ%@ ?oggrgl’qcezqeglfgg Irpgqha; ngfh dhe Igbftglerance

valueNE theop @A defindll dd@hdloldrMce vhRIeSpSRBED fnl the 14048 E_acg‘a@ whose
command may be identified by an integer value id.

region gy thig poins possi bl e for multiple E codes to define

er ' n L Qns, e poi nt |l ong t
10018 BB P B8 Ko B PR R EyeE lend B FfeRpkthes ae
assigtiduetoach ihesearc evithal the t@dl phthe TRitbleranse H%f)biﬂg SpdditibA Brocesses

. tol elr ance val ue specified in the |atest code whose

Varlalplgéci) gRneOirgtons that areglsfined in the part program and assigns the required
tolerances to each motion move. Tolerance regions having different values may overlap one
another, as shown in Figure 3a. Three areas 302, 304, 306 have respective tolerances
specified as 0.001 inch, 0.0005 inch, and 0.0003 inch. As a move such as from Poto Py
crosses multiple tolerance regions, the move is split into multiple moves, i.e., from Py to P/,
from P;' to P", and from P;" to P;, with each move having a different tolerance value. The
tolerance command E codes in a part program may specify regions and tolerance values to

be applied to those regions in the part. The motion commands in the part program may fall
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[00108] In a tol erance mappi ng operation within

tol erance queue 202, tol erance values are assigned to
we@awh/103sme or arc within the tool path. The toPer/Esmec/010607

mappi ng operation processes variable tol erance regions

that are defined in the part program and assigns the

requi red tol erances to each notion nove. Tol erance

into diffgienhtolérandarggions.f Eolennceaidgstanding mugideatifycthe correct tolerance
e areas % 2 304,

t.h h i
valo RS for RPN otupnitt o hhS Frodisamed Fpdss.
[00109]C Nin Ro@R6iBg b A61B5aneEbriInBRD F thOEEmmATA & IBUE tcIMG eas

fromPO to P crosses nultiple tol erance regions, t
specifigation;, 3 sgwe,may bt geared far @mwnmm a tolctranceftaldm ROthe (bolerance

P
ableyfoleraick P aee ool 5, 3ot lermncsiioho ey RS may
be filtednmawith the mieheace $pecifipatidn ¢xtagied Moethe TBAGhIY. FRUIONhe new
and t ol erance v FTglues to be applied to those regions in

item pig¥ b dnserted glthaHegianing Gﬁw&ﬁa@rﬁnﬁe tabée. phiter Ysingprapesaedy a
e A B KNS 5B OB s e
stored axfihi teldrahoe tablc h nDtlon connand according to the

[001 1873) gﬁrﬂ%g&%qul% % gg g ar[.:I & o o é? tIQg %@%uteg ltoelcrer%Irllgeevalue for

the cGR@Ehd haglbe@AlcumtIRAA 7 f
ec|n a tolgrgncgu?ébl _%ﬁﬁﬁﬁﬁg@g%fgggﬁgg.gggQE&ﬁ%ghﬁ§q%emﬁ,

differeq telezanse regipuse andieash iap pearctad theeIsI ﬁeprogmm 1hay belang ® one or

o SPLB0 ST bRE PR LATIRY BBl b oo or
each Hmd’l@i dry maiyhﬁclﬁ@é'\bhebﬁlﬁg @Iﬁ%’toﬁ@aﬂc@ SEE&BEl shplb PEinRe&H MR1AE or arc.
the tolerance table. After being processed, a

Ifa h{l% P’é@rﬁ hice i ennielaanca yogien, diswemplepointsagt s thvsame tolerance,

i AP e OB 5 PPl g

lies acrossamomer thaic omitdance hegio qhe $aathlé pbiatsantiehavadifferéMiolerances.
be cal cul ated and attached to the

.the c .nd.
Tn thit. el 1og el £ diaed IF\segPERts bysedionrthe exeple ppismmai each line
segmélﬁ%hﬁﬂé’a Lﬁﬁkﬂle%ﬁlhréd' th%r Ee. a]|_5, ¥ sa H@ecolg& B4 Ql%rrﬁ%é %#mented

eon to one nore theeto ranceé regi o
by d1f£¢rgmrtpketﬂnc{es: thowevey thie larcn\glll e be dipddede dTHeai ghtaan ederhide value

or _arc e checking the tol erance of
will b&?ﬁ%s eereﬂlélff‘?ﬂ@?%q{‘c? ﬁ(g tﬁlﬁsﬁécl&s g¢c. 1f a line or
[00112] C A ioR$ink thaQMR s& R RASRIdAHE \%‘]Iunje@ ?olé@ﬂ% for gw%%oint It

w Il have thée same tol erance, ch wl
performsflie fellpwisg eperatienst dp takaitlee pasitionof the gLveltmonnhas okdyevalue; 2)

s 35 D B s e TR S s e

coverslitiefkey &fatuet(Dd: chargﬁ%ﬁ poln id 1ot fte® A8Bin thb ﬁ)lél‘aﬁ@e x‘é’? {oh); t%t%d 3)
di vided i nto segnents based on the sa in
assigndhe foleragee vl ¢ Kepede §rs femmidqa dhe r@qmrﬁ:da@letram@rfamﬂne glven

pomt'By the sane token, an arc may be segnented:

[001 12]‘ If a point belongs to several tolerance regions specified by different tolerance

commands, the latest tolerance command is in control. A new tolerance command is always
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by different tol erances, however, the arc will not be
di vided. The tightest tolerance value will be chosen
wa@soobhasiequi red tol erance for this arc insteabCT/US2006/010607
[00111] A routine may be used to determ ne the
required tolerance for a given point. It performs the
follow ng operations: 1) take the position of the.
1nserté]i atelie epiimtingef thekelyravied table. Zﬁemf@m,t mnge alpcmenqph@tlon the first

found e 1§ BRHER GLoalsgNOFh SoUes TEE e DRe (or 1a° B goint.
[001 lgin dg%)ffl%f fHuu'Hét ag%tLﬁgd W diliiae atlﬁi@ nﬁt@'s %12&9&@ aédd@difga multiple

assi erance val ue of E code first
toleraﬁmpdclﬁsaﬁdm et amotker rowtinermaicls vsse te ﬁ@tegnmé thepldghyigst tolerance

[001 s to several tol erance
amongg@ %‘%‘PLB%@F%CS Weﬁgf’ et ol er ance conmands, the

[001 lhf‘t a5btHeP kRbadinnt SMERRshck SedithstRRingalifferdniealies and overlapping
tol erance command i s alwaysinserted at the beginnjin

one amftherfigilivstrated i Bigueds|36-c, Timredbillustrapting qqgrsgﬁzbsgeand Flgure 3c
illustrg eé% gelsc(égg c%ﬁrég glfl {Iﬁg Emggd{&gnﬁf@%%g;?dsés M](f% ﬁﬁlafefﬁei‘éﬁcy, a

e required ance e gi ven
line n¥Re May HeQAHH3J iAo at Mest two lines) eOniyyonbenars @dlrit,cpoahlt\p de a
line into segnents accordlng to multiple tolerance
generafiod betweearPrwsPO ad planot her routine may be used to

[001 1$Et % MeGisd Bfad z%rglgf' gﬁlte 385) (BB REEIRERP Bobe WES' {4, Pletadded

| éF ance specl lonson an arc. [00114] Anofher
bem&ﬁ’@ﬁdrdﬂ-itﬂhngfpotrmItEaraTmeendq:ynmmi Tbe/longstioffthe taderences of the five

val ues and. over i ng one.anot,her is illustrated in
pointsylefines thedpl e&iancmogﬂﬁeaf‘gﬁs diGRed by t&’ﬁ U st case, and
Altof %ngiﬁqzlghgsg@atlng a second case. In this

fof purposes of conputational efficiencgy,
[0011&] | |Afear mwlmebmdmsmndu@a operetion the@lemenigdo e faken from

toleraﬁs«? %@E‘éﬁg g(?[ to f% o'gﬁ%t} ﬁue{uﬁ 'eZEAé ggeg gég{lgﬁng%fﬁﬁﬁﬁds line

comn(dﬁ'd' Wit r3Qllired! tBleBshce Atk taadtor@bndsswitiz requied toleranseeattached,
ed between an arc starting point t | and an end

andtlpﬂ)pmgratrsendmwnmmﬁast of the tolerances of the five
poi nts defines the tolerance of the arc, as indicated

by the equation Al t4, t5}.
[00116] After the tt’%&’%@éﬁgﬂ(&%r sp%lndl ng operati on
the elements to be taken frqmtol erance (ﬁ dat
(0011 e GRS OG0B DA SBTeRS: A G g e protiam daa
is cor‘ﬁ? dgn Iﬂa'ng %aﬁ%@q§ tﬁ\érE Bre’ @i9H 1108 G dvRk SiaR R&8It in a poor
ac co

requi red tol erance
surfaéé finished theapett. tTh és mlsmgleetmen‘dmc come of theBpdhprt lines into longer
lines C%I?%%? 1911\3'rove the part quality. The data compression operation may determine
whether short lines can be combined into longer lines, and the data compression operation
may perform such data compression if it is possible to do so. In a data compression
operation illustrated in Figure 4a, points P1 and P> are eliminated and a new line is formed
from point Pg to point P3. Tolerance boundaries or constraints on the tool path are indicated
by dashed lines 402, 404. Tolerance boundaries 402, 404 may be smaller by an order of

magnitude than user-defined numerical control tolerances by E code.
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[00117] In a data conpression operation wthin
conpressi on queue 204, the programdata is conpressed.

WO pooaampipart prograns, there are short |ine nPOUBES100&010607
result in a poor surface finish on the part. It is
possi bl e to conbine sone of these short lines into
| onger lines, which may inprove the part quality. The

[00118at A laennes®idds appatde-pomt maye.dEombmikgshoptlinmosisdrio a

i nes can_he .conbined into |onger.lines, . h .
longelb@}?dp@égl.p e gﬁt'gl,gltnll%a ﬁcﬁvmg @ang Ialﬂ;]i an gl’hdS %ﬁg Qm})ngethg %rget point
sequefi U BF 8 88¥ Mhe nlovelant FerR@fL Bl nd iftetifediate poinia Uaé Aew, longer

conpression operation illustrated in Fi g.u_r e 4a, pojints,

line midive amdreplcathe @i sharh inemoserordy Hepmeicaaditions areqas nFlyging

[ Po..1. ' 23, T ' o
v B3RS PERHEE 3 P A RSO3l e e

withirl 4 BRen #8léanéd4. Tol erance boundaries 402, 404 may be

smal | er by an order of magnitude thap user-defined. ..
[0011AL nBpidealatacesmpressiang Pl linp seamBdsmay, B2 sqqygHHA)Y Samingg in

command | LNt -1 0- ol Nl S{a%dint! théy\Rs i
compfe30RR afeHeg % il i 0h et Proal BB sl S0 cind s i
the folbwirg Jikpsp Q) Bxanind adaquende plpaint-tarming mdwes vathgbe cpascputive

sequence for a new |ine ve and removing all the, .
targetineints Re di-aeP3pot nPsl; P ﬁ@gﬁéwmqu RfepoIRss #%Wﬁf\l?é’ 0 @ligipn in the

i ac ol d $hoffithd folewimY@&hdRiehY atef alPRBE

Smﬂmé%%&?f?BEgﬁ??é"lgf i ncluding the tolgrancg condi ti on,

i .e€. Fortdl (di<stiann) tler disteeadhorop; totibe sterigltdiheponnecting go and py

the newline is within a given tolerance. [00119] To

do d§t1§561&&ﬂ%’§§]? B4 i ne commands nmay be

SQAURR 1P 1 LXEH), REFb:PerfdRAR: PR QoAU DLB0Gn thE e

conpr essi on operatio y process point-to-point noves

i n t benboiidgowiang ps ielpsated betexemprandpnsequence of

poi nt -t o-poi nt. noves wi.th the consecutiyve target

pa n¥ar 3o O | 21 s fine commanghwit b s e enefipoitiondiay the

t he j poandp n in the sequence, i.e., pi,

p2, %@h %r%\rﬁﬁ? if the follow ng conditions are

ald WR¢ distanios fratl poito P, I boundeddbyrg pretitterndined tamgth f r om

o B oL PR R e
comp?&@ﬁﬁ%?le&ﬁbg,ghg [ﬁlgh%ﬁfs!iﬂ RoRBreSdioRfudhe @04 8 Bd MBre compact since

connecti ng pn is | ocated between p o and pn

somefeonseabitivé sholt lires have-maigedt Adl the elementsia AOMRATOSHOR queps 204,

) th d positi th t ol
incluging panEenESHIBE 0 PrS Sy s o SHutEned ag e
progljaﬁﬁlgltdrbomoheg%ﬁo_shﬁ@th'iﬁgr@eﬁéﬁ%.f romp o to pn

ep

repl aces n shorter line noves. After the .
[00121] In another data compression embodiment, four tests or criteria are used to

determine whether a next point should be added to the compression queue, or whether
compression should be performed on only the points that are presently in the compression
queue. In the illustration of Figure 4b, assume that points p0, p1, p2 and p3 have already
been found to meet the compression criteria, and that it is being determined whether point
p4 should be added to the compression queue, or whether compression should be performed

on only points p0, pl, p2 and p3. The four compression criteria may be as follows:
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conpression operation, the elenents in conpression
gueue 204 may be nore conpact since sone consecutive
W@ bwwtiodsines have nerged. Al the el enents i n PCT/US2006/010607
conpressi on queue 204, including positioning conmands,
conpressed |ine commands, arc conmmands, and the
ram end command, are sent to snnothlng gueue 206.
Tanfdg QF@Kﬁlaﬁbther data conpression enbodi ment, four

d whet h t
Test 330 fhsietogs Dok O b S0 0ePE qucue, o
Test B\zfpﬁ ﬂoe& pdaeIpE B3.801 e 3StaDH Ipd t61e TRt fsoéﬂ@ﬁamléiéﬂdé Hab'Been
points that are Bresentl in the conpression queue. In
as“%‘?fbtol qarky peinhfipwrihetolaprgatablah, assune that points pq,
Tes RTRORAO A ONFE LSRG, REER: U0 S BEL e ap

specifibé tdlemngoi nt p4 shoul d be added to the conpression
e or whet her co sion shoul d be perforned on
(00123} " 1¥ s poic &ff Eosts ar batisfiac Shen Fehis adert todbppaRishsion quove. If
the alS‘Jv*ethﬁI‘ RstiBde IR)@ s@ifib@)th fgeﬁﬁ fo th® érngg( ﬁl% cg.éué BEp1 and p2
Test 2. For p3, the ang i’s between - rees and
are d@@ard@cbme@mpra'ﬁm @ssqm@aﬂy;lthl:ce ptgaits Op2, el andp3p3 )dre

n equal tol erance has been
Combééegflai? ‘a“essg‘é%%t ?fg%nt fromthe tol erance table. Test
. The perpendicul ar distances frompi, p2 and p3 to

thé l'ine pgp4 are qugjgpgpu3bqfﬁgﬁglfled t ol erance.
[00122] If the above four tests are satisfied, then p4

| .the

00123, 2985 b RS EARBHERSH R S pu Sl Rlfng

givenstotesdriob nFhel detu emaﬂﬂlur[g Maﬁmdbaﬂ&g%lfsl}dtesﬂﬂhﬁ@ﬁodthbr ve1001ty and
sion. Essentially, three segnents

accel%rﬁgglb%ﬁﬁyr coniroLefriBrdraigs. impEn VoA sudacgfinish, @p%ﬁg utllmqrsm of the

TBC m&ggm 123] Data snoothing operations convert NC
i ne ataO? 0 arcs while maintaining a given

[00124p| diterfoBowinieliffiatat ssrondtihg lBgehmya}afb\/;ﬁDV1dg¢0D8¢'ey 0, including no
el oci_t bet t er

esul t, i n,snoot her | eration
smooffiFy il Prag R PRl B s eY Tk T G B E S EHR GG gnd arcs may
t bd tddnebiel kd gRhioger &f mb Cit
ne [ 00f264] The foll 6vv| ﬁlgagﬁag%erLeeﬁth%?rﬁogvt C?I%E%)lj @QMe 11nes ares are
conndgteddp ga¢ldetdier, prd/ailcs are nohtalngentmg tonench womt i mgstaages; Level 3,in

whictP P EALE e HhosREF PRRCs P oo S ol ElopEensiabp cach

other; OtilﬁkELe\l’dIl 4@3@06@&%516Vd1¢1’1/a¢ Imag.. bel plovileShy BeGredeRPind&Rion), in

lines, arcs are
which arcs replace lines, arcs are connected to each other, arcs are tangential to each other,

and arc curvatures change gradually. The preparatory smoothing operation, the corrective
smoothing operation, and the double arc smoothing may be performed on the smoothing
queue simultaneously and in a pipeline manner.

[00125] TFigures 28a-e illustrate level 0, level 1, level 2, level 3, and level 4 smoothing,
respectively. In level 0-3 smoothing, the output of smoothing, the final trajectory, always
passes through the data points. In Figure 28d, c1 and r1 are the center and radius of the arc

defined by the points p0, p1 and p2; and ¢2 and r2 are the center and radius of the arc
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connected to each other, and arcs are not tangentia
to each other in nost cases; Level 3, in which arcs
W0 ebaexs1t i nes, arcs are connected to each ot heeT/Us2vd6/010607
arcs are tangential to each other; and Level 4 (a
snoot hing | evel that nay be provided by the present

i nvention), in which arcs replace lines, arcs are
definedypin g tneints p2.adcmdadhdine cuW@gngp’éan 'dngsamﬁr@rl ats thegawdrse of the
(Y S
radluQ 1'712 T h?@ qn ﬁgegggét‘i ﬁ’l e%&!ﬂgl% é)rf Tig r9 58? ﬁgg g atnékyt la{’gg radius change

from Slnth hesngts G)ID e baxtrespnndlﬁglgl lirge cﬁi@ﬂﬂﬁk@chﬂh@e BEmet tHRGwIRYCS.
erforned on t snnothln ueue sj nul taneously_ and
001%6i ieﬁﬁlp‘{ew.da%‘e t e[quq_rzs]oo 1pg beysls o thessensq thatthe deia

|
pomtéS % %h%u?ﬁg (@/\r(tglsnp%g tsllg }e‘tféjd t6 eraln?eéecb élbleg&pgrahﬁ ﬁlhlhvétur% ghanges.
This asljggtmentaff thevdais pointy, is mtveptfab]eah applajaconosueh agkhwayslii-axis

contof5S e HH e B8 B et B ity smal
(typickl® 129 B . 0005 iRcH) aﬁH‘ Qreﬁ%thlﬁﬁ@P&%ﬁ@d%lér%l&r e the

center and radius of the arcdetfined by the points p2,
[001298 dihe peints Mg be adwstﬁdl,rt@ﬂom direction andmdghihledtoashiche gradual

curva{u@é/ Sﬁa[%geg fucé gzﬂrt € @ac i}%})l:oéflf:}geisst{?g}gyelfl L ﬁ\frg?diluglschange of 4

curvaﬁiiiél BIgag tleoiRa;jEdtoltyGniy2fat@ifdit fnDtibh cantEsl! KREARD Qh;ﬁ%le Bf curvatule
arge curvature change between the two arcs

may h?é\héTaCf@fﬁZ% ay fheecméwﬁurﬁ changings obeiHeast passthly phzglgnr@; eftgr each
point ?ﬁg& I?l?e t?ﬁ? shtouf?l nq ?&g?m?% 'ﬂ?e Alifns %glzlﬂ%&t%ge 6e %n

specl o erance I'eve gradual CUt VAL

incremhﬂﬂ@esnal]’dmabr@dhmsﬁjH&tt‘nty fodm pbeo gat a“h@tQB nhé rddsi become smaller
as the nmulti-axis

with G PEU Rlege (5 CHERD - Lt VP2 i e MkcHia 8f survature drops
in onéolﬁfg%% dshfe ﬁgje%féﬁdgge% tﬁiro ﬁ YRR, ft%n}{@} dﬁ?d by pdsShi:

0.0005 i1 nch are |n a spet
Wlthllt l@lvelré’ameoth{n@(fmth]e cirﬂvetup@ﬁorhesthm@m@en arﬂl;mnstde@,f alpofrt. Al
i 0 2 e B R R Bt Mot suct

that ti2l thdj &Itdn@@ipprcﬁ:l@éé Lﬁﬁ'ell?ﬂ‘ﬂ@ﬂ%ﬂprSWE\Véi‘t {He %oﬁﬁ%gy b §dJusted only
trajectory may facilitate notion control. G adua

Wlthllbﬁél??gtﬁﬂ@ftol?mﬂ@ature rmy be characterized by the

N AT

directéd @wraed Bdeentchef tha@ltd.l Sn Qe Gise vACNITEMBEEAEE this force may be
ntally snaller alon hetrajectoryfrompOto

prov% Cb@% ginqgteys. §H%de|na\afi rel ‘@%hbr&q@ang@s ipithehceatrineta) doraes (as the
motiofl ln’gﬂ@s hj& &{eadr@ & Ak Yie dth) H1a§ L&t %Jﬁger dv@r ?188{5 r\?ﬁlﬂ% n{ayeoe

curvature s’in one
detnntm&gl&nﬁmrrysmmusfatmﬁmslgh p2. Hovvever it may al so be
hin | evel 4 snoot hi ng%ﬁf or . the curvature to

ssible
0012BE° FiedrE i isshue mior S9IRAMSPISO ot BRSitions of ReinEata PBys
compz{re& t@ﬁh%fr'e@ﬂfék BSSIQGHSQIE §h6v9n i 886 28338 THeREnBLAhRmPRY may
be adjusted or noved such
result in the points defining a trajectory that approaches being elliptical. An elliptical
trajectory may be ideal or optimal because, along an ellipse, the curvature changes

continuously. However, how large an adjustment, or much of an adjustment, that is allowed
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that the trajectory approaches an elliptical path.
However, the points may be adjusted only within a
wa@pweilbised t ol erance. [00128] Motion of a tool pet/osmyoamoco7
arc requires a force, referred to as "centri petal
force", directed toward the center of the arc. In the
case of CNC machines, this force may be provi ded by
within the srmnemﬁ@he Buraiéon mayl depehd uporthe tolaragee.c Whngy ¢ paints ey not

e ri or.ce S he notion noves fromone arc
acmaﬁ%ﬁ’ﬁ l”? r?g;‘?rﬁi@sq?’] TS ar ger overshoots, which
[001308y T Snéj@fhbd)cﬁﬁl@hﬁéf th@FfeB&lt iReHtibn fiﬂst@ddlrcff%ﬁnﬁhﬂg % curvature

0129] Figure 28e illustrates mnor adjustnments to

chanaeh@ %Bbeiipttlﬂ@h golgtionisicmpdoysd sueh {hat the tr@mme@plmdts tohbyi gircular
arcs af gf)hes%& 1 ?&h%ﬁyl%?lg%i @tﬁlgﬁ(%[thgtrg] 8 {f sgasgeneg 8? 01rcular arcs may

have the ajiesitayelofirbdicirpthe oanpetatihl/AGtleniatiosl db&hple)ﬁty of calculating
elliptical trajectory. may be ideal. or optinal because

the poamcﬂﬁlglsgﬁereﬁ | Tb%s@ SVaTH itd pesstbls (0 achigig aa CE’@HP?MWYV
adjusﬁ%’ﬁ}é?rﬁrglﬁw% acBﬁlﬁln@ V@tﬁ%ﬁl HYl]Stt d A'H;\?%ecggugﬁ'ﬁ%aﬁ the trajectory

is defined byt senesm‘;cmta}ae acks urpqma drhtepdimbmrod mhmpreﬁ'dm $nvehtien.
f t er t

0016 B o oo i modorRetea B P R m rrd e . . the

mot1oh%¥$ﬁﬁ‘$l' i9 ﬁpddt&?é\%ﬁd 2006 ué%@t THh< Ge isrhene%ﬁrﬁ@édfﬁlﬁltatlons to be
changes, a sub-optimal solution is enployed such that

perfomrei etfﬁepetd;x o thatéhmtsspmtiops ciaydel rerfosmed cegy Q@Q; osed

| h
seconfy, D Bkt ool S OB P B RS ofverat ot

operaﬁ@cbuﬁlaﬂ@ltﬁ)h@o E0DH taitt N SiddBi-ijecrety @Fined BRI sebd of @cular
cal cul ating the point adjustnents. Thus, even if it is

arcs (ggdual shenges nh@wetue) sgihe thanpan elliptical pisetosy (coptjnuous change of
cuwaﬁlgé)t gg) dﬁkghdélﬁﬁ e . Su htﬁf}ltl& Oéoﬁ{ré‘f‘& Iptaﬂﬁ:upagl %hﬁe g& such

73 Bet o
as evdoy 2@0 asxci es of circular arcs in one enbodl ment of the

ent 1 nvention. 1] In one enbaodi nent, the
100133, Distr waanthige may lpﬁﬁg%%mré@sqswrgp%a% é‘émF]ddﬁePang for
smooﬂhlrf‘g adiul¥h g} 5R00th 5{91 sthobtiiRE ALY 2 MEH a%@ ng dﬂ first

hus, “there I1s a need for conplttatfons to
operaEcbe oici Smdtymgumthdmaﬁthe heses rmtmaom,dm dateyis b@enuﬁed for

erfaorned,every .200. nmicro s to limtati
smooffiey HERTGLENAY 1SRt SRR S fen s Sumaing o
given @816@hc&) RS %ddhi ﬁﬁ%xérﬁpl@d&inhb&éﬁ lifes™Pih Sfhr 9{1‘@1&@' It 1§Js%h{é9mes not
a traj ectorédde ined by a series of circular arcs

deSlrab@rtadmptth wedglatap fqr@mapler long liae hwves.h@ertain conditions may

et 1 P A AP P s
originpliid dad ﬁ]bntﬁfyﬁfgllﬁe ¢1he st wheshahyet 2coisi@fons for smoothing.

Prepare for Smoothing

[00133] During the first operation, all line move target points are sequentially examined in
the smoothing queue. The line segments, which can be smoothed, are determined and the
target points of all these lines may be tagged as “smoothing” or “no smoothing”.
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[00132] Data snoothing may include three phases or
operations, nanely preparing for snoothing, adjusting
wo 0064030t hi ng, and snoot hi ng usi ng a doubl e aPCT/US2006/010607
algorithm In a first operation of a snoothing nethod
of the present invention, line data is identified for
smoothing. It is not always feasible to convert NC
[00134]i nEectda} py, hind p; e thecewonsesutied target pointg in thy spegpthing queue. The

MINCEETOW SIS, oae o M
o Neub HRG oA ot lftggjz@g(@ﬁyéﬁovéong | i ne nmoves. Certain
nee

conditions ma d to be satisfied before raw li ne
o dahanmsion B@nspootps éda lifdmolé r st oper ati on exam nes the

original [ine data identifying the |ine segnents,
o wihe fengicfrompe (& Brig LEVRIRS BYGY SO @BE hi ng. Prepare for

Samot hi 1 UL | t ' operation, all line
* mlﬁ‘éﬁfin {)88)6?%%35%%1@%& enﬁngﬁ%f'g/ exanined in the
oS %@%}Bﬂp@ﬂdiaﬁl@ﬂdistaﬁ&efrd)m@ﬁ t& BEPpt i, boshiehby anotsgant

snoot héed, are determ ned and the target (Poi nts of all
« t ibs petpendisulangisisaca figgad taline Ripp i hauRged by 2 cppptant

sppot hi.ng". [ 00134] Let .pi -
+ coheanE bova depparatie oA BGBIpPA OIER o

[00138P! @thé}m}’tﬂé?)oirﬁ?’g eRyas tigioat inghoothinghe Thelihovlemgnts in

conditions are all nmet:_ The nption frci pi?fL p2 is a
smoofhinsqurse 806 Prescsied b fh fishopseatios 15 bealbiagied e

he | h fr i1 i
cmbof st 107 Qi3 B! 15, AR hIHRHIERR phio 2 O Db nactity o
const%ﬁrdf @ﬁpﬂ)ﬁ%ﬂlﬁﬁfly ®$?eaﬁd&ﬂ algm plin; ttloe per?@qm@@? dlsiamlftmm to
a const an e rpendi cul ar di s

e b s e S kPPl P e
from k)%g)%ggiﬂ?eé%g&ldhduﬁ‘ﬁ ﬁ%&g'fﬁ)ﬁpﬁyﬁqﬁﬁ , 18 beaidEdata constant of

rw se, ol nt p2 may be tagged as "no )
approXimsitlyi begheen 086 hid0% of therlesgth froshpooranddbe gaglo hefween line

pip: GHEBTB O AR PR PR S D R

[OOIjﬁgngﬁl i cfafaoéﬁcfb%hihg opctaféewhtRinlniRuise dudie 206¢msdants whverted
approximately beiween 1 cmand 2 cm_ the perpendjcuyl ar,
into aicssthatrere cémentediand nggerido prp @qthef@@érﬁléﬁééab‘%/gr&d%h’s‘i%éﬂ%mg

of approxi nat el twee 09 0 t .
e s BREL T BRSO AR 808
a betfel P@n RirPacd finfshb a8 Pestebyofadaeosss dhing ofcladus e prming | for

between 20% and 40% of the length fromapi,.to p2; d
smootiog siep 260 BEEwESh, 1 ABuSg Tor SHRPLDB 8P 21 Bkretp BlF e
smoofiing tst%Bblﬁ".p RESSINTRY freYarRfd Q&2 IPRCRAEs MeRtifying data points for

smoothing. As illustrated in Figure 5a, point P1 may be suitable for smoothing, and thus
may be marked for smoothing, if the length of the moves Py to P; and P; to Py, and an angle
502 between these moves, are below specified limits. A maximum distance that point Py can
be disposed from point Py while keeping the length of the move Po to P; below specified
limits is indicated by dashed line 504. Similarly, a maximum distance that point P, can be
disposed from point Py while keeping the length of the move Py to P> below specified limits
is indicated by dashed line 506. Although the distance from Py indicated by dashed line 504
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[00136] In a data snoothing operation wthin snoothing

gueue 206, line data is converted into arcs that are
waeoeowaetsed and tangent to one anot her and that PeEUS2006/010607

gradual |y changi ng curvature or radius. This provides

snoot her notion velocity and acceleration that results

in a better part surface finish. The process of data

is smaliesdhan thg distanice o B ipdispiad briglashed lined06 Hhesy distepres ity be

Fi . fUSti far. t hi ng.ste 1 ng . a
oqualy Th 8 Srbbeigfill Bt B' LB pe 3B R Gritdih g P eperbaean o
movestPgto B18hd POy ise. | tHefitst Liyé 0i3taAas BetR@empSinfsd¥; and P) and the

smoothing. As illustrated in Figure 5a, point Pi may

secongleling figtatiederurengitist Ri 19d2 asdottnbalovrayliné ondirssbeldrime
distatfég%g%?b%%gnétglytbgaéeeﬁ %8% Q%Ig{mét&ean{a%f%%eﬁ?mgt%rsl,:%r}cgﬁg% %ﬁ}f 502

an’an WEEN t hese Noves,
is aboeedlithit ed tHrestiotdsangle appxoximntetl sétasael 3Nahdpesnt PO can

100133 e Boerbr aBiled B tep PR (PRGNS PRGN br Seoothing
is thapﬁl_e%ﬁ%gﬁichlaF gisﬁigée fr%?gh?r#o)fo lifle 2@%@%? :pgltp e&e;ipl lhlhg&‘igtance

poi nt “can be di spos rom po
from piat Petrglite ByP1, tahebatow epiifiedlimits bethoeshsldgerpdnditular distamices.

oo oA e O L.

from pbigit B) &} 181608 PE 10885 Manl it SdnBRIPYeriash R b0 M  the length of

t hese di stances may be equal . I'n one enbodi nent, point

line P2, g iifbe pepenshitudaridstaracul ftompoint P todinedoB i lesk thetme
e R T P B T

etween poi nt's he second |ine

[00138] stIayeearbeicnembodiaient, sviicH 8 iMastratdden Pohite 6 tBie points po0, pl,
limt or threshgold |line distance of apgroxinatel

P2 arg IRy e c Aribistaseel] 1nfhe aBes diance bemeen ameiddl partion of
. - i mit J .
in R SR AR bt Bl A PO S e
middlerpooiihmefiiine saghenttpfip? anctheiarep@pitp2f dn on@edibodimpni, distadce d1 is
for spoothing is that the, perpendicul ar distance from
the Sha&ef'&dpﬁ%ﬂweg*reﬁe aﬁi@@?lﬂéﬂ@l%@%ﬁ?@?@%ﬁ@ Ithe argipCp bz end 2
distarick ﬂmipﬂie@horgc%t §RtahbdWotWO& the "i‘l‘ii@g&iﬁ{ @F’Yhﬁ%gﬂrﬁ%ﬁﬁqpb Y R arc

or threshol d perpendicul ar distances. In
POplabxd aiidélatone pbihatthree peias, be, peinkel niayrbesmaded forgnicothing if the

. endi. cul ar _.di.st anc O, frompoint Pto |line
fouo‘%ﬁ%ﬁ?é8?%@%01}3??5ﬁrlgﬁﬁf‘f&?aﬁﬁg%q'y bet ween 20% and 40% of
Tebthe BeRgOp! &fd plipperdlik, and if the perpendicul ar
di stance d from@foi nt P2 to line PoPi is |less than

Tegipd Nt {dd 142l v BRAGAEaeh. 2Dlwat ig dothodh and d2rese lesnfah some
' ' ] | t e i, MENt i IS .

predelepifliiangt et dy KBt FRPLA0R RO JECH, s Lo mcn.

Teptd : Mg dnyled> &4 deghedd] 61t @heotldr gredetdihisddQinkRSdpproximately

di sgggoe between a mddle portion of line segnent pQpl

bew“ﬁﬁd %@E?E“ggﬁpﬁ@gﬁﬁhd a distance d2 is the shortest
If the 8188 AHR BRENEE brk 6t met, then point p1 may not be marked for smoothing.
[00139] Figure 18 illustrates a method 1800 of the present invention as described above

with reference to Figure 5b. In a first step 1802, three consecutive points of a data path are

identified. For example, points p0, pl and p2 may be identified. In step 1804, a first line
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m ddl e portion of |ine segnent plp2 and the arc
papl p2. I n one enbodi nent, distance dl is the shortest
waelk@bamse? bet ween a m dpoint of |ine segnent pEpl/USId6/010607
the arc pgp Ir2; and a distance d2 is the shortest
di stance between the m dpoint of |ine segnent plp2 and
the arc pqgpl p2. A mddle one of the three points, . .
distarice betwepn arfirstpif theypgints endra s¢aswd 06 thespaseis BRET ¢ pecopg line distance

betwcng lgllﬁeo%wfigl%&%%g%g‘caotgﬁgtoig &%ipogrgtse grlre: a%éééj.ca%legg ?\/Igr:%tpiaﬁfciuﬁagly, a first

line d\dpaticlll51 8 BbtweeR p@@l@ﬁ)d dielp1, A4 sécond hiae Histincafizd bdwaerepoints
| ess than sonme pre

] eterm ned di stapce approxi nat el .
pl anfpRupassenaioed 2inarexostop 180G @Hl,lmsﬁlﬁgﬂ ‘%?éwﬁﬁmé@{rﬁ%ﬁ&endmg
Te . Th p >
v o RN o p T EPSRER 10 cEOAB e g s
point a4 tHGird @aing &sdetdriniridde Ih Hreemxamiptevef KigweiShi ahsn angle Adetween

nmet, then point p i may not rked for snoothin
the TifromainEpBE: RAnISPD b Py g T TR FOT PG G Fer s p1 and

i i i i ' st oth@fceik pBEermied on th
P2 is A B, B L P o ™
secorpipaitsf thie fastdatealippatch and/er theesaednidiling. distarcedskeagpthan a threshold

) oi nts I and.p2 may.be identified. .
tine ot o B o8l cE6RELLR o (Bl hEF wpdid Thffe SibGtpine
may e ]?&?c%@d oh goliR pRGf fsBli@lbtance™ 13emarngd sbiond litieslistee 520 is
~ et ween the second point and a third of the points are
less thace threshobtlineMistangsaand teu angls ) isereateisthan p feeghold Wppangle.
: 518. bet ween poi nts.noO a [ L s :
Bise, gbgrbERERs RuR S A B e BB IBEARAML R, os ngicated in
step 19022 Fog ¥kariplecohSQativapdititsplapdhed baexvepeint @3 (otshowiymay be
_~ extending between the first point and the second point
identified- a second |ine extendi ng between the second point

and the third point is determined. In the exanple of

Ad.F' ur 5q .a turn angle q between the |ine extending
-——ﬂgtﬂﬂgﬁﬁg% s pOand p i and the Iine extending

between points p.i and p2.is.determned,. As.ndicated .
0014 Sinepsbansbrerdtiono il s B o PG e” JLPPb R §Peraton
may ?@g&é‘&le%ﬁ%‘ﬁﬂe RRAr¥es bit a?ﬂi@e-ﬁ%rﬁeﬁfsidnhl"ﬁlr% fReme@Byh QEquence

second [ ess than a threshold Iine

I ne distance is _ ] .

of thetestimarsonad pdintsh eThedosal awyhiird af aggiven peint gragiich a curve is mainly
threshold turn angle.,That i,S. S i . :

s R AR RO A TR g SRR NGpR 8Ggn poin o

its n@SHRg TRERNhal s1pRifbhfl R gd & 106l lcesaturfialig, it is possible to
threshol'd line distance, and turn angle q is greater

modifh the rositions sfipeidtstwithin fggieen tplegance gpeh that the grvature changes on

onsecut ive data_poin TBYe R8uced. Th

the tﬁrﬁ‘é‘fﬁlfrp?rfséodl,al qQ8vy Fleg)i eg'grﬁtg% 8& F}ﬁe:i g%ﬁ%gggﬂ%gr exanpie, ©
small® ARLaVANER dhehdds dnRhe cupie, dligisraoatbettthp cime na§ benot

shown) may be identified i )
[00141] The second operation may include sequentially checking a group of four
consecutive line target points already processed by the first operation in smoothing queue
206 and adjusting the positions of middle points to modify the local curvature. Let p1, p2, p3
and p4 be four consecutive line target points processed by the first operation in smoothing

queue 206. Assume that points p; and p; are both tagged “smoothing”, then these two
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Adj ust for Snoothing [00140] In a second operation,
line data is adjusted for snoothing. The second
wep@cabison nay reduce the curvature changes onP@r/US2006/010607
t hr ee- di nensi onal curve represented by a sequence of
t hree- di nensi onal points. The |ocal curvature at a
iven point on such a curve is nmainly determ ned by

middiepejhsorillivg shehtis moved. il helgarithmdor adjusting puiti positionods
. e, given int.o f, i nei ghbor i ints .
vl 8 B R el s T BEANRES VAP it ARG g ageing
throupB$Rines £, bPawDshi 12) ctdaee ROSE RS, WssiRG tHrbSeVhdits D, tH)@nd ps;
given tol erance such that the curvature ch%s on the
3) mevg Rasntdl hewards At ARGy 8nd kespdbemosingrijstenes within theegiven
LN | : e [ 1 vat ur. crs
tolert el ) by Both R Pty ARCARC B8 I e ik e within
the gjv@Q idlddandhie second operation may include sequentially
ecki ng a, group of four consecutive |line target )
IOOI‘S& nt € Bhsionaladhidueaiguecasgs eanbinppysty WHB&reuns&h fous consecutive
point§ MOt hi ng queue 206 and adjusting the positions of
m ddl e points to nodify the |ocal curvature. Let pi,
[00143], ABeramd godurhie aflputedctha sewassiweegrbumthat esrgists fahalast three
. processed by the fjrst eration_.i.n snpot hin ue,
pointS e RESORS vt b Rove Heet 2ot B thg B LBRq Pl gl be
procesSED Ot thiGes pdil8 df 1iAE SRdeWRTh Ql@b@thﬂ% qWefie 906 brdeEssed by the
slightly noved. The al gorithmfor adjusting point
secorhperdtiphgramored (ritlintheiven tolegance réngehso that thedervahees at these

. . _ . RG . .
points Shale SIBRME, 1o, TS5BSy Soin A7 i nRRR A Rosond
operfp@asi ng t hrough points pi, p2 and p4; 3) nove point p2

wards _arc ARC134 and keep the noving di stance within

IOOl‘f‘ﬁe Yeréke insludenpdiastingdine moviep fer ssiofiing 3The liee Bevesmay be
B8, SR e B R Pt %, b PR fuine. 1o

the ilbstrationia e Waf twogronsypsctioh afas 02 ce0dsae Iddated thatipagssthrough

. 3 er one group .is adjusted, the successive
points Pe 5 itLkovekm EeoBedngh! tloent Rsind b tay PotReamp rectipe an arca
betwlinoh R ridh AHE 602 d5R, Tk 8L gied PRk Howd cidier BBtk iah%t‘ﬂ@r such

el enent wi e processe target points of
that peiird Fens soved appootihviatedy opitbvey ROGeqr @netssetbnlaycst 608, 604, and point
. second, operation are noved (wthin t i ven tol eranc
P is PRELY ST Rance SRt & Do dBePsi oot {ERGEt be
movedb Farsd¥RO bb bifsitibndd midvRs Deth@nidofidhlcion bR 0L N, dizther, point
before the second operation. [00144] Step 212 includes
P maydpammevasidgess then hal§esthe distange ta thie wgposiissohstnetion awsc0dayMore

particjﬁ?arly, point Py may be moved a distance equal to a factor between 0 and 0.5

multiplied by a spacing S; (Figure 7) between the point P; and the opposite construction arc
604. The factor may be less than 0.45. In the embodiment illustrated in Figure 6a, the
factor is approximately between 0.18 and 0.20, which has been established mathematically
as providing favorable results.

[00145] Figure 7 is an enlarged view that illustrates with more precision the direction and

distance of the movement of points P; and P; in one embodiment. A line 702 intersects

-26-



adjusted relative to each other to control the path
curvature and to prepare for arc fitting. In the
WO kdoggoasati on in Figure 6a, two constructi on aPCEUSDHEG/010607
604 are |ocated that pass through points POPi P3 and
POP2P3, respectively. Points Pi and P2 may both be
noved into an area between construction arcs 602, 604.
pointfhijand ¢ Phgennth 920 684 at painelh. A seeingt$H imddirmddiehEGfenalmd:h P, and

o ol 01y o S CBASE BB KB e oLl cva

a factog §§t$fee1€10 F5aAng 6. 5aMalEiE1i 6PPp bFadhils Bhin ﬁrd‘f‘re@t% q%iﬁdu!iar to line
point Pi nmay not be noved so far as to be sition

702. &th)étm allessatadrin Figuses Garand 60w, fagionis aaathemately 0.50.
Slmﬂt@tﬁ& r%}ln% 7dﬁq¥tefs%cfgg> ﬁ?r ucﬁé is th%%np %lcgj;c 8{2%% 01& Pcit %nspacmg St is

(O] I on

definpdbétiveen pmhtyPl gadli ang 6GL innetirdetionPependicalasiodnee70ad Paint Py may
to a factor between O and 0.5 nultiplied by a spacing

be meyedaigiancs of prpowieaplythid E‘Bltli’tlw@fﬂnﬁﬁ 8PACHE %ﬂap@sdlteéuon

&g{&ﬁ”&pﬁﬁéﬁmarc 604. The factor nmay be |ess than
pep alnthe embodi ment illustrated in Figure 6a, the

[0014@ctThe preceapmeyp xhelméctee’byeahmiMEmh&ud@samjnmvem thetpredrammed
stablls ematlcall as providin e
path. (EuR R S ”FBe Qﬁpﬁ@ﬁ?ﬁﬁ Agede RS RRmERY hiagn identified.

Two ¥oRWubt arkd $02S BO@E&%eWnE@tHﬁPﬁ%?SS ﬂﬁ@ﬁgﬁ&ﬂtstﬁ‘ﬁzh and P;PsPs,
direction and di stance of the novenent of points P and

respepizvely) Beintsdhisod Prawstthenymioierkbyr fiztornof0. §2 81 0.6 Dmesmtlvely, ina

0B QBB B e RSB B ERSLRE ot

(001478 Fepdt 6b |115Mstthtés lahéer’@dbodiabmtof e Oﬁfﬁ%nb veBRN&HfoR adjusting
di st ance ecig to a factor between 45 and 0.55

line mgyjef {5 smogt beelingmgyes mawbeipdiswed whativetp eaahi Ghirde control
the pﬁéﬂ c{nlvgf%.gg Qf%tolp? ;ﬁ: ? fot %pcoﬂft ntl“vx}oI Joﬂ?t%cglgg %Fésglgl ?H&r (\eﬁnch are

or is app oxi mat e arly

not cﬁplhnaln,eiré’ béated tleat pesstthrongh PoinkIPRRY dnd PoPyPg eﬂéﬁpdcﬁvély c A line of
02 at_ point acing Sl is defined between po

interspatton oy i ok oTartsch s b ELisids eprteHui i eenter of pRiele definea
by ar<,7 ) 1s%3!;1$ﬁat§d cITBYd g JRvedr g cﬂ%l%td@ﬁﬁgd l%r a@%@ﬁ 95(5%3{0\(1 cl. A

plied tines spacing | rect
prOJquteqnpa”mdmt oll an thoplhnnef 440414 [Od:tipdhted poiny qd)c é‘hst is@yline that

o B S BTSSR o i o

a profebEoms QAR P23 tRE pRnd BXhrcHAR 1S ddidhardhy d%ﬁi i) £Bne that
Two construction arcs 802, 804 are de that ass

extendhthm@h h@&h oft points P2 pnd gAds pirpariculards plmlanﬁedfw,rc B Tlse
th t
ctoseyt oy o bR o e s T i P it o0 5 o point

p2 is d@y@Ardtsg, of points P1 and P2 in Figures 6a and 7.
4% 0147] Figure 6b illustrates anot her enbodi nent of
[00148},¢ q;:,ng@gma Pvies efivsted &t botlithat peingand an adjacent point have been

marked for smoothing. A point may be marked for smoothing if it satisfies each of the three
tests or conditions given above, i.e., both pOpl and p1p2 are lines; Max{d1,d2} < 0.0005
inch; and angle 6 > 143.2 degrees. In the example shown in Figure 6b, point pl may be

adjusted if p1 has been marked for smoothing and either or both of p0 and p2 has been
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line noves for snoothing. The |ine noves may be
adjusted relative to each other to control the path
wa@o0sab2ste and to prepare for arc fitting. TwoPCT/US2006/010607
construction arcs 612, 614, which are not copl anar,
are located that pass through points POPi P and POP2P ,
respectively. Aline of intersection of the planes of
markeﬂrfﬁﬁsrﬁddthlngl Roins ptl ewiydeadinstesls & at Fihalenganegdiustment vector vl

cir edef| rc 241 S eS|
eXtenQ:‘E& i Bk tos c%‘@ﬁg “ﬁ@a Y B éﬁ?%g?ef ggf é%ss,]?&ﬂeﬁl eged for
smooiffﬂng dREBEES HoBNo 01 41 B had bee0atkea for smit&)tknhgal’omﬁﬂm may be

esignated point ql. That is, a |ine that_extends
ad;ustb&ll,rlﬁalg&il blong aofadpléﬁmﬁﬂli‘,\’?ﬁtora‘f?de’iﬁ‘?ndll@ wenmeiastul ar to

B

with s-ﬁB%qubﬁt, adfustrhéifts d3adiated tadthcacd formediby Botriexbdet pf)fqnlt pomzs ie.,
i s perpendicular to the plan rc 61

pomta:pb@aspa . Bt s Aigstancrts T bR A%y bfsed e g aie Jfined by
c ' mbodi f
O
Figuréd 6:patdm &Hftﬁzid;mmaﬁt proctsamaz dpaiteeingasi infielyhaitteceledptions based
mar ked for s ot hi n% rgtﬁ gt ma¥y be marked for
upon sFRsEEHAIAHSFLS PL HopT RAUPF A MEdhe HAIKCSEY t he three tests or
NG St pdREdn srent vect
[00156f" %1 Gl sy tgiié’gﬂ;t?égﬂﬁ‘g@%nggt 6¢ap i i}; ; anga?céi@qaaﬂj@l vector

may ldae@pendnnt Liport Whetbsraomelof theHoiorad) aper Rpints 1sgglma§5¢qqfor Ig,]inoothmg

Moreepiq % Cé’itr dj tust egg(%l Roi 'lﬁ%%ﬁﬁ%ﬁ%glyﬁgkgg%e&‘%raaq%%ali’lké?l%omt, ie.,

the maARALkiH Gies BQWREN M uiBYrkbE paid bl @ﬁbthelr inagltedghdint, thlentige
an adj ustnment vector vl extendin to si

positisnrof Kierhyrkeppoint mpp beagiusied Rl engdiﬁﬁ thepdigsbapnt vector.
h equation
That ﬁa@eﬁgag%o%?lgp 11&21 BQ%O&@P%T%? ralg?;? r‘%ﬁ’é’écgus%leﬂﬂ Vee@ﬂﬁl PBequatio

or's
form, A8k ¥6dieh of the pbinghlay balcangla&ml BQ ﬂpf@ré’m ’i}lmtus; thepoint is moved

extendlngfrompZto s2. [00149 fter. the. adjustne
with 8 66Brisncer ROHOLD ORISR 6 Pharked S int S LBEYEEH S Yir

markgc? gél uﬁl%ngﬁ%é}) f’t ot dhe ﬁglnﬁglal?lﬁltst'éﬁ B e %ﬁﬁ%é@‘fﬁ@ieﬁﬂ drfactor of

orne set of four points, i.
apprdx@matesy @il9 ipéach p8 theertthopdjustthats. i kkthaﬂran gdjﬁetme@t r¥eg/diggetion and

magtgawgg QE ﬁl;?aglné qu“ g(gctg{ﬂ% FsigFeﬁtpgleg W1M1p 8 ga]'gstsg pbyp‘g %elﬁg thdbcond

of thd Rfir gﬂﬁ?sdﬁs@& i thefcalchBHO RS 1BSrABdinFighlesbadh st sweatd adjustment,
process may continue indefinitely vvlth cal cuI ations

the dhraa&nh andomegitbdeof tbp pdivemenbedteriip dpjetmined #ntie adjusted point
traj 0 0015 The magni tude of the adjustnent of
bem%thﬁéﬁlﬁ‘ﬁ é%ﬁtgé rtﬂobr&; ‘al ong an adj ust nent vector may be
[00156PeARBImAP RRtOMIEE 0189 and@.50ke HiReusbybatady alcexrrtjurmbuonmth the
I's unmar ked for snoothing. Mre particul ?%—{ ééh ad h
emborhmleembfﬁoglms 6bi Eoweweipas Hithithe embedimgnt ofdrigres Ggand 7, these
factors may lfe Svifhin respectlvg ranges of 0.18 to 0.20 and 0.45 to 0.55.

[00152] The total magnitude of the adjustment of a point may be limited by a constant

value. In one embodiment, the total distance of adjustment is limited to 0.0002 inch. If the
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the marked point |ies between an unmarked point and
anot her marked point, then the position of the marked
w@oeioatioasey be adj usted by half the | ength of tP€T/US2006/010607
adj ustment vector. That is, the marked point may be
noved hal fway al ong the adjustnent vector. |In equation
form the position of the point nmay be calculated as p
calculaterd-otad adjustirent is greaterttbarp® P2 ingh,tberethewctual implemented
. coefficien factop of 0.5. herwi.se. i.f a rked
scjusiic fo L0 007 R ¥ s Wit b BB Rels Pl (e
[001539SiTd Weitepiinistite R ethbddimaal JFFi€bbl Waredhs\WifuBtnfent scenarios are
coefficient or factor of approximately 0.19 in each of

descriligd belpy- abhedierk i werify that Hie ttal adjugiuentis d@mthamameqdjus?ment
imic b8 8 0002 By TB S5 ot A IR o o1

the four points used in the calculations illustrated
Caseiln Figure 6b. In the second adjustnment, the direction

and nmagni tude of the adjustnment vector is determned
Condigiqnn pb krenoidparked@r popeihings p hip mprked forsgnogthingie2fipnpt marked
for sRi,s: [00151] Adjustnment factors of 0.19 and 0.5 are

I scuSsed above in conjunction with the enbodi nent of
Resulfi BroaaseGil isHovwdjsoent asthvdr tnkarkdiepadnth ptliswn bdjokteffieger idugh it is

6a.and 7, .these factors may lie within respective
mark?ﬁf%é@oefhﬂﬁg-ls to 0.20 and 0.45 to 0.55. [00152] The

total nagnitude of the adjustnment of a point may be

limted by a constant value. In one enbodi nent, the
Casefot al di stance of adjustnment is linmted to 0.0002

inch. Lf thecal cul ated, total adjustnent | reater .
Condj{50 0 i3 RO Bgnibinge b e St for Srootiite; p3 is no
mark@(ﬁfdﬂgﬁﬁaﬂﬁng,s set to 0.0002 inch in the direction of

the cal cul at ed adjustnent. [00153] To better
ResultplyspheR-8*the2s 8nt of Fig. 6b, various

adj ust ment scenari os are described bel ow The check to

verify that the total adjustnment is [ess than an
Caseddj ustnent limt, such as 0.0002 inch, is omtted for

sinmplicity and ease of illustration. Case 1: _ .
CondiyoRdpq 1551t mppnkgdstonsmoethingenl.i3rang pdsehmagkedgpr sroothing; p4 is

npot hi ng; p2 is not marked for snoot hi ng.

' notm%gﬁﬁ?r}r%%og%%.e p i is not adjacent another marked
Resulpqilrt pl140.5%6l ; p2tp2ad) 1857 &R EVERT7v 2 ppRyk pB34-0.i5%vIvewhessn frdrand v2

e SRS i SR P P S AT s

plp2p®lk, marked for snoot hi ng.

Case 4:

Condition: p0 is not marked for smoothing; p1, p2, p3 and p4 are marked for smoothing.
Result: p1 = p1+0.5%v1; p2=p2+0.1877*v2+0.1877v2"; p3 = p3+0.1877*v3+0.1877v3",
wherein v1 and v2 are calculated from points pOp1p2p3, v2' and v3 are calculated from

points plp2p3p4, and v3' is calculated from points p2p3p4p5.
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Result: p i =pl+0.5*vl; r2=p2+0.5*v2. Case 3:
Condition: pO is not marked for snoothing; pi, p2 and
w@3oanasmar ked for snoothing; p4 is not mar kedP€DUS2006/010607
snoot hing. Result: p i = pl+0.5*vl;
p2=p2+0. 1877*v2+0. 1877v2' ; p3 p3+0.5*v3, wherein vl
and v2 are cal culated from points pqgpl p2p3, and points
[00134) Eigwre\l8 ilpsirates %mp@péd%& ointhp prasens mmps pa described above

v o ST 8 P Ay PS8y o P o
step IﬂOEchﬁl‘f Vbﬁsepﬂﬂ&%ﬁﬂn’c& 877 tmad path]l mélivalg a ﬂ&t pomt a second point, a
thid BRire A éwrwﬂ#tg Eéﬁ@n@égf rsgl'b%aﬁpiea Baits 08 pir 82 and p3 may be
1dentﬁ?c|dc #h %ﬁ 49H4,0% 1@9&12&1?%18é%gﬁr3t?)6911vtﬁe F‘% ??g@e leﬁcia 84 fourth

from poi hts p2p3p4p I gu .
pointrietdeattd 1 d0hedilustiatiop oEEnte 6b;\ad‘mt|anm61§£dﬁ'ﬁ&dlbykmﬁhts pO pl and

R IERTIRNE T SN TOR L CIRE I8 N

fourtd POt isl16&HteE 01‘?@@?&’1’6'6’%93 RRbA Src 14l R b)pg&!ﬂ’hs pO p2 and P3 is
including a first point, a second point

identified. dn £ dipat fﬁelp bfi’(}&, themeeonddmnmtlm meded oo ar ma}bb‘@\/een the first arc

and t%%ﬁ%&’?d Qrg Of &X; exﬁ , 70 xﬁt é’& IB%//V l?eﬁlglc)?(fe ?n%%ﬁg Hﬁtme{lﬁgecpor v1 into

anarseelmwdexpﬁbmslzmdj@me fourth point is located. In the
illustration of Figure 6b, a first arc 612 defined by

[00135d; mitep Db (Figyre énO&iaieﬁ §mp@rémg| dafecping ‘hd@uké@amgdmmt@n Line
mov%%‘g&p% & l?ﬁl g)gflé\ho?éfc Mﬁ%(e){: gatarc%e Feeﬁfrgg'ﬁ_r 10 egc% ét@elr e%dpcgat maintain

a gIV&EpHﬂI] tblaanceﬁl&s dekirated inyigmei Nt 3inp ﬁhovl@%smihtcﬂﬁwitﬁ points Py and
step, 1908, the second point is

final
P mgycpblef e vith b a3 BavGaSeRPCiaNeD With Boings o S| Aot partcularly,
a lineYRERISD 29 6m pot P%’f@?&hleﬁ’ | 18y BE c&w‘exgé@}ﬁt@ R rOVGH gagpﬁlg &unctlon

adj ust nent vector vi into an area between arcs
point@ and AG0 BB} a@tjepctmn@o(rfﬁPgere Drcj acd Attasn@rh]:octdnnemed to each

ot o L0 S g B b B RER T g mov

904 vitlieteferaidtes f&ﬁf)mﬁﬁPd"tl@fb&dﬁlggrhW‘é'Dthy bohena 'ﬂf(ﬁ/e ﬁn arc move.
illustrated in Figure 9, a line nove associated wt

Furthgisiddesmpy hathngentriay sheceedipt av bektwiavie A0Rovkeeltbemnses p01nt P..

Succ%ﬁﬁl% mv:%£¥ PQ 8'11ﬂt by Bg IQ%I nlgargé?%\{l\éb%;?ed ﬁ% %8 gehnecf erter ?he

adjustedpositibr @f tHetrexApeint lf’gf ((ﬁﬁi PO winGn Figiré INBLdePMBRRIANSnBoth
and c2 fromarc junction point PP to Pi. Arci and

transifippobetygenall ths prespmanevss @ecthus enabled. In one embodiment, a radius
908 of Arcy is different from a radius 910 of Arco. Radii 908 and 910 are shown only

partially in Figure 9. Data smoothing essentially smoothes out abrupt turns or

discontinuities in the tool path to provide a smoother tool motion.

[00156] Figure 20 illustrates a method 2000 of the present invention as described above
with reference to Figure 9. In a first step 2002, a line move extending from a first point of
the data path to a second point of the data path is identified. For example, line move 902
extending from point Pg to point P; may be identified. In a second step 2004, the line move
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ot her and may be tangent to each other at point P .
Arci may be tangent to a precedi ng nove 904 which
WO eooailostes at point PO. Precedi ng nove 904 naRChESA06/010607
l'ine nove or an arc nove. Further, Arc2 nay be tangent
to a succeedi ng or next nove 906 which begins at point
. P1. Succeeding nove 906 may be a |ine nove or an arc
is replacad Wilth# fiFsh grogBO et drretecaid &e mave, thajfingtaeeimeyse begioning at the
: : I Dt . : 1.0 4FLgur s C
first int 61 0f e @ I et oity RSP b MbFe Balipg gty ynction
poininanvdernanatirtgut sheeseatmdpoind. MndineillnRadnrE Figura 9f Btk MSve 902 is
908 of Arci is, different froma radius, 910 of Area-
feplﬂﬁ&g}”#{‘ SIS AF0 a’é‘?éf%ém beginpngat ppit Py andhtermipatiag at
junctfon fRkEP' SHRAL) DeLiRSAE A1 § oh UG -
Junct l?r%ﬁ or di sco%]tié’gr%ui tgesjulﬁlr:]tllt e tg‘}) ﬁ%fae?lﬁh}ag%%g%ﬁc%d %Othl‘
snoot her tool notion. [00156] Figure 20 illustrates a
Doubtettred®n2ei@Bingf t he present invention as descri bed
above with reference to Figure 9. In a first step
[0012002%n adthirH BBerdABYE stoBAl Q)efﬁ)ﬁﬂécﬁusfiﬁ% §BolPth Blc ffortBf. The
. data path to a second point of the data path is
thirdjogergtiph e inghede eonaensing the lines intoecsg@Richraremaiuad)y ftangent to
' t.o. .nQk e identifi.ed. In a second step
cach S8 il Pt 6 8k BrnfE o i onery Bp SERCRLTE
sequémielip chekinpctonseutioy tine taiget boinsd proédsdiMehdeebAN bpadn in
the first _point and termnating at _a junction point,
smoqUlige g5 PO Fne PREVENIHE dhaeanyersion affiaes torazes. on poi nt
0015819 FiR dHuBRtd i Wt i i
[ ?gl]l ustrati ondrg? lgla-%lg%l?gs %?Q@P%%ﬁ?r%@ethgggpléljsaﬁ?%prglg g%gorlthm
causesithefiaal smoothed tAjectorpnalpas dipugdr ail theegierpoigs af thedingisegments

P ' ti t ti Nt P nd Arc2
to bo @R RGBSR HOEePEaRY PeatsH seaered ai
[0015355 C oMt RRAbRtard élgoﬁﬂﬁ&phﬁyﬁéﬁow5 ?lon?%%ﬂ usﬁﬂlneloﬂsdlg lﬂ%? 8ipeline

third Z‘Eeratlon, snoot hing 1 s per Ing a

manngr.cFigdtgbe lgonithnT heytdelargirepetangdnb meateryatieac tadget point of a line
S, |

verting.the,lin nto arcs, which are tual | )
s B SRR Y S AP ST e e e
segmeits €5 BeraBootHéd. SLéthy, sl SPBY, b, iRN.. MBY, vetohstlBtive line target points
sequential ly checking consecutive line target points

alreagyt proeessediby Hetspeonsaapsration pesmeothingiquesndf. hT reyfigtiBmetion may
ing the conversion of lines to arcs.
perfoﬁg&%@ﬁoﬁﬁ{g%%%]bl e arc algorithmis developed for the
ot HF pdpaRepal isafggelhismodthagy EISB YsRSirdd Bndddbctor t; (Figure
snpothed trajectory to pass through all the target

panelpasnt i Rasediondhe pefitiensof pointsepis oty Thashree heints p;,

tql e e e ts . W C | satisfie 00159]

T e e
o silfidrteasteaus|, i i @g@ddo8oBRinENAGhothirlgl St, t he

al.gorithm may determ ne a tangent vector at each

*t dnggeasepdydt of a line
e Repeat the above steps

[00160] The above function will create a sequence of desired tangent vectors at the target
points of the line segments to be smoothed, denoted as ty, to, t3, t4, ts, ts, .... , t. The tangent

vectors may be referred to as “desired tangent vectors” because the direction changes of
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segnent to be snoothed. Second, the al gorithm may
generate double arcs to replace the line segnents to
wheoosrosthed. Let Pl, p2, p3, p4, p5, p6, . . PCT/URBMO&E10607
consecutive |line target points already processed by
t he second operation in snoothing queue 206. The first
function erformthe followng steps: If pi, pi-i
thesedfecm&arpgrachgg sthichsiygberinpthesdhd eurvatiee changssiin gt smoothed
traJeJ't gent vector tj (Figure 29) at point p based on the
itions of points Pi- 1, pi, and pi+i. The three
pdl“lli‘d second fulcidsitmpy pérfctat tlﬁ&‘olﬂd‘ﬂnél’st’e@s-l Pipj+i and t;
is the tangent vector to the arc at point pj. |If none
*of Chysick pfgglts P, ad pig t Sepyid the eomgsapariding' desited faogeritrvgetors ti, and b
qu;arvg IQMat%d %oea%gﬁégrg&ove steps [00160] The

above unc on W a sequence of desired

ot ANYR TnMRE {EtSrs @} ad(Q b ek avQlableStheh cth® d pdifof three-

sgézments to be smpot hed, denoted as ti, t2, t t4,
imegsional arcs a1 and g sypfethetingent vectors may be

refe ! ent . vectors' because the
di rec% S%ﬁtgc ntepg ‘# Sﬁg%%%\[)g)ct pragegjtae ti%lgual whi ch
thhﬁﬁs@ﬁmHtﬁ@z athepdint/Rdriredh (RANEES | n the snoot hed
trajectory. The second function nmay performthe

f ot | Bwistas st st b, emﬂfeaﬁpom mm,smfi iis tangaht o thie tangeseeecidr tiy|

cor respandi n es t vecto and ti +i
*held 8D R PR el i 1= ARy egto BSkingl 1 ¢ he
ot aRERAde MFCE Ors tj, and +\ are both avail abl e, then
create a pair of threedinensional arcs a and a 2 such
ot dpeat the sbaetséeepat point p; and is tangent to the
t angent vector tj aji is tangent to 2 at a point p
between p ; and pi+i aj2 starts at point p, ends at

[001(?1?' ITh aBothbr erAbHiingnt HRGELInd Bndtida rﬁ@z[ﬂ?f'btrmvtﬁg T(ﬂfovﬁhgb Kteps:

any of the tangent vectors tj, an I'S not
avai l abl e, do nothing Increase i by 1 Repeat the
e aldbyepst mphpl{zaﬁél_ﬁﬂx]keﬂ oresmaddtieing endthdicordipontiing cfeeméth@ngent
function m ng steps: |If

the foll o
TSt ty s R T CUIBIeH P vl A0 B2 the reatt a par of

cqnfeem&@laﬁl%% Gfld bpResNhatveCtors tj, tj+ and
tj +2 have been cal cul ated for pj, pj+i and pj+2, then

creeat;estartpati poirdtfp; and is tangent to the tangent vector t;
e a; is tangent to a;; at a point p' between p; and piv
® aj starts at point p', ends at point p;i9, and is tangent to the tangent vector ti,
e Check the shortest distance (d) between p;+; and the closest arc. If the distance is
within a given tolerance, the double arcs are valid.

» Ifthe double arcs between p; and pj», are invalid, then create a pair of three-

dimensional arcs aj; and aj; between p; and py+; such that:

* a; starts at point p; and is tangent to the tangent vector t;

* 2 is tangent to a; at a point p' between p; and py

e aj starts at point p', ends at point pi+1, and is tangent to the tangent vector tj;

e Repeat the above steps to generate double arcs between pi+; and piss
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t hree-di nensional arcs a i and aj2 such that: an
starts at point p and is tangent to the tangent vector
WO 2006/183517 i S tangent to a 2 at a point p' bet we€nUgi006/010607
and p;+2 ai2 starts at point p', ends at point pi+2,
and is tangent to the tangent vector tj+2. Check the
shortest distance (d) between p +i and the cl osest
°arIncreh$eitHye2 di stance is within a given tol erance, the
bl e are valid. |[If the double arcs between pj
a DAL 63 GRS id , then create a pair of
[001627" eﬁﬁ' dﬂéfh‘%ioﬁ'?ﬁ‘ltheasree&@fuﬁ&ﬁm"in %h@@ﬁ‘nﬁ\&g&eﬂb de@&%d?i' a'Bbve is
such ; I starts at point and Is tangent
illustrakgsl maﬁagam 3@/%1 Bt. In igura 3iosp(i an giadeZtaoe maﬂcedtforasnprmthmg A

2.5L8 d
pair g 5 Rna s Bl a2l o sof s Bt Py B and i
tangeReRaakg dnhee(ﬂ&q‘@ear@fa‘? RStah@er@ At abat & 9&@&ﬁb@t&&n@é@ﬁw and
:F + 1 and i +2 Increase | by 2 Repeat the above steps
arc a.

garisay Poﬂﬁep SPE atnodn paf andHe tam@@tda the fangsns Ne¢tﬂr 2hdfa distance
oo GRS ROV AR 50, bW

toleranoe,ahdii the. doéblparcrs ad)fanﬂhﬁaﬁr\dﬂhﬁenSI onal arcs aI and a2
starts at, point p0O and is

h th |
10013} g1 5 ofteh ek (oot arer e s svilihgendhe doapes d s
not w?t%n?‘tthe 1\9:9.' t@l(era‘ﬁce KBRS P Balg Bf‘jthl?ﬁa _ditRsiBhe 3% a3t ;ﬁ]ﬁgﬁ (Figure

, ends at polnt i's tangent to
31) alteamgaéﬂi Sucbctlla:trard &3 stiuts & pdirg pﬁlané ls:tah)@nwmﬂlan@nt veaior tOhgrc a3 is
rc al het argﬁ svmtlna](::nve

rangefi 836F o Al pBoin{is) RePiorod) THEN: pLaaABIES 4 AL Byt point
pl, arﬁﬂls Qﬁr%eﬁﬁdo'tﬂe talh@«gﬂt Q8dtot ﬂc 1. 138 abb&e Qéﬂl‘%ﬂa}hﬂl@ﬂ berfficated in order

doubl e arcs al and a2 are invalid, i.e.”, the distance
to cregtej ygt ﬁmthw nam Qf thm@rdgnwmmbzhres é(m ehowrt)emt\mmtmmts phind p2.
of al, arcs a3 u are
any Gl & 1), PR aR03 o T PR RSl et hEmE At s 2 have o
dlfferéﬁpgﬁﬁéctivericﬁﬁgent vector tg; arc a3 is tangent to arc
poi nt p" tween pO and pi ; and arc a4 starts

[00164ﬂ a&th ﬁhepﬂoub@r?ag Sla?otbmgrf usmommmd petwiegn geints G pi lad p2, the
abov%—é%gﬁ’g%& §’e§81t1@ Funkt; C]ion ;E?g b& ps.g)\égteatfcgrﬂﬁ% n ﬁféﬂr%g go&?s algng the

trajectdry giee. hoims gB,quadndqﬁc Fufthei, tlﬁafmwﬁd fratti@emnapbe Pépeated ifor each
of arcs al, a2, a3 and a4 may be

Subseg\rl]%ﬁ Ef%taﬂﬁg%e g,{’ingslrﬂio%@ﬁ tg{ecoR: arcs may have a
[00168) T T8EeBbve-B&IABST 814 #€5MBothing embodiment is directed to the case in
which p0, p1 and p2 are each marked for smoothing. Assume now that, of the four points
p0, pl, p2 and p3, pl, p2 and p3 are marked for smoothing. Tangential vectors t0 and t1
may be derived from the arc defined by p0, p1, p2, and tangential vector t2 may be derived
from the arc defined by p1, p2, p3. The following five steps may be taken:

1. Double arcs, i.e., arc al from p0 to p' and arc a2 from p' to p2, which are

tangential at point p' may be generated from (p0, p2, t0, 12), as shown in Figure 30.
2. The shortest distance between pl and the closer of the two double arcs may then
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[00164] Wth the double arc snoothing thus conpleted

bet ween points pq, pi and p2, the above-descri bed
wa@ewenasiuncti on nmay be repeated for the next PET/E82006/010607

points along the trajectory, i.e., points p2, p3 and

p4. Further, the second function nay be repeated for

each subsequent set of three points along the

t rbgj deeleady 1f thoatigmiceginghe oy sndie disedtisas arededs| tharaa predetermined
© TRALAC" GG IYHHE ol ol ALERBfE % AT S FRr gl <"

are eac or “sno

n03N Itt‘ltlm dou(ble arbeaf sndra2dome Eﬁv&h@ GherpdoubdParan a3 @& adhre gBrerated
H% p3 are marked for_ snoothin Tangential vectors tO
a

tweqn Reagts pe aad pil ¢adibasedupemniengymt velprsTBdtlbyIhsdwo sres al and
) t2 be d df th
p%ngé;?P ggﬁﬁfa'lﬁtlpo‘@%ﬁ or may be derived fromthe

arc y pl p3. The following five steps
mely Dere adagibe a]tolefkmnb tleechfarsthe dowble amsc Aadistaneend pdFigore 31 is

Do et Sgncechmbresbtior i £ Dié cpisndiog bebusen patts p0 and pl.
st W@ta'nﬁe & '1§3}é§§th§ﬁ) a F?edet@ﬁﬁm%ﬂ Gfsta%% SR LD @@O;bﬁxtcﬂ’etﬁgn the

pi and the closer of the two '€ "arcs may t henbe
c osklsdires 43 andepdcire valite é@thmrwmd;ef the dyutdadres adiané a4 xenavalid,

i e RS S BB L A BB o

th® shdydl e arcs al and a2 are invalid, then double
arcs a3 and a4 are generated between poi ntsdtljié)2 and p i

arvd firpsastensohendthigeasnerpisctovbls ares betweemmleart kased updn
aq?n(ﬁ%at%}/m?? lJia(ﬂtgentl al at point p". 4. There nay be
a c

erance for the double arcs. A distance d in
Figure 31 is the shortest di stance between point p"
ween poi nts and

ne extendi.n pi
lﬂﬂlﬁﬁfst@ﬁé@u lejage plgeut r&ﬁ ageSH létretegmwﬁw&h GiPatrai élgee -girpgpsional
s SR AORE e SARTGAME 0PN S30 nes lfoier
all ar¢sruay have redned defviatvee tliwgesr éﬂmod‘ombte dve blgedthnp aiagthe epfdcially

. ' line xten oL ts dpl. 5. .
suitatfl fpr3Fe G eqsing i e e gue) HOLIaUEH eV an e Begse Rt for
most thréd@infbAsidaseshr PR hink %ﬁﬁ/%ﬁ‘ lthe/ @ﬁﬁl%ﬁe 50n§taﬁfl‘§| cltla%;%es Mutually

[00166] The double arc algorith mrepl aces a

tangenieshnetpt args plevidedhetter asd snipother dpmnmaﬁwalthm losger arcs. Second,

he dou gori i th
for ﬁ@ ér%g)ﬁ%%eﬁ{%atcﬁmgﬂa% %BOI? Hté%( 513}?8318{1? )§Y 2 gr%c&g ﬁggrgmate \tth point-
to- poﬂt&di@@&dlnCAtBEaixEHspaé‘Jl arGeR.a sihieficin Biwvnedge salce ik WiFbult to
be esEem ally suitable for use in conjunction with

extenftﬁt\z nopni B lowg g threeidimensipapbymenihiag ta§ue or FiK axes machining.
Third, all the three-dimensional arc commands will be directly executed by TBC using true

arc technology, which controls motion along the true arc trajectory without polygon
approximation. After smoothing, the elements in smoothing queue 206, including
positioning commands, line commands, arc commands, and the program end command, may
be sent to lookahead queue 208. |

[00167] Figure 21 illustrates a method 2100 of the present invention as described above
with reference to Figures 5b, 6b, 30 and 31. In a first step 2102, four consecutive points of
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nost three-di mensional surfaces and curves, the

curvature constantly changes. Miutual ly tangent shorter
waews/1msovi de better and snoot her approxi mati oPCT/I82006/010607

| onger arcs. Second, for five or six axes nachi ning,

short three-di nensional XYZ arcs can coordinate with

poi ntto- point _noves in ABC axis space, This is a
the p@h diiaf méblﬁtn%@réhp%igb agpeaad pointj asthgdping @nd atfeurdkpaini are
1dent1¥d|3\8/.e ﬂ??le;gﬁg?oggg%t %@&‘ﬁ%@lﬁ %tgov%_?ﬁlﬁ?%!qug&?t{e t? ﬁeﬁ}rg 6Q,gfo{uo consecutive
point$ pd,egd; o2 awdisd erdtiemifiedc dirarasvdad vieb 2104 1disrd%€Hrin)Ined whether the

execut.ed by, TBC usi true arc techno
secorgiitiat witgble ﬁSIHP?)tH’élgt Rer eXamRple tmpy Ef 3&&68?191% aoReyding to the

meth&@heéeﬁsle@&%ewm%fe%ce% F%ﬁuﬁﬂg%ﬁth%ﬂ oﬂﬁP§1 & RIENE For

I n snoot hi ng queue 206, g posi |on
smoothomgrelif dst, openator orayaetts) toatap 6 whedsn ansttiert sh:&obfoug ram

conma sent to | ookahead. 208,
conseE AN RT PR Tk FUrp g fo0r SPTEC a0 PoGb b2y Bhand pé may
be iddHti@RE@NT the ¥&dhi 9611@% s@ﬁmé !f&%d%ﬁﬁﬂg tMéd Jﬂﬁfs% Br%rcré@iﬁ@d bPthe
Fi gures 5b, 6b, 30 . Inafirst step 2102, four

first podFisecond peinpend fcslrthmoum npl@med gatep 21060 [rdthngﬁépommmt of
F IgurQ %b Mire 622r 28 18%51%‘ e%mIHt ne stt l‘i{)g %eg:%ﬁ@ Atc %&}8# E%@be first point,

third p@ﬁu @n&\ﬁfddﬂthrlﬁﬁlﬁrle IUE@teth IrFth@ @ﬁ@oﬁi@nenfc 00F{gResis ard 6 Meis
2 and r3 are identified. In a second

ldenﬂ%te@pNﬂg tPE 2] &é@( BEMdRANt IR BONEY intpan geca et aspithn first arc
I f
and tﬂﬁsegéﬂrﬁ eﬁg dFOI; %{?o m&?&t diR Flgtﬁélgg Oﬁomt' 1 ﬁ{gy bggl\%fed along
adjustundnlt veabiev einteart areEbglwreen 51&05 ot elﬁchém plodstlyy, i stepl 3112, a line
r. snoot | T not (%% mwreunn

abl
movetassogtaéiﬁe Vzﬁgﬂlemé? I?Plg%%'éf‘r reglgee ’FVI AT SEG TPV

assoc%‘%oélc{qutiffsth gxl%’s'e%gﬂtﬁ(%ﬁtg g*“or Eﬁmrgy i eﬁgg\fﬁﬂ'é?clhgg s &anhgif or a line
movegwighrating diom poist sbimaiHeaeplocedswitiv e aregnotdyes ﬂh;sfratcdin Figures
30an€ E defined by the first point, second point, and

g‘rth point is |ocated (step 2106). In the enbodi ment

of Figure 6b, arc 612 is identified. In a next step

2108, a second ar cagpiTDeR Yok EWDSt point, third
point, and fourth point Is Iocat ed. In the errbodl ment

[0016%l 0 'flll g‘i&i E&dlﬁpe 1 gk&%eg& %pér%tléng&/nc n lo g%(l? gl%éeugl ig) ét {)\gg%lsured that

econ I'S nove

there ishaofigli dﬁtaace:toaamdelbﬂ& @&E@ﬂéraﬂf Eéth@f alEwdodtyechafges in the
gure 6p, point i may be noved al ong

di cat ed
Progrégj ' E%ta@g’ﬁte‘l“g’él‘f’%ﬁanweq HOYF & oRr SaTE i ERRD A habdchinig dhe
d1stan@gf1%quh@§% Hecele?atﬂlfenaxgs @o]z% %lb&lﬁ? c%glv(ﬁngﬁ? ‘c‘:ﬁr]@g %g({eleratlon It
W t ace

he second poi nt be rep
is refayred tans Srtivee hemnes the aclcamratimt/dme]smtmn@aﬁmf e vdﬁomty profile

a line ve | eadin Pl.,,, OF
o SERRh b e sadag g ool Bl o a [
line. e R6F dERMRe nBS Yel dekb?ﬁﬁrﬁﬁ%? thd1Fe8BE:&F the maximum move velocity

determined by the angle between the current and next moves; and b) the maximum move

velocity for the path curvature determined by the machine model.
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30 and 31. ADDI TI VE LOOKAHEAD [ 00168] In an additive

| ookahead operation within | ookahead queue 208, it is
wepmanexdit hat there i s enough di stance to accePEr/as®mo@010607

decel erate between all velocity changes in the program

data. For each programred nove, a stop distance is

computed that defines the distance required to

001694 ¢ eliherlookakerd opsration Bay epgirg ERENAJSIENCE 4 apqedprats or decelerate
betw hca‘l’irx}éﬁ)cﬂﬁ ChA8t TP hal 5(}\?2%;{ 1 S h&9nd &a@lﬁngP%}é% and dwell

ecause the accel eration eration part
marky slap bk rgdupedy fand ¢he(sneface fihigh l mhtlading ensgus itipreyed.

jllustrated.in Figure 10 |ooks_Ii an "S" . instead qf
0017 o TRaFEctq vy hecplediog Ton St ke bRy opEeih S e rd order
smoofng, Pee-18eHealf andalditie 106Ah SN TR\RIdNRE 968K atead function may

determ ned by the angle between the current and next

inclugrsearchingrid lankabérd quere ddhforyelcife ot distantoinfommtioaand

cur.vat ure deter.m ned t he hi ne, .nmodel . [ 0016 he
deter YN BE et BT PO g SPRSERBGR o e S heclete
propedly (R baé fofibn d6ERIaaH & ehekivaethedd is nvCemfich MikARBAREN the
Thi s has advantages in that the nachi ne bunpi ng and

informgfegn maw bk sforpgyang aisedi the thotign fempbtogadycgdle velagithso that the

[Nl ' [00170] Three functions may
maChE%qg g%cﬁgg{gﬁ%?&t%ﬁg@gg%gﬂ%ad operation, nanely, third
[001 7] dehesio atnhitignatitbBednoelsinatyecrtte stdgidistatee and the velocity.

| ookahead. The additive | ookahead function nmay include
The preper ¥RIORIYY RY P GRlsnbisd fepre the sperpdisigncs adale SyCune as discussed

in modd §ét§i}'118§owf ormation and determ ning whether there is
enoug i stance for the machine to

[00172¢ c lhe mddidit d baodhleeadtadg quitinp endyyrefuionkmnve edget dfdhe oarimaml

to the next..lf there is not enough djstance hen e
velocigs IS B istipotbatiasp Ba0 o S IORCR ARGl table may
be bullEfdR&lis hRpbRAUDR: thHI. YRl REVIHY tnihatunt AR W S8 or arcs

accel erat e/ decel erate .gr operly. [00171] There is a

of diffpserteadit droirvatenay wiithi difierbat takseance hesjugrementdi st ance and

T R e T e —
at theihead'of Bok#tead GudiR!208.ankl QRIURLe the etop dithtdrick od tBe kafvend

al gorithm may require know edge of the maxi mum
commpg(l dg fhej feHowing ${6P8: f or different part geonetries. A

R T L e

alcbeivain ¢o y&lthe hiidlesr fiavatafedetwéenthédeatvotoninaaid, 26 use this
curvatures wth different tol erance requirenments.

[ ogtp3e detReming dha myEnushiedHaeintvalastty shishely teaalirvablech
”@Mﬂmﬁ&%ﬂ%i&% {h%%ﬁ?ﬂaﬁﬂ&f these two consecutive motion commands.

e Look up the tolerance/arc radius/velocity table. According to the motion trajectory

and the required tolerance, determine the maximum allowable trajectory-velocity for
the previous command’s motion trajectory.

e Compute the stop distance for the previous command by taking the smaller of the
maximum joint-point velocity and the maximum trajectory-velocity, and convert this

smaller velocity to the stop distance according to the S-curve velocity profile.
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at the head of | ookahead queue 208 and cal cul ate the
stop distance for the previous command in the
wo edobavasny steps: Conpare the previous commuanBCIE1006/010607
t he conmand precedi ng the previous conmand to get the
angl e or curvature between these two conmands, and use
this angle to determ ne the maxi mum j oi nt - poi nt
* veittich the eafriuddicd sfop Histaace tovtab peevieassicammand| oci ty at
Qi, nt t hese two noLi o
(001745 P8 aRRT: « Byndr o ST o FRL TR ARRO S paraep may
affectitAb bRviobely P cies g dldnierdsD Ebelitirhe ajnetodinmaiids hiided to
requi red _tol erance, determne_the ITB.XI mum al | owabl e

100kah¢2éij @ieuR 298 e P distace iralquaied By ee%%mmenwl thé,
comn]iarnﬁé ficth 'Eﬁ{eue Vg'i‘ﬁg?i) BH“% élﬁé%d% BQ@% e&béets ?é {&%/Ifb%'ed to determine

previ ous “‘conmman max| mim
whetljepitietprwomdly vaibldaﬂeﬂ)st(@rtﬂsthﬂnm fortheve m)mmands need to be updated or

ajectory-velocity, and . convert this smaller velocity
not. {f 4%@%%@&@9%&@1 PRl ﬁ@aie ? adduepe, 05l Bieviaps

moveR {iP§ueug ZOé\Ha?/% rH}I@w‘éé‘ h&dlhq% ﬁgve%eﬂ v@!o%ftﬁﬁ‘ Q%u%t@d WBEnward if

previ ous contfrand | ookahead is a ynam C
requirgdo &h&iinairpmpwnsmgjmattmap awtlogops thplagieg spead lahitesigns along

| d d
o road (AR S S afihP BT Sen e Tiene Bien i afuflop
[00178] S tTRB GoKkaBedidr6sdsaiRMuded b firftQtaopeM6 @ aBRAHIn @ joirlt/path feedrate
commands in the queue which have al ready been

changgg @@é§§e@pn¢eﬂyepb%1 af\lpeking ahagd dert the ﬁﬁOpéham@ph én step @16, feedrate
| chan%g gloh% g-? ﬁ/atﬁ:% %'(“}i 1I1telgj b?ﬁa?&a% Sa?eaﬁ]e%gt%}i{x?d’ ﬁlryteeﬁ)%w a seegment

length El mﬁ;obedaa@knaétdbabvee@ﬁom m, bmbk aheilidstedied E’i@&e 1al IStop
revi ous noves 1 n ueue %/ be revi ewed and
dlstalwaway RSP e detegamed dar e@ail e’éP@a sdonAREFid ﬂhﬁ SFC@qdwta@& at point

P, sh-BlﬂtldSth'b@ ed Q?J%@%%WLOBG{ Rkl 9)2 dista ?919’9? tEQse 1t ay

aci ng pee Imts signs along a roa ore a
not besp:ossfmﬁ totdomptly withvelomity sarﬁseiamtmbnmogdpemt Br dt gshhtsrsem to Wthh

(Y 0Q175]..The, | pakahea ess. i nc s a first
the oG i G CAIRT ORI A oretih pidies Tt i S0 AR glsgane at
point @nldm %re%?é%‘?ﬁﬁiil tBE SRn2+8; Aid the el Pr&stﬁﬁ% afp (‘;19{ Pl #Rn %ﬁeoﬁalomty at
di'st ance. In steﬁ 216, feedrate changes al ong the path

point Py omypbé raduf¥d suth tlat ;ﬂm hop distanee aigoart Ki-nisequalio sheegum of L;
det erm ned bet ween

andt}ﬁosi%ﬂ(ﬁs"ﬁn&n%gﬁgn% gfneguiiﬁ“f%fgbeat ed in Figure 11. Stop

dij @istan®y; 1L BY <Mopleisantd neghehor each of points
Pi-1 and Pi. The stop distance at point Pi-1 should

néet (Stongligancer 1 Hah=tHed Sigenestiilj and t he stop
o) S90S i BB B LGB R PO By L
conset®tiveldommands ilookaledad queue 208 which have been processed For command
cmd;, 0 <j <it+l, let its path length be len;, and the stop distance be stopdis;. A “valid stop
distance condition” is defined as follows: If the stop distance stopdis; for the command cmd;
is equal to or less than the sum of the path length len;:; and the stop distance stopdis;+| for

the command cmd;+1, then the command cmd; meets the “valid stop distance condition”.
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the term"additive" in "additive | ookahead" refers. If

it is found that the stop distance at point Pj-1 is
w@e@atie2sit han the sum of Lj and the stop di st anCEUS1006/010607

point Pj, then the velocity at point P -1 nmay be

reduced such that the stop distance at point Pj-) is

equal to the sumof Lj and the stop distance at point

[00173] . Whenemexe poyrmead endi-f isreesipdgind peareesed, it has g path dynggh

dist . t D di e SN
e g SR aan RS 8 P25 T AR oS Tt may
perfotmth2, followlidg seaped4, cnds, cnd , . . . , cndj be
consecutive commands in | ookahead queue 208 whi ch have
* hédsclpegruandemditg detesmingrithethenjit meags thej“valiq stop djsgance
i > Fen t . e
et LEA NP b Bl s oAl i3esk (00 t ShAURFerb T and
defopdisd; as follows: |If the stop distance stopdisj for
the command cndj is equal to.or less than the sumof =
*t Hfgco&apm @RG9es BRITies Qiricralit glop disange spngitien”, i.e., stopdis; is
s [ 1a ] :
c STt R o R TR G, B O o S S fppd omd
Weeh barqéweddmthmhmwﬂjeﬁjn snd stomlisad and processed, it
L35S TEAY b B OB Gl s ol
alo Rkt HRMBY P §F feﬁﬁ{‘&r{d’b@oﬂcﬁgﬁlﬁ%ﬂ‘&oﬁ H%Pat?lbe sﬁgﬁﬁtfglr f(gnmand

command cnd) to determ ne whether 1t neets t
sttoyd; iy temae uodraiged, and the update ophetineis aingpldied | i s
equal to or |ess than the sumof |enj+i and stopdis] +
o ¥ R e nfiF VatRlE PR OB COPRISSA ) | d st op df St ance
CRREiLtt oN e ig -ttg,ppli s j is greater than the sum of
.Ienﬁﬂj an’desft gp ?Sse]'ij, then the stop distance for
o co¢pranitic abae siégsl be repl aced by the sum of lerij +i

d stopdis_ j+ |f d.cndj neets the " id stop,
o018 bR it b ST SLBTY, T SE3 bPonce Sny
revie»biﬁg $hd QAMEAR Ry Fﬁ)@bsﬁéd ﬁgl%%%ﬁ’ﬁg&éu@zoﬁ OQRBKBE M “valid

di Stance stopdis jJ f'or conmand cnd] y remain
stop distortvacgedifionhdnd hpdaiipgdhestop distncoof the comnpinds, et updatipg

opersf . 599 oy 15 A0SR SR8 0015 AMBAELS oo

founds BRBSusk Ahbldcthm¥ e mebtd thexddlidl 5top disenicaberdltibatn ehd Q6p HBtance of
in a backward direction, sequentially review ng the

the copumangniuay faneain voehiapgest cBassatithe somowiadhpreyiags éa thezogimand

were 1%'3?&%‘?1' 418 s’c‘iﬁ1 gleet\fr?gl {H8 “valid stop distance condition”. That is, nothing changed

and nothing needs to change. This is an advantageous property of the additive lookahead

algorithm, which provides great efficiency for lookahead operation. Instead of looking back

and updating the whole lookahead queue 208, only a few elements in the queue need to be

updated, on average.

Stop distance and stopper

[00179] The additive lookahead algorithm introduces the concepts of stop distance and

stopper. The stop distance of a motion command with nominal feedrate v; (Figure 32a) and

-38-



stop di stance condition", and updating the stop
di stance of the commands, the updating operation nay
wat@p/1efster the first command that neets the "pat/vd2006/010607
stop di stance condition” is found. Because t he conmand
neets the "valid stop distance condition", the stop
di stance of the command rm{ remain unchanged Thu
g

end paint speed ve BYHHRA deiipedeas theidistapee Hevedashiiema takseepoiat (Fé;gm{e 32b)
to th O%%tséi Wh r@ﬁ&l' g%ee e{/%i %%?@%@ﬁgggecu ﬁéd gl%ﬁie as

illustritedbyi the sirndad umtlmg‘zgmsxw Gepriey, vaifich sea 'adnialttanget point for a
.| ookahead al gorith whi ch ,Er ovi des %&%t ef f i Ci ency
motiongomgndaiiay e splestad surh thatikihe system rPdes piped dtom nefpinal

: , I
sl ni, 16h oo ORISR Tt s o
actuaButget poist @rtbe desidd ehd ppiat sfe@d v7 ITheltep didthinte may be defined as the

kahead al gorithm i roduces the concepts of stop
dlstarlfieg %@Edléantﬁggff Bﬁﬁ&?ndqt%’ﬁéog?‘ﬁp di stance of a notion

(001809 MO tI¥d ﬁd?nﬁﬁ’ﬂe@&latefﬁ 865 alofiod comnBnlSs delBimiRbdl eRde exists a
poi nt speed vo ma defined as the distance travel ed
one-tﬁwompplag betwasoit stQ}Fdrgt@nee @rbhe end poiat grsied o, assupking that the

sy s P SR B EEATAD LEE mayv

assurfdddiér@n Iddess SHHRPORE stawd] Bbt the Sacurvd prodile fsaix@e! Therefdre, the
for a notion command, may be selected such that if t he

stop CB%IIC@rhaﬁ édlu@etscogrﬁemdﬁmﬁ? Hhergndoift spepda prd if theiop distagce is

glven ﬂle%nﬁ gt) nt ?ﬁe‘eﬁ ?Ag {%Cé‘td%%@gf‘mﬁgr gglgfe%gllntﬁ?, J&{aevtl%eeversa. The

addmde %mdeadruﬂgthmtm@pmdha/stoﬁ' histaatms dinstrénefendgpind epeed,

whicl FASVE: G aéaonﬂ[ BOfOTGREBIIRD A4 KUGHFANA0M of

ti gy b8 ublelif LS EdMeroBlets ®hEnd moti file. Th
[001812 -I?%So mappi ﬁggegiet\f\leen t ee st gpedl:ést %ne rg%lonpmle ©

S-cure dorpwillet mepewu avthe ampen mgeatdraiat th ectﬁahvarg%p@pe ebhe S-curve

contePe vy een ol eeg pinye Lo Bl s oEr fof b 80t arge

pomt Qi he rs)ﬂ'né Bomt ff @le at WRch tLoSt CHENES (Y dl:fsirla@ slotvdbivii 8feed.
herefore, the stop distance has a direct

correspondence to the end point speed; and if the stop
Speed|ligtitativas of myitivarcontrhandsnd poi nt speed may be
accordingly uniquely determ ned, and vice versa. The

[0018aq1d iTh theraddabledbslaticad Hgorithmreashymotid ¢drematidmaghateafoatspeed
a netric of end point speed, which allows the

hmltaéuoge sPeditied Begwie a%aﬁhmatalle%hlp speefls path aplocity §mit and joint
Velocgil ?ﬁ?t\s, Zﬁ%o ; %1% gcgreg?%géﬁg XL ﬁeigﬁe?rio Iq%en H@s‘frep ?eéﬁ%ﬁgvélﬂe 8f¥en by
the ugpeclgvebmotion painhiep. Thy nmlchmalallbhebls tspemdes ameshmadindfation on

at an actual ta poi nt.. The S-curve
the speed Elhe maxﬁlnum a{lgwable speed depends on the hardware of the machme and

laws of physics. The path velocity limit is a limit for arc motion. The path Velomty limit
may depend on the arc radius and tolerance specification. The larger the arc radius and
tolerance are, the larger the maximum path velocity limit is. The joint velocity limit may be

defined as a speed limit at the joint of two consecutive motion commands. The joint
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controller may generate a speed profile in which the

control |l ed tool passes the actual target point at the
wee/1m3imt in tinme at which the tool reaches PEEUS2006/010607

desi red sl owdown speed. Speed limtations of notion

commands [00182] In the additive | ookahead al gorithm

each notion command may have four speed |imtations:

velocip Higtif meyidencad oattiee arrﬁe:mtweermhp Gwamadiogs é@athepsgl@wnce

spec1t?f§at1§ﬁ 'a:l“}ée dr iy thggﬁl?rb 'ﬁd\ﬁ%{ %ﬁélfd&é gﬂe’r 1 gie% agggl ege\%g é %ﬂl’[

speedgirmnalhyﬁ he upper-l evel rmtl on planning. The machi ne
aIIo ne |limtation on. the speed.

bl e s
(00183} ¢ Thiei Va1 @w@s@dea g%t B thepamiaal dredrafe it thF Aot valpe
amonth'ﬁe élﬁ&lﬁ'eﬂ e%l?zge tﬁé’"ﬁlagﬁm@ﬁ'ﬂ&k&ﬁe spE@@ aR@Hf ;}éﬁl 9&651&9 limit. For
I's a for arc notion. The path ‘vel ocit
exampﬁemfithawcﬁsﬁ écmﬂram ist hgheatltanrthelimashiaa dllowhide spacd and the path

veloo}f i, i TootPieed pler s i e s P el S & the Smaller

valueUrF@hd RhdHine/AlRedble/spebdThiid t'HB){)atlheveﬂﬁ:ﬁtbfWﬁﬁt as a speed
limt at the joint of two consecutive notion comrands.

[0018#the The |s}qwt§>|“m:ﬁetsojrate| afrite qmd;pocné € A nasionicemnzang|reay depend on the

tion e r
joint S ul I it f PO Bl EloBRE Sapprpg and the v
motichlgiingind{ MBRcang!tke A¢Binal feedbrigeie sniileht@ndtan®pg el specified
limt value is. [00183] In the additive, | gokahead

feedrafp. (e maghine ﬁH@WﬂﬂﬁﬁW&ﬂ 3¥1‘é thernethevelgciphlamitoyewdowm mgy occur

durmgggggeﬁtqgot (ﬁe&%fnt ﬁpav g]esg ctﬁgﬁ'ﬁml r%%u@%ﬂ%ﬁgﬁgkﬂ\ﬁ@gﬂl&t such that

the fesfrat for 8@ dugen mbeon sghieghmny b s thae tiandininel value. The
| e eed and the path velocity limt, the
addﬂ%&sﬁfﬁ@% aﬁ) BRI W RSP aBina A oY et edrajes g pefgplate the

stop (gg%mgto t he srral | er value of the machine allowable
speed and the path velocity limt. [00184] The
sl owdown feedrate at the end point of a notion command
Validetyp dispered conditivm j oi nt velocity [imt as well as the
nom nal feedrate of that notion command and the next

[00183Pt ITRB 166KINBIhlgHetaUnsy édtardant thatistedbatveeh teltbl and some
smal | est one anpong the specified feedrate, the machi ne

locatigi plgegisit éhestpebts saHieh o zpikxw]ths«:@pmd afithe toei to, besghenerslin a
desire@évecf %gr%e Irﬁ gﬁ‘egté);fg‘ e?r% ea{%&hegféééntg Suc%d{tﬁb@lt%%ﬁggpe%ﬁed to

as a “Veledistap distante thaliton’ ’r\ﬁﬂi regRiidito mhéﬁﬁlﬁtﬁfﬁloﬁmhe@alkgeﬁ&m and may
than the nom nal value. The additive | ookahead

be degpgbmpﬁhﬁma%p}lyl}yeequﬁgorh@% nal and sl owdown feedrates
to calculate the stop distance. Valid stop distance

Coj‘d"j q_

i+

where ds and [ represent the stop distance and the length of a motion segment, respectively,
and subscripts i and i+1 represent the index of motion commands. In the diagram of Figure
33, motion command cmd_i has an end point at p_i, stopper point at stopper_i, and stop
distance ds_i. If the stop distance of cmd i does not exceed the sum of the length and stop

distance of cmd_(i+1), or if the stopper_i is in front of the stopper_(i+1), then cmd i
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[ 00185] The | ookahead al gorithm may ensure that the
di stance between the tool and sone |ocation ahead of

wo b@otiaash7 i s sufficient to allow the speed of POEUSIO6/010607
to be changed to a desired level by the tinme the tool
arrives at the location. This condition may be

_referred to as a "valid stop distance condition" wth

satisfipeeigg walid stop wlistagaicendiion.ookahead al gorithm and nay be

defined mathematically by equation (1): (1) ds, IM

oo g LB Rl s

illustr@t@@ﬁylégﬁtﬁmi(z‘ﬁnd i +1 represent the index of notion
S.

conmman In the diagram of Figure 33, notion command
cnd_i has an end point at p_i, stopper point at
(2) sueppdy, £/,,and stop distance ds_i. If the stop

di stance of cnd_i does not exceed the sum of the
t | nge I | : :
ek 08418310 P 87051 PRt £ yen poi
of motionicind ait dndlfthe feetlitage atdhé ehdspoing pd(isf pot@otiandinti @hl ) respectively,

[00186]. The valid stop,distance. cqndition can al so
cavaspbPandseres L renonsneds LR bk eartgy T8 fecdrterite o
speed §BWwdow) ir8la the fedMe dt e poirk ﬁ?ﬁﬁ‘tﬁé €cddhfe 808 pHint haRFB.

ds i and ds_(i+l) correspond™to the feedrate at the

end point p_i of notion cnd_i and the feedrate at the
Additived gukiahead v§.iNdn-additive Lookalmad (i +1 ) respectively,

equation (2) indicates that the segnent length | _(i+l)

is long enough to acg dat peed sl.owdo from.. .
[00187h e At arease befivepna 156 ltyfﬁocﬁ@?lﬁweﬁs%%@%% apon-gditive

lookalﬁégg L‘%’g‘éﬂc}h F.% koh%ts {?B]@ QH&i'ti?éf 1doRAR 4R riviEn r%%l‘i’é?at%g dh Blotve targeting

A difference between a TBC additive
the stdppekaitbsds ahlygrartdfithaSiduare 5o thad thti peedisiredicad émeh v, to vy at the

NPT e
point S the BFEd i9Fedub&d Fomu, ¥y, tHehddget panspeed i s reduced

fromv y to v at the target point. The non-additive
| ookahead generate an S-curve targeting the actual
[00188]ar Gt 3Hehows ancmpdresos petrcten sherasdduitedinfl momaddijtive §-aurag speed

t t ar get int... [00188] Fig, 34 shows conpari son .
profilf, o T8 BRI AFR ViR Ao APV Lo S SR apegover, in
the adBRREISL&irvd Be SBGEEwh ScéRdb@REerd fiRBVY,, bRd MRl 5 h@hile in the non-

target point in both profiles. However, in the

additigeiBcuivieeths-sbawdasyn edsarsdicbvgsavimobe it ee ween Thisrthe non-
additi\%b§-lcu1av%dre(t11|1irnc% 2l Igné:e?‘ ’timvé:'ha{nldea 1'01'11getr '&?stafh%é‘ "{’193%' thé ¥&ditive S-curve in

order to achieve the same reduction in speed from v; to vy.

[00189] Additive lookahead may be a dynamic process. The continuous trajectory
changes may affect the previously-processed commands. Each time a new command is
added to the lookahead queue and a stop distance is calculated for the new command, all the
commands in the queue which have already been processed may be reviewed to see if the

previously-calculated stop distances for these commands need to be updated or not.
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S-curve, the slowdown occurs between tinme twmi and
time twn o. Thus, the nonadditive S-curve requires a
wo eovgao2stt me and a | onger di stance than the adedT/US®06/010607
S-curve in order to achieve the sane reduction in
speed fromv to v. [00189] Additive | ookahead may be a
am ¢ process. The continuous tr aj ector¥ chan%es may

d
[00193¥f Shen aevp command Fydis sresysd ane BrAsaRgd. it kasehpath h@gﬁll i,
s YR SRS | 02050 B e QRKARGE DU 13480 scps
commands i n the queue which have already been
processed naéwbe reviewed to see jf t

pﬁé\% Geminagg cadh-nietpe dt Bpnesisthgnyalid ﬁ@p distange condition”, i.e., if
ETFQW?S é%@?fjto of lggtﬂéﬁ%é &th 8F1 Pg §Q0190] When a new

I's recel ved and processed, it has a path
. I éhgirhmhnd cmdpddoes abopedtithd Gratid s@b_p disthhee eghdition?gi.e., ds (i-1) is

| ookahead al| gorithm may perform:t foll owin

osERafer @%ﬁhﬁ SERPt 1t %‘dsgé ithen; fepﬁaé&@etw %vaaqca ds_(i-1) for
SEQﬂnﬁa SARe w‘r‘tﬁ'ﬂﬁé&ﬁﬁ’@fl ik ded i, 1f ds_(i-1) is equal

to or ess than t sum Uf and d i. | f command

o Cmﬂd:ornmalmiasmdgthQmel“hﬁld stap dﬂtaﬁt@ pordiﬂsdira’nce ds_(i-1) is equal to
condi tion" greater th e. sum of
| OF leshag the SimahL { éﬁ&f daighen ﬂleswpélaﬁag?ea ﬂsfm( porpyand
 @dC PHER R SRRk, faﬂ@tm{pdgtfe &tpefaueﬁ@s Sbahplete! f
comand cndj .1 neets the "val op di st ance

o cON@H 1) nsmqual to. Qa ihe misig(e! opkdatios maccpmapletbo or |l ess than

the sum of 1 and_ d i, then t st op di stance
* dé—(feqrgmeny;t H%&%%H%Saﬂ%}eppatﬁ%@a ﬁéreasunchanged and
the update operation is conplete. [If (i- i s equal

[0019t1ﬁ Q’Vh&fsﬂﬁe H?&tﬁb@ lo%ggf[e% T&H&tl%)ﬁ 1scs% érﬁfaﬁy re\hev(lﬁlggarfglﬁeﬁh the

at ove S
comnﬁhémpﬂehmue]@dnrmes&dl in diealbeleuﬁeﬁdqumepﬁlebmng dlopureiatid atopydistance
backward the co nds i ousl rocessed
condifig’s H’\é\é R RE R s wwgﬁiaﬂés heardahiag gppration may
stop a@ﬂeﬁf}ﬁ%ﬁ SR AR mec e HRARE ét&?dfsﬁﬁcé&&f?ht@dr?t ?ﬂﬁ:ﬁdpf
he commands, the updating operation may sto ter
Becaush ¢his pomand meatsdhe ﬁsatﬂldrsm@téstam dbudituod” sth@giopl dsstamne ef this
e thi

comnid oy S LRI FHORG DRatPe EreTERY BTGt G cEtistsio

distankd bondiQEATRRH (KPSOniBATR Proviidas aqfet, 4 dtilfhectBE #UARI stop
this command nmeets the "valid stop distance

distange pendition’; andinene if¢hepivigneisopmandsousy nesd to chmge and
[0019§L &*" %?gste%]ﬂa-ll) E%Vl&éaal }19 a"dﬂ tﬁé g&f' ? e l%o | telﬁ re;.n%the non-

evi 6Us°Co)
addltlif@ﬁ)bﬂaﬂeaﬁla%tfrﬁlsm§ E&pbctwe@&(l Id&h@a&ﬁﬁ%lobﬁﬂiéa@ tFlgim% 35a), only
addi tive | ookahead and the nonadditive,
the third step, i.e., the step of calculating the stop distance ds_i, may require a lot of
computation, and may be calculated as shown in equation (3). This calculation may be

needed only once for every motion command, and there may be no need to repeat it.
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| ookahead al gorithns, respectively. In the additive
| ookahead (Figure 35a), only the third step, i.e., the
wat@p/1af51Tal cul ati ng the stop di stance ds_i, nBET/US2006/010607
require a lot of conputation, and may be cal cul ated as
shown in equation (3). This cal culation may be needed
only once for every notion command, and there nay be
no nged to repeat i .[§0193] In the non-additive
| ookghead al gori Uﬁéﬂi]gure 35b), both, v hird and
fifth steps, i.e6, \the steps of cal cul ati©g sl owdown
@)  dfsFanc nd the stepsof calculating a speed reduction
for dommandli {2(v, ray) e theﬂa)zq; of‘pgnbg;ation, and
may ¥"§TE§V fedyas shown jn eguati ond <(#)'and (5),
respectively. The "di'stance to sl owdown", equation
(4), is simlar to the "calculate stop distance"
[0019%(4 UBH the Roh-ANditive 1ddkateatt algoYithin @Figare 3 XbYeHoel fe thiad gnd fifth
a (4) stop (2vo + v ; vd=mx i (critical point)
steps, {.2y thewsteps Of calgulating tlewdenen distanga gy theetypad calpnlating a speed

“reduce speed. for command .j--1" Al |
o SRS R PR bmaBBh. AR AR et s
showiDin\egatib st @NGRL (S)réspBcitmly. | Thedldigarlc@nig slosdopul aiquative (4), is
. ..such as in solving cubic equations. am X +2vTx
simila tpether aalodlaissjopgistansg, vquationi($)- cal point) m) T2+2vOT
(degenerate case) [00195] Furthernore, the two steps
of the,non-additive algorithmrepresented by equations

(4) an votay Vileed Wo be perfo Lvaly until
t here v§§;g)n&gu di gt@nce to g{’gvé"ﬂn‘gd\/m(g%%ée%gd&g@ t he

non- addi tive. 1 ookahead al gorithm ngeds .a |.on
@) didspance toE@%éﬁhﬁgmma sanme &nﬁ&m@ﬁofé§§8%éP%§L shown
in Figure 34, thjvypop has to be repeated nore tines

t han (2v, +v, v, <a, T = (degenerate case)
[00194] The “reduce speed for command i-1”, equation (5) calculates maximum allowable
speed change to vy in the given distance, which may involve large computations such as in

solving cubic equations.

G)
2
2v,—a_ T) +8a_d~(2vy+a_.T
\/( o ~ ) zmax (22 + @ T) d>a T +2v,T, (general case)

Vv, =1 . a1 d=aT°+2v,T, (critical point)

positive real solution of

a_d’ d<a_ T +2v,T (degenerate case)
V) +Avgve +4vi, —————"‘;’: =0 : o
L 1

[00195] Furthermore, the two steps of the non-additive algorithm represented by equations
(4) and (5) may need to be performed recursively until there is enough distance to slow

down. Because the non-additive lookahead algorithm needs a longer distance to slow down
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the additive | ookahead al gorithmuntil enough distance
is satisfied. [00196] In general, the additive
wo cwkabsatl may be nore conputationally effici eP€T/URENG/010607
t he non-additive | ookahead due to the additive
| ookahead havi ng only one heavy | oad step conpared
wth two heavy | oad steps in the non-additive .
a samb eoloahksfspedthos swwiy iaddgie BActhg denipthas o bo EpgHed aosg (imes than

the adﬁ%ﬁv_@ﬁé@#@%ﬁ@ﬂ%@%ﬁbﬁﬂ ang% %P(gjg]:h'inég%tg eeig a ﬁtg‘?'\?e | ookahead'

s heavy | oad step is outside the recursive loop and is

[00198]! ¥n %@ﬁefrﬂf R 448G € 1ookBheadRhdyASd moteh@nipatkiiddally effigient than the
| ookahead perforns the two heavy | oad steps

non-additive $ookehsaduteito thersddigive doakeherdchavingenly gne hegyy load step

addi t.i,ve |.ookahead, al so : ' C
comp S G 90T DR RA oI RAERE bl it o
additive aftkah &8 ha P EMbRUS PRttt effiefvrs thar dek nan-dxklitive lookahead

nmodi fied. Kinematics Conparison of Additive and .
is thaiba additive lankahesdisdivaryloar gispils pWgIdp RPIGTYSINE i‘aﬂi’ealldﬂaf’nly

pertof S0, T BTk o s

recurdbelyy hati] @ionih dfstanbeistwatidmhe eddifive lhekilwad risomehdslessalistance
sl ow down to v._ Fiqgure %ig cQ aresﬁ%é%nenatﬁi cal SoUS
to redype  sene pmepntaf spedy 1S OB IENR T BISHSACY ST PR
moti gl BGe Pt h¥iribpokanead al gorithm [00198]
ookahead operations ensure enough di stance to
Kineatties Eoaiparizon of Adiditive andoNonedadditive Laelaliead o
may be applied to all real tine notion control and

trajector | anni ng, such as CNC hi tQnoal s, .
1001973 eesre (P8R SRR DT BcaeTLls S GeHaag egnd i have
nomihﬁgg‘fatﬁ&tégvi LI9SR iy reBRIctiQEIFR At ithe joRRbf tHeMoanetiom®ythe feedrate
modi Ty

previ ously processed notion conmands
has to slowrdsivaetoy,. Flgeredd canpamesthe kinematiea! ghpiacteristiasnplbhe ram-

.imortance .to.the reducti f th d the

o RSO SRS SR TR PR g

[0019" 'mahéa‘d%geﬁhﬁbﬁbﬁﬁdr@érﬂﬁgﬁ tRaBcaRyaccekbetd atdectlomte between
di'stance needed to accel erate/ decelerate from

. one .
all spepd chingos ansompwebe apndicd ip AhTead B AROtFatp) 1Y traggctory planning,
su s the S-cu . ' . ' .
such 3§ ER e e BobirisiPrPE SERDERL i TER 1, BEhaRFokahead i
usuallP pEESAIBARH dab tithel a8l geayInedify peaiogsly praekst@arion commands
algorithns may cal culate and |imt the s eeg of t&at i
recurgiyelyp the ethieicray fithazleenthgy may ke g{u’é’é&f’qﬁfl ot frefrgen of the

I W-Rhine dcgpeat edl y perform ng
CPU#@%Q%gﬁ@gﬁgﬁpg%nggqﬁot ggs?F%b e because it takes a
[00199)t Nbn{addities fiokahdatl mizosititng wep valcelste] DOABENCThesded to
acce]ggﬂ%%/tg%ﬁ\éleeé!gtg Iggjg&aqd%%%? %ralmtomgr gg%rcﬂrslg toasosrrtleoﬁaegcll f)}o%lrl]é:s? such as

the S-curve speed profile. When the distance of a motion segment is short and is not great

enough to accommodate a large speed change, lookahead algorithms may calculate and limit
the speed of that motion. The calculation of the speed limit involves a large amount of
computation, and repeatedly performing the calculation is not desirable because it takes a lot

of processing time and resources.
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speed limtation. Updating the speed limt in the
addi tive | ookahead is only one addition conpared with

wo b@olieasge anmount of conputation invol ving sol RCTIYS2006/010607
cubi c equations in nonadditive | ookahead al gorithns.
Overal |, the conmputational efficiency, less iteration
of nodi fy| ng previous notions, and increased system

[oozuohr dlgladditivp ﬂm}qah@dtah@ramumawe|a§mm¢iétaaceﬁq<@é@mtaﬁ Aegtric of

speedr}gﬂlt%r es;ﬁ‘n%;ﬂ Nt oegddhrgft 1% fhl%ta%idﬁ ve [m %@E%mfé/\; éigdltlon

comphfe'd%ﬁﬁf b Qé?rgé aftist c3 ﬁtaﬁf)n ihelyng MMglcnkile n:quam)nasn non-
descri bed above with reference to Fig

additive amkabwpalmmsﬁomﬂathp1c9m@fltaeemhe Gpsagles i of
modlér?n%?r%%BGs o?lighg %@& id @aged %ﬁtetnbﬁlr ggi I?rOQifde R HdRivbl,

t"tool path are
lookahe@dlpbrithch ofWRx bresért msteﬁpoﬁﬁzﬁlh severateadivaniages| dveadyl-edditive
stoppi ng. di stance of the tool at a last of the points
lookahgaqele@tittied. In Figure 11, segment length Li+ 1 may
[002({129ffﬁ%ﬂﬁ%tzza}uﬁ@w%%&hb@m F thé ?&Bérﬁ Gn bR BEGesatibed above

P;. Point Pj+i have advanced far
with sefierende tddigure A é. aaa firshstop m% afpiurahty efpoies plgag eitargeidool path

are 1 egtlﬁ?cﬂzﬁﬂ tb% g)faf: ? %}egélfe‘i{ I %gl_pt S Pigy Bt vﬁgg tPE M\g? ta-Eg&ttool path are

1dentﬁfé'an NexPoh Blep 2004 aR@hinuat alldw@b&idoing Bietahes gfthe tadht a last
th nay not be Known. However, a mi_ni mum al | owabl e

of thedpq;n’an@ determiped elniéswreddi spemepf leagty Ipriimay tepregsifaanaximum
a 0
o ST B Pa BPH 2, SRSy 8aRRTl S
dowd tthé dbﬁq;tqsamle fm; @(Dmdélgclfaeds fpbthusits nkmcttynmsrmamoabe known.
sto t +H. T
That s dsdaeitisne@Peint Pre sebBbd i FePr oL G5 BpBha: the ehd of the
targef ﬁ)%fgétﬂgn Qidibe Eha'wfr HbREvERX hithimhah hoywdie dstaaBPL gbetween
nce the tool at last point Pi is deter m ned t o

pomﬂ@@ aqlRl, i ‘knb‘hﬂ _Bemuwpmlat Piowahy be d pgltnanp@nmma gomt at the end of

ween I, nt d
the ara ol ik aY PoRESEnG s Bie o7 Brlmeden ol PR ydpme o2
stop,%@g&ht BYc hl“ﬁd@afn drh& th eRduréB¥t & & Foskidlefos tHRtovl thtbmetibi@ stop
mum al | owabl e stoppi ng distance i s ascertained. In

uponarachérgpdinting thetrtxraecl@ummﬂwabke sm@m&dlit@nwgf thtog5@idast point

ris Y5 na b TR BB Ryt ABRREL ) R0 P

P.... TBY RRt RS 3204, @ 140 makiigurh @waﬁlﬂe spsed df@heatosl aiphaifasirpoint such
reachi ng poi nt Pi+ 1, i.e., the last maxi num al | owabl e
that thp éerd mayreomet uoraaﬂtogwébmzlzwaxwrﬁ ehewabie sioppipg distance is

ascexg%}p%ck'val% e B‘fﬁﬁ)ﬂ { t, etﬁ? S qutve (ﬁtFlgLﬂg qu Fﬁz[y t?mgsvegféov\%éﬂﬁe the

maxiniien kBGkatteXioppifg distaee bk.e tcsthe emmhxnrpwm saeed aﬂlamg paint Pjes which it

| ast point is established. In the
may be pOSSE)ble for the tool to come to a stop upon reac 1ng omt ,+1,1e the last

e

maximum allowable speed. In a final step 2208, an other maximum allowable speed of the
tool at an other one of the points such that the tool may possibly slow down to the last
maximum allowable speed upon arriving at the last point is established. In the example of

Figure 11, established is an other maximum allowable speed at an other point Pi.; such that
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Figure 11, established is an other maxi num al | owabl e
speed at an other point Pi- 1 such thatthe tool may
w@owmsildsy7 sl ow down to the |ast maxi mum al | owabtBUSe€a10607
at point Pj which was ascertained in step 2206. In one
enbodi nent, the S-curve of Figure 10 may be used to
relate the distance Lj to the nmaxi num speed at ot her
the toplimay mssiplysslowdpwn tp therast mﬁéﬂrpb@sﬂllblwéb speedas poodP; wbich was

ascet‘ffﬁgﬁd @lesa hﬂr?w Ih 8n Qrﬁb!)&ﬁoﬁa% gl gﬁ{vgmilgé gq(gﬁ%%g used to relate

the dash)ame Lf torthk m’a,xutnlilﬁ spreed mmeabbmmhl ae whikeheiel nal betpddible for the
oi nt orrpar ed to_a nmaxi num al | owabl e

tool &Oéﬁa%f% dgwé é?j la%tm?é#mb@ akowpple speed upen, reaching point P:.
[0020EX 'F&lﬁﬁ?@l@%%lﬂ le%la% e hé:> llg?ﬁilnvﬂ?l{l ?1‘1\4r14éafr&‘a? %ﬁevemﬁ ?ﬂ?tﬁgr point P;.

ensured that the actual tod

1 may b¢ eerapared ti o axinnen callowaiﬂel tcﬂenaﬁcet dpeed atrogledr ldoﬁmIP, Rakl) the
at ot her, P ]; E be ser of the maxinu

max o aF SHBLRPE P e SRIoes 7 e CHPHICY R e ool path will

remad] WRWARbRr#ne 8IvaR IR ARCAGeVF tlﬂit Bt RO géth Bh oﬂ?teP, ;. The
identified, and the tool may be roved esser

lessex; pibg nwlmmn@&lowgbhwpﬁqd at pthef @OROB]: aﬁdkhmglaximmm bidwveable

ol SRR B Yy B RSB REHETT, 2 QYRS o s s

speedati dilierfPoint P, guch that the tool may possibly sl ow down
Q thef%Eg sser speed upon arriving at other point P may
[002 the gherve @rxsaﬁﬁ&@ Y dusher ovpiseedinomexiane alé@\é@de sfieed of
G Pi er m

the tdg] egte &n géelh‘% f"u oénC%t N d?@er'?)girfrentf’hll uch tl%l?ﬁlelbt ldrP %Possﬁ)?y slow down to
the ladsarisp¢cidapoanadidng amihen.pdnatm[ mapﬂoe Tels‘t@blﬁ@é@ el ﬁl@ﬁinuﬂﬁilfbwable
tol at gé@% gt gtpgomt Pji.-2. A |l esser_ of the maxinu
oleragiep spegdod the #%ﬁ&%?egwgé)&%#’x Way bodeicpings, éeqﬁné%dipﬁ@ the

RS 18el I GE Gl Fé/\%lk} e
malepr ecedi ng p0|ent ga? hé}g? ent| [ edLnllu b@ ﬁg&%&@)&%ﬁ
Prechmglmrttel)u psAdessthetrtheratakoou 30owalile tdierameaq;eadl of the tool at the

i;nventi.on.as desc i bed abov reference to Fig
precey P dRa B re g B Bm SPiely g ot g grasedina oG may be
1dentﬁiet1ar get tooI path are identified. In t he exanpl e of
ure oints Pj- , Pi-i and Pi along a target
l002%o|FI@a@ R3 ustiages r&nptﬂlpremethnézﬁoo phihe pegse®IOvientian as descrlbed

o CEATBAL AL Y5, 0 S50 00 Bl 55

tool I:mﬂaa‘rp h@ntlﬁe@ehﬂﬂhe @xapple of F%ufr@lw lpbﬁffﬁP L,SPOfandg alaE K target
ght be _established as t he maxi mum

tool 3fh %W@ﬁPév%‘P%fn HeR 2304 amagimym allgwablgileveb of dgyaation of an
actuaf fo@[‘%ééﬁ' ?rg?gﬂéutg ‘%cjzrgét]ot%l ag%ﬁﬁ Esest%lglcl:%ltre gfﬁlg%gn}pﬁe Ccfépen%t ugr lt%gpn the

requlwtnelntscnftﬂnmwsrlqblemg Otlhc&n higigde establishpdab theEﬁdimﬁP&ﬁfﬁllo&vable

n Figure 11) between the |jine nove from
level nglfmlg é" C&I[la] ol pgihjrom the target tool path. In step 2306, a curvature

of the target tool path s ascertained at a plurality of locations along the target tool path. For
example, an angle 1907 (Figure 11) between the line move from point P;. to point P;.; and
the line move from point P;.; to point P; may be ascertained at point P;.;. In step 2308, a

maximum allowable tolerance speed of the tool at each of the pbints along the target tool
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the line nove frompoint Pto point P, may be
ascertained at point PM In step 2308, a maxi num
wa@bdoemedshie tol erance speed of the tool at eachrof/Uus1v66/010607
points along the target toolpath is determ ned. The
maxi mum al | owabl e tol erance speed i s dependent upon
t he maxi num al | owabl e | evlej{P olf devi ati on_and_the
dhleE

path gy defermines. Themaxiapy) atlovy Jnee %pés (é@@l?dené upon the
| t
o LT A 1B R S0RGHel b Abgl g W
23 07de\maatmurf1 mtowhbie tdilazragm snee«b ht yrantP;. bmalsrﬂmeeietdmamed sticl that the
step 2310, rrumallo bl e st
actug}faq) RAUAICR SOt EGHTORInE T H o PARY BeEEET)-L4m. Next in
step SEL0EE MREHum! aﬂo@hgl%rsﬁ)p%iln o GQENRIVT theetast 4t allhst b points is
repfesent a maximum al [ owabl e st oppi ng di stance at
deteﬂrrasttd poiRigurpil 1, eginent Ipngth Lymynaygepiessné a mpxaneac!ogable

sonShS B F i1 B oA W, gkl o 9o PERL 6

data bipelihdr ita6 Bk idWntibitd poldMhudts chafdttristiathgy nottbeikhoan. That is,
corner point or a point at the end of the target too

the lmlpn aEpoinbl i iFadiiRaiker itHe ReoBIeT PAINHLE PRIA zg|t]1q)%gbq>fethe target
tool %t %t bl kr} \%Ift f%gﬁlgvé}oé B Sintolm AR dBictdistaficdQ 1"‘5‘3tween points

ecau e pol be a corner point or a po
P; andIPe,; élchoefn. tB&aﬁ@r@eﬁt R;.q@hay(set dcorndr poiyt obe pomt esﬁla leyd of the
for the tool to cone to %et?(ﬁ or nearly cone

targeg {Qgh Pa@t it gy e necessary T FBF 1 HSERT Ingarll}z] 8?mF fo a stop,
at poluﬁ 1+1 S§hi & &%r for@lsﬁl@‘%kattlpls H88801E PordhStRPtd Rk to a stop upon

hi ng pol nt e maxi mum al | owabl e st opﬁ]@
reacldng pemcE,+mthet Ihamtrmm aligwdbdes stopong dlstapcer of thetenl fopdint Pi is

to th m ni.num € d|
eGP IR 'S (5 BRHPBIL AL AP RS SoE 53 Bt Bi and i,
Ina heéfsteﬁ% [ T @lhAMRR e I RARBRI sichpiitepde@bf thb €odl @0theddst point
|'ast point such that the tool may cone to a_ stop

such\matﬁhmtophmam@(mmm stiop avithin thegnaxiprmligneblerftepping distance is
d
s 68 P Lol B8 LS EN a0 MG Rl Rl

maxiing Bilgalle § mﬁp\mg distante 19, tdhe Amaxirinm sppekal 1adt pbms P, at which it
poi nt Pi at Ich it may be possible for, thetool

maycbe pessitje forghe ool gbwmee@cqﬁ%uw rgachpig ROing Pi, 1.4 fhe st
max] aﬁ%ﬁlﬂ? %‘%E] 21‘(‘@?% 93 PPGE Vthel gqagirﬁ@ﬁ %ﬁ&&f&ﬁ)l@ g%o%gg)glspeed of

maxi mim a ppl ig spee e too
the tof1 4t bachpufitind Soints foglier tlemrthe kst paist supbihat teuodl hizapossivéy slow

dow%?qo{g\ﬁgz?ﬁ){ glggfpillggl ﬁBS| \évlsge? qptﬁr? g%r{]\g%aq tgg El%gaﬁlmls egtablished. In
the e?&ﬁltngp:l d@%ﬂe i rbsfé%ﬁsl?e’ﬁqgﬁﬁ e mEkIMIe alldwalle Et@?bﬂnﬁ Rpekd at an

maxi mum al | owabl e st oppi ng speed
otheppdiet Pipaictt thej the tenl aieytivasiblyrséow doWn mﬂleﬂ@ﬁt stagimu| adigwable

e | ast I eed a ]
speciff BH BV St Bt SREURT o 91 3n SRR e BRYaREh Bls prve of
Flgu'i'@ﬁ) 0§ BE ViSed o rElafUhe dikthndRY; tBQhéJﬁlﬁﬂlrﬁlﬁn kdedta€othBepoint Py at

di stante L; to the nmaxi mum speed at other point Pj-1
whichtit may be poss1ble for the tool to come slow down to the last maximum allowable
speed upon reaching point P;. In a final step 2316, a lesser of the maximum allowable

tolerance speed and the maximum allowable stopping speed is identified at each of the
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which it may be possible for the tool to cone sl ow

down to the last maxi num al | owabl e speed upon reachi ng
w@eioatio®Bp7 In a final step 2316, a | esser of tPET/US2006/010607

maxi mum al | owabl e tol erance speed and the nmaxi num

al | owabl e st oppi ng speed is identified at each of

t hepoi nts. For exa the | esser of the maxi

m . .
pointa FOWEBIRIeGheleatseer @s@&aﬂl& leiiaily tplsranee 613@25”6‘8?3&%13‘1 n
s 1 T ORI 60541 e
identifited] RieacH OO} P, Burand®). il | ustrates yet another

d 2400 0of the presgent ipv s descr.i be
1002050 Ssie T 1 Briet el et s P00 B RS R it as
descrbW¥abode Wlﬂ&rr@fekérbée & Fi%ﬁfenF 15 18laoiet fepf 2402€H llaIu%lity B@b&nts along
are i1dentif I'n the exanple of Figure 1 poi nt
a targjt 1oyl peth-dre mdtlﬁﬁpd a]indhg exame géFlgp@o]l pgmhs li'jmﬁePl 1 and P; along a

e {gE prgRaicep Tt "PehaRegiia PRI 2B b R gistance

of thé Sooll &t £Ta81 dBHe pbifitsis Beteenihdd. Bekigaratl 1] wgqtelm lengthrigy, may
represent a maxi num al | owabl e st oppi ng tance at

reprasegita rp@pﬁmm:@llovp(bﬂqﬁtoppmg digpcnaitlash goiat Bo\Roetdty fagy not have
r I ed,
0D o 0B BN B s e BB
chardcgeristibembag <nat lbd)lmm)sfn prhan fs, Bietocatiod ofbeinhBy, artd whether it is a
corner point or a qf at the, end of the %Wr et_.t ool
comegRant R HRBT: 2bibeigAt Ah theieRgel/ap palh PR pyever, a
mlnnqlluﬁ{ ARGl d'lst%n&eﬁ WN% eﬂbtu?ts B. a1p.F idkdov® BEQNEe }goint P
Because pol nt a corner point or a poin
may &t atcheee pdinbbr 4 paant art@@md' afdhe fagdt foal pathmip nipy be necessary for the
necessary for the tool ) cone tQ

tool BG83 5 2510 GO BOHP 21oD. FHGT T er PR ke g that i

is pobdtBik fbi the S0 @S 8biRé & 4 &bp hp& feBfling 901%91121, tm: rdaih@h allowable
upon reaching point Pj+i, the maxinmm all owabl e

stopping gistange df giedend @t bast pavet B; Met%rmm@htp bs@lqml tp thesmlmmum

atloRICURBS L bRl Bor B pirt il 408 vy

allovedb@Psped@6f the t6dDat B Bihal biyétlthepsipgadclothat eequired seppiag
ot her one of the points such that a required stopping
distageeselthe &b pt ﬁhﬁ@theé 8pinkis adHel 18RS BN AU éawaxmanar

alloxifdal%gstz)@ﬂﬁ% § 15?#9% th% pﬁ%ﬂﬁt angh@%ééﬂ%p %ﬁt%ﬁ%étﬁﬁhe other point

and the asepoint. Nin the hlﬁbocibment ofdfigureHé, & amkinmon atlowabie Bp@d of the tool

enhodi ment of Figyre 11, a maxipum all qwabl e spe
at polnﬁé),t By gtas%%iiamea }lch t%la%quléng%e@l{l% ﬁ@ﬁ‘c‘%ﬁ’i E‘I’fgtat point Py,

is eq&I%H o ?éés ?Jaﬁ %’%‘uﬁlgofq}é frf%aﬁ'ﬁnﬁﬁll&\b@ol& %bplﬁg dR@dek aPlast point P;

1S equa to or less than a sum of the naXi mum
and sdghmmzabhgthslt, bpipicay othes peintB;.1amnd|lzs poipbPintln Phe embiodiment, the S-

bet ot her int. Pj,-.1 angd.| ast .
curvE PR 1R B abed iR st Rane e Sathnebisiane? Blips 1 ot poim
P tU@B/etﬁ@mtﬁﬁﬁ?aI‘l(?va[b@é s’?}{e@dbhl%lﬁﬂqlﬂl red stopping distance

he tool at poin
[00206] Taking the abover:J example further, a preceding maximum allowable speed of the
tool at a point P;., preceding other point P;.; such that a required stopping distance of the tool

at the preceding point is equal to or less than a sum of the maximum allowable stopping
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Pi-1 to the maxi num al | owabl e speed at point Pj- 1.

[ 00206] Taki ng the above exanple further, a preceding
woraooereesial | owabl e speed of the tool at a poi nPCRUSR06/010607

precedi ng other point Pj.i such that a required

st oppi ng di stance of the tool at the preceding point

S eagggl to_or less than a_sum of the maxi pum

distapeq 2\ Peing Popish segerent lanate Lat Li-nkstWeen precesiingpoigkRimend last
poin 18] Bgtiniigh bl o AR PR (10 Rl re Rl A 2 Bhay be
detenmmd:d Mpepdcmt agom tjlepmmﬂnuﬂ alPwable 1ol dﬁd&nmmm:hd/or the curvature
e on maxi owabl.e | evel of
of thyER g iochpatl ot ing Dot ak b JESOR A R T g ¢ gyl oferance
spee@Bf Peecadk B ﬂ%@éeﬂingﬁ’io‘n& an@tﬁe%ﬁ‘@&ﬂlr%f mhAguRRXlWEBle ?eed at the
| owabl e tolerance speed the tool at the prece

precq:damg]pomtmay helqﬁmﬁed:h ng ITB.XI mum al | owabl e speed at t he

[002% 'g]ger aggl.g i %(2 %clg%l ed bé'g)?ée?lg al Eleéﬁ%ljanager ina

queumﬁfthhﬁm&le%éﬁdﬂtmfﬁoh@ﬁérfdmﬁagﬁ?col@fahcé B&eue 202,
oper at i onsagerf ormed on tol erance queue 20

commréwmne%@u@ wUEROtng quaeddp iand dpokakend qrose ZQﬁjm a pipeline
mamjle? g lrfg{;' Sgn gﬂ&ngs;&ﬁl }ﬁ%%ldg@ t@o@{é?e:%ﬂgéﬁtdﬁgﬂ{kgnatr}%Fgeénegﬁs tolerance
queue Izeﬁmmt@resmdncﬂxﬂhaekemmmem eoAPRssicw QR XM pprepiratong corrective,

s in_conpression queue 2Q4, preparatory, .
and &@ﬁeﬁ STQOthARgORy tﬂleénf‘élﬁscmswegwgq@u%‘ﬁ%Pﬁetggryi@ﬁ%wsgwothmg
(if néc@ss%@ Oérg'la%a‘rﬁggcrgf ﬁ&;hssa ' a{nq 1951&?15%?5@;5% ré'lé?lgeneé fn lookahead

nece ea necessary
queuk @0&ahead on the el ement s |n | ookahead queue 208

002985 P avenE G e tted ity sk £ e pivetine by
perfdrﬂﬁhé @k lroNd e g QPEfadbh® NS stuld tofdraict guOhEI@NGRh MCESInABds
wi th NC conmands received fromthe interpreter; 2)

receigebfenishe h& G roistaraddprocessiths N aeounande iretodgancei quepg 202: ifit
is an tEﬁco%@ ﬁl_?rggt dth% ﬁ[](ggljg{l i 'ielfc}rﬂzgtﬁn J?rgﬁﬁﬂﬁe 0 ma%rd%ﬁlsf)o?e hre ﬁ]ec:lﬁed

e specl ol erance reg

toleraitd région aed ﬂie&élatddh@l%fﬂﬂ@@vallﬁé e, #litSie a noh-TBC m‘ouan command
non- TBC noti on command, cal cuI ate the required

calculgf ghedrguiradiolarsics ferdhissammand seentdmerte ﬂtﬂrﬁyad%lp tolefaace
inforhRti6h 2GS h Y '??tﬁ)du%ﬁ’tol@ﬁqc@%{hg&g tgmﬁ%o AL %2 take NC
conmands

ol er’ance val ue i'S coman ake
comrhawiy fravh ¢olemanes quean 202624 adibthaddo chmprdssion qn@reezmi; @) merge the

very ?ﬁ%ﬁvgﬁs’ﬁgw‘? oD Sp il TEHBRIBF YRPE T RETPEord onger

line é]é‘m@ntllﬂ @&%[ﬁﬂablﬂﬁ qBLRTRAL S) ke NP ESRR AN fﬂb‘lﬁ%nﬁ)@éh&oﬁ)queue
from conpression queue 204 and add

204 mdadﬂttbers tosmbothpgamene2(X 6y) edymincati the liat bletiets|in meoothing
queue 286”?0 1dsent1f’g1 tROSE tlemengi!s to be smoothed, and make local adjustments for those

-

elements; 7) convert those line elements into arc elements; 8) take NC commands, mostly
arc elements, from smoothing queue 206 and add them to lookahead queue 208; 9) check
each newly added command and look back to the previously processed commands in

lookahead queue 208; 10) determine a proper velocity for the new command, and modify
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queue 206 to identify those elenents to be snoot hed,
and nmake | ocal adjustnents for those elenents; 7)
w@eovea0251t hose |ine el ements into arc el enment SPCBYS10a&@10607
NC commands, nostly arc el ements, from snoothing queue
206 and add themto | ookahead queue 208; 9) check each
added. command and | gok back to thg preV|%yst
the Vﬁlpélélé% fox @l dBemrepYs cAMmMEBaH 88ersEATG Ando bR ta commands from
look?ﬂl%g(?ﬁﬁgLﬁ%Og aflﬁ QBR] th¥f! 8%k Pﬁcﬂ%c&n%l ﬁﬁ%l%m%w ind
nodi fythe velocities for all the previous commands if
[00208]c eAH dlteygboaa dpdrajionsakethbiGuaesmayds p‘erforrm(bmnﬂanﬂy. The data
ueue 208 and send themto the noti cant rol nel
procgl i GSEHERY FoN T 26BTeR Qe by She R Feganay call
a firsAHRHRS tdTBfdeh APMEQPuBRAoPMME hfdnbYe thENC dBfndpde ﬁﬁ§l§gh the

in qgqueues may conti nue whenever gqueues are not f ul
queu?he)e@m@u@tﬂw&lrwfgbfr queargs arglfill gr thie™NE pragam wﬁeeltttselyé@&d@mehe first

ratlon an
routif gl G5 ENEOGARER BEFTREN et etia e o TR il Swogipe
operdtithnk, 4 rhdyecaNG BirdGo@tine t6 peftdini tHeModledeopefittonf i r st
routine may call a second routine to performthe

[0021¢]) eFmmwetion kerpelanaduln may deefpisa thei talgranse batedgnationgegtrol and
may Z5frei e m&l(frggsg%%@qtﬁ%ﬁﬁ%g)grg RANIQLI LAS. rREkRR m%ﬁ%md may

Operati on ernel nmodu
replape tHeiom TBIE pbinkt-es-poine chrasd evithithe predivane and trae drcrrnqnon wherein

control the mot i on associ atf.ed mntﬂ programline

a lingprean arg it BRfie HaIEtoRE Pk {he copirqb@ay RESHGR 2 long the
pmgﬁﬂhﬁéd &aea&wo&&%g%ﬁ Qvidliohdss RERHeChbimapd. true

arc notron, ‘wherein-aline or an arc is the basic
[0021 I]a j &coyEBCAINC cdittelleonmpy aitenpalateaptogtamamed &gjeatognigto

ol RS TE S5 88 T S B B BBson
cont®PBdrll P! eckiih. ITHeSoROTRE ENC B&RAEY RFTHRY sﬁﬁ;ﬁir@ﬁlh@lbﬁsed
into sequential target points with required

interpalptiani, i.£ ¢ breaking upethe ll@@(@IrCtda@rtmomqslt@n Pomtserd uﬂocﬁy points of

fixe g%ércg%legﬁr d f g%rvzglx e‘ﬂé L o L motl il'g gd% grkx?rllg)qgops to

ase erpo

minithzetthe fdllmﬁ@é@o@l atathera®@b@@sérd ihe ﬂns}ﬂﬁltﬂte&uﬁpdslmﬁi zcmil thy
points of fixed (or variabhle) tlne i ntervals. The
interpofatefinrBeposBn INBitivels mige peslpsicHmevith ops endyitiched to o

motﬂt;?il~I gyh:é'," ﬁﬁ‘? oﬁ@?eﬁd’été@éﬁo@ﬂoﬁ%&g npdghntﬁco 'tarﬁa?olnﬂg 'Itl’lggé{ifg‘?rpof the string

ant aneou Ition pol at e
reprepaitmthe fodwinigievlry The magion eowrol eblshaycpdt meraglsvmtrbduan the

attached to a notion .axis,. . .the other end steppi :
tenghrig iy the sirpet Thismationgoptiplies “pulfing. m?ﬂ@nfsé‘hd\{q}?r?ﬁ‘ Npatt data are
inte 515’&35 gntB ?BE@@ n’gt)ﬁﬁtst aHel Jefﬂcﬁt? Wolt% SRS intckD8ls BRErOBxecution.

ont r ol y pull the axis to reduce the I ength of
Individe] sxesimay, mowé mdnp«tnd@ntl}cmlrder die theticn Coptrol.i Figrther, the trajectory

. chani s wherein |ine/ re n ol ated ipt

iterf IS0 g% B5GPPS e. VERERIS §f BbrRERE St o RREmheirtiry Ly, te
targe BbiRtsEnHXBS plel Mputed, with little adJustment being made for real-time
conditions.

[00212] The predictive TBC motion control may be based on a different mechanism that

recognizes line/arc data (no pre-computed interpolation points) and directly pushes the axes

-50-



I ndi vi dual axes may nove i ndependently under the

notion control. Further, the trajectory interpolator
worayehasan open | oop, incapable of controlli ngPth®ES2006/010607

follow ng errors. Lastly, the target points may be

pre conmputed, with little adjustnment being made for

| -time conditions. [00212] The predictive TBC
alon ¢ Gpe/ piSritaestonmht gEety enaolsivcls ( Ef@éﬁmawmwﬁwoo psec,
e ut ed

for O DA ey 4 Bl oS oR 1E4Po i AR e curent posiion
withathe sa:lnmagdﬂfeajbwtng/ (@iimetor aj @), ainy maAt detetBiive £Pint 6 the

d of 200 f
tajeg b ¥ e RalmE apeetio the feimaldureneoaption: 1ok pabidnahs defincd
as tHeEMed Qﬁﬁé‘ﬁt%o&ﬁ%m CYhé 8itterORE 'bEfvx%@n gﬁet ah:tﬁa:];'] %1&8{%%9?%% and the

trajectory (a line or an arc) ermne
ideapeyrrant pesitipremey hp éeﬁWstth@msiwtahMSpmMn pbais@sérréror tolerance
int mpy be defined

Oi
errol P et of é@ﬁfpoﬁb%qnt s L3 o P GRS ab Eeipepton
errot"\Mag bk Wedught6ff Rhe BOSAtIINT (RO %ufr&ﬁﬁu'osf%ﬁ rﬁ%% the line/arc

position nay be defined as the instantaneous random
trajef9EY-ti on error or tol erance error. The instantaneous
d feryed t Iiply.as the
0029 B0 ) 0 A o B
partloﬁlaﬂy;ethatf(tIng B 61Ei9 &heﬂﬁﬁﬂetdn@@bétﬁv@ﬁi thR @ ctua N A:E position and the

CL g %‘HEZB] The TBC tol erance error is
pre- “cﬂnﬁ fateet Poiit ehengrs THee Tl iteliange emetos thavrctor difference
betwiéah EHeCa.'éhﬁ[ bofrent Egﬁlﬁ&{ SNLE Gl El{%fen't 30511 Y}{l’llc e nbe dynamically

bet ween the act current position an

calcypted doreplitimd. {mz get-TRG cuntoiien e piﬁ-lcﬁmpiﬂ&d tarigel pomts may be
vector _di fference between t

h
interp Ra R A L g SR LR R ondBa pristoF ST pmsnd e TBC
contii s gferiBtte RERaMRRAL ﬁ@éltlldh 58) 6oLALAG @Vérg%bnttrb :”Eﬁ/'cle gin @ non-

non- TBC control |l er,” the pre-conput e tar
TBCsonirpt sysissl, shesgiotierseantnoh czrdt iather than dlevadst téaputess may deal with

d f d
e SRHFh D DTBEISHoL 4B Hbb2 S0ty KR B ety The

In a wal-TBCajoattokyeteih, ﬁfé%ﬂ@ivvlr@’éﬁfﬁs of diff@refiPikes HBfy
syste the notion control card, rather than"t ost

mdeltﬁélﬁ}ﬁli}[n Yerln ariﬂ%ﬂ gesimyihe Folengace astare far differentoaxes mayioeﬁBﬁ.‘dled
coor&}ie%gr[}y @ tolerance error may be directly corrected
I'n"a non-TBC control system the foll ow ng

[002b4]r oFls BBCairédietivenhotivtesonire) abeveiposhtan cid6 apsna sy he
foll In a TBC system the tolerance errors for different
OLUOWINESYRSy be handl ed coordinately by TBC [00214] The

o TEE, 1181 1Rd th%eH@{épggnﬁqg%? ia] V% ocfty &f the S8 cunen%){aosﬁon of the

may perform-t oW n
trajectory according to S-Curve

¢ Calculate the instantaneous tangential and centripetal acceleration forces and their
predictive compensate vectors
¢ Calculate the instantaneous random position error

* Determine a three-dimensional random corrective velocity
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Cal cul ate the three-dinensional tangential velocity at
the ideal current position of the trajectory according

wo e00gA@sve Cal cul ate the instantaneous tangepti/@b20a61a10607
centripetal acceleration forces and their predictive
conpensate vectors Calcul ate the instantaneous random
position error Determne a three-dinensional random

oc oombinievke tagential yelauty thedredietivemogrensaie velesipeand the random

the predictive c en (oYl .
BB S TSR BB 6 3T ong e
vefrgjedtbyy t 0 push the axes along the trajectory [00215]

The Run_System Task may i ssue servo co nds 1o the,
[002} 8l hTheRup System Tskaryisus ﬁW%ﬁPWH@ngsog}Ttﬁﬁg’@ﬁhléﬁ {pol in order to

follo@é% gcio%gﬁil a%ﬂla%g)ig{?i.te%sve?&'it?ers @eﬁgx‘giﬂeﬁ ih B RERARE Ofkue Manager

nager A comand signating a portion of
Taskt Recdmmiang dédigriatiag atposiomadltha@ot pash thag theandahlinesmohiayo follow

e.i ssued once . .per ml]isecond, for a .. Th .
may E% sspeshonge neﬁ@ﬂ?lé?ﬂonﬂyaé%ewl?-nﬁ%%ﬁxn BRI spd B may include a

one oritAGre IRY TEShSnt& AL/ orRNR nfire BRE  IRAF Sxaniple SbvAXAMIESre 12, a
shown 1 n gure 12, a command specifies a |ine segnment

commazdesiiciigs arlimms¢gment @xtending from G)4,0htox(5y1,6) i8 pace spage. A servo

nerdg Y PhSRHE l u F oor B B s R R IRRR s e
actu€6013htl R&h (Rt dirdetedmbdiatls aiafaetigned avre fafuentlyayanhe
i ssuéd nore frequently than a command. |n the

commprb dinrBa embpdigent dlusptetindiguted 212 seryo duipsdieyerysiied
. _ever [ 1€.p res i it
i USF TR EHBRIALHRY oo BERBSRI B e
timirfg‘&}illddiiﬁ@tidr?f eath ﬁg(hoﬁsﬁ tivocomveeroftahme aniliisseoraf commael. That is,
. m]llisecond command. That is, Fi 13_i | lustrat
Figupenld Wlysiratet the &eﬁ;@;le%cwﬁ%%nwf "ih%gg@@f-vééqh R meE e o
durafg% og%sgtggn 950AL 00 oRfs. | HDRe E%Bdi%%n@eﬁél@%;?@ﬁé’ssa dirBtion of

I'ment, each servo has a duration
apprafipratety betveky 10 ehdk® midOsanodsl Omiherseralgd of tharsettoe the current

i si d f iti .
pos e R e e e DB e DB P B Buraion
of thO¥EH 0! Bl uSing He dRGmERIMRArarhidbiCrh@Rbé pEForvidN i fhe falling

determ ned paraneter may betgerforned. On the falling

edgeaddlee gsfive,e ositnuy signalrio sesitsot the imgshine tepl relativestotthe werk piece

chin ol relati to the ' I d
ey SESHRE APk Bl e sl 3 eramor
of a BRHEEHM 0B séo. EOABWUrSe, BbwavetLihatcele tipde & aseFwomaybe less than or
course, however, the cycle tine of a servo may be |ess

greaten tan 00 griseaseqonds withpobe asape 6§ rednassnhinyitiP™ he scope

[002%] t R?tep YRS 200N LRk Qs of the command, the tool may be positioned at
point B in Figure 12. An encoder or some other type of position sensing device may sense
the actual position of the tool at point B. Upon sensing the tool position at point B, a new
target point T to which the tool should be redirected by the servo along a tool subpath 1202
may be calculated or otherwise identified. The calculation of target tool subpath 1202 may
be dependent upon a deviation of the actual position of the tool from the target tool path. An

example of such a deviation 1204 is shown in Figure 12. The tool may continue to move
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[00216] After the first 200 m croseconds of the

command, the tool may be positioned at point B in
wok@anasi2. An encoder or sone other type of pPGT/USING010607

sensing device may sense the actual position of the

tool at point B. Upon sensing the tool position at

oint B new t rget Oi n T to i ¢ch the ouI
past {he el pesiion, B ieng CHF’&H@ ﬁh"c"gé‘ﬂb@ﬁbiﬂ} Thsdum System
Task/BRYiffe 0 M GHiR el Z%tﬂﬂgfn\@"a% g@féﬁl sﬁti(ﬁ‘ldste Tﬁ‘ffz an S-Curve step

cal cul ation of target tool “subpat 202 rra
224, d@p@h@imEraprdﬁompmmmstemZ%t ancheRaedara Ergoo Qotnp@nsaubn step

8. s pe S Eotsaed St i 2pinelbgd PrrofwiRa R et ipath from

, 40(9% (51Ue 6§ QudRMaR&Th eltr&@ ak 'vrreﬁtas PeddictlveRe®kd thearBs stematlc and
duri n%ht he cal cul ation of tool subpath 1202. The

repeatihie.e FeTRrgRicEiv e Firgismeaybd identifitdyvincmpiricel MSWM\@O@ tool
pos TR S5 RELb0 b Sh 2Bl U 8P ERA i e o

to poktt i nﬁstrmeﬂyads re3alt $ii P tad Bctudieniooilg meay the aésiradelateatitool path
. off tog‘ t Binstead of following the |inear tool
mna oG from poingB. 1 o (5, 1, 6) due to randomerrors

[002};‘§p‘é§t % 9;%,%?4 iy gSS @dﬁéﬂe{tﬁllgtdééﬁec?ﬁ&e%i/aﬁog'T@Je',lscal arget tool

e predictive errors nay entlf
subpathd 292rqurc phrtianiatly sthe acflentamarceded oaonpdate theaarvdat@n point

se redi ct r I, be .det.e ed
Bto PG Ty ORI R BHION P % T T Bempaiperiph el g gnd ata
desué&ﬁﬁéltvelcfélt?r'?ﬁa}l QOdet@RHEMAL ITY 2EMN1it) 9the §661 ntleﬁlearﬁee? htr (At C due to

linear to in a snmooth notion from point B.
rand¢rg @mtxs] ans ﬁsd eredizpize prieisuddisr aéclhugnaitsralrvgs,dhts foobaltives at

poin§IE S Pl F Y Bt i P e SO0k oRBRRb S b RBinmand

Mordﬁh@tlaﬂﬁﬂ}ﬂ shibauanitditetBodl Qubsitit mdy bé cfculate@@PiRtc8mpletion of
target tool ?ggpat hg1202 ?\% hi n y desired peri od 5

each sere iy p gnagnesugeantially similanto e Q@équd%thw tayget tool subp;];th 1202 as
desc%?e SheLo e’f‘hc %ollI ggt‘htf}/om Elh 9 g)gt(r(}lt(S ’ea%{ﬁ{i ('teh&ﬁ%%%% @8 gprath

to ran err s and*dni

1202air¢ siro@vn iAfRiguredddis beingainesre Hovsevet, lieis tobé uadetitv@dbthat any target
E an? F. Point. F may be reached at the end

hts D
tool I%%Il gﬁ%‘yotﬁ’égeﬁfqo sdpatRaERmEFErAIe More particul arly,
[002?8] bsﬂ%@&n& ﬁl‘hgt%n ﬁé?fﬂrm%&' Bg %J@ol%}ic@@o%lfe iohe @réglcitlve Error

e conpl etion of each servo in a manner su stan |
Compemsaﬂl(ar (step HObefdagurell and swp 826 vEFigete wahlcmub@abdwpatﬂa%

as ,des ed apov The target t ath from L4,
"motf Kot T maion Remetigo o gaiony B pBRorph bérbtal ohmique
with Efé@i’éﬁvb ﬁnc’fhﬁé' bR t ec@&ykﬁ‘i‘dtf& WhERH lindsQNB YRS ard the bisit ﬁaj ectory
e understood that any target tool path or any target

unit. | predipipes coniray pishesthe axescalofibe palgramaed érwinetbry and corrects

rforrred t he Tol erance Controller is the
for d‘%}i&gﬂ %lg\t/ﬁeé% ¥ 8 o8 éinsat ion (step 106 of Figure 1
[00289)d Iatoap eRdbdivhent,) 49 evéy 2D0 Lt WhAtroByy ke AT dle@hc@Control may
read the position feedback, compare the current position with the commanded trajectory (a
line or arc), and find a point on the trajectory that is the closest to the current actual position.

This point on the trajectory may be defined and referred to as the current ideal position. The
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"nmotion kernel." The notion kernel replaces a non-TBC
poi nt-to-point control technique with predictive and

WO eape/1625¢7 t r aj ect ory notion, wherein |ines andPer/ts20a6/@10607
the basic trajectory unit. The predictive control
pushes the axes along the programed trajectory and
corrects for deviations as they are encountered.

diffe{eggszh«;yvewhs FEITERASEHakBoN ionAndspEieyt i9et) nosiion @6 dypagpically

I
calcu?z}fg’ ﬁl élhcﬁnér 2 c%?ig&{l: Ese ﬁg @%élg%ﬁl Qfg%ré Wﬂ&%‘??ﬁ thhaﬁfugznly calculated
in redlaimanded trajectory (a line or arc), and find a point

on the trajectory that. is the closes the cu
o023}, Lﬁw BRIV P GOl e Hob ey Beegiop i Bpepachine
condﬁﬁn% J %afe%?feb@&aﬁl@ nibtioh REof r’ﬂ‘lﬁ%rﬂe@ﬁ‘&l fob Bfelsé bﬁ’@rs may

[ ffe ence between the current actual position and
be predmtedﬂuy usthea pqmamewnmd rasth@kgaaiaml owidehofdhe maplane that has been
fi LR qél‘é} b tIoOn eI;ch 8 n control ma

configiRgh g S S discohERaaioof s PrrgsbOp SRl y
analyiz8 ShdPBHbi trhjSoBPMd Bk nfBYind Bt didéh tohBalkedppedhriate compensat1ons

trajectory and the machine condition to conpensate for
to certaindrpesisif aationicsiorse mhaghsare Wpéaféb]ﬁ read cap he mepsurpdlpexperiments.

The }?éit?ornsetfo %’e%gég&&?@gﬁ@%ﬁﬁ e@lcﬁ@&{ &};fFécﬁghgﬁ)dcompute the new

velo@§donghidrifobyadiedss rTHechredittisal coﬁyolfm‘l thatmaybadone at each control
res;l)onses Predictive notion control may anal yze the

cycles dklystrated 4p Etguse v*and the machine condition to nake

pr
00250 88 U S LA B i
for Aax Mxmoneﬂﬂmgenfﬂdekmbiratﬁom&enpansatmny"Sthkﬁ Fbletmm) Gbnme@satmn

Leadyigeyan PR PG ORI Soitrst FRBRE G0 AHd System Delay

Comﬁ@ﬁs‘éﬁ&ﬁ v@fictt B@%a&?&es@ﬁbéﬁﬂﬁ@uﬁ%eﬁﬁ@h control cycle is
[Tustrated in Figure 14. [00221] The predictive error

[00232jn'p'é]mmed@hv¢raqntrq}; oy paeeatxelit magh;ngan @smpeve without linearizing the
arc nggﬁ Q{e:sgﬁngm & | g(éer L rglfetal-ﬁ%f%e(%r{ﬁégntsé‘fo%efo 51\% M)cﬁlon using

i on i on ead

the léwsjoﬁﬂ@kﬂc@&fie pRARERS abﬁtﬁﬂ ma&‘ﬂhﬂéﬂt@ne‘é@@l@rl’aﬁd $n real time calculate the
npensation, and_System Del ay Conpensatijon, which are

centraa@éeﬂ ferss apedsddo phll puhﬁdﬁhﬁ 68 op Biro pt ek idkab grreent pesition
?ﬁ%{oothe Wc ﬁgﬁ)'a {ﬁ%%ﬁda ﬁ@ flglalacr S&i\é&?&ﬁ%ﬁ{[\sﬂetc%g?tal force may
be cdoeBited et IaiedlEnve: eorﬁ.‘pmjsaa yadtdn whidr may be istantameousdy adgled to the

t.he | aws physics, the predictive control may
Velo‘ilﬁ’slﬁ%ﬁfié?]g@d%?t)‘f’na%&sl nreal tinme calculate the

[OOZQﬂm Al o@ﬁﬁ?@taﬁ BRI EEVRRRIBA el Bn MY dur@ht m&&?ﬂ AR R @1% c‘ﬁf‘vature is
e arc at each ideal current position according
addetitea cpmdnceme comipesatipn sewort that ﬁmststtha]velocw yomnmavdusam@ to the

.The
motion axes. This o?}e%Juor{ Pnrang %nibH the machine to cut highly accurate arcs. The

[ @)y

accof

predictive motion allows the direct precision machining of arc segments without the
conversion of arc trajectories into a straight-line approximation.
[00224] Issuing a proportional velocity to multiple axes may not guarantee that a three-

dimensional move is linear, i.e., in a straight line. The motion axes involved may not go
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be converted to a predictive conpensate vector, which

may be instantaneously added to the velocity issued to
WO b@orragsion axes. [00223] A centripetal force RPEDUSI6/010607

based on the current velocity and the arc curvature,

i s added to a predictive conpensation vector that

adjusts the velocity %ormand |ss ed to the notion

propasiogallyr# S duigadh Begenss ﬁag‘;ceéqxatbcrné eRlsTatigBAPH& iersnt gres depend

on thgirgig/lnﬁfm?cg Cihidh ShaH; §' o&rﬁwotroeagdsc TR Affer TR R0 ¢ Ig@&‘@trﬁlgﬁt-lme
reci sion I'ning of arc segments w thout the

move d}ne/mbse ony bt camdﬁuaﬁoe@fﬁeranees inrake aaceienaaoxy’ﬁeeeﬂarmtﬂaon caused

FOXI tion, O Issu a _pr ortl Ity
by of§ P e b Ries Sl Tt OB S uBen gy eT gaif” Uhder
Tang%ﬁﬁﬁ%c@l%?a?ioﬁ'@mﬁ@ﬁyﬁlohsthle'p?&ﬁétlve' cofitrel thily SnatyZeah&Rceleration
ine. The notion axes involved may not

for eg@dpindiyadual @naamcycaé@ﬂattedm &r@doprmnsat@n forces for the axes.
ThesF %éﬁl!pg%s%h ({chgeescel at I g L So tE' L ];nﬁla(_%vé ?mgg'ns &Ff xrf]edctorr{o

genef¥é HRrednlinsd akﬁ%cééiéﬂatlbﬁj 'Hii§ edrgdttion cageshéaxed fobermdstinated
may be curved due to differences in axis

and tgeeeyratelt irask/the pogammebiajeetase dlhvye spmpasation fxges may be

I f
cons SARED 2 05 DL DB SRRl ptions
[002P5]edThé stick frioud @ stati)friatiand gﬂasmaﬁﬁnﬁméhwc&inmdﬂrabmnnﬂuence on

each individual, axis d cal cul ate the ropri ate
the rRSiABEREHP) AP PEF SAYINESFOD RSt FSABECS 4B e PEFEHEY (grpvercome

the stiQf Fr?c‘ﬁoﬁ%ﬁd BEgifi AR, %1 eGnde? Stibe FHEt%H CLinYEnsaRIPR N 88kERnd

vector to generate tThe reqU|re axl s acceleratlons
compimsate <f«mthe stidkdnictastfect tthe peedtive mdbmn m@@raﬁtwktfsdtuah d

compRer Bhl ey Videe R Rhen ATt S RTLHS walibh Sfdiol; i Gfyaa zero

velo&%‘"ﬁﬁﬁﬁ‘ts R c%ﬁ@%ﬁ’sfatlb@ N6 [sH Botéhehap€ dé h&iSh@ldSvidih of the notch
accel erations. E The stick friction or static

is a fhpgtian erthwelammmdl th@ ocalagturyedere ob ths tordecionye Thefstigle fréasion is
dlfferent tfrom r'ﬁ%ﬂu?entoclggcth‘l( dAﬁo%Xax%s t%t t 'ﬁl%s tﬁg %%ﬁezns%ttl?ncllg a

quirresan extra ener gy 0 over’cone

funcﬁdsn 6f thoReleoily hedihe lcmal/aﬁgatui:dfkﬁﬁhe fhjectsryiahé is different from
Conpensation, to correct, and conpensate for the stick
mackipg 1 PaFhing aeldiom axis tp agiai dhisrempsriagan gyeligniagip groblems such

as fldt sg 'oﬁ%n%%%‘éé&?é uddis. FRe %Jlﬁe&ﬂgd'tom%ﬁld%é 0t Sor each

nges its notion direction, crosses a zero
indhu@k@ax&y poi nt. The conpensation profile is a notch

ap the height and width of the notch iis a functio
[0022% ﬁ?@?@%&‘@% q% Hempgrsafion gy £PUFE agf cpmgensate toPhe
mecﬁaﬁ?da?ﬁfa@&ﬁfac%&iﬂ% babikigdh Jff th@ aBiiné 8xidbhii §66R%._Th&Mnction of

machi ne to chine, and fromaxis to axis. Thus, the
gettm@ptpmmafec«ﬂmckss rgsfansibld fon tkcfleadfpereveandd:}atclylasln@bmmsatlon The
L ocal. curv

eof the traje and fferent
posig eI 1 el Al ] BidesseCind Pugklesh 8iepsatea
accof MNP RNEAdaastréR Ynapbingitaits BAcBRn® Mhe K& position feedback is read, it
may be adjusted by the leadscrew and backlash compensation values stored in leadscrew
map tables. This compensation may correct for mechanical axis positioning errors and for

“lost motion” during an axis direction change.
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as flat spots on an arc at the axis quadrants. The
conpensator should be built for each individual axis.

wQ 0@BAG}5S11Leadscr ew and Backl ash Conpensati on nBgT/US2006/010607
correct and conpensate for the mechanical inaccuracy
and backl ash of the machine axis ball screws. The

nciion of ttln posj ti.on .f eedback_is res onsi bl e
022 “Fercsonind R EBRTFEL SRR HRM 4t thergpandle may not be

rlgldﬁzﬁéicljéﬂ QRuRY ﬁﬁaﬂ%&ﬁ&ibﬁ}ioﬁ BErifBkda Ot gl 'S?ﬁncﬁé §o@Aés
scremrand backl ash conpensat ed according to t
Compensdtion ewyrmcpbfyrtge tebibe parafmgteins far malyt the Zaaoestopeémcter this

unwige Wfatiohe 10 Sfvanlclest T 8 aRRLACL Gy Mbidt ine F38E Ty,

acceléBRioh Bl §&rk, WhérinGeins asaiddQB thedhag s frﬁ&%el%ﬁﬁon Fer unit time. As
mechani cal axi s positioni n%@[errors and for "

a resylb of Spindpuyafingsselporamrensatifing paﬁrﬁueﬁaam@@s{l wzzb?]lmpmved

me ' r
100220 P TRPAAHARS A REB R £ ot R X Pl Bl o
mechainhfahhrhdmeﬁtibal m@sﬁm tH o ieRgmplSpiheed Iﬁa}SBé 4 ARkSBanical delay between

npensati on nmay_ nodi fﬁ the notion paraneters for onl¥
axis m@rzn%isansanri&crt@b%%mp P beftemeldhe wieshat¢ad iransmpigsion. There
o BTSSR L STBY PELAP o1 S
ampld?einmd dctasl mhborcbmthgenotur dbimgirediativeoconei mapicompemsate for this

NN TSN R TR el I g

actuadlySie8ded. €O HRY pt&ide ﬂﬁ@hbé@gsa‘%? EBRadioh o Heth&@ éé(es at the time it
del ayed for nechanical and electrical reasons. For

ISne@kdﬁwﬂéePﬂﬂ@ﬂ@ﬂﬁ@?%@@ba’nechanlcal del ay between axis

[002?@0 ﬁg rﬁnﬁ eggﬁ%:egl:%%hip%m gg(f;illfegrgasf}gy &l'%zer%{}?e don?rol may
comptnefte E'd)t@ﬁbdldte‘l'e’;lYecbﬁlﬂberé NEhd pipdicti®d cahtiof hd§ipuyh the axes along
command to the servo anplifier and actual notion on
the progaampied irajepisy prdtic cpmpensation fiom the ynaching areslsl may gpmpensate
t
for a8 e S B AT DO PR RS AR Bl e e
positivaedtma befﬁfaea tlnmqumhoposdmﬂ;ﬁﬂ tnehﬁasmrmajmryect i on to

tjon axes at the tine jt.is needed on th
lOOZ%‘ﬂ r;PnttP SPwpensaing {(0@ oesintiveiesror.rie Aplstance gs)arrr)lbraw

cone@%ﬁ&ﬁ%ﬁo? hs$ in F@% ol X4, eAﬁ ?é?nagﬁl ? Bgltlﬁﬁﬁl‘eror that is not

onpensate for predictl recur
correptf:ddhycth@ peedmtive r:mitrqirayllbls'sated heF@amldamayr e further reduced by the

e e R A N L
pushésCBe akedeng e I@rdg@arﬁmé@ Eifject3ey Hhcpﬁle%@ﬁ%aﬁﬁéwé&ﬁﬁﬁ&@

may greatl|ly reduce t position error between the
compenpatont whiehicolreets &wcrepeméabller ma¢hiningtertayse tedF§C greatly reduces the

instantaneous position error (the deviation of the actual current position from the line/arc

trajectory). Random error correction is analogous to driving on a road and making small
adjustments to the steering wheel in order to compensate for variations in the surface of the

road and to thereby stay exactly in the center of the road.
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[00230] In addition to conpensating for predictive

error, the Tol erance Control may correct random error,
WwW@s006i10238t rated in Figure 15. Any remai ni ng poRCT/USIV06/010607

error that is not corrected by the predictive control

as illustrated in Figure 14 may be further reduced by

the randomerror correction nechanisns. By utilizin

[0023He Brecpftsetan/devirbion spsu g leam HherTaRdqmy Cpas preyrref & seRBgme s
furth@l A R aﬁ‘&ﬁ]{f @g&f HrRSHM el ; which may include

pre- measdr ed/~conput ed conpensat 1 on, 'ch corrects the
Propogipasit@hite] atgialiCogtrel, Derisative@onfiBC SyCaatd Acoeteativasind

he i S0 he devi ; f
Velogely Gan e PR S oA RRRs| EAGh S ert it srps

corre ARSI B Qs 18 Aes 2Bl Miul:Sbde@! 0gous to driving on a
road and nmeking small adjustnents to the steering

[00232{e eUnder Ryoptetiona) Contrpk Hegtositioo errpa magtheaneltiphed biea

surface.of the rpad .and to thereby stay exactly in-h .
propitigulevit P ECE B0 Sy T mGobeE G S Paietish ThO fosulting
randér8 TutrbétRG veliby tvRetoF AR 88 EYtiaeted FEH tHecRbellidtiv@brrédtiva

is further reduceddgi// usi ng random error correction

Vi

velogitye henfremsthe gpmatanded velerilyuwdheebp srdupe Hglersnt r ol |

t egr al n i vati.: [ . S- . .
ovz4 050k 0 Sl B D5 sEPLe0 b et  mociti
LaplMe t%isfo)‘m/h(ﬂgdtﬁlﬁﬂﬁie rid Sorrd_Ea'Gllg vﬂﬁe,_tdglﬁgle isr ;&nﬁ@rﬁbgﬂl llt@ the above-

. correction nechanisns is described jn turn bel ow. .
integrged BeyItLupmebe FHBREFY ke @i é’rqdl?thV@ (RIESCHPB HelgFihr
+ iphi i . N

confBbbS L0 B 02 AR 0P R R Bkl osiion
errorthatifetsisigjoverndeniod of timet iAvdiraceindegrelycontrot way nayse lwadesirable

.subtrgcted fromthe Predictive Coryrection velocity,.
oscilfaigh; A gy b SSRGS B BE e PR REPEBYE st b Btesrate
the poBifioR EfrBfs wittPRR3B lestbélgllationt egral Control , the

position error may be integrated using a nodified
[00284ip| HodertDeaxivative Foalrojos detivativavealue oé Bici nositipaletror magiibeadded to

BT SO
may Y18pR&t the daanyesTdesR ¥eloaCEiry) corfddgomDAnfartefitidlapdoaaetfriction may

transform al gorithm ma¥ elimnate position error that
be adsisd 49 inczease the damping engliisont ofthe sxstgmysocthatithe gystenp 1s steadier.

Thisﬁs? 3 i edTRY agﬁbﬁﬁgta&%g%ﬁh B3R a6vO 13,% fdjation. A I ower

uency no ace transtformati on may be used
[00288)] | UhégrSxCarviehcoeiesationand 8felavity Gértdol,rohatgdsés selocity that are

oscillation. [00234] Under rivative ntro, a.
defingdin {hgnapePrOSRTEOIGHT ¢ éstﬁbéyDﬁﬁeo%fﬁﬁweo?%eﬁeﬂ&%&E@ gy be
RLiRgISChirVeadclietfioh! e $EhuPR d¢eloitidaMRE bd duputed at each
connltsglﬁccliorﬁ %r ror c%r r gctil%on. %’ﬁi sl,l dan‘pgni ng may I npr op\lllee o eae
200 pdve contadli dycteyor sérvblugclRafitiusvEryrsorootio cordl iof the aAes motion and,
ultim%rtetlgf,fthg 5}?&'33 p\é)lsﬁi%?l l%l?ayfbrel pcrf)\lfiggd. "®¥urve acceleration provides a non-linear
acceleration method that softens and smoothes the transition between the at-velocity phase

and the acceleration/deceleration phase.
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be added to increase the danping coefficient of the
systemso that the systemis steadier. This is
weoucaedsent to a proportional plus derivative BPONUSINING010607
[ 00235] Under S-Curve Acceleration and Vel ocity
Control, changes in velocity that are defined in the
art ogramor are adjusted by the Additive Lookahead
[00236]q orﬁ ures v ecianefitsl typidalipshasge®ncphases, including increasing
e curve accel ratlo conput ed
R AT R R G e Ot

incredsiny dsceiaations oostamt d@éelérb]t@orﬁ&ﬁ@ déﬁiédsﬁfg @Rdleration.
| timat elﬁy%ﬁt he axes position may be provided. S-Curve

[00238c eNen-d B ConNfor pfrabuses ariigne-basad sehegeling weehanim. nBhusothe S-

Curvgt ve O%%p?é)-}lﬁ%ﬁéay?é an ghlt&ﬁé()ftat{glg%} e Etjl d G‘R@t\l\g g}e S(gﬁeduled

posﬁpjmmd VeBRBRB6 Thd IBCSisEsl theerweir@mbhlyol@g}ofAt é@ch\pheéll dyyle, the
seveq%ghases |nc udln |ncreaS|gg}accelerat|on

idealdGREPR RE Dy BERaRLTBneS CricHusS ititpad of Breshdudd posttion. Thus,
only ﬂfé&%‘l’ocﬁt?%lbﬂg&ﬁé tré(j@!:t@ﬁ} ﬁéé)is td Wéa?&ﬁét&g ﬁlCtﬁF %r@ﬁﬂinThe S-Curve
constant decel erati on; decreasi ng decel erati on
in th¢ @B@mtemnamr@l@nemnd am raab-tmegrodese- based
e. SCurv

nech ani sm Th
(0023 PN Y DSLTERAE Rt ' F taanEor phek Fisiengtery
contrioBcytdhe ’Blﬁb ﬁféﬂlﬁa‘?ﬁbr@ﬁﬁytehﬁﬂna%@ﬂle%ldéﬁy edror ARAmIBHMSRE may
the true arc technol ogy. At each control cycle, the

supperd sefne Fektimesaqueststsheh &y %F@@Y@r@e rpaysebeesumle @ofl aingtd step.

st I 0
ooz RS IR RO g AT Beeehs erbfe
acceléuaanm tdmﬁstﬁat@acalaatla'ﬂn&ie&e&iﬁg Bcdelerithm; Iﬁ%e&& EdoBFtafENE]defty);
process. 0238] The

ted as a real -
incregu B e Py, RSk deel achrr@smmaﬂma@@u@hmwasmg
accelgﬂaﬁbﬁ‘ﬁﬁz?se%ayelﬁaﬁ e & PORSEA: i g @rk yohi %céi@x%%ﬂ ('lj‘l’?ﬁ]am%early

elimnate the velocity error ccumJ atiron an
incregsgg pothe rsaximumesteltiation métdths trstia jak Jas \/feﬁim‘ty@m@hhcld@se asa

Ies and single step. [00239] The S-Curve in
quadl%%&%)}oﬂgggg?he typi cal seven phases of increasing
[00240] C gh eieAddnBint £RBISta®Bh pﬁ&s‘ée!h‘éfeqhéypﬂe n§REE NE J&Q may equal 0.

accel eration; at speed (constant velocity): ’Fncre %1

Accelggtionanayt ieonin ¢ dhsmanimute eeslckratiqnor clevity ey ineaskass a llnear

fu tfé)‘ﬁ qu atl on. The increasing accel eration phase may
ne Q1 € a constant initial jerk JO Accel eration may

[00241@ |Th tieeddcyeabing hedSe otidiOpHabe jefthaLHuar-Ce WieAtin PR (e t h
the initial jerk JO _Velocity ncrease as a
maxigyRGFt .@%@%mawy&nqaﬂw@ecrpmﬁm thermaimugnanselgration to 0

with @€ %@%ﬁﬁg%égﬁnﬁ%g&%eg ;S’?g)ﬁltﬂgyayﬁgcr{ggsej a";“%iﬁ[’u%draﬁ%m%ﬁﬂg of time.
[00242¢ c dh dreait ispaed piedeo rirk yndrm(:elemfoﬁ&ﬁ)&l &fuab(| MeRRIty is equal to the
final constant velocity.

[00243] | In the increasing deceleration phase, jerk may equal —J, wherein J is the maximum
jerk. Deceleration may linearly increase from 0 to the maximum deceleration with the
maximum jerk J. Velocity may decrease from the final velocity as a quadratic function of

time.
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function of tinme. [00241] In the decreasing
accel erati on phase, jerk may equal -J, wherein J is
WO b@erreesimmum j er k. Accel eration may |inearly JdBCT/88866/010607
fromthe maxi num acceleration to O with the negative
maxi mum jerk -J. Velocity may increase as a quadratic
function of tinme. [00242] In the at speed phase, jerk
[00244g brctbe censiant decclrsetipnarizas, tiere valy deinoyieiks 1.egjsst map equal 0.
t 43 n.the increasin
Decegé}gtl ﬂe 1?12 Irégl(r?]ﬁﬁ %g@lé n¥a§ckrﬁﬁﬁ1 (%CGI%I%% bjfoc% may;dgcrpaseas a inear
functidreoftinge.mum j erk Decel eration may linearly increase
O tq the, maxi mum decgl eration with the maxi mum

f
[002‘@ nithe geqrensing deqelsratian phassererk may emeal theapxipamier J.
| o1 s .
D L e SR R0 o
equal togh¢ magitkumgerk éq Nalocﬂy niyodeicsasd dsonquadyaticeimditionaf tiide

o021 e o dabind Riperasng obe Haf e ookacad slepmsin giscussed
abové el el b 0p ARaIRe td &k nTBRbNLDUFharidh qh%%ﬁig’ﬂi%ﬁc%rlﬁafbe used

Decel erati on may decrease linearly fromt
in thejecairee anplgmemt@tl@l i@ guranteekhasdharg issepoagh tistanbe innwsbichnton

e as a quadratic function
accelje%wdé]celer %E)g y%t%r g’év?lﬁg%f:%okahead processing, the
[00247di Inione ehQ;@KﬂIﬁEﬁ@CS eligerdobdpitaios GiHIRd (RO I§@’0fe:1ral variables,

attach a stop distance to each notion conmand.
such g gﬁta&f’%ﬁ%,tﬂ@éo HeRyessat the &giectory h@@g@ mm\ﬂee current pOSlthH to the
targel RIS dnfild? ARG dPBles R Tk SaRIBEHiln o
dlstamt t e en anétleoialiear thd D62 4lidtarice a&ﬁl@eeﬁ@ﬂﬁl oFRithandS-TEe WaRies of
di ut atéﬁ? éﬁ%ol ves, the use of several vari abl es,

lsta%cts’e _§oa dancs_lgh may yasyrdthdhe mskataneayserasiiop of the
hii R r
800 e BBGAE SRS OB 48 B0 e
com @pl(y@mmhs ntableing acnoodingl isthavebcity, ctq:oelaradoh hed ttel 4€udfe for the
sta ttached.tq the co he val ues

Comm eﬁ’ﬁﬂ'@ OBedlgtﬂﬁcesf?%“rﬁaﬁaé’rY@@’ Yq’ggt?h‘?n’é“l Gy with
[00248]'8 Wﬁéﬁ 2R100E QUBNRAS is ey Slectifag, ﬂ%@é}‘yr&%ntrM g‘cﬁ:bjrh% variables

st op_di st ance_requi red represents he frovi ng

stomd@éaylice&ft fied tt@mﬂlm@byregum@i fom¢hisraerhinaed magdmtanglatemi and

comphi3, {ehkdtng SREELEHOL, BRaBRCIIE LSS EHAEF st 26 apipe of

stop | vhstdi’acé thmle:HQﬁ(btte)ﬁouilﬂﬁ%ﬂ&e IWI@D 2voBLitIBisGAsBR elsfon
bei ng executed, at every control cycle, the variables
algorithm niay be used to calculate the velocity from the stop_ dlstance left, as described in

more detail below. When the value of stop_distance left is greater than the value of
stop_distance_required (enough distance is left), the velocity in each of the seven phases
may be calculated as described below.
[00249] In Phase 1, acceleration is increased linearly according to the initial jerk.
Acceleration may be calculated according to the equation:

acceleration;s; = acceleration; + JO x cycle time

wherein JO is the initial jerk and cycle_time is the time interval of each control cycle, which
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stop_di stance_|l eft and stop_distance_required for this
command may be cal cul ated and conpared. Wenever the
WO 2006802517 st op_di stance | eft is | ess than or ePUEIUS1006/010607
t he val ue of stop_di stance_required (not enough
di stance is left), a velocity/distance conversion
gorithm rmtynge used to calculate the velocity from

al ) |
may b aPrEpEiadRy a0 peect Sfelociiyds HekEsedrrgordingrioriae agaetgration value.
Velogﬁ} RIW%’ b%@l@}lfaré‘a AR tRiLRaist ance_l eft is greater
than the va 5

ue of stop_distance_required (enough
di st e L ) j i.n_each of the seven
ph‘Zesl(gdg&ﬁéySV&LO%Ez ’I%%‘fcgﬁéal ggccd éﬁséc{rll Sed bel ow. [00249]
Wheh Bcdelesttonlreactes eean@diimam asceladaticrn ftatay begaidased as follows:
according to the initial e%lérk. Accel eration may be
c alf é¥AcaleEonCEoRAriAM SceatatiRlatieB fet: accel eratioiii +
1z | erat cle tinme wherein JOis the
in?ctcggﬁ%ﬁogﬁgﬁgm?y%%lﬁlﬁfi s the tine interval of
and easgrPhesEri2.r ol cycl e, whi chmay be approxi mately 200

e elocity .is.increased .accordi Lot )
1002805 SnPf¢ el Ron GRRTCTE BES 2ectda ey, Uflogty may be
Calct@&g@g&bfmnggbﬂl%q@émﬁ;i on: velocityi+i = velocity; +

acceleration x cycle_tinme. Wen accel eration reaches
t heeloaityixmErrmelasiti emakinom_dceelemaiions cyelgritag.ed as

s W AFER Flen£ Vs SRR S0 R enfifhea by e

equagéti:er Phase 2. [00250] In Phase 2, acceleration equals
maxi mum accel eration, Velogity may be cal cul at ed

acliwpl avherityo velpsitqubd i dt vel oci tyi + = vel ocity; +
I ey A .

the aeccharats@estuhls thdprodoetal jeok and timle, ive] D t,tte equagbwabdvg may be
0.5 x J x t2, wherein J is the maximumjerk, and t is

rearr§nged@ine required to reach the final velocity. Since
£hex 39ahar AbAY SAss) Lhgabadupt of jerk and tine,
i.e., X r, t equat fon above may be rearranged as:

or 2 xJ x (final _velocity - velocity) = acceleration 2
or

acceleration = J 2J(final _velocity — velocity) .

If acceleration is less than the maximum_acceleration, then Phase 3 (decreasing

acceleration) may be entered.

[00251] In Phase 3, velocity may be calculated by the equations:

acceleration = J 2J(final _velocity —velocity)

velocityir = velocity; + acceleration x cycle_time.
If velocity reaches final velocity, then Phase 4 (steady state speed) may be entered.
[00252] In Phase 4, velocity equals the maximum_velocity, and acceleration equals 0.
[00253] In each of Phase 5 (increasing deceleration), Phase 6 (constant deceleration), and
Phase 7 (decreasing deceleration), the velocity may be calculated using a velocity/distance

conversion algorithm.
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acceleration = - 2J (final __ velocity - velocity)
If acceleration is |less than the nmaxi mum accel erati on,

wo b@a/1P5ase 3 (decreasi ng accel eration) may bePE€nUSI086010607
[00251] In Phase 3, velocity nmay be cal cul ated by the
equations: acceleration = J2J (final _ velocity -
vel ocity) velocityi+ = velocity + accel eration

g X
[00234]c| At the gentrelicyglsivhenithe yaue pletion idisiance el ds feys thap grequal to

P, ( . r
the ERRo0p 4 TR L F (BPER X AR RRNT e i3, 6 and
7), tReeRcaydistane equsdrsofalgbBhabihy be usakto cafculitmthe vBlocity from the
(i.ncreasing, decel eration), Phase 6 nst.ant. .
stop istgrce gl Sy KonipUEHEP Iod R Ph O SRa B dRyerived
below/ne velocity may be cal cul ated using a
vel ocity/ di stance conversion algorithm[00254] At the )
[00255]nt Siate 8yiree istacfunttive thatl defines the relatiafi batwaereveledity 4nd time, it
| ess than, or e%u |.to the val ue of
can heyrgpregantsdhycthe 8@61“1 E4PRe condition automatically
sa{,gl§éi{y&ssi OuRBages 5, 6 and 7), the velocity/distance ‘

conversion al gorithmmy be used to cal cul ate the
veledi bythercorrentriime taog 1atitshathe dimesyhen thpaatiop cpapteigli stops.

f one.enhodi nent. of ' i ri be .
The fge §iHiRHRG kT BllicR o bl PRbb AL GLE B9 F-L B he algorittm
may d@fsk Aigsvaliteof ®bpidishinch ereyeiasd tu ®k @qudlyo dredvaluendf,stapt distnce_left

be represented by the velocity equation: velocity =
by seleatipgaeprerey velostty.Upe the current tinme, and let t2 be

" the.t imne i 0Q.: I '
thepd mlﬂygfé%ﬁéa%fﬁgé ﬁl%m&é)&ﬂ?irrrrglt@_ % BLPBRS et ds ke

required e notion to co etely stop Is then
stop glistentebseqtiZed atttime fh&hakger distancaresquorad setimb & may becaldulated
top. di stance, yrequir.ed to.be egual t he.val ue of .
byt PEPAR P THIOBp SKEE I TEPRrapar Whf bl 1 hegpuation:
movh A GidhfleafgRired =t 1%, gRGhvae during t2 - Umay be
de?iﬁeé as rﬁé'gtop4ﬁ$§f&ncé§?equi(ed at time t\ . The,
The shayp edirstoanteéineedueireladombetwienestep jdistancetaad siaee Jiogsisgplicity,

by taking the integral of the velocity equation with
theeﬂé%tﬁ’é’ctflaf%e{%n{]ep "t as per the equation:

Stggpdﬁghﬁﬁgﬁgﬁﬁgy%&mqliniﬂt2 ti S Curve(t) dt. The
above equation defines the relation between
Thergfosp di st ance and time. For sinplicity,

t = Stop_Dis ' (stop_distance_required)
wherein Stop_Dis™ is the inverse function of Stop_Dis.
Substituting for t in the velocity equation yields:

velocity = S__curve(Stop_Dis'l(stop_distance_required)).
In order to make the value of stop_distance_required equal to the value of
stop_distance_left, the velocity may be set according to the equation:

velocity = S_curve(Stop_Dis'l(stop_distance_left)).
[00256] In a machine tool, different axes may have different maximum velocities. The
maximum velocity of the Z axis is usually lower than the maximum velocity of the X axis or

of the Y axis. Assume maxv_x, maxv_y and maxv_z are the maximum velocities for axes
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the equation my be rewitten as:
stop_distance required = Stop _Dis(t). Therefore, t =
WwW®E@p/1258 1( st op_di st ance_requi red) wherei n St BuT/DE®04/010607
is the inverse function of Stop_Dis. Substituting for
t in the velocity equation yields: velocity = S
St S 1(;stop_distance required)). In order to

%ﬂﬁ?@pe&m}@ a9l dals adfiestos it Breecimensigna gnade. tIbthetmeachine
toolVﬁé%@ alhg %ﬁeocﬁxééhéﬁ 8P &%) BEA the ﬁ&l%ﬁhoﬁig%%a\%g %)clty along

accor di ng to the equation: vel ocl
the @r@tlml(lgfchpvch &f@nﬁmbﬁmb)v):ctofdhﬁiQSG] In a machine tool,

di fferent ave fferent nmaxi num vel ociti es.
Thénmp% bga)('f’{} ﬂjr(émz ‘axis is usually | ower

h ta‘l;l}an t he maxi rrumvel ocity of the X axis or of the Y
The fupetionntss ¢ anping, om arpthieeydigensignal vunit seeion ke aneerl mumber. A

conéfa0iGE tw'a? %o H&Ernﬂﬁ@ $itfct] Xn ?mg)%leﬁ{ﬁﬁ REGLLYGLY 4 . and dny

is a vec I'n three- |nenS|ona ace. t he machi ne
to f dnv t hen t he
%@nﬂﬁyqﬁlﬂﬁagglksg%gé y anng the direction
d func e vecto dnv: .. | .
(002371 ink FaPhige éfagr}%? ofigit, elongfhe dimstion A e wbitrasy

direc@ionBepiod gmk| &18 With Brgﬁ%ndﬁeﬂi%f‘ $4185%8) f(éﬁ‘ﬁ'v} a{ @&l %s kR oﬁe unlt of
real nunber. A conservative way to det€rm ne funct

times then thegmeaphineteol wilkasrisie aomegrtain endfrfcdmby The ebtl p{)mtmvemltqng from
hi
ol pRie rou T Hiridns AR PR ortif y i g o 0

the Vtstioc&ytenmiopee CItRrshaips/of tad Selottherd e®ipé RBpMRIG toﬁr(thé/ Rineéd ¥ In this
ﬁ&ﬁvsi?él d noves for one unit of time, then the

case fag fistace 8¥n & §0d notntity éheaﬁﬂ%n @eﬁrqoglﬁﬁan@vﬁm{omamx Tasv_y,

max @10, Ak Bhs theRbdity v loBINA dpppssi bl e movi ng

diréctions w | | mensi onal surface,
IOOZWI]I cAnijaggresdiey stmthgyos Hmeh@theehe(mhlrteyocﬁm\Y@ngﬁtbcuEﬂ @mv with the

s RS 105 AT b BRSBTSt e
max¥ K¢ nfkl Of dhd Bady Qof&ﬁééﬂbelv A }H??&‘a\ég)ﬁhe Vt% %&ﬁ% hree-

,.and Thus thevelocity énvelope I's a sp
dimeppiong] ghbis diosewith lengtyd x inmaxy ox, moidth 2 hearagh |ané height 2 x maxv_z.

0023875 L1535 S0RY et 150 BSRTHS B350, DS heorans
Therane fomumk&dtykty;ordlnatlon types, in order of decreasing aggressiveness:
AXIS_VELOCITY_CUBIC_TYPE, AXIS_VELOCITY_CYLINDER TYPE,
AXIS_VELOCITY_ELLIPSE TYPE, and AXIS_VELOCITY_SPHERE TYPE. The TBC
may use AXIS_VELOCITY_ELLIPSE_TYPE. The velocity envelope of
AXIS_VELOCITY_ELLIPSE_TYPE is a three-dimensional ellipse, with X axis length
equal to 2 x maxv_x, Y axis length equal to 2 x maxv_y and Z axis length equal to 2 x
maxv_z.

[00260] The TBC supports the dynamic velocity adjustment. Under Dynamic Velocity
Adjustments, the Tolerance Control may monitor the position error and compare the error
with the specified tolerance. A safety level, defined as a percentage of the required

tolerance, may be used to control the position error. If the position error is beyond the safety
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maxv X, maxv_y and maxv_z, respectively. In this case,
the velocity envel ope is a threedi nensi onal cubic box,
wowdaok/1bBngt h 2 X maxv_x, width 2 x nmaxv_y, andPtiEUSH6/@10607
X maxv_z. [00259] The vel ocity envel ope can be used to
define the velocity coordi nate type of axes. There are
four velocity coordination types, .in order of .
levelgthe paesyelecitignreatpmaticdly :be&vrsgaﬁuwdpw_mév@ > the/pgsition error.

If the@gsgk{\rﬁ%% Jai%ﬁ ﬁ%%ﬁt&:ﬂg&s velocity may automatically be

increAdddSo Vitd QT vBIRCHERELITtHREyay] hiee HBQinamaybe allowed to run as fast as
IS VELOCI TY, ELLI PSE. JTYPE., The. [ . .
s S RS Y o SE oMPLD e A5 b3S S ORS: Oetciy

adjufnkhtigy b%és@dgnﬁﬁ%aglagsﬁgﬁﬁo&%%. to 2 x maxvjc, Y

axi s | ength equal X maxv_y and Z axis |ength
[0026HuaThe B motiendierned of fle@qreRht MiventiBAnajuiake thesmetinn commands

nam c vel oci ty .adjustnent. Under nam c Vel oci t.
fromly kst oot A R BRI o ReTa (o o B etory. The
TBCRASdH Qhtl sQlifféest fafiRah B totibh ebntydl il tHab R is a closed-loop
speci fied tol erance. A safety |level, defined as a

contgymteagkinggentssl. heompagispn betwesh apard &S metign pentrd @ad {HC motion
cont - sition error. If the position error is

cont%)g%&%gjwfi%iﬁéggg etylevel, the axes velocity nmay
automatically be decreased in order to reduce the

NonPXBC IM6oie Cofitrol ${ruthigeposi tion error is below the
safety Tevel, the axes velocity may automatically be

[002§§C F AL t{)‘ﬁgﬁzﬁ & tlfl‘éé-v\gi ¢ siofl Qhd traéé&totrl]‘,i rﬁm‘-"ﬁ%(? rhdtn control

chine may be allo o run as fast as” possible, or

systemeaaly Wesamposh ithegthetet dimensioma] abmiomgintch®/ Yiésixeeahd interpolate the

| er. The d ' | oci t dj ust t
LSRR . S o AR B
trajeBly Y K8 BRI fe@ibabldSndFe88RRNardvaRbI t8rabR s bAkendtit trajectory

~~ mot’ion commands fromthe | ookahead queue and control
indepdndently. ideallss ifeaach axis trachs itsreferense duarectarnpedecslyy the Tesalting

TBC notion contral, ., i fferent ~f.r om.nen- t i
threcyimepgongl ot Wpaiadse by SheER) B il 1F e sl of
distu@isecg) khovtn BOFRarei 390 dRbiEIR dits, PBedttacifg ¢Omdrimlly not

~and TBC notion _control is provided bel ow. Non-TBC
achigygblecind dante msly bsttragkipg cEropUmpBeqn the agiuglaxis otiensapd geference

. .ee-gdi i r.J i e . - ti .
S AT BB S O b £ BT B it
any eamnivout of cdobdi¥dtidnianoneshatided mtesr ffot ahjectoheofdarh Zxis may be

mpti.ogn wWth respect to tine. Ea axi.s _may have its
tracksgrivithoknpysing of eqrieerhat thesigte 0 ﬂwraéﬁ%o%@@%axes is. For

exanf#gt@,%@ﬁ lfftﬁ@ﬁgjzegtr%y RroNRdisGRU:Y Plargrebib@iKfordeSarVies behind its

ion traje
reference trajectory, there may be an attempt to track the preset trajectories of the other two

axes. The result is that even though the trajectory may be tracked perfectly though two of
the three axes, the actual contour that is achieved may still deviate from the reference
contour significantly.

[00263] The non-TBC motion control system illustrated in Figure 37 may be time

deterministic. That is, the x/y/z axis motion trajectories may be time based and the entire
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i ndependently. ldeally, if each axis tracks its
reference trajectory perfectly, the resulting
wo beoeaedirensi onal cont our woul d al so be perf ee€1/¥52006/010607

foll owed. Due to the existence of disturbances, shown
in Figure 37, and nodeling errors, perfect tracking is
nornel |y not achi evabl e and there may be tracking

systegy b grniniramngie bp aeqveatelydgterminer defasehands Fand_ ryeindfiemoesy indicate

' j o .m.nimze the
feed o GhBERBI s ok GUEQ Y e B PHAATR,  Sl R rRSgnd e
feedizob canthelterofor 2aEingsl thdthrédu:@e. Thesontdinerdckiig@hdyobe/oth loop in

ﬁﬁ h axis may be tracked w thout know ng or caring .

non-RGmets wngiok Miotippalopg spadealdhs thres senaraydbrandapgndanppithout
! " X

o R RYERils AR, RGO, DRASB GBS were may

be na teajneotloamong therazestalhdoemap banbanpmotion tvemokitli bigcular

. . ' [ f the.oth t ) . Th |t
T T
negaB@ily 8fbdtYrabRRYABCUHNS 2l sutSed QUagf. axes, the actual

contour that I's achi'eved may stil’l deviate fromthe
[00264f dngonel B masion conyeli the cemountrackd@asd) befowenrioop, BBCthere may

ve o B A8 DYl 3 Or R B Flonc

contduf ajA@GixempRso MR osiGinatedBndimasl piief it PRuUSRIIZHEE WhkRM Rference
. runtinme may be accurately determ ned beforehand. F_x,

trajeqtoty v Freuze 33a) 15 desoappecdiinwdine hesed asisritajestarios syfko(Figure

achof e ; - may. .
T e
and yeaxes to {Fik theintrajectorieaiidepandomtyy. OBwo differtt@psds Ard @ PresBited in
L) 'éoa tq%nt ol .. Mdbtion_along_each of the three axes
Flgu“ﬁﬁ% e i _a%ééﬁqﬁ’érﬂctw?% Y EmRH afeag erters, in bpthdeishtetese
howeBOiRe cORbLAR: OGS BB A PRLrA3d Sis rélﬁ‘ti\%tl}h%ér{vce@%g )g is

there may be no teamwrk arong the axes.
charagtgriged byt gayriragkieg ewotshin dothousmat y axdsebytdhat iisowo ¢omtouring error

npon- TBGC..not i ntrol, Df ent . dynam responses .in
o SR8 Rl 0, S0l Bt LB P Rl Eecai B St cro
in cadhdfiamaividilllytwithon® Sd6ordiRatitmld3g dﬁé&,'tﬂ@n&@‘?ﬁ@heﬁ&?system
contour tracking may be open | oop, and there may be no

may ¢ppgidghease lith ke mare degitableitharoersedr achi eved i s cl ose

0 ' referen caontour. An exanpl e of .
0020 R oS SFEERS 528 o Bl o
trajectoriesf ieMppniant kineh&idsdhrmiation| Eigd etrip8a) adcsletRioa RSk on,

into tj "ﬁ based axis trajectories: y=kt (Figure 38b)

may blgsty Witheitithg seatripi] acoplratighinimwagion, facion et distieguishes arc

tidFBYorh Pk . ot i . t rack.their
G e KR
effects ef cesepeteldfoiae raygotds c8Mipentatedass the dcuat kvl position aRg be
biaseg he gl%lialllyt—(gua%gvgllrcp re%tri&? crh?e ‘clor’]thep géntc]ri;))(etgnfgrc%. axes,
[00266] In non-TBC motion control, the dynamic response of each axis may affect the
contouring performance. If the dynamics are not matched with each other, e.g., some axis
responds faster than others or some axis responds slower than others, the actual contour may

distort or deviate from the desired contour.
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however the contouring error as shown in Figure 38d is
relatively large. Case 2 is characterized by | arger
WO e@6H023g7 errors in both x and y axes, but theP€T/US2000010607
contouring error at all shown in Figure 38d. Because
t he non-TBC notion control reduces the tracking error
i n each axis individually w thout any coordi nation
IBG Mation L entrok S{xuetyre TBC noti on syst em rray consi der
e han ¢ 00265
(0028E TS ol Rt BB AT B R0 5Bt ke-fintsmbes contour
into tfhﬂ@md&pamdetﬁ&ﬁﬂﬂbmedaxisr‘tﬁj]eﬁwirﬁm Rathet, MBY fdion control may
Ki n(gt}matl cs i nformatijon, ., centri pet al acceleration

compare SeActy ﬁontﬂ‘éryp%glqnd@lth 2 Wf?fﬁé‘iﬂ COnFRAIT @gh d@fcp@mala control signal
to mﬁﬁﬁ@ﬂe%@&dr%hr‘ e?lfo?r ORE e bodBndn?5F %C%&Eon o%wop&%y&r{g Js shown

arc notion fromline notions, true
nF lﬁé%oﬁsrdaalb&gmh mctcrimﬂauptesdnltmi lgfmnﬁxktlmeof In contrast, in the
t he

non-'i‘? ngP oer%cg lﬂ“ﬁg ét%fqt%rﬁ H&gltl Hb 18 g_ggens tagg scfa ars and are represented

byt}ﬁﬁlﬁh@d | y-outward direction due to the centri pet al
orce. [00266] In non-TBC notion control, the dynam c

[0026%15 p i EBGTMelierheqaiob strwpjura of Bigure 3emep ampiyi cogtour-based
feedl%%ﬁ g‘ﬁfsrf@&ﬁ.grwérﬁ coﬁ?old)ﬁlgrgnglgtéﬁr iz?cﬂcg{%rg?nﬁ{)%gﬁ t‘glﬁ,sae c;uhue arc

Some axi s r
motisiomey dx IpSsSilﬁSp Thaksis,shevwRi niahd8 comhtinded forl%lléﬁlta‘riaalrcuate trajectory

nt our i stort or deviate fromthe desired
rathe Hap e %’é{w NBEREHDICB rtes Iof Brean segments Bov@nrosiaate a curved
trajeéTBy. OFBE kLA lcoﬁitl? 1r10t b@\ﬁ(ﬁ% Vc?ett%”iﬁl‘i) Osié% g}?geqs?tcapable of on-

t hree- di nensi on our [ ee
the-ﬂyl ﬁcedrbiasadmsmems t raJ ectories. Rather, TBC notion
act ual contour position with a

t t
1002687 A vl Rl B 6 it Sichr A Bk oisesiss tiegaairoliey may read
the aBullll BhERr bbﬁtl@t@iﬂeﬁb'éfckeéd}%are géga\j\:mﬁﬂlt’g&%ﬁmggfthe Pg’{%rence contour,

motion control structure is sh
and fx1d ous theredossstaradntvasctho referanck Croamue $ceﬁketdtulaypdidﬂhcﬁk Th1s point is

aefingh e 0641 ERERH Bttieh DP3 7 TRE Pephaaner s Tk feptional

blockar feedfopwaaefeaibhckant Riigk friﬁ@ﬁ/ba&l@&%@%hp@f%%t&% MR8 in
contrql structure of Figure 39 may enploy

Figure #Riand deseaibed beleddback pl us feedforward control. The

[OOZﬁgntMV néf &gxlfﬂop%é i X]ilepceon%oﬂ? el%%y ceﬁﬁgatf:g%i 5 ued Hg)%ion based on

the I@b (meindied atmaléraﬂld)roan(hfel@cﬁ@LiﬁbGtht1foaﬂnﬁpérﬂft¥nge%hﬁledlrécﬁ&‘ih) and
é{fi Q&X’Vﬁﬁ‘fr med by a series of |inear segnents

- mey Plyth BBl eoradey aterafecesrol e r oty cool

signaf ONth A mdRE AR acﬁﬁ‘%t{,ﬂ ]‘H%e% dé a X a %UStQEQ fllate (svelomty) for

capabl e of onth
tolerance control purposes.

[00271] The controller may also calculate the tracking errors in both normal and tangential
directions at every cycle. The error in the normal direction is the distance from the actual
contour position to the ICP, i.e., the tolerance error or contour error. The error in the
tangential direction is defined as the amount of path length that the ICP lags behind.

Because the normal error may be important to the system performance, the TBC controller
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[00269] At every control cycle, such as every 200
m croseconds, the controller may read the actual

W@ eovbawsiposi tion feedback, conpare the actual PEDES100€©MO0607
with the reference contour, and find out the cl osest
poi nt on the reference contour to the actual position.
This point is defined as the ideal current position

may (nefyple twolifferent: feedblaek controliersciotithe rlohndeinﬂumgenmiadrrors and may

f eedb k d.s
convP y ?f%}t(‘?%:n; Q{o? g glquﬁg a (5)91 glg‘galr | |hﬁ St 1?:1%‘{'récalop rqnd backlash
compengation &y ﬁﬁﬁeﬁﬁﬁﬁwdﬁlﬂe abﬁir@d&f of kR indNdoctVery

control cycle, the controller may cal cul ate the
[002°s %aorﬁﬁacr%wﬂbé%@rbﬁmmom@wmﬁﬁb lap@dvantage of the TBC motion

contﬁ?i%%@él@gﬁdolgloﬁ%c\fﬂeoﬁ"h@él Po%ﬁat}oﬁf%&gggcaﬁlpgcéo ol may

tangenti a ections) nay inc
coordipate thedl theee aies amlrmrmmlztehbe ceBouretrofOF orosxainple) 1iahe x-axis has a

1 vel.oci t coné H E@ runtime feedrate adjuster
afgeﬁﬁ%}stm It ﬁﬁﬁé& {ﬂg‘ A TEISEeEH BAiCEah, gt@tbeféwemwould slow
dowd Q)rmét@lll BleaNS8s fRRbA Qb 1Y Hég-ﬁﬁﬁl cc[r%l&%&l]lovgygm gfgf'én% Lzﬁ{tour

é al so calculate the tracking errors in
The HRQ maetivgdistrich madlaisemnablnmmrcemehgn bgalse thd hentsipetal adceleration
ma Be nﬁ{er 1qlilrec nis the distance fromthe actual

y Rl &g TP the ICP, i.e., the tolerance error
[002131 CB¢th0dd the Bésiied nddiRneit E&h doftrb el BRI & the contour the ICP,

direction is defined as the anmount of Eath | engt h t hat
and thegury qubsysigya corchiion sugieasdhs tolerarc ¢ 8ysigm nmazwcblenger be
e h he TBC
cmo WSASLANL, 10,8, SO BRILRL A0S gl BEfpssvc. W
contaneidlerahdessrorfiobelbwehdgyenifledanbhe] thegedém d‘éed@ité ‘ﬁ{a§' WRNfcreased.
ert the tracking errors into a veloc

?YEIV

Convetshpy Biew F@rfgrltouq*rpée@mec%‘rqrreﬁefteﬂ@theéagclﬁamlagﬁhe feedrate may

b ARSI e BB S S U B LA i

feedratetwiole mzunttatrmhg thaconmueni ergeceatrot hethfBCspeoifiedraggenfor optimal
ed-| oop structure. The cl osed-1oop contour

e
SySteﬂIgEE?lﬁﬁr ?thgflt may coordinate the three axes and

[00274] NiTHeZBoti dhEkeBiR¥) Wre@éiﬁ@ﬁlotlg@f:orﬁfﬁﬁﬁ@ ffom 'léoﬂaﬁ@a&‘q&ﬁé 508.
has a large resisting force and | ags behind it

The mpetfesy eonpaands apaycgodhyough h@lemmbﬁaundwmamProoﬁdsnhgsdaiw

t e tion so.that the act
compfifie! S fBhGHn L Bk dhelP bloSRshRlrPote phue pRECHEH brofhe
motidoeken®d]. Bach @ns@a@by earry HR rédifiredRblecRncd 94184 &8 TBE control and

centri pet al accel erati on rmg e considered in the

the step distagre fqrdooyap coppyiasient be mosipn kernabmpy he axecutesrevery 200
usec § ARFSPbnidnhfent whORH éj%&?mﬁ Bge Pégég gl (%11%8{ l1CP, and

e current systemcon 51 er ance
[0027éﬂ r diigure é 1151588'atenbnaymb0dlhﬁng®ﬂ a tethbd Me0@lef ®e Prevest ihGention
ver, X ffeedr at e adj ust nent, may he
for eXﬁsl\équ‘ﬂ xgotl% q{n?lhg a first step 1602, an element is taken from lookahead
queue 208. The element may be the motion command to be executed next. Next, in step
1604, a routine may be used to initialize and calculate some variables and parameters which
are needed for executing the command just taken in step 1602. In step 1606, a routine that is

the main part of the motion kernel is executed. The routine of step 1606 may perform the
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contour/tolerance error is below the specified val ue,

the system feedrate nay be increased. Conversely, when
w0 b@eamstipur/ t ol erance error exceeds the speci PCBUS2006/010607

val ue, the feedrate may be reduced such that the error

is also reduced. In other words, the system nay

maxim ze the feedrate while maintaining the
prediciive ptrone ires aiscroves flgrangerdentioandfeEvesdmpatagiont & step 1608,
[ : i . ..[.00274] The
s o) UL 8 i BB BB L s
completadaifsn] operatien RG8turikdeo BIRHI1602 coBRBMEtEhéraotdd command from
1 kt hr %h t%ggerlgnce under st andi n% processing, data
00 8]6??‘8 E45 Ay 4304 ORFRRBIISAfugHAC sisB R A tedroptigeeperfargance of

the pREdigti® M6IAE 1R aRhEG, Plefai&e %Hﬁt OF’ A K€Ul e @E@&P%t}onmc

command nay ‘carry the 'require ol erance va
[002¢6ht Bisp 1606 maydngudptvaingt substeps axr deSerthedvbelogmpd refeirdd to in

e T
anal@sotivetier (DXC) &mifthiil) 6La 3&vh hin ﬁfi&a@o?ﬁnﬁﬂﬂ%og ng\gitﬂ‘f)ﬂfse width

of .a nethod 1600 of the present invention
modglation, pchdigalronirels ard driues. ThesatwentssubsteppnibgOR pegformed within

taihSqt I ahea uepe 8. The el ement
sorv o S 1+ B Ellr e A pR G PR R Gt Re e mation R be
leadscreve tiepbdofidh campenshiede may be used to initialize and
002?{@' cyl ate sone variabl es and paraneters which are
[ edeP YT SeOmSEN 1 AnRlysis pepe rman in Pient2. tMwrismparticubarlyp four
: 6 s Ao [ t ] e [ art o
comp s iy Vo e el ARl ol B it Th Yo e
currenRegendial pevingrdirectien tiedpasitiona] dofidtion, frérh Ue: idé4] pdBYiBn; and the
tolertoI erance control and S-Curve conputation. In step
%8@, %% routine may det erm ne whether the execution of

[00278]e Sidp BeRdIudRPeFBrARBTRNdshHAS &é@%o@%{%k&ﬁfoﬁd Thhfée}gsglstance

operation is returned'to step 160 e anot
requirgst to sanpeRIREMdME delay linthleahigand npyebrecdgBited, indititis lag distance

[ is returned, tp.step. 16Q6 .t o _continue
may BESARH 18 TheSort ERATI IR 168 ol 6 Roct Dy s Curve.
[00279| eS-@nee: wleityQon@slds Serforined if Seapus. at
S%ecg%mglg may t:ynclnu_destﬁewenty_s}ubg%t”%@ekt gr%és)tegleiég%@aybe
caleufpteday a Bimationelstor@istency avcriding lesheas Cumek. 4The outpwrisiesiative
[ nmmand into a servo anplifier

Spee(%l?Sﬁ?gl\és{a%ugﬁ)aeﬁg%hg%ﬁ@gfter (DAC) command, or a servo
[0028¥p| Mbdiied Eaplaeattadshormasion whd finpertRepmidiiive 08184 p@Pormed in
St ﬁgghdl ital 61r{:oontrol and drives. These twenty substeps

°p UL M EIOREY MAY OR iepiaded By sromodlifiedLaplage transgormation.

Tangéital Efgdiéti%'coﬂﬁﬁirﬁd dd ?'bt ai ned, and the position
may be | back

eadscrew a ash conpensated. [00277]
[00283p s iSterh inghuive velpcignadmsi foriagepeVélocirebmponShe s be computed

for eaM% "%isP aIrhte icgl%bg{alti}gﬁ mfag)f Lﬂ)[a based on the velocity calculated at step 4 and the
tangential moving direction computed at step 2.

[00282]  Acceleration is estimated in Step 7. The centripetal force as well as the
compensation vector for the centripetal compensation may be estimated. The order, i.e.,

sequence, of Steps 5 through 7 is arbitrary and may be changed in the program code.
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conmput ati ons nmay be made: the ideal current position

on the arc or line trajectory; the current tangenti al
wWorewicngesdi recti on; the positional deviation frpoT/UE®06/010607

i deal position; and the tol erance error. [00278] Step

3 includes performng | ag distance del ay conpensati on.

|_a jstance required to conpensate time delay in
W‘”&Ei %émc%s ptERAtg predictiverempensatioa in whivhdhe eentmpyetal

' lgh ihs,US to .
coufEy 00 WACOoLIR PLODRE W0h Ot S s and
be usesl focidsyarclant rol is perforned in Step 4. The tool

oci be cal cul ated. as. a function of sto
002}, F o JBY B0 C e S ion e Comprecd Dt moving
dired’tﬁin&ﬁeg%’lﬁe sRaed forhé‘éd{ill'i@uﬁ‘th\é%éﬂl@?@%tﬂ%@nrgo‘gﬁgg t(;]'imgl)ejﬁrtrlthtl the

[ 00280] Modified Laplace transformtio tan
leadsprenyibaeklash posittonaiompensativf.oftepd 1iincl&iapyigous irivtion kE@Astion in

. i be estimated by the nodified Lapl ace
Wh“%ﬁ?&ellér)lg %I%IWE%{%HS eggﬂaég%_ti al predictive control may be
[002885d eBtep[100RSLesThRdorR ehrBCe I8 oY M PHEdMs %’chnoéonfegtrion. The

axes. Vel ocity conponents may be conputed for eac
randgup; egror pREecHORHEEtRr sl bewgloblatadasmtithe visches frietion intay be added

theregé‘.l culated at step 4 and the tangential noving _
Irection conputed at step 2. [00282] Acceleration is

[00286]t i AmuedinienveSioity adjusihent Gepurforped 8l SepN S e [As dWRhhind8 whether
he 1LR& compensat i.o ve%t or for the centripetal
the p(?@ﬁ‘ﬁ’é e’ ’E%Sd’iﬁlﬂﬂ’é@‘f’osé b talerancedevetn ¥ sor thervelocity slow down function
‘ bedly y .1 S arhi [ d be
e H ke Pelerint e R Nn fubdief Lol wiRE w5
decreasartheivsbicitly apeardingtyi. ve conpensation in which the

ntg,i al .conpensation, vector may be added to
0028 B 54 Bt b gais S feufion g whictriap ganseant aai the first
orde"@din, ke $6266ld bRler EBREAIGHe cdRNRE4 baih gnc@t A aicgl?z}tée&meln Step 15,

current noving direction i s conplte
machigg yikgptigns meyibeanatsigeds compedatdd far andsokelinginagdt he

a i tabl es. to i.npl ene t.he
02482 R IPRRLAL AL b Rk TRETE e T spdom ereor
correctial vebes MaysEOmStplieg bl e RAUIARL dON The f’éfﬁﬂ&rh_e%ﬁ correction
error velocity is estimated. [00285] Step 12 includes
vector Iy e teicated @ad/pr arnlisd tamelogifscous friction

0028997 'E&Ld gqgm rrection vectar be

[ 8Cya?ll cul atpgg?’ t%@ngﬂ{;ﬁ /1S 21%&5{8 efrg‘i? cteﬁg’x i\ aﬁ’é@é&@_ggplace

transfonmetitmo. St 02 Sdludes munort saftiationl f6et o ATHSD A HoliaBe change
lg)eéforrgaq[in SteP Jﬁl It is determ ned whether

may be detected at every cycle. The DAC voltage value may be truncated if it is too high.

[00290] Velocity coordination may be performed in Step 19. Machine movement for axes

may be coordinated with non-uniform maximum velocities.

[00291] In Step 20, a velocity command, ranging from -10 to +10 volts, may be
transmitted in order to control velocity.

[00292] The table below illustrates which of the twenty steps are performed in converting
three types of motion commands into a servo amplifier DAC command. A "Rapid Line"

motion command initiates a straight line move that may be executed at the maximum
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order to achi eve maxi mum al | owabl e speed, maxi num
al | onabl e accel erati on, maxi mum al | owabl e

waleweliesat i on, nmaxi mum al | owabl e start jerk, apdr/vs2006/010607
maxi mum al | owabl e endj erk. Snoot hi ng/ Conpr essi on

control paraneters are also adjustable within a
reasonable range in order to achieve first grder

——T—ot

ISSWDMOMT@NTQ&FQ{h limit (séefents |l ongefest han val ueY&te
not Peoiastibhed) , first order snoothing angle lijmt

19 (ahykRsity @ogekinadtioan [val ueYes e notff snodfdsed) , Isecondes

2007 0S& oedihe ng Tength Tived, and/or dadsa conpressien

Of7/On control. Wbtor speed ad) ustnment paraneters nay
be manual |y adjustable to achieve M- nultiplier _
[00293] . €The ERBC Xagpiendernel why axdephoyed el 2 wigds vaxiepeeeNE machine

maxi num speed i served), and/or B -, copsta L
platfGiF ¥ g kP et GNCT SR E: R Ee Bt hORT Lo pptimize the
contrSPEPERGAIah & Hor a PHARNIS nERAIY pl@PoritBor ey irbempiite Yedjustment of

a machine class, and may be manual |y nodifiable as
theserpatseaters Bynefaried te entoINgGai ns may i ncl ude

002 SRR SR ARG RBRLL o RGP Ol bt

inclu@ngi9-Caitvie @0ftrolgachrheys Vsmhatgisingeympressien somival pafatmeters, motor
notion response. Lastly, the speed/radius tol erance .
speed: e HIMERE NAGUREIBTSt drpEnio eyl spisaBe erprediadiisdpgaace felation
n 2 ;. , _ )
ool 35 S TR EEMALL A A AR e
ordert togehibes makintuno thewaldy seed) marifuguallwable raelgratioey makimum

R S i g e b
Smo&ﬂﬂg)‘@drﬁﬁ@&s‘i&ﬂcog%@ﬁgmgfeﬁf £ ﬁitsﬁ ghj%lstfagﬁaﬁﬁiin BeéfbRable range in

executing any notion conmand, BC notion ker nel
ordemmyachiewelfitsh erdepsmeettingrengih imjtAsegrentylopaetthyn vatpeare not

LR TN T —
secotBordesnddihiag Whethemeidd/6r Riecontpragidmedif@h cottidl. Mutar speed

~nmotion command is finished, For a |line notion, the SPN
adjusimgntparamgtens Ay manvaiy iedmsieblery aghena Mormylgpligt{ge., at X

shq LN Fi 41, ' il . ' j
e RSB By B 488 A8 A 1)
driftiap @djt%i_ﬁﬁei' for ga&lhﬁ(éﬁ@lr}]écﬁayi_ckmf:@edmpdnw:tieﬂ).aEyhaIdicmtl‘&dl gajns may

5 0 ; .
gt on il and Shpun Lo ELoyLe fop i Ch LIRSS e
gainst,dlrrﬁgy Hﬁ!l&deq{ng(ﬁ%%fé&g% g@i‘ﬁt FanQdters NEx&sSivOlyigh PRSP the

rection, nds for the center of the arc.
time/response gain parameters may cause oscillations, and low values may cause slow/soft

motion response. Lastly, the speed/radius tolerance relation lookup table may be preset for
each class of machines, and may be manually adjusted as necessary. The above-described
tuning parameters may be listed together with other system configuration parameters in a

configuration file which may be read and interpreted during the system configuration time.

TBC Geometry Analysis
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[ 00297] The stopper position Psi may be cal cul ated as
i ndi cated by equation (8) for both line and arc
woeakamsi7 (8) Ps P -Us -SPN Real -ti ne Geonet r yPANHE3086/610607

[ 00298] At each control cycle, the TBC notion kernel

may read the actual contour (tool) position feedback

Ptl_and c are tlhe actual position with the reference
MOt‘BBrﬁ‘HﬁF‘aflgr{?DrieH’o“% ¥ deal current position (ICP),

contour/tol erance error (en) and the distance_to_go d
[00295]0 Béferasexspying any[rgagonmands thei TRC mstioskemehaiay load the

geonet .S _shown | [ , ich | r '
comF B Fabie B Dty r8Y S pfiet pudit oot (SR B dltStopper
positiondhgabeealbyiated itthe s ad)siedad thdPhe uded)thidugls tHetdntiRséxecuting

_SPN >(10) en - (Ptl _- Psi) -._d SPN wherein <a,b>is
periogpatif ohipw ermmpeh isdiished: Epr & lingmotier+the SBN mpy ke calculated
s inditefBy By eiick3e) &Rl shoBflh Bigheq Aoyl i phated HEiHrEnton
geometrytpte-andlggper position of the i notion segnent, and

SPNis the unit direction vector of stopper plane

normal (SPN) direction. Equation (9) nmay be
©6) i ngpppLefiad@s the distance d being equal to the

| ength ‘HR-F‘EH Psi in the SPN direction. [00300J For an

arc notion, because the actual contour or tool

sition may not be t he ar l.ane,. the t.ool .
00288331 hineh idonan.fy SPR el s S BS souption qyana
showeid F&urs ab Cwhidh RthisBatel AdiB@iR0domebdtpad-afdlydis, Wher@APN stands
as shown in Figures 44a-b, which are illustrative of
for therunitdirdctian yewerafithe ansalansingrmyliditection,apd € stmds for thp penter of
thear<cpt| -G, APN >-APN Equation (11) may be interpreted
as P'tl being equal to the unit arc plane nornal
direction vector APN being nultiplied by a difference
bet ween vectorp,(lEt(j‘-Ci) and the vector <Ptl-G, APN>.
(7) [OG@N&-‘H@VVM'H is the projection of (Ptl-G)
on the arc pl ane. “@hce the vector P'tl is found on the
arc plane, then ICP, the unit tangential and radial
[0028f7]r eTlié stoppee pbsition Bii madaycbedralcudateld avintieated bylegnatioms(8) for both
. error en (also referred to as the normal error) may be
line andiag¢ FOHOBS-as i ndi cated in equations (12), (13), (14)
and (15).

(8)  Ps,=P—ds,-SPN,

Real-time Geometry Analysis

[00298] At each control cycle, the TBC motion kernel may read the actual contour (tool)
position feedback Ptl and compare the actual position with the reference contour to find the

ideal current position (ICP), contour/tolerance error (e,) and the distance to_go d (to the

stopper).

[00299] For a line motion, the geometry is shown in Figure 43, which illustrates line
motion geometry analysis, and may be calculated as indicated by equations (9) and (10).
) d =< Ptl - Psi, SPN >
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(12) dr = \P'tl (13) ICP =C +R -dr (14) dt =drxAPN
(15) en =Pt1-1CP [00302] In order to calculate the
waelk@bamse7 to _go, i.e., the path Iength from | QRCT/US100€010607

stopper, the arc |length between | CP and target point
Pi may first be calculated. Any arc that is nore than
180 degrees may be cut into two arcs. The
(10)g; ﬁza'r@jél“tgs@odrrﬁlﬁvbe cal cul at edby use of the
follow ng three equations (16), (17) and (18). The

neani n s Qf the variables of equations (16), (17) and
Whe(ei%fa ys B iamer qupdustionpt Yeckasacingd veetor b. Ehys né& 414aa-yb, za), and

VRN d =2 T v
0% %bﬁ] éﬁe&%%’?g ace e?§+3’? ?%bn+ g%ozﬂﬁ i %[IS ghe%)’ﬂf ¥ ‘?Sﬁéoe'i‘r Psiis the
stoppergmiseoatof oire rmbﬁmﬁsdghﬂht aad SBNSs ﬂl@dm&m&ﬂﬁﬁvéo?& of stopper
he  at -t he-speed phase and the

transi.t et ween
plang gl P AR o) M oo errieled ay erdigences debsing equal
to the Ferfodl ¥EP708¢E BUSE SPREJIREGS! er ati on/ decel eration part
ofrgﬁé vel ocity proflfe ﬁ@is-shaped i nstead of |inear.
[00304] The S Curve vel OCI ty profile usually has seven

[003@5@8? | e TGt SI n acce %l%n Constto%g 0kt ay not be on th
3 PGS e PG bR Bfooposijamemey :
arc Pl SRIObOIHoIRIA B0 @3 p&ﬁ@%ﬁ%]ﬁ{o e %‘Fé Bl%ﬁﬁé a@ ﬁiay%@‘ti,alculated as

decreasi ng decel erati on.
in 1‘@@)‘-’!‘51{19@911@%% Abandeds shewn llIhElggﬁﬂsléiﬂ&é) Wdllcrjjlemerlhisﬁfatlve of arc

ctories, i.e., schedul ed position,
mot16ﬁ‘ Q&E ,aﬁaﬁgﬂe?eeratl on and so on. The S-Curve is

tlnebased and i npl enented outside the control 1oop

(11)(reakzg@p{p_ggLng)_clThgpﬁB;@]@Jr ve controller may be
different fromthe Non-TBC S-Cirve controller. At each

ont e, he di s an e to go, the TBC
Equ%o&?@gng%ﬁ F%S‘?YPE‘? dﬁaé?j t&é?l&% P iilé UaETG Rlane aogwl dipection
t@RIPR GeRIgehatibR Eiwkk
VeCtrajectory % e&# C?ggﬁﬁﬁﬁgbcont?gfﬁgfﬁﬂféﬂandﬂw\wcmr<Pﬂ(h

Ngti st ance- based and i npl enented as a real tinme process.
The velocity may be cal cul ated fromthe instantaneous
pat h di stance at every control cycle. This mechani sm

[0030HY TiechietortHe iy BlePedjbitioRloTQPH-ETFoHMHe ﬁlﬁne BOHBY vector Pt
al so support sonme real tine requests suc
is foge g cfarcyplane then ICP, the unit tangentlal and radial direction vectors dt and dr,

and contour/tolerance error e, (also referred to as the normal error) may be determined as
indicated in equations (12), (13), (14) and (15).

Pl
|Pal]
(13) ICP=Ci+R-dr
(14)  dt=drx APN
(15) e =Pt~ ICP

(12) dr=

[00302] In order to calculate the distance_to_go, i.e., the path length from ICP to the

stopper, the arc length between ICP and target point Pi may first be calculated. Any arc that

is more than 180 degrees may be cut into two arcs. The distance to_ go may be calculated
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feedrate adjustnent, feed override, pause, resune and

single step. [00306] A flow chart of one enbodi nent of
wa@20vetisd7 of operation 4500 of a TBC S-Curve cpait/Usiohe010607

is shown in Figure 45. In a first step 4502, the flag

is checked to see if the current systemstatus is

"accel erate"” or "decelerate." If the status is

by usd @é&ee‘iouwmgdb@ﬁ@gu@wnp(kﬁ)e@a)sando(1§i e pheoymesningy,of; the variables of
h
con RS T s it B Al e SR

The stop_di stance _required may be defined as the
m ni gum di st ance that the tool would travel according
ﬂ6)tol¥g¥P8-6@?le before the system could bring the too
to a“sto The stop distance may be a function of
(17)cu5L%ﬂ{-1E_b§ed and acceleration. In step 4506, if the
gi ven dilskRance_to_go "d" is greater than the
Us)Stggéﬂﬂﬁﬁéﬁce required "dO', which nmeans that it is
safe to continue to nove formard t hen operation
proceeds to step 4512 to calculate the desired
TBCHE-Cak € Qohaolland vel ocity. Otherwise, if the
di stance_to_go "d" is Iess t han the
stop_di stance_required "dO', which neans the system
Stg | ' ftens and
s e R R e ep
smootf38he Basitimmebetweendths pathespea puse axtd the an@tlergh@rddece eration

s X0 B B RSP AR A or

velo&{é/%ﬁl)ﬁfe% SdpedTBitean bR liRAK MRy be modi 1 ed i n step
so that the system does not overshoot. Two

[003@H]s t Birec® Eurat! Veénmtydgoﬁwmily&ay seMeTPhasPst dnceasig aceqleration;
N
cons@g&%c%ﬁlgg S ?8?{8?%‘& aécaolt aglogg rgfgstpggd ctseég % L(’ié(]e(ferat%r? Ronstant

decelpdtonOhrlEdecredsiag ddédlgration.t he current system st atus and
the critical distances cal cul ated beforehand, the
[003@5]cuNow TRCaBetion eantral YSRPBHRIRY Psaihg Saererde gengpe peffrence

trajeé)tgrﬁ?s? ? F MR8 el BositiGe V%ﬁ%%&@@&@l%ﬁ&l EIII&F%OSOIPU'EH@S -Curve is time-

runs in réal care nmay
base@ Bﬁd.lfn@lélhaﬂite(ﬂ betslzle nhe ainitret lodp ésahtitme portiam)t Toé TB&I SxCurve

conil 0 s B GO AL LR CUr S8y SR e NBR °le

base& t)R Y\ﬂeod’i’%}flﬁc% tQ VERITHERE 38R0l 18 may BalthI@R Hie &bired velocity

y feedrate adj ustment and user override is
and ea:pdleradadn alonggherefeti®, contvuntigiasiond TenlBadaturve controller may

be ci@s B o ShAEeR S S bl R AyScshl nhE iRy B o htated
from"_tﬁé H@faﬂtaﬁ@éﬁsrﬂlth fisRdcdarevedytotirgngick. aris ﬁi@blﬁb&ls[nﬁ)ﬂﬁg) fdduce the

forward may be based on the ideal current
Velogtysetrtqr@pa(ml@@t)lon Thé max|adsg| suppBhsaspe real time requests such as on-the-fly

feedrate adjustment, feed override, pause, resume and single step.

[00306] A flow chart of one embodiment of a method of operation 4500 of a TBC

S-Curve controller is shown in Figure 45. In a first step 4502, the flag is checked to see if
the current system status is "accelerate” or "decelerate.” If the status is decelerate, operation

proceeds to step 4512. On the other hand, if the current status is "accelerate", the
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the three feed forward parts, i.e., normnal
accel erati on FFan, tangential velocity FFvt, and
wo avgamsial accel eration FFat, is shown in Fi geeBUSBN6/010607
which illustrates velocity and accel eration
feedforward. In Figure 46, "d" represents the
di stance_to_go obtai ned fromthe geonetry anal ysis;
stop_ éustzinch  required is aaécpﬂaégcémstmﬁi% dhgstapi distaael required may be

o 5L BRRETE) oS SE B AT RIS SR vt

the sy3tedt é’cﬁﬁ&bﬁﬁ%ﬂﬂe &8l t6 8 spPIReSRipalisthnge kel bya functie of current
system nmay be conputed and added to the dlstance t%m%;%
Speedta@daipealcretlm a S&ﬂﬁ@ﬁsﬁﬂ&jglmﬂs@lé‘i%%ﬁ_t&%@ fl & greater thai the
tro 5} r
stop_RnES reifeft o8, PRGLAEEl i 18 SOTERALE R, o3t ARG, then
operafio eds taBRpaASHL B late the deseaadehlerdtioajaad tvelogi
P ﬁgﬁicb dp aballae e desved) j logity.
The accel eragl on a on_line ﬂ PANT e
Othetare ifhe digtapge fngoufl {5 lessiantbesiory PlRgeT SHd, " ik
0,
e e e g . e g
is sett@dgetetratahn steje 458 Bdconseahe distance te gt dolis mt@%ﬁt en:qnah for the

t b
systeRa e A LA PR D T ) STo e LR e ML &
accel&%b&‘r)' IMxinQRAREk Bnay R rﬁdkﬁﬁ@d‘in éi AFNiotsy thattthe b)&&tm does not
ocCity comand, and add a ictive conpensation
overshnd)‘ro "EWredIS‘@uwaﬂedlv@ldodﬁ mghl@bmh@ usndtt@ deteql r%é Styrve phase, may
t i.al
s SRR et AR LSS AT Sy SpRRSLRRLEL Hiho e

contr¥B&t NccOidikbRGhandrdit epyi@s stahs and mlgeaﬂtwal dlv’aahmslcalculated
vector vt 4614. Because the ser emt ake

beforglange fheys- @werp@asee iR e1ocien AR fach e OV & 8 Qﬁ%@%ﬁ}eﬂ in step
b t f

23RS €SS ch B

contréNé@nivel sofiran b&t @ft dath eWhemthel tetabinov{n@@ﬁs];ax]ceﬁfdle motion

{
comrg:fgis (rglp Eﬂ%lgyleal(?:ﬁ%fe)%g% ao&%}'t?@le %?s]f%m ma&x{pe@g o glo:\fvﬁgwn % prbe¥fent
data &%ﬁbrp efnte ffﬁi%l S{-Bel BN fTBM1RTj it B E vk@VEeetiddT8 applied. In
rc center opposi te of the radial/nornmal
step @aneam advancéhendinear jérkentcdlontian-yelgaity (Re¥ X filiey inppnlicd do
t he .t angﬁent ial. acceleration may be applied to

remo(YBFRPe‘?GPsetlﬂ SEHOP S eration into a suitable

control signal FFan. Runti me Feedrate Adj uster (m
TBAPRArwhitd Conidi e or "on-the-fly" feedrate adjuster
—T5 aunigue rteature of TBC notion control, and is not

avai l able in other control systens. The non-TBC,
Feed Forevdrd Sighalomid Glains

[00307] Feed forward may be based on the ideal current position (ICP). The calculation of
the three feed forward parts, i.e., normal acceleration FFan, tangential velocity FEvt, and
tangential acceleration FFat, is shown in Figure 46, which illustrates velocity and
acceleration feedforward. In Figure 46, "d" represents the distance_to_go obtained from the
geometry analysis; and dt and dr represent unit tangential and radial/normal direction

vectors, respectively.
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strategy's reference contour trajectory is
predet erm ned outside the control |oop, and no
woe@cflozsat i on can be done inside the control |POPUS1006/010607
contrast, the TBC notion kernel may not have any
predeterm ned reference trajectories, and desired
nmotion may be determ ned inside the control |oop_at
[00308)v elrya agniistmice cympensbisrebloon 4607 theleg distansg seqired to

conditiopn. Thys, the runti feedr j .
compepegie Rt Tw0R1 rfr B b PEnbERf afd Suf g ket R eo o
arrive 39% ESibeRaftldi®thcand-Giliee tsltalllec4604emby prosive itincompenkesed
efined as the instantaneous random posjtion error o
distancohret ecaladate theotesirqheelpgitt wandareslgiation ad bath yndis 4f sca
1 g{ror.é taI so referred to sinply as the "position
along e GGHSCOY,Y be thought of as the deviation of the

[00309Ft Uak a6ddleriitin Deslifid 4606fmanbd ineltipdisd b thd unitthagantial direction
trajectory. The runtime feedrate adju onpar e .

vecton dalopes PIHF Bp GHREREE S0 YT abARI | LI 0 By werd gain
Lol &r ! ldrhi@dh R1K8"a dontrB] @8N FFRERhich is

Kaff, P88 @ oés%gt eé%ng{eﬂtgalgg%é%r t?CgId ér r c?r t ol erglﬁdée, t he

acceptabld bymbefsewdispdtemadj ust er may sl ow down the feedrate

to inprove tracking.acc cy. On the.other o
100310 p Mpcied Eadra Sk AR v ol a8 bl B o o te
currerft%fdcftg ‘%\qﬂﬂ%tgfe%&? cothfand, Uitliade afpedistatecoatjetsition imayhe S-

Increase the feedrate to inprove the system
curvetvelositg lopmmandente reduoy fhetthrgenieldtrokingteriors éBe compensated

jncreased if .the posi.tion er L t L]
slock SO RRGH b 1 4B PR R epaRgBilied e

tangeRGAVBRRRY veiof NRIAAS BebABe telsefvd sysiehnnikestthe velpeity ¢antw!
error tolerance. It is possible, in one enbodi

t,.to
comnraatls,inechishetecontersion deydredrcadechior the: Vol HeaigF- g&??ﬁr forgard
. ver mal k. - . ' I L i level.
zain | 40IRIE 1> 172 igh AL B Epdt oh llerBlsR D the same lev
[003119 0 3] cehBpetali Bdcelepation ad st & nadgjbesteulated /bybthe gircular motion
constr ai nezd optim zati on nmechanism That is, under the
physi6®ASL, A= /Igf Thb ecraapdtaluict dlahtomnny berdirecteditawdrd tize arc center
speci fied nge, the runtine feedrate adjuster may
and oBBEdi 0 Aehd PBial/BeHAURedtRNnA e 8¥iBe gt foRvard waindaff as applied to
roughput. TBC Feedback Control Normal Error Feedback.
the taBgeritiab hcaslaratioviamayabs @pptiad fo qqn)ve{t@‘@%li(s}na*rﬁ@el%&tw& mto a suitable
err.or or contour/tol erance error, may be defined
Contr‘?x];s‘m%?h%rt est distance fromthe current tool
position to the reference contour, and TBC notion

Run@?%?grmxﬁggw@)t his error. Because this is a

I mensional érror, the coordinated noti on of the
r axes toget her dsmy, kd of THE moti
ons 31 i ab SR bR (PSR SRTR A Bapacibuitof ThE motin
contrBH @hd it lavaik®te iniother benttalrsystahs.r ThahomARC, siveshased eonirol

included in the . ) .
strategy’s reference contour trajectory is predetermined outside the control loop, and no

ars)

modification can be done inside the control loop. In contrast, the TBC motion kernel may
not have any predetermined reference trajectories, and desired motion may be determined

inside the control loop at every control cycle based on the current system condition. Thus,
the runtime feedrate adjuster may be possible.
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trajectories and in the cal culations. Thus, where

three dinensions or three axes are referred to in the
walc@eussion below, it is to be understood thatPeh®S2006/010607

di scussion is equally applicable to nulti-dinensiona

systens including nore than three di nensions and nore

than three axes. [00316] A fundanent al d| fference
[00313¢t WRherdli fferenaEEtanen the actialfmmeet ResHianAnd;the tdgakcugreat position
nt.r gl
ey QG0 5 GRS Bt JFSERRLES? of Uhrncs cror, e
instarthied@s tahdepaitdaivh ofvor,alsvatiemrd to sintly amﬂledbssmdmeeltdrf’ omay be
axes W t hout _any know edge of the contaour r}
thought pE#s thHevitien e FURlGHEIEBH RoSTNENE Fis 4681rﬁf§{)ne arc trajectory.
The rﬁhﬁ1§8 ey ?géﬁsc‘tér B c&ﬁﬁaﬁ?ﬂfg ﬁ'ﬂéﬁﬁnﬁeﬁkance error to the specified error
our/t ance error he "actual position of the
tolerdnge) Ifrthy pdmtl&em@ds higgathem e taf closertocthaxperifigd error tolerance,

t hr ee- di nensj. ona iti.on error. bet
the ryoR Rk RE B SO FRUe R ' PB4 TRk BB A gracy: On
the oﬁl%ﬁhz{ 1fﬁH§ laltrlnoi@ sﬂlfalléﬂ"tﬁar{ Qﬁdl nbto8 8loke &, thdetilfice lésace, the
én be cal cul ated. A three-dinensional position

runtime rfmdr&tc gdiaktermpy frebecase ﬂ}@dnectrm te imprgvethesystga throughput.
Genekf AR5t GF ot RS REA Bnf P, B8 5ot B pecinon

error(ﬂﬁ%ﬁg@ Rhd 4RoHetdef thb @ nthyRristragld ipfripgosition eroois above the
As described herein, and illustrated her

spec1¢;;,e3 nrroraioﬂqmsee Aeipresible.in ae cabodifenb ﬁ%rlotdagl‘e@%edﬁ feedrate even
if the[ec&é%)f?]eﬂﬁglsl g C?’lée‘zt;i# lb?{ &9t tjﬂé fgy Catef 1nGPeta§ke5ﬁ’eﬂ&% the

romt escription,
:&e&ﬁﬁﬂk@pbmmmwmenable noti on along one aX|s to affect
ion contraol along the otger t wo S |n r% tiﬁ%ﬁmn

(00314, The wagetasArae afiveier X8y F?ﬁ@n%@ﬂ SPUTHE BT
That ?so r&h&é}l th® I:or{sﬁ inflbf fhe oMbuAbRancbRAvl REnPe éﬁ&hffé@ Rhrdgel the

I nc e conpensating for inter-axes effects,
runtmedhecha;te adjuster pry abaxioize the RedrABEO Aohisenoptonal spstemdroughput.
Because of the |ack of conpensation for centri petal
force, a tool controlled by a non-TBC net hod may
travel radially outward of a desired
arcuate trajectory. [00318] As shown in Fig. 47, which

N°“ﬂ8¢ pior e EIpA YRR NI lbuc ERECS | COT Le,
vl 0 S8 R COR e 1o ST e e
d1staH@é)ﬁ‘§ﬁ1rt SRAdnY 8ot pAlien {ofih& e conforit AR PBC haridha6kirol

contr ol er Cn nmay pr ovide system stability and reduce
may réuce dnsrairone rBesause[thiy D jhrehdimeasioad| cerogahp ceordingied mgfion of

e e B BB B LSRN THELAEL by AOSSBLIBL
dimeiBe8 8, widheaddaidaar adehSn 8@ forth I’Mtothﬁonal axes, are included in the
trajectories and in the calculations. Thus, where three dimensions or three axes are referred
to in the discussion below, it is to be understood that the discussion is equally applicable to
multi-dimensional systems including more than three dimensions and more than three axes.
[00316] A fundamental difference between the TBC and the non-TBC control is that the

non-TBC control typically decomposes the three-dimensional reference contour trajectory
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needed to correct the normal error. The larger the
gain, the nore quickly the normal error nmay be
w@orocacetsetl. Tangential Error Feedback Control PODBRB)D6/010607
At each control cycle, the TBC may generate a
tangential velocity command. The integration of the
tangential velocity comands nay produce a position _on
into thriee indeperdenicaxiomoboms, anth¢atirolfethe Huee oesivithoatany knowledge of

L T

three di:REAstdaI EdhRdUr/t6lefanes ErrPOSTHel aotual b&Sjort of thérenod uraydetsensed
target point. A feedback controller OB 4004 (Fiqure .. ¢

alongzayh atiireecrgs eAthiec RERSIMAAPOSHILTTOTHCHY N a‘%&éﬂ Fppigon o

the toggglp Gﬁ%gg §§ th%ftl%lfreg ?xér%%i}dﬁ I ?ig%ié&%smt JrthStooPR3th oﬂh{% tHi8axes

con in Wo parts: tangentia

may 1@Eti BE cAlesiaiedc i thowetdinlensionhl positien emorr signal depindent upon the
control. Instead of treating the two.erro t he,sa

caloulpiotilge fires, A ionglRASHIR ERRag e edtRy, TRe presd ABdEr

direct %?f A€ 16l hR e c%@r@ll&?&lﬁeﬁ@e%? h6 @itké-alrh@fsional position error

A essing a'respective one of the two errors. Afirst |
signat.eAs descfibed héreindarfd dlusirated haveinrveittt vasious geamplss.dhiegrdymensional

.is that the nqrmal .error be npre inpportant than
POSIt{OH@“PEﬁfB@hﬁ‘F glaﬁag?tpg $y i"HC ?g\? oré?a@erng%{g?ﬁg accuracy and
[0038Y" fRLR cldaP it 8Y abde/des@iiflioh/TUBCroonoli g biabikegnotien along one

pllaced on the normal error. A second reason for the
axis toiaffeetmotion cansiohalong die athes tw@xes ingpal tine, i fatharpway be

.. servo system.may .have |1 nagd i trol

it G Pa B AR B0 bt TYmbn contr

may hétriftludl vispenbamhgtiof fredrents éffetd)andh asarhirpletat farceray THE
used for treating normal and tangential e

Th
motieropaniiol By oBeratsp ORthy I CRMBRRTANAY fRRReBEIReEY Foreg adpo!
conﬁ%géwreg nBE—?@t@ﬁ@thoh%%@r\{gteﬁﬁﬁ@&ﬂﬁgavemﬁ?all urRard @88 ldesired

use 0 correct rmal error than fangenti al
arcu®é trajectognd the normal error may be reduced faster than

TN CRIR IR A W o TR et e

nornaPAS oI HAB @ nldtbh ¢BRES RAY 1RQ vIBhbREaGDfRbdRIck cdtrol to address
correct the stick friction effect, the TBC notion

the nkanalerroma¥heismoramay be kaléulated inthe cephiareseeonietry pRalkysis 4002
_ t of be tri d i . -
(Figig Dbk apseipasiack St SEE CF i T At Rihaty GBI Ed fouce the

normiD&r§0NMPENsation profile may have a notch shape, wth
the height and width of the notch being a function of
[0031%e Vi vaiable ganuit A2 meg be adunolign of Botgtaggeatial velocity and normal

accefege%o%f: tL%E)Xcﬂy speaking, the faster the system moves, the larger the gain that is
needed to correct the normal error. The larger the gain, the more quickly the normal error

may be corrected.

Tangential Error Feedback Control

[00320] At each control cycle, the TBC may generate a tangential velocity command. The

integration of the tangential velocity commands may produce a position on the reference
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[00323] Leadscrews may be used in machine tools as a
mechani cal transm ssion to convert rotary notion into

wo 2ovean2smpt i on. The inaccuracy of the ball scre@@/Esmo6/010607
backl ash nmay need to be conpensated. The position
val ues used by the notion kernel may be all | eadscrew
and backl ash conpensated according to the | eadscrew

conteipwhish maydieconsidersd 2 curra tagairaistan the rekﬂemuke mgzom The
ans BRI RS S0 TR el ALl Ml b o

the cuﬁmiteﬂgaﬁpdlﬁads&ewchackﬂram hag04 (Kipue oy eAg3ERE the
The conpensation bl ock nay al so conpensate for the

tangelfiabgrqry ¢t on. TBC Control Signal Protection [00325]
The TBC notion control signal may be the sum of the

Ditrer ERCDL MR EkHONES OF il BRAFecliifd ERHARREK cONt T O

si'gna ion conpensa on signal .

[00353 o’{‘}&"ﬁ%ﬁg?e(%gpél?%n%ﬁgt ol I&L’glrlfgi t 2 t ne Seuralvgrrosf fgéd%ack

contrBl é&kﬂﬁiﬂn@ﬂerﬁfr%&%ﬁél@cdmﬂbl besRA ()Pfrgﬁglgttﬁe R)V(%x‘iiors the same or
over | oadi the machi ne. The protection procedure may

equallydwgdee @fmérpklers inpes] bmprngldad farrtle erserepwith eadhrfeedbagk

G n chan raLe. The servo sys
contlIF QR o HePREle RS o i R S Por S iR
treatlﬁét&nﬂeher t&to&ermﬂyls cledt Iﬂ%lﬁkﬁﬁﬁl é@or may be more 1mportant than the
accel eration/ decel eration. Although the S Curve

tangeagak Greqrin Fﬂ%g)f tragkang areuEpcy éne slartfac& AR bys andhus mome
i RI r
welglgtlcrﬁ%“Fé ]r)rg dC(antr]%é '('relblltlﬂal% ‘gg " R @c&l{a %o %orot‘}ﬁg ggt%éﬁglﬁq{ga{ ent of
the tvas etrom akiha'gthe seroo sysead haykhavd liatited panes sind $theKbe des1rab1e to
friction congensatlon and. so on. In order to avoid

use the RANih o ioEe Waapgn g’hg}gérﬁratag Bty 0 ghtferenl feadhask Fontrollers
BObdedTor trdhging ABFA and t Rapge Y
may GPhicRRor (hcifing AOHAR apd R0 RANRS TR Rrer 100 b fave
hlghep; bandvoidth @cfmtcralynammmsexbemw spealhng,shoﬂed;prvbi}mwer may be
used RSP p GBI, R Rt it B St iy g
fasterdthatt the tigehedltekr@n procedure may be to linit the
control signal. Both the DAC and the servo system may
be capabl e of receiving only limted control signal
gl ni ang Bagkilashf empemsationf t he current control
connand exceeds this threshold, then steps may be
urate the current con nd to the
1003275 < TheioPe bR i SieonSerpblnnyiicacs on 1% FodseRamirol. To
corre&li tRG SRR fﬁ@u&f‘@ff&mﬁéj TRE! ﬁuoﬁ’cﬁn &rﬁﬁ%e 17480 %c%fog;ecompensator
present invention for nachining a piece 1
This eamepansatonmapbe triggartdsvhencuraxisothapgesiits éteonf diractiod, i., across a

s SO 38R 50 Lo 5B
w1dth1&fQEe n@BlbENS b Finfios @ BRI eldelty @id tHeTbEM cutvhhirE o trajectory.

10s, which
[00323] Leadscrews may %/e used in machine tools as a mechanical transmission to convert

rotary motion into linear motion. The inaccuracy of the ball screw and backlash may need
to be compensated. The position values used by the motion kernel may be all leadscrew and

backlash compensated according to the leadscrew mapping tables.
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be in the formof encoders. [00328] The machi ne too
retains and carries cutting tool 1708 while the

W@ iobi1mF1t ool rotates and engages the work pi eBET/USH06/010607
i ndi cated by the dashed |ine between the work piece
and the cutting tool in Figure 17. The machi ne too

provi des a nounting approach, andli near/rotatj onal
[0032d] i Tbe apppersetion bloclk may determing th%@frrenwwmgdlfeas?n Fehieh may

be neq{%f} e][?n?I g %e lre Y& m'agﬁ) H%HHI@E) ?{é é?nerﬁ”ﬂ%d@é’w}%‘ﬁcklash

ero atrn I'e nmechani sm (not shown)
pos1t12f!>‘ﬁ1 b&ﬁpé@ﬁtl&ﬁ "Biid cd@pedsation bleek anayxalso crfmpdmeatﬁrﬁ@ihﬁ gtick friction.
The geonetric orientation of the cutting tool
W|th respect to the work piece may be fixed due to its

TBC Gonttal Signab Preteefiotbn t he z-axis. [00329] As is typical

of nost notion control cards, controller card 1704

i_nclud t 1712, 17 6
o SRS R 0 M U s
the feg&Ba‘éE%oﬂt?&@lg’iﬁﬂarﬁptﬁb blickfris e 6 6618pdnéafon sigml dBefdresending the

facilitate conmuni cations. Servo drives 1706@@& ?
controloignapiosibe sar7o system thyeugh digitalrfq-analpgconystprs 8- protection

procegiu}tt 3 %ﬁreor 17@%0 %&?&#BV&R%&EI&Q?% FracKifH! TROPIRELEBA Procedure

ar e icted on controller card
may hZRde 106 eteh) inchadifig & fint stebloé dirraumgt}nfcomh stgnahelthnging rate.
f

or the rotation of cutting tool, 1
The seooryHaREnAGFRseiNE theayelority sommang, arﬁ%ge eﬁiﬁﬂlﬁ}g&% fhgpee rate may
correéﬂo%% elgﬁ'ﬁ\‘iﬁeﬁlt‘ﬁﬁﬁ% H @k !setusa contial 4 nﬂlﬁdake the

ervo grlves must ofte e converted into )
accelappiowiededdratidointredccoldy it exsdibpogsibledhat the-oveaalbeoniiel sigaal may

e F RS HE T T PSR AR P
ﬁlCtl?J]QM‘}‘l&rISyﬁ(ﬁT ah @330 n\R8dr 18ihgbditi @kceraifigiih€ s vo bystam tiyecity and

Penti um Based PC, do not support analo %
for Smwtha@fﬁm,n, ﬂl@tcomﬂlﬂl signal gfangp satpmayibedingitsde S hahis, if dpegdifference

esent di scret
betwigt e pig ap Pl chufe) (Bris bRRuSa [N i Ant
comrBSHH £18Y b6 BhfteBs that theGffFrBACL I8 smtaoerd dt mhesthershold t he
cl ockw se direction at its maxi num ?gé%ql?o voIt1 n1 Both
[00326i]r Aseenidaseptafshepypiestion Biocefursmay éﬁb £ eoRyrqliegal. Bot

the I%%eg #&? HJO% E‘t q‘g%«f@apﬁﬂl@\bﬂéc%ﬁqﬁé%ﬁly fintitt8 ¥RIrdl signal input

ers e notor i s cohversion of

up tod mﬂhﬁmﬁ @momtnmﬁnhe catréd mopﬂumlpmman@mt@ﬂﬁ dlzis @hrﬁshotda éhen steps
i ndustry and often perforcﬂe the |3$ut/outco grb

may h kP 1 $ARTRIS The FHIFODE PRI SPRan te fhgpaampym goiy

[0035’@n (& gf'lfellc?lla )'%Ibig Qil;?%gmjo?%ﬁé emﬁo&iﬁ{éhﬁéieﬁmﬁéﬂm@ﬂm of the present

Sonme control cards
inventiveobponahieing aGRUk PIR4 156& MachinarldOdrinebidgs 2 powrgligr in the form

ofa (tzor}ltroller card 1704, an actuator in the form of servo drives 1706x, 1706y, 1706z,

1706s, a cutting tool 1708, and position sensors 1710x, 1710y, 1710z and 1710s, which may
be in the form of encoders.

[00328] The machine tool retains and carries cutting tool 1708 while the cutting tool
rotates and engages the work piece, as indicated by the dashed line between the work piece

and the cutting tool in Figure 17. The machine tool provides a mounting approach and
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execution of prograns and control algorithnms. The PMAC
offered by Delta Tau and the DMC-1700 by Galil Mdtion
w@eowbnadsi7 | nc. of Mountain View, Calif, is typPCHUSDNG6010607
cards incorporating a CPU and nenory. The servo
transducer 5-axis PCB Assenbly (part no.
415- 0622-001), offered by Hurco Conpanies, |nc.
lineay/piationa @ yesapproagh forthy cfing ieok Guttingdoeldi 708 s the mweriah

o e TP B

showtnm ehithUnanbe axvhed toahe rlarisadtigunachingtool. Wihecdeohlvtyc afiditation
s.. The dj fference between

e or. .t hese se Vi C
of th\? ﬁ‘@ggg ?%ai Wé@ﬁ???oj‘afrtgtt OWErK RieasMaspps fiyeddie tofits gpamtigg gosition
ontheS-&fs. |1 ttl e consequence to a programmer inplenmenting
the tol erance based control technology of this
[00329 v e isdypicalnd niast sgtian pmrtrcdfcaltdh,ametrohﬂmanb hicet iacldd¢she

t t t d
conn§8 17187178 A eGBR 72 ainStiebr SebinireonReSiterd g to
servodivak [130®hnd égbsi’tlcﬁf REKTS 17‘@)’1@ RES o %ﬁtﬁﬁ@oﬁf?ﬁuﬁ&hﬁoﬁg K€ervo

of brevity. To si rrphf&bthe expl anati on of
drivep AVt moVEiviuk @icey 13pbinstherLy mizz;amsdmdemtewummeool 1708

I r n t ro 170
sbou SR bl PR 0% TR 451 269 BN O ar
1704 pgrer fat em oMbl @)L mbiideand sid qvsthPotafibre s Bsht ﬁoblswos
crosoft Corporation of Rednond Wash ngton may
but Og‘?b ‘Eﬂfo Byrations pissaRpseiRle- dihgspmmpcatiop Signa temgmged Between

contrbpé{r%ﬁfd Piva fd's @@oa@gg?@ ?hét%?teﬁgécﬁﬂe 8%93( dﬁfp%ggpnate

Systens of Sunnyv cou
formatmpooexamgple) Ewnrewatu‘a'tomqmrsmﬁ amacdo®ioltdge 11@5113 Sighiillbeeween -10

| ... Th f er systemto use
volts gﬁ%% ¥?]ﬁse‘i°ed(9?§ﬁ’ﬁel ai%g" h%hf?f%@‘ ﬁ’%ff teLs s %‘é‘ggl ;) (W8 par adi gum
[00330g PVIES d‘i’glta‘l B@m@ﬁ’t@ffs‘ GRd he Mt pdaing BALdip®: Ao ?‘3 %QH analog

routinely y those skilled in the art o
voltaggssbletmtr‘b]zg grcamﬁpﬁgltsaﬁcmescj@@ agrs) Gpnesaited By idiscreerooliage levels

t I
5 VDR 8 B BB s SR B SR S e
comnhiZddr @b®S to Spidh thBICldcRIVEE ANSEH OB 'i‘ﬁ’éum&rﬁ%%eecf @QQ%I@ in our
l[imtation ings; 1734, other data? as I's commonly
example) fhsyeo eﬁ}onpégms eryRsentiegithisregnest wou ddfavp tobe eenvieried to the

+10 \Ioﬂ%?%}% U.lll:)&‘? tBé(%Bkﬁl% b 1%%%%%5%&110&’ 31%]}17 ;‘lsqgr gc?rplr%%mtcgtlon

ositions o iece
purpaﬁesr BGtandme,in Itlﬁsméaﬁtﬂy\/ﬁﬂ)ofteﬁpeﬂfﬂtdmaﬁaiﬂde yput/Betpda $AE thodule of
lin s beéyﬁyp t he 03|t|on nsors and the work piece
the cquyfof FOeAT > pag VPauede (1718l @Rand 52 ifehpisted for
each B%lollE@Bxisensors 1710k, 1710y, 1710z sense the
positions of three respective ballscrew nechani snms
[00331hotSogtecaamjrot ¢eads mcmxperatma/@BUel 734 and ion+bioag] raémass] 726Gbr the

execu%irc}gvt\)ﬂaroogfra&qsh gndm 7 ?rlo aelgorlt(l?nms ]itllxg PMAC offered by Delta Tau and the
DMC-1700 by Galil Motion Control, Inc. of Mountain View, Calif. is typical of cards

incorporating a CPU and memory. The servo transducer 5-axis PCB Assembly (part no.
415-0622-001), offered by Hurco Companies, Inc. of Indianapolis, Ind., may be used as the

control card in the exemplary embodiment. This Hurco servo transducer does not have an
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work piece is attached to one of the positioning

slides, which, by the nature of the cascaded nounti ng
wappeaexsh? of all of the positioning slides, pePoi/US20061@€10607

wor k piece to be noved in two directions, i.e., the x

and y directions. Thus, the position of the work piece

in the x-y plane may be deduced from know edge of

onbogiH&rRU e mggoRy bu@éélZﬁ%thaQPé&ﬁ@dn@mom@f the atvanyter into which
k f 1 t
ey B SGREEAO RS L A0 e

primagttp oré of cost ehdisiof fisihd qenbeiueto hipeoweminep luﬁﬁl%mehﬁﬁg the
bal | screw rrechanl snsand .t he positioning slides. Gven

tolerange, pased goptgeldechnglogyioh die myeitnmn i he inteSeation Oh these eompnents
and 42k Hol B WHIOE Rro? quggﬁ’ﬁlnﬁoﬁé Etbﬁa@l %§§Jué %e% is well

sense thé position o e z-axis (t
understol it tlevartrebieadutainof Wi processdial e bednhemittcd darthe sukletdf brevity.

To sigplipt i Ralhdie o ool Ebfbuc ey a1 T eI pemory 1726

physi@dllyCiatderfted bR Rlotibd @8ntrddTaldndipgat ed by the dashed line
bet'ween position sensor 1710s and the cutting tool in

[00332] gJn éhelcxenmpdary eimbadisesens @naulmmmmg Qp‘eiﬂmg sysE@z(0S)7Hios

wind 7 SR by RS0 B B0l T ! R e
empl GRATOF ﬁmjhﬁnghéf&I‘goﬁfhﬁlél 16131611{&‘:18%&11& iBnte dRa6H-time OS, like
depicted in Figure 1 0334 igure 25 illustrates a

RTX pHereddyBrsdy Ssteps of Swalep ol £0 e alse beased inprgving the run
time SR04t AERORIS SR LSl o bl S e

and whiathen ot motFd gmpk)y]lﬂultlataﬁlamgﬂradlgml depatids o thenaflicatiOn at iind
IS . nt| the tool is

.(5,1.6 I n
and iR BBl G ytth%setsgﬁfjgﬂn v HSOMDRfes §y Hipm programming
and dbdikt.| ébnt@ﬁx%ﬂ T Ql@mol’:}pﬁﬁxﬁ Ibhe. aré%r Etgpitgﬁ '5?3(131%93 relevan’ﬁ to the

comanded to follow the target to rom .
task apbarid (1328 (an'rAqu()ormmar(cEanﬂ ;ﬁ)lmtmdﬂqdratas 4780 NG Oderaace

act.u of .the tool ensed_ after. the
comnRg TP e B tion meapRigs R PR Aple s cogponly employed
b b WRilleQ &% tHel 281 b B at point Bis sensed. In a
ypeal?lnal gtep 25081§ﬁ0$518é??tool subpath fromthe actua

[00333] s iPopigian isenserd 11 05t 16d Uy.ol 7d 87 sanse themospim@sl pEwiorkepiece 1702 in

e 2R SO B, R T BB S Ry ron

sensorsSand&h@ Wloﬂt pidcd i Kigure €71 M@t ppiitiedia€lly] MnelehModirhdht, position
nt_ of the tool. The predictive errors that are

sensofsok HAEt Kl Oral7 192 sense Sha/rasisions af tiie teprectiug ballserencmpchanisms
(not sROVRY tﬁaﬁh%qngvabi osﬁ ?F@ sgld?f @r%i %}g{dvr}) tp ﬁlegr['-?cqu&e t't ég The

errors be enp ore

work pacg Estaﬁtaohﬂd tpanh of thelpdelltlbmﬂlg @Hdes| GORBSby Elegiatl&e 8fthe cascaded
ustra er met hod 2600 of the present

moun lﬂ% %?Rf%%‘ %&Qfgﬂ PISLIPIISRe PPt the F’@ﬁ’é piecy thgippered in

two dik€etiont, i, fthé §tan§51%ﬁegtﬁ91§ TRLE %e‘:ﬁds‘i’tﬁ)necffftﬁ’é Solpiece in the x-y

nmovenent of
plane may be deduced from knowledge of where the work piece is attached to the x and y

positioning slides and knowledge of the positions of the ballscrew mechanisms. There is

generally a fixed geometric relationship between the work piece, the ballscrew mechanisms
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tool are enpirically determ ned. In the exanple shown
in Figure 12, predictive errors in the novenent of the
WO owb/1008y7 have been enpirically determ ned thrpomis2006/010607
testing before the machine tool has arrived at (1,4,0)
or before the nachine tool has even gotten within
roximty of the work piece. The enpirical
and fgépeﬁﬁpwag isbdesméiiverctbalthe Fotatingipindle meghanism g attached to the z-

ry~l f h.t
wis SERORAL YA Bo Bt Sens 17107 o8 STRE T BN Pt B
dlrequbn)jbaﬂscm mecrhansmm&ndh&andblﬁeﬂﬂdmeammﬁlomrdﬁtEeﬂtuttmg tool along
er.at or humd| for e anple. In step

the 2 fo bg dupedndoetin sessy ’m’é st tietetakignlPopiign of cuting tool

1708594 ﬁf&ﬁﬁ@d@s tﬁé’aésthb&’ﬁnéﬁ&%énc' dsftiéh SRYor M8 add Be cuttin éool in
positions Sf hachi ne f ool 1708 and transmt oassocl ats

Figureoki. tRasitiagi sgnwirs 1 T10xCPU sz?EZIl Oas] Hés orayttehsmitagsncidted @osition

. fi t 2606, the of .the tpol are
signalt B 1264 SRIORBEHS Ak 10 h s T11dalTpscss GRieqisgrs 1710
may pfcﬁﬂi’d&thb‘f’@sﬁbﬁ PESIbAREdEAASPIR IBERRIS | N the actual

venents of the tool. For exanple, the tool nay be

[003%14]r eligaep A lélﬁgtrqt%ﬁag@@thp@ 860G offbaphesentsuvdntion as dessribed above

i P RIS PSS ORI A ¥ . e

exampre/ﬂmiwmln ]?ﬁgmd a3cd fahed toad pma fidnh (11,4,09 &y @NGE) ik Adektifled. €in step
a first ste 2702, an act ual position of the

In
25041 %ltO%Iflﬁ é?malaﬁdqutp f%lﬂovaﬂ& tergat ool pash fiopyreivitiad position. For
I
canf SO P SEGSAR AT, NGB OB b SRR pion
(1,4,@ to$.8roniNest, it step 2306) 8n aNBxltpositi’onsdf ¢l 36D sermel aftgethe
| at ed pased o

tion o cal
comBaHlife: e e Pl b Bishiro B oh gRACPRHIQBA heipol ¢ point B i
senséao TRETRA Step 2508 %QQ‘g@ttthlesuﬁ'ﬁ_éftH RO a"cﬁﬁfcjg&‘lt?d}f iQ 'é§lchlﬁted to
the novenments of theé tool. For exanple
corre@bfoa: pregiasive @rrg@t in mwemeo‘mfﬁh@t(médFomanmiﬁs attarget tool subpath

1202300 fehebat Bod T It s B el o Bar B Rt piErfive gfors
movehadip 0N gt t8olf qfhe?ﬁ&iﬂét%le%rsﬁthﬁtocfré cORELtERMEP Bt &I raﬁj?&hérg along

the novenents of tool. 1708, Target position T nmay
the patk bty eanapinty ArandiFaiforexemplep 1, Ithe gredictipoemers @ay be

f r bei ng on
ety SO AELAT L2088 A5l 9G54, 0,
[0033’(53 1 1§mreaa‘6t 1Husttalm agbthecinstholl 260@ opthegr&khti@veaitioras described
the servo. In a fflgnal step 2706,. the sensing

abOV%\W&tlhcfgf eERica {9 Higusst bp dn afstsspetti@dpiegictise paprsio mavemest of the
tool 26 eltnB?rlJaﬁ9 ldetefRne® Xﬁlﬂﬂﬂle @xegfn@@ sﬂ&@%ﬁﬂ Fiuf 1 dZt EFE&E&RI% eftbrs in the

each poi nts C, nse
movenzang ef tlpdsmltmamllava%e@eemmlrlcaiﬂsad(ﬂeknaﬁécbthr@rgﬁ tbﬂmgdbeﬂme the

machit o s B vt OO DHGHE B TBERTS B0l B T8 EgiELHbn
prox1hﬁt3ﬁfﬂth@ﬁfoﬂ<§%1§&0 Whel et %leﬂerriliﬁlaﬁsn Bﬁ? ozﬁﬁ: ifh QYSRAbLS in a

ages 1 of the TBC Kernel Flowcharts
manufactunng plant, or in a combination of both types of environments, for example. The

determination of the predictive errors may be dependent upon ambient temperature and/or

humidity, for example. In step 2604, actual movements of the tool are monitored. For
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of the attached Appendix |I . [00338] Wiile this
i nvention has been described as having an exenpl ary
waeacgmsit he present invention may be further poOOUE2086010607
within the spirit and scope of this disclosure. This
application is therefore intended to cover any
vari atjons, uses, or adaptations of the invention .
exampdg, pesition sepsaes: 14110 mayrsensgs the puwisims| of ngichinetion]| 1908 and fxansmit

. ' i . a _notiv ody, [
ssod Bl AT COB%S 8 S0 BLEr BT iy ¥ RO e cca
movément of dresteclire venttied dspaidettgopakdertpitidallygdtetehing gredictive
first point, a second point, a third point and a
ervor g fandpw; gitors Wdherciia iRy cpEntof thinoeh eforieramples Bigdool may be

irecRY dlbng ' r i3 17 i
i 6] Sy ARl USRI 1, GRS
[00336]r sFigare2 Tdidfistrates oy andikerfmethod PHIMNGT, the hesar dordtipoant

he fourt oint.. locatin 2108 second arc. .
desofid ahde BherEPRs A FiguRrL: IRRCIFRIHET6: i Sl PoRon of the
tool 4B altftstHaPlurallBVdR8queAtidiOhotdifernt el QBkeROFBL edaltinte, PBsition

area between thé first arc and the second arc; and
sensqre B Hmay s¢ize theosiioniofenasbine te@slgos afterh movémertief tool 1708.

sec int. wi.th.at | east gne ar e gssoci at ed
New SRR RRL Rl bEBE o B0 R e BARf o8 sp. oo
targenpesitidmistchRuBted t6 @6inpeidatedo £ pidaiave Srrb@REE Mndomh SRIrDirfthe
precedi ng mpve and a_succeedi ng nove. 3. The net hod of

g 3
movementhehthgiealeFor exaapla, GPAAE240nay ealevlnts yargetaesitiosdsbased upon
. . £ \WO- ej ngent,tga one ..
posfeRts TP R0 S NP R0 1 R i

T mafybetchleulasddep compemsatenfor predictive eftoQind rari doierkdie idthea

between the first arc and the second arc. 5. The L
moveganie (991 LRI HAESKRETGAT £He e GHSUASRALIO PRI thg probability

o 55 MU Ao BN, A R e
points { k$9) aifd (5, Heufier yhergfeatsfafithdpredictiec extrors during tite servo. In a final
step Zc"}b%? %%larrl]sgngt gned cfa c%lie}tlrr]lg %%Iprs] tafe repeated for other movements of the tool.
For example, the position of the tool at each of points C, D, E and F may be sensed and a
new target position may be calculated after and based upon each of these sensing steps.
[00337] One embodiment of a method of trajectory motion control of the present invention
is shown in pages 1-16 of the TBC Flowcharts and pages 1-5 of the TBC Kernel Flowcharts
of the attached Appendix 1.

[00338] While this invention has been described as having an exemplary design, the
present invention may be further modified within the spirit and scope of this disclosure.

This application is therefore intended to cover any variations, uses, or adaptations of the

invention using its general principles.
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determ ning whether the third point is suitable for
snmoothing; if the third point is suitable for
wa@pwoetibesny, then: |locating a third arc defi nedP@yUs1ve6/010607

second point, the third point and the fifth point;

| ocating a fourth arc defined by the second point, the

fourth point and the fifth point; noving the third
WHATASICGUAIMKEIY I8n area between the third arc and the

fourth arc;, and repl acj ' [ '

the third pornpolferOf R R TR ARy AR et
compﬁ%ﬁ%ﬂw%ﬁ@sbﬂird point. 7. A nethod of adjusting path

a

Sicetis (10 RIRE PyPRGHe BOYS TP BB ALY S 2B Reint
secondﬁf)ifnli,:ég@ﬂg%gitnggﬁ@é E&ﬁ‘ﬁl oiti Ning (1804) at |east one of:

ance between a circular arc defined by the
tbkaeinpe) (01 64 )aniktierihagicendprini is suigtblaforismepthinge

ext endi ng bet ween first of t )oi nts and a second
drthe ﬁf‘éoﬁg PRYE 1S Sgﬁaﬁs f%resgﬁ)ﬁgnﬂg’gﬁ%ﬁce bet ween t he

Ci 1 CUh@atias €2 196¥a KrdlafllFinB@ by ki@ firef paints €reRcbrd potnt and the
ext endi ng bet ween the second point and a third of the

pairtlt gointdet ermi ning a turn angle between the first

l'ine and..th nd. | i.ne; : Sl
the sdCaHBE GHUEY 2 08k ohly AF: deHifla BE 5L Blin WRGRIM BBinPHnd the
dbstippsia:; and the second distance is less than a

threshol d distance; and the turn angle is greater than
2t r GGG G) Be SeronmeIRaRH 88 2 P B (R GiaRd T
ssre'rgo%tdrbirpgm' s perfornmed on the second point if a first
nove fromthe first point to the second point )

conpr irsglaciag {2118 a lineerove wesogiatedavishe thesacangnoint ath at east

second point to the third int conprises a second
| 9RO ¥ @qsogﬁ(gd%{}htgasqupggpgﬁ% 8 wherein the step of

per f orgn ng BROQALIALAGS E1BEh UeeSrdif fHear ldagt @le dremste drtengent to
of the first line nove and the second |ine nove with
both a pteckdiag move and a succeeding move.

3. The method of claim 1 wherein the at least one arc move comprises

two arc moves, the two arc moves being tangent to one another.

4. The method of claim 1 comprising the further step of moving the third

point into the area between the first arc and the second arc.

5. The method of claim 1 wherein the line move and the at least one arc

move are also associated with the third point.
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one arc nove. 10. The nmethod of claim7 wherein the

threshold line distance is approxi mately between
w@2®60@51hch and 0.001 inch. 11. The nethod of PCI/E8I00§010607

wherein the threshold angle is approxi mately between

130 degrees and 160 degrees. 12. The nethod of claim?7

wherein the first distance is between the circular arc

and a % dpol mgthod joé clrim d comprising dhgifurther @m‘?fd f
t
CUEA0RE o PG 1Eut ikl dihe Betp @M diglt SEOCT, ©

scftﬁb@trtmnmg whgt}petlfecthné@omnlstslu&alﬂemrsdmpdﬁmg; i f each of
tiEgtH’ft%‘ t dist ag@ gmd t he .second distance is |ess

He Pei ESHERYe .13 A et hod of adj usting
pat h dl@Eﬁmngrthﬁfd AR dafRel B9l Yhe Sabith pRLhad tﬁﬂ@‘gf)iﬁ hitPthe fifth

the steps of: identifying (1902) four consecutive
piiieE s of the path data including a first point, a

" ocat R et 4 el B ROl e BOpth bpint and e

plfttpeint;ne second point and the fourth poi nt; |ocating
(1906) a second. arc defined by the first p0|nt t he

t hi r d 1B8YRE thedhird peint &nie ep aﬁ@ybﬁWeeaﬁl@p thisdiarguandihe §urth arc;
thg second point into an area between the first arc

and the second arc. 15. The nmethod of claim 14 wherein

t he seepladnpailite movenmyadatedwith dher thirt] ipoint tadthedt deast one arc

cl osest I nt . t he cond arc. 16. The met hod of
WQY%SiQE%S%Ft%&%B‘ Wyrther step of noving the
third poi ntAindeod e sﬁﬁg ?%Véﬁﬁanf& Bendtive BbdRGidAhod
the second arc. 17. T hod of claim 16 conprising

comprisiig thestepredl: st ep of det er mi ni ng whet her the first

B8kt PP TRBE e Qo BR0in  ERABAB "c1 2 m 17

vd?.edsrfuunngtl%)awtleistbheofl rst point, the second point
and the th| rd point is suitable for snoot hi ng, noving
the setidihd lﬁtﬁn?ﬁ between ¢ pisgilarsus defingd by dhaees prinineada

UARIGRESRHIGh B4 st line extending between a first of the points and a second of
the points; and
a second distance between the circular arc and a middle portion of a second
line extending between the second point and a third of the points;
determining a turn angle between the first line and the second line; and
performing smoothing on the second point if:
at least one of the first distance and the second distance is less than a
threshold distance; and
the turn angle is greater than a threshold angle.
8. The method of claim 7 wherein smoothing is performed on the second
point if a first move from the first point to the second point comprises a first line move and a

second move from the second point to the third point comprises a second line move.
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and the second arc; if the second point is suitable

for snoothing, one of the first point and the third
W@i06t102587 sui t abl e for snoot hing, and an ot herP@f/U$19686/010607

first point and the third point is not suitable for

snoot hi ng, noving the second poi nt approxi mately

bet ween 45% and 55% of a di stance between the second

poi nt ‘and tHee metbedaf elpkn Savherain therersefasHarpimgrsmdoghing
includis%fﬂtﬁﬁég taﬁ%?s&%ﬂ@ BF fHe st lﬁﬁqng\féezlnp%e Qecmtl{'ﬁné fnro§ “Rt%' a[l? Eeast

olnt is suita or Snoo g, eav
onearctimevsecond poi nt unnoved. 19. The nethod of claim 18

corrprl hef r r st ing a fifth

consec |ve ‘iﬁg%lé’é’a Hé‘ef‘ﬂ’éﬂ?eot ]PPléé‘Pﬁthtance 1
approﬂnﬁﬁt%g) www@entmom 1%51%1{&9(5 bOethcRy the second point, the
oint and the fifth point; locating afourth arc

def i ne by Thesnsté@@nﬂclpmm ﬁtwhermﬂfedhmslhplfbangie isapprotimately
f|f m)wngthethlrd poi nt and the fourth

bemeeﬁ‘ 3 tdeg e%a%% §r€f§’(§tween the third arc and the

f ourthioarc. TI%QneﬂEb@ ofMEIhit®d viHerdih HeMirdEdivhRIeak BethBn the
econd point,is noved in a direction toward a cl osest

0“"“1&6 icrand grmidiging aE R dirsirine, anikfhe eonhHistngoithetweeithe eigcular
arc and Qnﬁdgguat%?kﬁ@ggc%ﬂgﬂéj a closest point on the third
arc. 2 1.

f adjusting path data for a notive
body, Kai d Tetihetlod ofidrins il 2 gvhetedn sheghingfis perﬁc&ﬁtedfoyuthl@

secon Zoﬁ%bga(%gloilf g?eﬁlgé@éexé en%ﬁgg Bf . fasﬁfglfsqrqlsség# éila{}]tatllilg threshold

distande€p! aci ng (2004) the |ine nove vvlth a first arc nove
and a second arc nove, the first arc nove begi nning at

the fikst phinrthosief adssting asthrigtadfor anjotine bpdy spidimethod

e d arc nove beginning at the junction point
compnsﬂ%tﬁ e Sn%fﬁl ng at the second point. 22. The nethod of

QHaitffylﬁgZ( 19028 fQirkohf@ufivd Sdin@ o tHEpaeh dda In%[l@@ﬂ% a fifst Boint, a
ecedi ng mpve at the first point. 23. The nethod o?

Secondd?%liltn"f‘ shirl Rptraer @ fowéh PRIkt arc nove is tangent to the
PR TR S LRI e SRS s
pomnt; a
locating (1906) a second arc defined by the first point, the third point and the fourth
point; and
moving (1908) the second point into an area between the first arc and the second arc.
15.  The method of claim 14 wherein the second point is moved in a
direction toward a closest point on the second arc.
16.  The method of claim 14 comprising the further step of moving the
third point into the area between the first arc and the second arc.
17.  The method of claim 16 comprising the further step of determining

whether the first point, the second point and the third point are suitable for smoothing.

18. The method of claim 17 wherein:
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succeedi ng nove at the second point. 25. The nethod of
claim2 1 wherein the first arc nove has a first

wo asdbuesand t he second arc nove has a second rB@i/liS2006/010607
different fromthe first radius. 26. A nmethod of
processing path data for a notive body, said nethod

conprising the steps of: identifying (2202) a.

pif Gach ¢k the Gst peinbtihe sacondpeint ¢ thik pointde switablatong

: ; ' : pe]eled i f th .
snoodk B g LU b ey B0, 8058 e 060 i
and th¢ 2206J as;| ast maxi num al | owabl e speed of the notive

b t t | ast poi h.that th tive, body may. )
T N R T
is suitﬁliﬁfcﬁ@ﬁﬁ)btlﬁi@ aﬁ&h?@ihieﬁgf 1R fikst %%ﬁl)é aADtHRUREE Pﬁﬁgﬁs%%%i ble for

| | owabl e speed of the notive body at an other one
smoothifg, (poying shesseeond print approximwatelycbdbwern 4fdy apd§siohify ddtawe

0 o _the. | ast . .maxi nmum al | gwabl e speed upon arriving
betwe%}twgﬁéecqné§§ 1n68}1{11%h_e Sﬁ?%ﬁ% Mt hod of claim 26
cifipy desomppdilieis buitdblefor Sthepirdf and®aditlt b1k MdstPoint and the
.. maximum al | owabl e | evel of deviation of an actual path
third ppprg i supiablefprEroqihing; leardng theispeang Reintasamened-al | owabl e
tol erapge s f t 3 r opoi nt,
t he rrag(?'mJmﬁg‘?ﬁlggmggfozatag?el?éﬁrggﬁg%égﬁf %‘Eﬁﬁ %rgstt gpoéfhdent
udentifyine arafth ousealtive\pahit sudcesdihg dfe foendh pdingn; and

AR P et by SiarcenEiabi UerBint Remp@Eihe Tih point;
nl@&&tlﬁgfﬁ %'uttlﬁ\g?{)n(he@iné@ 86 thetdecREpRENBle BRI poinéhd t?i@ %ifth point;

net hod o 27 conprising the further step o
and establishing a precedi ng maxi mum al | owabl e speed of

RS R DS B GEEAT Bk B T P B

fourthtle | esser speed upon arriving at the other point. 29.
The met hod of claim 28 conprising the further steps

of : det®r ni hhsgehofak plaimntahsien the seermsinoitds mowediing
directibf fowHRl b \eFosBAPYirR on tlsecond arc, and the third point is moved in a direction

toward a closest point on the third arc.
21. A method of adjusting path data for a motive body, said method
comprising the steps of:
identifying (2002) a line move extending from a first point of the path data to a
second point of the path data; and
replacing (2004) the line move with a first arc move and a second arc move, the first
arc move beginning at the first point and terminating at a junction point, the second arc
move beginning at the junction point and terminating at the second point.
22, The method of claim 21 wherein the first arc move is tangent to a
preceding move at the first point.
23.  The method of claim 21 wherein the first arc move is tangent to the

second arc move at the junction point.
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precedi ng point dependent upon the maxi num al | owabl e
| evel of deviation; andidentifying a | esser of the
woreoosiropsial | owabl e t ol erance speed of the notiRET/D8IY6/010607

at the preceding point and the precedi ng maxi num

al | onabl e speed at the preceding point. 30. The nethod

of claim 25 wherein the maxi num al | owabl e st oppi ng

di stante at Tepmethodiof slsim 21 vderads fisrrgeondorg moygistangent to a

Iﬁ@q{ 1 ast point and a subsequent point,
Succeetd su {gg%%%go}ﬁ%?%#ﬁbei ng adj acent to and downstream

of the2i.ast ThomethoddI claih @1 meehuinl theffire @t Mo3Q hak e figdt Radius

t he subsequent poi nt . cqonprise one of an_end of the
and th 56°6R9 SRRV SeSecRHdraRivg i frrent g i diripioe: of

claimzf whgrngifod Bﬁﬁ&%ﬁnﬁ%aﬁﬁ%@i&?h%&Q/e%ghg,sstaid method

maxi mum al | owabl e speed cofprises using an S-turve to
comprisgtigathe steheofraxi num al | owabl e st oppi ng di stance to the

| ast.. maxi al l.o | e. speed. 33, A nethod of
p‘naslété%%gr@y@tarplﬂr\gﬁg}' ?eferO%gs P?@éﬁrg?}d%?‘?‘msai d net hod
CEuIRTiBinE Q22049 aSh 8RS B allowd BRstdpyiddtHi £dRR%f tRe motive body at a
plurality of points along a target path; establishing
last of thegppiftsa” maxi num al | owabl e | evel of deviation of an
s t : C al_ni.n 3
e L T L e
point duols éai tiresnativerigdly meayt @heath agedpwithiaties Marinngn 6RSOFHle Bopping
di m_ax]ié(gum al | onabl e tol erance speed of the notive body
1stancgy ARG ch of the points along the target path, the
MBI 3 085 Bh BtHePhRLKANGE a 8RS BRIAG T AR mﬁas
the maxi %Sm al | owabl e | evel “of de%iggétei on a% the odyPn
other angrof gheypaants dechethad the mptiye body) may passiliy sioat dowat the last
. stopping,di stance of. the tive body at a |ast of the
maximyihy ﬁlfogya%ggngpﬁgpm ﬁ@vt%ﬁigi% lgslclpggj?' maxi mum al | owabl e
st oppi 2y s peksmethotide clabh 26 @oRPHYIndthd fethbasiépsi Nt
such that the notive bo cone to a stop within

. dy may come,
t ¢ptablighinga maximgmediomvabledpysi afdeyiaticamian agarbpath Sermie
target?%tﬁldf) an ot her maxi num al | owabl e stoppi ng speed of
e’ notive body at each of the points other than the
| dedérmiming ta nsaxdinuinhdiowabk tokyanpe siiellof tisd mwtivboyatlytad tHehther

point, 2D bl DL SRS D RMmo S b

allowable level of deviation; and

identifying a lesser speed equal to a lesser of the maximum allowable tolerance
speed and the other maximum allowable speed at the other point.

28.  The method of claim 27 comprising the further step of establishing a
preceding maximum allowable speed of the motive body at a point preceding the other point
such that the motive body may possibly slow down to the lesser speed upon arriving at the
other point.

29.  The method of claim 28 comprising the further steps of:

determining a maximum allowable tolerance speed of the motive body at the

preceding point dependent upon the maximum allowable level of deviation; and
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identifying (23 16) a |l esser of the maxi num al | owabl e
tol erance speed and the maxi num al | owabl e st oppi ng
W@ pwedozt7 each of the points.34. The net hod of PCI/EB2008610607
wherei n the maxi mum al | owabl e stopping di stance at the
| ast point corresponds to a segnent |ength between the
I, st, oi nt and subsequent. poi nt, the subsequent
p@ %i%@ssaﬂ?g% maxeramaﬁaoweb@ﬁ éeleranes weed ngtheamtwe body at
; 1l [
the L podRend 08 PR B TORALIABER! & b Beording poin.
t ar get3(pat hllzmethod of nkaim Qﬁ iwltereiB the rﬂ'zbﬁmluﬁi iihﬂvefbie stopping

. cl ai,m.33 wherein the ste ce alnln ast
distangpg} -‘deﬁ}ﬁﬁe*é%orfgmﬂwogg% B@s%gtﬁﬁqueg §f1 Hﬁ’@méﬁd a
subseqUefifons, the sﬁl@éeéﬁ&ﬁ bbﬁlt Bﬁﬁg Hﬁﬁ%éﬂt tONRI RvitORR 0 he last point.

di stance to the | ast nmaxi num al | owabl e st oppi ng speeéj

37. Thie1 met Hesumethod (o paimg 30 wieredn thetshbseguiery pofnt may comprise
one of SR AR LE 3R tﬂ% @&tﬁmﬁﬁ C&gx mm al | owabl e st oppi ng speed
¢o U R

npri ses curv o'relate segnment |engths

bet weedR. t heTlat inethop off blaiim 26 @vhickegn thRStepastiaBéertatnih € last
i mum al | owabl e, st oppi ng spee 38. The net hod

ot he
maxinym @ioa’rr%l@s%v% EPMPHses Hsing @B S-Srvetorglsts e rrrr?glraﬁm@@lﬁ@fﬁble
stoppilid s AHED @Ith@m%%;ﬁmawab‘f@%ggd conpri ses ensuring

t a respective stop distan at each of the other.
poi nt s33.s ofenathod eSmotdssing anath datpufal a otive body,chidanethod
com rngg[ t|ve segnent | ength between the other point and
Pry "al | owabl e stopping distance at the |ast of

tlaentn’saingt(gzoﬁ fpl&laﬁtyr@tﬂaﬁﬂs ﬂBngh@drgat tgonpri sing the
0

further step of novin he notive at the | esser

ofstablighing d3%e mammnlaélowebl@ devisbef @y@é@naaf dnapigal path from
the tar m al | onabl e st oppi ng speed at each of the

%a' 40. A nmethod of processing path data for a

Imt:ert/e&mhg) BR063 aicdrvarirs ofithe aarpstipailng atfieralitye@odtions along the
Entlfyl ng (2402) a plurality of points along a
targetPaé get path, each selected two of the points being

ERahAtiag (3230 8%&@&%&1&1' ﬁ@@gg@gﬁ%@%@ gﬁglg oétWerHo'ag at

%ﬁéoq a maxi hum al
each ontheippmthadyg tie targb’amth dhe miaginpon Al swatde tlesner patdbeing
st P TR VR B 1 T R B0

;%e?éﬁ?ﬂn:ﬁgg @303 8 et x@huhh@loWable \RpPRSWifhndeE 18 RBfive body at a
last of the points;

ascertaining (2312) a last maximum allowable stopping speed of the motive body at
the last point such that the motive body may come to a stop within the maximum allowable
stopping distance;

establishing (2314) an other maximum allowable stopping speed of the motive body
at each of the points other than the last point such that the may possibly slow down to the
last maximum allowable speed upon arriving at the last point; and

identifying (2316) a lesser of the maximum allowable tolerance speed and the

maximum allowable stopping speed at each of the points.
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one of equal to and less than a sum of the maxi num

al | owabl e stopping distance at the | ast point and the
wG@e@aresit engt h bet ween the other point and theCT/ES1006/010607

point. 4 1. The nethod of claim40 conprising the

further steps of:establishing a nmaxi num al | owabl e

| evel of deviation of an actual path fromthe target

pat h; ieter Wﬂ@%owﬁmwéame@v@sm@mm@raém@b%m
dlstancgfa]t Eﬁq%@B%ng?%$ ﬁXn@sttotatlgg Eﬂ%n Eh% lg& ?ﬁ%d a

ce speed-beéi ng e en
subseqmenti poi) thb buhsadpheeat pmn’ebemg adj ecenatd aﬂﬂ domﬁtreaile Bf the\ast @oint.

a |l ess s e to. a_.l esser t he nmaxi num

all o %ﬂe@%ﬂ@wéw e{%%ﬁészbmmrﬁppw(@omprlse
one ofﬁﬁéﬁ&io%ettﬁgetq;aﬁ?indp@éd}ﬁer t, The method of claim4 1

conprising the further step of establishing a

preceditng rehe mefhmdpf daierb B2 whpeatitho fstephed amﬂ*ﬁaim‘ang)mtbyt
recedi n t he .ot her p0| nt _such

maxin iy S P G o o SEneRB oo @ o e naigu

allowable@e@Pinplifenditio s lafenAfimeatalowaBleafshpifsSspebdan a sum
of the maxi mum al | owabl e st oppi ng di stance at t he | ast

poi nt Hnd tHe Behadaf clpiang? W hbesinbe siopied epiplléshingan other
maxim AlovHBi stt{;iﬁ)élllgsﬁjﬁet ﬁg&rnﬂénseé %smggﬁgn(?&b@% Rt %hf&fll%n%%hs

conpri si ng teps erm ni'ng acma
betweeal thowthbt paoimslaad dredestppas do th‘e dﬂlm nmximmﬁ ablodyblatstdppéng speed.

reced] i nt epdent n maX| m aI | owabl e
Pevel et SEARM 3 ROPRYT S5 SIabId SSaRlITHng Hother
max1mﬁﬁMlW§]bPé th $eb@ E@rﬁﬁn&@ eﬁﬁﬁﬁg R 3 8 eBRd érfrﬁenﬁfg%ce at

at the preceding point and the precedi ng nmaxi
each Oﬁﬂhle@@mbpem@pe ede af lessbap ami:@qilah‘g) goimof a rdpecTive segrérd dength

|m41 risin rther. ste
be’tweegls cer t?‘ PR ?C{Qg P2ary Q?W?iﬂfé SRPigR filsga:i]f:ﬁ at the last of the
points.pl urality of |ocations along the target path, wherein
t he maxi mum al | owabl e tol erance speed of the notive

body at’-t heltstaghogef ¢lpin 43 geparitiag thefpahersp of moving the
motive%d?r% J&feq?ﬁsépof tﬂ@ﬁa?ﬂlﬂﬁ qu&&zalﬁ% HTLAL \ﬁ?ﬁ{ S‘}cﬂh[i Iﬁ%mm
ma e

xf mum al T owabl e sto di stance at poi n
allowabkarsta;@i:r@wsedaieaclse@ﬂhelpb1ﬂt£ngth bet ween t he | ast p0| nt

and a subseguent paint, the s bsequent t  bein
adj acé dgawgh Pressing Bt @ﬁ@ Pla%fnogls? 9dY»&'61d mgthod
comprilgﬁltghgéist%sﬁi ai m 45 wherein the subsequent point may

onprise one of an end of the target path and a corner
pdq:lmfymg (2402) a plurality of points along a target path, each selected two of the

points being separated by a respective segment length;

determining (2404) a maximum allowable stopping distance of the motive body at a
last of the points; and

ascertaining (2406) a maximum allowable speed of the motive body at an other one
of the points such that a required stopping distance of the motive body at the other point is
one of equal to and less than a sum of the maximum allowable stopping distance at the last
point and the segment length between the other point and the last point.

41.  The method of claim 40 comprising the further steps of:
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47. The nethod of claim40 wherein the step of
ascertai ning a maxi nrum al | onabl e speed at the other
WE@RI06110250TPr i Ses using an S-curve to rel ate thBCT/US2006/010607
required stopping distance at the other point to the
maxi mum al | owabl e speed at the other point.48. A
met hod of operating a notive body, said method
coirplishing g magimem afewalrle lqvakeft deviatiog of 26 ecipalpatinfroetthe
tmget@@ﬁ,h; commandi ng (2504) the notive body to follow the
arget path froman initial position; sensing (2506) a
fdet@tnirg’ﬁg Haiaxﬁmslhtaillgﬁfa‘@llé tdl{a@mmip'e?@ obth)d ymﬂ?*eétfody Bethe other
i ommandi ng . step; and cal cul at;in 2508) a fjirst target
point, 1§g H&éflﬂumr%maﬁl@ toleragee eed S?mg Sepident pon dlsr maEmD

allowaﬁ’l%‘?é’{}e%f&&ri%;&n, ﬁﬁdi n nmovement _of the notive body. 49.
The nmethod of c¢lalm48 conprising the further step of

adpitifyinglallgssdetpeedrequiahty a lessepoitic maxieuarallomableriolerance

venment. of the nptive .b , the enpirically
specd BT FibkiRm ol BE ster M P he. | dent | fvi ng
step. 4£0. The AEhBOEf Ghintd RbdthASsiHD BleSFiAhdrRept Hed@blishing a
subpath is calculated to conpensate for random error

preceding mgamEhtllayfablenspeerbed the mebiay bednoa & print pipeeiding the other point

Ll | i t.ian. t hod. of
B L 8 RPN o g I o
equal to pod leas dewiaatuivosf thé miakiend aléwabié sdbpipg distinea adthe td3€point

notive body fromthe target path. 52 The nethod of
and the jegmenty n&%@ﬁf‘?’%‘?’ﬁ PIRecdRg peiRt-andkthp lastpointyj  ect i ng

the moj3 ve Podyedhq EP&I%BWQ Binpridis tffe%ﬁﬁérts?et;)gg L

sensing a second actual position of the no ody
afetesminihg a diaxgrotinraglowhlelp tolamdeaspecd bhithe mptivededy atithe

t t bpath t ect for errors i venment of
preceding i Ry RS PR o BHF L RS EEBA o1 ng

tihentifyiihE AGEsse ERhOMmadt@h BiléWille BAGEAR PhéPHY the 8RBT bBdy at

conplete the first target subﬁat h within a desired

the prepedingpoist and the pesveding maxirewn edawablaapeodalt disinrgeedg point.
The nq4h od gﬂ{e Iﬁ!eﬁb&rbf@alﬁ{)w Eétﬁbﬁgné ﬁl% f[lHﬁéer?erp o%tag&rt%ning a

calculatin
curvature of the target path at a plurality of locations along the target path, wherein the

maximum allowable tolerance speed of the motive body at the other point is dependent upon
the curvature. A

45.  The method of claim 40 wherein the maximum allowable stopping
distance at the last point corresponds to a segment length between the last point and a
subsequent point, the subsequent point being adjacent to and downstream of the last point.

46.  The method of claim 45 wherein the subsequent point may comprise
one of an end of the target path and a corner point.

47.  The method of claim 40 wherein the step of ascertaining a maximum
allowable speed at the other point comprises using an S-curve to relate the required stopping

distance at the other point to the maximum allowable speed at the other point.
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desired acceleration |levels along the first target
subpat h. 55. The nethod of claim48 wherein the
w@a00600217 ng step i ncludes at | east one of Cene€T/ps108a4/010607

Force Conmpensation for Arc Mdtion, Tangenti al

Accel erati onConpensation, Stick Friction Conpensati on,

Leadscrew and Backl ash Conpensation, Spindl e Softness

Corpen&ht i oft,™ i ol QReEFHNDA BYLVSRAsE ntdad methodzemprising the
steps Jfet hod of claim 48 wherein the notive body continues

to nove past the first actual position during the

cideutifly g (BH0Dtactprgebath,A met hod of operating a notive

bod sai d d conpr,i sin he steps of; enpirically

(bt P R g P chog R VBt ERes PrbyEvere ioha
positidnhe notive body; nonitoring (2604) actual novements of
the notive body; and controlling (2606) the actual
nisRERe (M Yod R firfacisl pesititnafythelmptveibedy affesthe ¢dmemanding step;
enpirically determ ned predictive errors; and random
errors in the actual novenents of the notive body. 58.

Tenbculaingqd5es) acfisi wrdet subpmprircmn f@ filkdeadtell pbitios tEsorRkt for
ommanding the togl to follow a target path from an

. G .
predicfiyg ¢ryop hBoVemeR of thematys kWi ng step i ncl udi ng
sensi a fi Ri.| . ' o
Sersi e {ESAAPINRLBRSS LoD Al AR 46 Pt
determimiog thi prgdicty cerrars immozerhent of theangiite isdyptie knfpideallyhe

f.i.rst t ual. Lt . . t for the predictive
determipipg bicd Grtftying P i iSPHORBE FP1 he movement of t he
not i ves®odyThdRethbidf BRINAY viHereth Behi28t WHBhE! D cd1BBated to

t
calculating of the first target subpath is dependent
compeggrsp fog repdpmaeireinghovement of the mative hpdyp et the mitdl pokigion to the
body fromthe target path. 60. The nethod of
actual@?%{lﬁrfrr?% conprising the further steps of: directing
t he nofi.ve Dayethodfofklanm4s hehefdin e daﬂﬂh%hg%tﬂ@ﬂ@ﬂ?endent

sensin second actual position of the notive bo
upon a ey IAOH 19 thi HIZCASOH DRT oR O cthe okive kpd Fiagy the egimath.

the notve, eyt oF LRER 16 ShmGHURE Te ArBLAIRTE 701 g
tdirecting thmnofS‘te_el@dwfté ddtosv hic firsigargetcsmbpathy i on needed to
&%@%@%g?éﬁﬁﬁé{u&ﬁﬁ&%ﬁﬁl the rlfllg 1\% roi’_x‘/" g er r1?headi(rje(:"ci§1Iné gtgp ; and

calculating a second target subpath to correct for errors in movement of the motive
body.

and

53.  The method of claim 48 comprising the further step of determining
acceleration needed to complete the first target subpath within a desired period of time and
at a desired final velocity.

54.  The method of claim 48 comprising the further step of calculating
desired acceleration levels along the first target subpath.

55.  The method of claim 48 wherein the calculating step includes at least

one of Centripetal Force Compensation for Arc Motion, Tangential Acceleration
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at a desired final velocity. 62. The method of claim
57 wherein the enpirically determ ning step precedes
W@ b@efrepsit ori ng step and the controlling step.BGI/UI1966/010607
nmet hod of claim57 wherein the controlling step
i ncl udes conpensating for the predictive errors and
the randomerrors. 64. The_nethod of claim57 )
Compensitinm, Stiplgluetion (erprasatiqne peastsoren andi Backlagh fesipeasntion,
: ' I [ . 65. The net hod
spuuu§§8§%§§g§gg@nagggﬁﬁmt g&gggg?%F¥?ﬂggslgg'includes at
| east S¥ne dFhe@eethod pielaim FdwhereGothp ansdiibody tontindes to move
tion, -Tangentjal Acceleration Conpensation, Stick
past th‘lbf/ﬁfséﬁ&&ﬂf@é Brﬁié’é‘flgﬁﬁ,c “é‘ia&’é’grsﬁ’r and Backl ash

Conpersyat i o medRidH Pe2@hl AESHIVEDIRENARE hORod %%Prising the
System Del ay Conpensation. 66. A nethod of operating a
steps offpt i ve body having a plurality of sequential

[ hod i Si .th ; )
CRHETERY F2oRD LB RERY BB i PR RRSRE themptiug bocy
ahérdtoriag (26N abthal MevemsrnENthe notive Bedyiahive body;

cal cul atin &2704% a target position of the notive
isoBiFolliag é%ﬁgb& therpstuab movpigents epthe mpeiivedogs deprasient upen:
bei ng 2 : p ictive errors
and r gﬁ%é@r@é&%@fg&?@? Elgﬁ %@Eﬁ%%@ém&ﬁ?he noti ve body;
and r epadn egois 27 @8)actiab meeermentg ofithd nedtivewodyi ng st eps

for other es o he nov nts.of th tive hody. )
67 T et HAnORod PEFIASS! GHEPEARE LR UBFE iR ghpamanding
the too®fd RUSwa t8roBTPith SR ArYintell B6SRiNE dhe BBnitdiMey H8) i?l@gldﬁ{gl sensing

claim 66 wherein the predictive errors are enpirically
a first apéyad ppsifer obide oraivebedy efier thg cemuhanding sleat thagostrallisg step

. 69. . of .cl ai 6 er-ei.n the target positio

etuaifg elbRGRED B e fbnhBodth BRu P FRseliiCod Pictah cBRRtay e

predicth@tdircrhignd the sindoBv&ar®s in B thdvement dfahe MRVICEBOdE of the
notive body. 70. The nethod of claim66 conprising the

fur t neiP- st dpeaneted 6f siem nyvaeEE! Be selcakting el firg trge
subpat{l ?sad‘elﬂeﬁ%ﬁg %ﬁdggfaev@ﬁﬁintdf(?ﬁ% it Rieih1 PodiSh bEHRESERDORY from

I me an
the target path.

60.  The method of claim 58 comprising the further steps of:
directing the motive body to follow the first target subpath;
sensing a second actual position of the motive body after the directing step; and
calculating a second target subpath to correct for errors in movement of the motive
body.

61.  The method of claim 58 comprising the further step of determining
acceleration needed to complete the first target subpath within a desired period of time and
at a desired final velocity.

62.  The method of claim 57 wherein the empirically determining step

precedes the monitoring step and the controlling step.
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desired final velocity. 7 1. The method of claim66
wherein the calculating step includes at | east one of
w@z0vbn1023¢t al Force Conpensation for Arc Moti onPCT/US2006/010607
Tangenti al Accel erati onConpensation, Stick Friction
Conpensati on, Leadscrew and Backl ash Conpensati on,

S e R e o e Tk e

compdHRAHNEEfob BfYprERPHV I WRSs Mﬂ{QYﬁldBﬁrsén&r?e actual position
during the cal cul ating step. . A nethod of operating

a not | 6@ bodyis methiod Oﬁélam@7@onmusmgn@e fdn’élesﬁepef eflculating
desire&S{:] 2@9%9@@}9%;%%?3 05| tion of the notive body;

I'ng Y'on error between the actual

posi ti 6 of Théigetoliof elakndY vtseid tleInbr8HlinRQAep ihA0dY at least
t he noti ve body; conparing (2602, 2604) the position

one ofé?%frlpﬁtt@ Egregfeempinseiqsy fop Are Mcéxoan“é@geamﬂi Aadplgsationg
Compér?sgggﬂ Stick @?%ﬂor? E;ﬁﬁﬁa%hs'lﬁbﬁ \f.%ag&g%(w guﬁ 1 Bac %sth v(\z o]gen:sia 90

conparing step
Spmdlacﬁotﬁmwsr@ompmpatmmc bndigystém DrebgsCagpdmsgticapeed of the

notive_pody ,i osition error is belowthe
speci f 66a  eprrhpdpls REFEEE AR e g & Huralipeeipegpential
moverh&8s Gﬁﬂlﬁ&h@@%ﬂgﬁﬂﬁ@ﬁw@%b bfon error is above the

speC|f| ed error tolerance. 75. A nethod of operating a
nissing (YY) an gefvel pestticodf derpotivl glytafier s fiegf tfe:movements of
i (2702) an actual position of the notive body
themostﬁ%ﬁogoa ‘ach of a plurality of axes; calculating (2704)

acmulmngmmsa et pRitidr dfahe RIOKQE bOB! MBEM oh AR REIHA lstep, the
osi.tion of the m)tlve body in each of the axes and

target Rosiiion b ipg FRlPElAS ¢ eraPeIeE ferppdiet v grorp prstitsarion errors in the
moveré&ﬁ@gfthgﬁ%@ve%o{iﬁla&lﬁ di mensi onal position error signal

endent upon e calculating step; and controlling
(@@@ﬁ)nga(fﬂ ﬂ)@a]s;et seasiag ahd aalsyletiep steysh far diheeoreds of tlRf mbVe@nents
fth not. Lve %gdy dependent upon the nulti-di nensi onal
of the JQUVE BB -er r or si gnal . 76. The nethod of claim 75

wher ei g7.t heThRUkthod lofBRfth 8B & heRAS te RBAIEHTCerrors are empirically
determined.

68.  The method of claim 66 wherein the predictive errors are empirically
determined before the sensing and calculating steps.

69.  The method of claim 66 wherein the target position is calculated to
compensate for predictive errors in both the first movement and the other movements of the
motive body.

70.  The method of claim 66 comprising the further step of determining
acceleration needed to reach the target position within a desired period of time and at a
desired final velocity.

71.  The method of claim 66 wherein the calculating step includes at least

one of Centripetal Force Compensation for Arc Motion, Tangential Acceleration
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is calculated as a vector. 77. The nmethod of claim75
wherein said controlling step includes using a
wo anngamsial error feedback controller and a noP@®EIUS2006/010607
error feedback controller.78. The nethod of claim77
mherein said controlling step includes assigning nore
n put put of said normal error feﬁgback

Compegitipofiics FReR BpgRsHianplieadserowand Hacklpeh Compensarion.
Spmdlé §6hae boﬁ@féﬂaﬁbﬁ &nd SgrgtemTﬂjaaﬁ%Hggn&fnoﬁ.l aim 75

wherel n the axes i ncldde an Xx-axi a y-axis and a
z- axi S2of alheastthokof dain 66 wherein the motive body continues to move
past the actual position during the calculating step.

73. A method of operating a motive body, said method comprising the
steps of:

sensing (2702) an actual position of the motive body;

calculating (2704) a position error between the actual position of the motive body
and a desired position of the motive body;

comparing (2602, 2604) the position error to a specified error tolerance; and

adjusting (2606) a speed of the motive body dependent upon the comparing step.

74.  The method of claim 73 wherein the adjusting step includes
increasing the speed of the motive body if the position error is below the specified error
tolerance, and decreasing the speed of the motive body if the position error is above the
specified error tolerance.

75. A method of operating a motive body, said method comprising the
steps of®

sensing (2702) an actual position of the motive body along each of a plurality of
axes;

calculating (2704) a multi-dimensional position error between the actual position of
the motive body in each of the axes and a multi-dimensional reference trajectory;

producing (2602, 2604) a multi-dimensional position error signal dependent upon the
calculating step; and

controlling (2606) at least one of a speed and a direction of the motive body
dependent upon the multi-dimensional position error signal.

76.  The method of claim 75 wherein the multi-dimensional position error
is calculated as a vector.

77.  The method of claim 75 wherein said controlling step includes using a

tangential error feedback controller and a normal error feedback controller.
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78.  The method of claim 77 wherein said controlling step includes
assigning more weight to an output of said normal error feedback controller than to an
output of said tangential error feedback controller.

79.  The method of claim 75 wherein the axes include an x-axis, a y-axis

and a z-axis of a machine tool.
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