METHOD OF TOLERANCE- BASED TRAJECTORY PLANNI NG AND.CONTROL BACKGROUND OF THE
| NVENTI ON Field of the Invention [0001] The present invention relates to

navi gation of a path by a noving object, and, nore particularly, to notion
control systens for conputer-controllable machine tools. Description of the
Rel ated Art [0002] Automation has resulted in the devel opnment of notion
control |l ers: capabl e of signaling actuator devices to effect notion in

| i nkages along a desired trajectory while perform ng useful work. Mtion
controllers permt increased speed and precision in performng a given task
over manual operation. Robots and automated manufacturing equipnment are
exanples of a few of the products that utilize notion control technol ogy.
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control of Ineto numer i
segments of complex trajectories because velocity optimization along each point in the

trajectory would be very time consuming.

[0003] Most humans who program tool trajectory have a fundamental understanding of
the trade-off between velocity and accuracy. It is well known that at higher velocities it
becomes more difficult for the control system to stay on the desired trajectory. Thus,
trajectory programmers must make a trade-off between the velocity and the precision of
motion along the desired trajectory. These decisions are often based on the
programmer's 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

control while minimizing the deviation from the desired trajectory. CNCs may be used
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controller receives a set of coded instructions that forma part program
Part prograns are typically expressed in a standard G&M code | anguage, or a
cl ose derivative of this |anguage based on either the International

St andards Organi zation (1SO or the El ectronics Industries Association
(EIA) RS-274-D, using codes identified by letters such as G M or F. The
codes def i ieontrebyauHagupng eapment sychhasdathes, grigders apd mills| CNEsereon in t he
manuf act ur ' r Ve t des to a
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path trajectory that the tool is to follow at a specified velocity or
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mat ches t heathéls gtihdéls hdbtodddinbie aicabliriggCigheHivesIEMNIOF@E WitRS expnsiedde whil e
the tool noves alaong the tool . path at the desired velocity. The controller
may be use@renwacHpe AgtipwANtWhiph HtiligsGNErfor motien corfedli i WépecsiNEy st em
1 0006] Themﬂﬁ}{gﬁ{ ! Hi%e?l%.?]ﬁ H@ad%l}e‘ﬂé‘ht& 1qd mBﬁﬁtkéi’%ﬁ.ra%aﬁlE HBvhBE r&i@ﬁr df%he
traj ectory or o6r° path 1's re Brfed toras ¥ fechiony ng error. e machi ni ng

error may foel mahp i, &dplage. tMetordésitah atios birRnatlbén the N and Hrddeutiordsaal
position and the desired trajectory as. specified 32/ the tool path, CNC
t ol er ance metigrpf pebinghe Ziireghien sstablishinganqrthogena X, padhfatesan coprdinatgn; | e

machi ni ng. ' C i i Wy C
Fol or ance, g nesflal &y % St B TR G wbiRaltp b <R ba i mE™
per f or mancposition of2h¢ tvel mithirespectan thieddoedinatadystdin of dednidlieg madldnd. €Thd or

traversing tEﬁ‘et rajectory during . _machinin I n general, higher f{eedrat es

will resul¢N p%l@@rpaﬁtdgﬂgrmegfmgg a tool pgth trajectory that the tool'is to follow at

a specified velocity or feedrate. The controller continuously compares the current tool
position with the specified tool path. Using this feedback, the controller generates
signals to control motors in such a way that the tool's actual trajectory matches the
desired tool path or trajectory as closely as possible while the tool moves along the tool
path at the desired velocity. The controller may be used in conjunction with a computer
aided machining (CAM) system.

[0006] The deviation of the actual tool trajectory from the desired trajectory or tool
path is referred to as "machining error." The machining error may be computed as the
distance between the instantaneous tool position and the desired trajectory as specified
by the tool 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



[0007] Known part prograns do not explicitly address CNC tol erance issues.
The nmachine tool operator, part programrer or nachinist nust set feedrates
to attenpt to address these issues. In fact, tolerance cannot be expressed
usi ng known CNC progranm ng | anguages, such as ElI A RS-274-D, nor do
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control  syfiaclhithinighGh deherdl, Bighert foedtate® il fistlt iQlardet tichingsy dteged upon

tolerance, is disclosed in U S Patent No. 6,242 880, which is 1incorporated
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appl i ed to[mOBlS]A folearice ddécdifotidn contediGydRa imtudif®h nivlisifopbetiine CNC
tol erance specified by the progranmer and _the progranmed tool path, defining
the  maxi ninsizstdsoness wondelsrance indiselassd &l Pakrsip. 6742 $88gwhisvet
trajectory, This. jnfornatign al {th position.feedback, i.s psed to
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posi tion divhahit@f nidtioMcbholl FERAEmBYS dfeAiveBsl indrler® impldFt féddeatéLhbigst ed CNC
tol erance can be achieved. [00101 Tol erance Based Control (TBC) Technol ogy

i nt r oducesstilhepasgfingowitian tionglerangedimitice to t he progranmi ng and machi ni ng
environment. It effectivel ym&wﬁmr to programa part by
usi ng the maxi num or near ' ' rates for a given
cutting co[0d09] OThe pregentGhiicnéibn applRs modthiigtoGhy elajectoryaf & kiclive bodyli t i ons
and so forth, and specify a desired CNC Tol erance, [00111 The data snoot hi ng
t echnol ogyFeiexample: din presenhinyentinn mae beapplicd it smaothdheeaiectorgfa®yory, f or
exanpl e a t : | VA IE Wi ' . nts which
can be. oot BT fudies ticté B} oIl epdloss ¥t Mt e VNSRS
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poi nt-to-point linear npves, -3 into a sequence of nutually tangential arcs
wi thin al | Ba¥alsebeapplicdte agist a)th?FdﬁéF ate &é‘lq/machme t0ol based'on the CNC

tolerance specified by the programmer and the programmed tool path, defining the

maximum allowable feedrate at each point along the programmed trajectory. This
information, along with position feedback, is used to modify the feedrate along the actual
trajectory of motion to limit the position deviation from the ideal programmed path so
that the requested CNC tolerance can be achieved.

[0010] Tolerance Based Control (TBC) Technology introduces the notion of CNC
tolerance to the programming and machining environment. It effectively allows the
CNC programmer to program a part by using the maximum, or near maximum,
permissible feedrates for a given cutting condition, i.e. cutter, speed, depth of cut,
material conditions and so forth, and specify a desired CNC Tolerance.

[0011] The data smoothing technology in TBC control may include examining a target
trajectory, for example a programmed NC tool trajectory identifying NC line segments
which can be smoothed, and converting these NC line data into arcs while maintaining a

given tolerance. Data smoothing may include converting point-to-point linear moves
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smal | curvature changes. The extent of snoothing may be dependent on the
specified tolerance. This technology has the benefit of achieving snoot her
trajectory, snoother velocity, acceleration, better feedrate control and
i nproved surface finish. [0012] An advantage of the present invention is
that it provides inproved trajectories or tool paths for the machine tool.
More parti éntbarsequentdref motually adngential arcs mithirhaltowedt thleranoys gl with télayvehy gher
feedrates and _provi ding snoof her surfaces, on the rk piece. [00131 The
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previ ously grocessed notion commands, the high efficiency of the algorithm

may resul t [VH3] edhedoekihead tephnolagyun IR areplagesnon FBE fixsadntier lookahsadne

¢ ' : e . iy : :
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further advantage of inproved run tinmes which increases the system speed or
t hr oughput distange q acoplerate of daseleratafrpmyenespeqdyoiennibet Whee thetlppath efao

cal cul ate L | t | ' ce being
found ins u???%ﬁgggﬁl%@lgﬁl#g\%@ sgﬁgggp ;ﬁégé{bgg%g% aéﬁ‘%ﬁggéé%}éﬂé%té cul ation of
the speed llodkaheddelgarithinl gy ealduddatg endilimitithe sjeed obthatimation segnireyp acdoedihy

perform ng the cal cul atign y be undesirabl e because o he processing
time and ré%W%@tl%a{ﬂﬁ&%éHMGWF\?Beqddlﬁ%lﬁemc%sﬁiﬂq&(@h?ﬂddf usRREY pr esent
. ti _ ot . . i tation,

| nvention oteedl ift rédl Hh e 1ﬁ€1fi§eys“rg§1§§% nx%ﬁlfﬁ:[ag%aéﬁ;&&ﬁlﬁ)}lig%tﬁﬂcgéégﬁ‘a atlon

whi ch may be very conputationa I clent. issi cal
Pr opor t i onahgtionrcoamiamlds,ahel high effic¢rcyef ¢hidl dyorithmrmactesult eredi@Onagdthoach nmay

use predict] cqontrol . techni ques, i ch repl aces_non-TBC poi pf.-tp- poi nt
Fixed oycl CHDIRAAGM oR (Mo aPays FACaHE PoLvunes BASBEURGEoAIEHERal. Toc
may i ncl udgdqpe magqn@&wegmf Zogti@%ld?é&dﬁtﬁfn. (NBteolt, he algolriirh Myt vk ke

programed trajectory an
advantage of requiring fewer iterations of modifying previous commands. The algorithm

may have a further advantage of improved run times which increases the system speed or
throughput.

[0014] One option in a non-TBC Lookahead algorithm is to calculate a speed limit
upon each instance of the motion distance being found insufficient to achieve a desired
speed change. Such calculation of the speed limit may involve a large amount of
computation. Repeatedly performing the calculation may be undesirable because of the
processing time and resources required. The additive lookahead algorithm of the present
invention may use a stop distance concept as a metric of speed limitation, which may be
very computationally efficient.

[0015] Unlike the classical Proportional, Integral and Derivative (PID) approach, the
TBC approach may use predictive control techniques, which replaces non-TBC point-to-
point fixed cycle control with trajectory and velocity based motion control. TBC may

include looking at where the cutter tool is in relation to the programmed trajectory and
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adj usting accordingly. TBC continually processes nachine tool position
feedback along wth the programmed trajectory and know edge of a machine's
capabilities to instantaneously issue a control signal that is responsive
to the instantaneous nmachining conditions. [0016] In the "true arc"”

t echnol ogy enpl oyed by the present invention, tool notion is controlled

al ong a t ragiustingragcerdimgly. STBEgentinpally, prasesses macing trohpesition fesdbagk@long

7o) ect ory " Rbrirdned 09e S8 o R FE GRS cafleiMsTi 2t “Cegent s
that appr oistita@edusbiisyiRh cdnkrd] Sighad that iF¢sponsiveto diedpdaritimioas athiamegand

associ ated vectors in real tine instead of segnent-based trajectories, TBC
control neonditieAsnat e t he conversion of are trajectories into a

Lo LB BB e B R BT M R 7 o = o
reduction edntiviled aIUn@&rtﬂi[j@c%r?%at Heloddlel & dndresl i withottfiRlypoacessi ng
required to convert conplex trajectories into their polynoma

appr oxi mat #emexinfagion7Thatis thremohwey ba cammandedsp follew pn arcsd trajestasnrdter may
System to PPAGRAIRETanrEd S Pt tel B R R PR AP < Gi 1 er ent
control B B o P OO N Ty T e Moned and
control. e above nentioned an

ot her f eat speaenirhasediifaiectosiess TBGicantrolveay ¢lispinatg the eomyersiparfiarc Gajeetoxies ni ng

them wll,bhec . e arent a he imnventi-on,.itsel.f wil.l be..better
indor st oot & ST PR AR imatoE R b A% HRERE i nd e pro¥ioidn BEHBRE of ¢ e
i nventi on bﬂé&@@eg'rﬁerﬁgﬂhélélﬁﬁihﬁﬁbﬂ%ﬁthe bﬁtﬁd%ﬁ@ﬁ!ﬁ@ﬂ&ﬁh&@nﬁf%%@graﬂ%meei n:
[0019] Figure 1 1s a flow chart of one enbodi nent of a tolerance based

cont rol nettbée eiminationof thearocassing rrquired tq Guwent complexdraectaries iMpdlgir di agr am
of one enbg‘glgggﬁalgéprgximlﬁgﬁgnce based control system of the present

i nventi on. gures 3a-c are diagrans illustrating the mappi ng of

di fferent [0n1e] ambe TBL metion kemeli Ifftey protent Bgentivh Mby ke lthernogorspace. [ 0022]
Figure 4a 1s a plot of program data pQints, iIIustrating a nethod of data
M

conpr essi ofPraE@Bdsirery thologkzheadusneapd coprolithesesysystam fo-track:the pontouy

trajectory. The TBC motion control is different from non-TBC motion control in that it
is a closed-loop contour tracking control.
BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The above mentioned and other features and objects of this invention, and the

manner of attaining them, will become more apparent and the invention itself will be
better understood by reference to the following description of an embodiment of the
invention taken in conjunction with the accompanying drawings, wherein:

[0019] Figure 1 is a flow chart of one embodiment of a tolerance based control method
of the present invention.

[0020] Figure 2 is a block diagram of one embodiment of a tolerance based control
system of the present invention.

[0021] Figures 3a-c are diagrams illustrating the mapping of different tolerance values
to different regions of machining space.

[0022] Figure 4a is a plot of program data points, illustrating a method of data

compression according to one embodiment of the present invention.



[0023] Figure 4b is a plot of programdata points, illustrating a nmethod of
data conpression according to another enbodi nent of the present invention.
[0024] Figure 5a is a graphical representation of Level 0 data snoothing.
[0025] Figure 5b is a graphical representation of Level | data snoothing.
[0026] Figure 5c is a graphical representation of Level 2 data snoothing.
[0027] Fig d BRfE o noot hi ng.
[ 0028] Fi gm(gsge F}lg?ni%?iﬁ%llbggﬁ rPepr eﬁ%ﬁ?o@uﬁaﬁéﬁeﬁogg%@ noot hi ng.
[ 0029] Fi guompssien acootding tef anothey embrodiateat pﬂhnpse,senthmmtmau ng a nethod of

selectin [ int for dat.a .snoot hi n, to an, .enbodi nent of the
present ?n%(%t%ﬂo Cf]ag @HF@IWTF?’“E?“%BPEB 0 ta§mQPtynga pl ot of
program dajgp2spi rrt;gﬁne kb w%{ b£l9e eséggthﬂ%f%vé}qldaﬁéxﬂ&odm e noves for

snoot hi ng according to an odi nent the present inventfFon. [0031]
Figure 8 i $0026pl (ﬁlgurt Busta graphigaloepressnegpionof beeel @rdatcsmmthingf a doubl e arc

snoot hi ng the present i nventio Figure 9 is a plot
illustrati E@ﬁgiotﬁ:h © @éﬁf‘ gePhifal repmsRmMation © %‘F"ea%dgtﬁﬁ‘%‘-’%{ ’Eg snoot hing
et anot el EL, A S8l d ULl RBreicititgh oF 112 b st ®ule’ ol gor T thm of -
t he prese m[OGM e rﬂlgum 6 i§ DPYHT priograneddtd pomtsqilistvatingf a miethotl o6 lselwlin(gcdatay

versus tine,, o,eferred to as,.the S 35] Fi re 12a is anot her
pl ot of th&°% ufo? gas seep lmwlqah@nea}%slmwég ; cpr?ssn veptions. cur ve,

[0036] Fig 2 to the
pl ot of F:f'%(%ro l @}&e?xé&?fl‘&%ﬁ??eﬁ&ﬁﬁﬂgﬁ@%@% am | | %ﬁ{s:i%l:lx%ﬁi:nggt concept
of stop di stethnaleof adiRGaEG like moves ford smeothitg aacartiingrto ph embodindneofthel vel ocity
versus tine for both additive and non-additive | ookahead al gorithns. [0039]
Figure 15 PLESENINYERIEa ¢ of one embodi nent of an additive | ookahead
al gorit hm h (g@ei,()d di agr am of
one enbodi n@;?tﬂ o?? 1%&ﬁ§ﬁ§:‘& %8mrlmﬁ{§fr%tﬁ&con f@??gﬁggﬁe@h& %fiilg&lb%’&c

smoothing algorithm of the present invention.

[0032] Figure 9 is a plot illustrating another step of one embodiment of a double arc
smoothing algorithm of the present invention.

[0033]) Figure 10 is a plot illustrating yet another step of one embodiment of a double
arc smoothing algorithm of the present invention.

[0034] Figure 11 is a plot of the tool velocity versus time, also referred to as the S-
Curve.

[0035] Figure 12a is another plot of the tool velocity versus time, also referred to as an
S-Curve.

[0036) Figure 12b is a diagram indicating how distances are related to the plot of
Figure 32a.

[0037] Figure 13 is a diagram illustrating the concept of stop distance.

[0038] Figure 14 is yet another plot of the tool velocity versus time for both additive
and non-additive lookahead algorithms.

[0039] Figure 15 is a flow chart of one embodiment of an additive lookahead algorithm
of the present invention.

[0040] Figure 16 is a block diagram of one embodiment of a non-TBC motion control

arrangement.



[0041] Figure 17 is a block diagram of one enbodi nent of a TBC notion
control arrangenent of the present invention. [0042] Figure 18 is another
bl ock di agram of the TBC notion control arrangenent of Figure 39. [0043]
Figure 19 is a plot illustrating the cal culation of the stopper plane nornal
direction for line notion. [0044] Figure 20 is a plot illustrating the

cal cul ati opooaf1] t Feggé 0PReA bletidRgiaed 6Bdne gibodirhémvf A IB@ARtIGREHMIL] [ 0045]
Figure 21 is a plot illustrating |ine notion geonetry analysis. [0046]

Fi gure 22aairgngenfent of the peasentiinvgntiont i ng arc notion geormetry anal ysi s.

[0047] Fig 2.1 s econd of 4]lustrati arc. notion _geonetr

anal ysi s. m’ﬁgg] %ﬁ?g%%loﬂéergiqff(g%gé aPFg‘iel’lﬁggmog’f)f‘ﬁﬁn%ogé’%ﬁ%edﬂe%f)fone
enbodi ment Ffur@3dBC S- Curve Controller. [0049] Figure 24 is a block diagram
il lustrating one enbodi nent of a TBC control arrangenment of the present

i nvention [EE80] Fgwed@ ivsplotillwstatingithelcaleilation ¢fi the stoppdrplanemermalbodi ment  of
an arrangegent. off Bgéi Bﬁgsent I nvention for variabl e-gain feedback control
of normal SPFEIOD f)b ﬁn I?'respondi ng reference characters indicate

cor r espondijgua4parFigurt RO Mﬂ@t’ﬂlu&tﬁ‘ﬁing&ﬁé’ gdladlatidreyBhe é’s’oglmtp%etnhﬁnslr aw ngs
represent enbodi ments of the present invention, the draw ngs are not
necessari | firegtiondat arcamatiovert ai n feat ures may be exaggerated in order to

better ill r.at e..and,expl ai n..t he present .invention. The exenplification set
out herei nﬁ"lsfu?tlg‘g? 8?1%1818{:’3 aﬁ'?ﬁ%q“ﬁfm?‘ﬁ’é‘ geﬂ%ﬁyiaﬂﬁl?'mf'n ogIe) form and
such exenplad4et atFigine 224 & a Mot 15&116%&&@%&6&&@60@%(4&1&;1&@ sishe scope of the

invention in any manner. DESCRIPTION OF THE PRESENT | NVENTI ON [ 0052]
Ref erri ng A7 o Figiwe a2kiisi aggsonshpl opiblustraingzare motion Beqjuetey analysiser e i s shown

"nvent 1 on, R i 28 EH ARFRIRRRRRSRE e FRIEPHy BoRinstl B P IBE  ance

based cont CakVeeComfollehe present invention as it nmachines the part defined
by the partwprogram Wiile the controller of this disclosed enbodi nent

rel ates tol@049hr Figuwe 3¢ icanblechdiagrem Busksating angeabodispent gbaliBsgconiiol h cNC

machi ne conir ol Lnvent.i. be generally applied to bodi es having
vari ous m)ﬁtrén K erlllwﬁﬁhegly ﬁ@tlﬁ%ﬁg&és one of skill in the art would
regogﬂi Zle_, l[(03(15011 Fsgure 056 4 Bloclodiapim ilNettating] obke efbdtlingdnt opa0 e@igehRncont r ol ,
and the like.

the present invention for variable-gain feedback control of normal error.
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[0051] Corresponding reference characters indicate corresponding parts throughout the
several views. Although the drawings represent embodiments of the present invention,
the drawings are not necessarily to scale and certain features may be exaggerated in order
to better illustrate and explain the present invention. The exemplification set out herein
illustrates an embodiment of the invention, in one form, and such exemplifications are
not to be construed as limiting the scope of the invention in any manner.
DESCRIPTION OF THE PRESENT INVENTION
[0052] 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 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.
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-7 [0053] In a first step 102, the controller receives part data fromthe
part program The part program may include data specifying the di nensions,
shape, and ot her physical characteristics of the part or "work piece" to be
machi ned. In general, a trajectory preprocessing step 104 includes
calculating a desired tool path and feedrates that the machine tool should

fol low in RBST §Pa BERGE0DNRe Bilitolleh HdbbRepdredih g the pAPploh! o Of

time and wthin dinmensional tol erance constraints. As the part Is machined,
posi tion patpecin spydndlydendpta specifying siie ¢ioensions shepes diel atbertphysicalool i s

used in a predictive and rangomerrof,K conpensatjqon step 106.to nodify servo
commands ftgha}r%('&?‘?sé‘(‘fi Of'ﬂgpﬁﬁgﬁ?\ﬁgrk Hlﬁftﬁ'lr tq @en@aaﬁ% g‘f‘é;ef‘gg],’ aitr.ae‘-fc,tor?forre%:/t, .
both predi 5fggy&¢%n4§§fmﬁhkﬁdegéamaﬁgq deSREPIBb Phath Mfegea%ttﬁa'tﬁe errors in

t he act ual chi ne path as conpareéd to the commanded tool path. In a
final stepmbtigipe tdod sinmdd falles: inerder ta prodacsithe patt vdtisma r¢lativel p shdrepesodod

anplifier for use.i.n actuati t he machi ne topl 0054 he thod of Figure
2P now dtidiean St s aonaalerings EasaREr dhbe P Bk R PRragH am of
Figure 2. R oxtetalale] ; ager
Task of Fi géﬁfg&g%g‘l’rif?‘g %g?“qu%’%ﬁ njloggheglgéé es pogglsiuge% %2& %ﬁi&! gl%%@r; '?'ask of

Fi gure 2. mndomaartor pomgersatiomstep i Ot iodrodifiesdracaimmarsdsdéd reflisect the engebinet s on

the surface of the part, and the Nuperigal Control i nt ey pol.ate bet ween
these di sclool &9 angat? gor’ bveSoBisHt Qething lat“@égir?@&tabp%yrm avifpaaﬁom&& pat h

formed of ﬁ&ﬂ%éﬁb!@b’l% etoRGR tRNSERI] Firchifte todfﬁﬁﬁll Jg%ﬁ{gﬂredtt@ﬁwt&h%ﬁxﬁ!é& tod®Y
nt of a hat 1s, t y h

I ndi cate a seg circle. T e arc ave a constant
radi us. [ 0p&b] Imhd&nd)stepel 08hthegrodified ferpr epnmend sdmnsiateddo theweogr am not i on

data with fouy,. consecutive. operations that transformit into high quality
noti on dat ﬁmB&ﬁ?frfgrFﬁénﬁﬁ?@tl‘@@f’é‘?ﬁcg’é’gﬁo‘gxecut es it. The four operations are
tol erance yypaay stragiefttbdMtiFigute 1 1OhGK ABEEILEY B0 Hetai PRIt rABFREERTHON W thin

Conpr essi on Queue 204, data Smpothing w thin Snhoothing Queue 206, and
addi tive | Sowahagramwf Figune 2.obkgdneral, sGps 62 208 104 Toreespomedito theiRagee may

f th ' t ' h d t.he. dat
¥ ow t b ougtias TaR ek eV o BH8E i Al R har R ion b HE OO Sy THESToueue
Manager mag;igkepr ‘PH@?@ET giGéf%% hfangs&ﬁra@me Socatibns FFUiRAtE bbiaty dibthe c@#4e.of | | Ne

(G1), arc (2, 03 ' tol erance command E used for the tolerance
based cont thsipartUsd the NumeritalCordroh maly dgfigrpiodate betwicen these diserpteaiinss fng or

![ glg:(r:én CeCN&‘lePe%rytdeﬁglg 9480k tr-%]éc%rgf oF po%? lpgtg)for%llédoo\%scoﬁtri]geuo?lg ﬁhgs:[ and 4. SR cify NC
used herein, the term "arc" may indicate a segment of a circle. That is, the arc may have
a constant radius.

[0055] The Queue Manager Task preprocesses the part program motion data with four
consecutive operations that transform it into high quality motion data before the Run
System Task executes it. The four operations are tolerance understanding within
Tolerance Queue 202, data compression within Compression Queue 204, data smoothing
within Smoothing Queue 206, and additive lookahead within Lookahead Queue 208.
The Queue Manager may perform the corresponding data processing on each queue and
move the data flow through the consecutive queues in a pipeline manner.

[0056] The Queue Manager may preprocess NC motion commands such as positioning
(G00), line (GO1), arc (G02, G03), and an NC tolerance command E used for the
tolerance based control. Use of the TBC technology is consistent with existing or legacy
CNC part programs. This technology allows the operator to specify NC tolerance

commands along with the existing NC commands for execution. By inserting a new NC
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commands along with the existing NC commands for execution. By inserting a
new NC -8 tol erance command within an existing G&M code part program the

CNC programrer can specify different CNC tol erance constraints. [0057] The
NC tol erance conmmands specify a region and a tolerance value to be applied
to that region along with a command identification nunber. An NC tol erance

command | StolkGhddRRBnidSand Wikhifi 86 8xistingd G&M%bde Fra}ﬁ( the R C4%6 gr0058] An

E code requests that a three-di nensional rec angular regi on defined by the
coor di nat esancdpetifiedifiicano ENC toderence comrdtraints., zI1) and (x2, y2, z2), xl<x2,

| <y2, | < NC t, ol | f .tol Thi fi
o b e (57 ahEN Bl cRmmana s AR A Teioh i & telfraRce e g BB, i s
possi bl e fgr, ks {Hat feg %m&%ﬁm@s&m&a&&%&%&%&kemw@fdl&ah . One

poi nt may belong to a nunber of active NC tol erance regions 0060] One
enbodi ment cafimaud mrchﬁnedasa:glﬁnedd'naw ng different val ues and overlapping one

another is illust e gure 3a illustrating a first case,
and Figure 3b il lts(ﬁ‘tlr{ﬁ@l gzuls)g%%é@gé%gd For purposes of conputati onal
ef ficiencyjoeag] i &\?1 ETRyde r@'ﬁ%s@%at@tlﬁ'eg%ﬁnbrﬁﬁ&aﬁfecfﬁﬂ@ﬁlaf i’é‘g JJ ?iﬁf Oggh)é one

nore point, polnt p', I's generated between ol nts 061] In the
case of ancamdm@t‘és gfithe dmg)onaltdorrw (e{d|uykj|zd;1 ant(xﬁoyhtz@) x2<x2 3'1<y4 zlag2z added

bet ween an are starti int t e t5. The | gwest, of the

Yol or ancoshdi aivg serq HE Bt value Phiot TS ShesP i lereisrodmaand oy b

i ndi cated P, &Re BAMPIkGR: vaIgE i mn (tl, t2, t3, t4, t5}. [0062] After the
t ol erance ungerstandl ng operation, the eI enents to be taken from Tol erance

Queue 202 HW&9kelttis po;ssthtﬂfnremﬂhpin BEQodesto2ipfina oeerlappiig tolenineg reghonsarfdte, | i ne
commands wi t.h I‘qul red tol er cg a}tta}gaedl arc commands with required

tol erance PYPtHEN %fon%tFﬂjaPWB 98 GFRHH B JO ' BRARIFE1°050063] In a data

conpr essi O[00GOF" @nb%&b%k%n@o%ﬂ@?ﬁ&%?é@@ns@:ﬁﬂ%} %en% %u&raﬂﬁro%%aﬁﬁﬂga i's _
conpressed. In nmany part prograns, there are ort line noves that result in

a poor suepheanmtier Lélhstmted ind'igares 3a-ttFigureJedHudttating o ficsiehsen endBigureodb t hese
short line

conpr essi oﬁluﬁﬁ%q’n&tq St?ﬁ E?f&W%gpﬁﬂaMBH%\éf?%ﬂeﬂ g ggﬁual I %%Q'%hgddat :

i nto | ongeRivided§sto a@ﬂﬁ')sitb»‘b 185 20nly one more point, point p’, is generated between
points p0 and pl.
[0061] In the case of an arc (Figure 3c), three equidistant points t2, t3, t4, are added
between an arc starting point t1 and an end point t5. The lowest of the tolerances of the
five points defines the tolerance of the arc, as indicated by the equation: tol = min {t1,
12, 13, t4, t5}.
[0062] After the tolerance understanding operation, the elements to be taken from
Tolerance Queue 202 and sent to Compression Queue 204 are: positioning commands,
line commands with required tolerance attached, arc commands with required tolerance
attached, and the program end command.
[0063] In a data compression operation within Compression Queue 204, the program
data is compressed. In many part programs, there are short line moves that result in a
poor surface finish on the part. It is possible to combine some of these short lines into
longer lines, which may improve 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. Ina

data compression operation illustrated in Figure 4a, points P4 and P, are eliminated and a
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conpressi on operation may perform such data conpression if it is possible to
do so. In a data conpression operation illustrated in Figure 4a, points P1
and P2 are elinmnated and a -9 newline is forned from point Po to point

P3. Tol erance boundaries or constraints on the tool path are indicated by
dashed |lines 402, 404. Tol erance boundaries 402, 404 may be snaller by an
order of magnitude than user-defined nunerical control tolerances by E

code. [0064] A line command is a point-to-point nove. Conbining short line
nmoves i nt aew lineds §amedrfeommpyint Re fauptenidy eFalérancedomndarastor ngngimints omtie an end

pol T oG UL GEC PRy SSALENG LA o0l e fore g (e gl
short i ng,IRVLEy %gﬁﬂ? be ﬁ’ﬁgﬂg’a@r@ Wt @R Se el dflerical J&gerfjfo[Egaﬁcggﬁ ?Ler ance

condition, 1.e I stan om each of the renoved points to e new
line is wicobde.n a given tolerance. [00651 To do data conpression, all line
conmands mag he sequentially exam ned in Conpression Queue 204. Four tests
or criteril80tle tdivg commpndds appat-igiReIAEMONe neRIbINKRY shortdsunevesdntgdded t o

the compr J5iidel IndHEY inclfile W%ang%%%ﬁ%ﬁ&iﬂ?a@&“&n@i L@_?ntlaﬁ%[r{%gﬁgfa%e?” only

the points at are’presently in essi on gue ustration

of Fi gur e pdlint sagsno® fdrhaaievplineingveahd rinoving dAhtic prdeimeediat@poigadyIHeerw, f ound
to meet the conpression criteria, and that it is being determ ned whet her
poi nt p4 Jeraer dinpmovsedn senlaseitheold shprt digs mayeg arlydf sasne opnditinas atomph essi on

shoul d be .psgr f.or ned onl pojnts . The four .congpression
criteria ﬁé@u%@gg@e tfoge{}?‘%c\%s%nq'@gb e tﬁ%ﬂ{s%ﬁgﬁ%@%@%gﬁt.hef%rg{)veéf:"pqégtls %3, t he
angl e 0 i shdgéwias is Rihelegsieastodstshc®0 degrees. Test 3. pOtol =p | .tot =
p2.tol = p3.tol = p4.tol. That is, an equal tolerance has been _assigned to
each poi ntl006¢dm Ttdo datespmpesssioabtlblinereoppmandsTaey hreseguerdiablylesamiied imnces
frompl, and p3 o t | ine 4 are |l ess than the .specified tolerance.
100665 11 GaPEpBoL st 04 At BoB e Tkt d B b Rimin s gt e
conpr essi Qifl¥BoEd belatidéd'® tBO8MBplesdion fgsieSowBetRétcofippidssioh@Houltiben p3 i's
added to the snoothing queue and p 1 and p2 are discarded in conpression.

Essent i al Ipgrfortheden gnlyrthepeintsglml are prepentlyrig theeemypressian qusnbi etliei nt o one
segment %@s%l)a'tiox]i of P’lbg-%e Z?b'\{[axs);rulx_lrllel\@at points p0, pl, 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:
Test 1: |p4-p0{<0.05 inch.
Test 2: For p3, the angle 0 is between -90 degrees and 90 degrees.
Test 3: p0.tol = p1l.tol = p2.tol = p3.tol = p4.tol. That is, an equal tolerance has been
assigned to each point from the tolerance table.
Test 4: The perpendicular distances from p1, p2 and p3 to the line pOp4 are less than the
specified tolerance.
[0066] If the above four tests are satisfied, then p4 is added to the compression queue.
If the above four tests are not satisfied, then p3 is added to the smoothing queue and pl
and p2 are discarded in compression. Essentially, three segments (pOpl, plp2 and p2p3)
are combined into one segment (pOp3).
I DATA SMOQTHING

[0067] Data smoothing operations convert NC line data into arcs while maintaining a

given tolerance. The data smoothing may advantageously result in smoother velocity
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[ 00671 Data snoot hing operations convert NC line data into arcs while

mai ntaining a given tolerance. The data snpot hing nay advant ageously result
i n snoot her velocity -10 and accel eration, better control of feedrates,

i nproved surface finish, and full utilization of the TBC technol ogy. [0068]
Figures 5a-e illustrate level 0O, level 1, level 2, level 3, and level 4

cut ol yaad g efer altBhohoedries gkl nat it 3800 B ke 12 °

connect ed ¢fQheTBT wEtiRIlogyn NOSt cases; level 2, in which arcs repl ace

lines, arcs are connected to each other, and arcs are not tangential to
each ot her[0068}hoEigursades;illngrags legel Q, devahl . devehR clovelsphnd tevel hemoothings ar e

(2 Smoot hi REPeER a7 0t MRS B iod o0 ProkieipkAsaRbOm BTN BEy ™ | ' whi ch

arcs repl agRichiaR@%epladedfedlfd a‘fc%r}ﬁ%%&%efcgm’fé%fe'ﬂ R othé i Indéik Base@ngent i al
to each other, and arc curvatures change gradually. In |evel 0-3 snoothing,

t he out putlewdl 25 mowhichmarss replece linea) arts a1 eonnscigd tabadyatherparsbass athmotigh t he
data pointgs. and nter and radius of the arc

| i d,. cl | t he .
Got Tned. hyRogantialiodatomet inmod Rasek e Rl in hick oS seriice Ui BGHAE:  and
radi us of ¢dae@tdto &heh bﬂﬁf‘, aay a?d@%r@ﬁhé’én@iapt%ea&g??)@f; a@ﬁlev@h‘? (@Hﬁéf&hhﬁ@el 0‘; an

arc is defined as the inverse of the radius ( : us, in the leve
exanpl e ofleRldbatendyche provided by theresent invergionh dn wdiichodresgplace dines; atcsare r 2

lts i djngly | t h bet the t .
[0069] _ Levesngetrd o afhehatos, 4 Apaenti ool plistiar grs witires shange” s cnse
that the dahdualROINIevePs-8 safboHiAE dhd Yhthiti 0T sindBthme ehef filed raRRIFARERAyst O

achi eve gradual "curvature changes. This adjustnment of the data points is
accept abl epassesghiongle thei dataspainish ImEigurecsSdynl and exarg thecesmtes and ragivsorf thet al

tti ' hi t he adj . I
Ctypi oal | yoF Beune B ppEBeC BT AR Bacotd <2 hitFh e e s pimboind e e
[0070] Th?ddfﬁl!eﬂ%? tHEPPoiMS padp3'sridesh. t ThedtitvaRne of b ekédk defifiadedsheinvBRBeLS such
that the trajectory approaches being ell |fEt|caI. Gradual change of

c ]chr vat ur F fér oadius &)t Thysein @ﬁ}eveir&fyxmﬁ o ;wee Sbttherelatiyalyrletge rpdivy 1] Mot i on
t i " H f n ,
SRR TR e R R RS T ML

force may dyes. provided by the notors. Sudden and relatively |large changes in
the centripetal forces (as the notion noves fromone arc to the next) may

result in 1086%er Lexed Adndibterent flamcthe gihpr smoothing levels in the sense that the data
points are adjusted (within the specified tolerance) to achieve gradual curvature changes.

This adjustment of the data points is acceptable in applications such as the multi-axis
contouring (or metal cutting using CNC machines) because the adjustments are very
small (typically less than 0.0005 inch) and are within a specified tolerance.

[0070] The points may be adjusted to achieve gradual curvature changes such that the
trajectory approaches being elliptical. Gradual change of curvature along the trajectory
may facilitate motion control.

[0071] Motion of a tool along an arc requires a force, referred to as “centripetal force”,
directed toward the center of the arc. In the case of CNC machines, this force may be
provided by the motors. Sudden and relatively large changes in the centripetal forces (as
the motion moves from one arc to the next) may result in larger overshoots, which may
be detrimental to the resulting surface finish.

[0072] Figure Se illustrates minor adjustments to the positions of points p0 to p4 as

compared to their earlier positions as shown in Figure 5d. The minor adjustments may
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be detrinental to the resulting surface finish. [0072] Figure 5e illustrates
m nor adjustnents to the positions of points pO to p4 as conpared to their
earlier positions as shown in Figure 5d. The m nor adjustnments may -11
result in the points defining a trajectory that approaches being elliptical.
An elliptical trajectory may be ideal or optiml because, along an ellipse,

< al | owed FeER IR RRInLE SOUIBY & HHEVoP P ATRB R e ENBI o ANSWPRBI er ance.
Thus, the PebjRbfr Ry BeiddAFbi il bilaus O RgHE an?llids0SRe Bhivaturd finBEl USt ment s.

[0073] In one enbodi hent of the present invention, 1nstead of optimzing the
curvature cotmyessly.aHewievaphowddrgs an adjusmentsthetnipaiywed sithin théadopelod the

trajectory includes onl circul ar. arcs opposed to bein | i ptical .

Def i ni ng thé“VFPTé?‘b@PISB?B/“é’Q uRog qtgger@pe.cﬁ%ﬂgrpongﬁ H?Yr’r‘&&a‘%ﬁﬁb t{alsié’ne%lvant age

of reduci nge%&%}%ggdjﬁ%@u&mt hemati cal conplexity of calculating the
nts. us

poi nt adj ust , even If it is possible to achieve an elliptical
trajectory B3073}j lsboherembdimpent ofithe priesdnt invientien, amstesl, of bptmixingthe carvatirast ead
adj ust ed suc t hat {Jhe ,trfjggctor,y is defined by a series, of circular arcs
in one enbo8RaR8AY acHbOREMS ddwkan is epplayed spch thattha trajegtopyincldsnenltent , t he

noti on cont b S el JTR ' u . L) ' trol
s updat ed Soerar bR BEBS vbReRiMlal fini0lhe oy iory ot PSS K Oflo A

per f or med ehfcs aiagritavy theetadivaithgd oftrbducingnthe campotatondimdtke npetichbsomgsledyesty 200
usec. Due tg limtations inh the sg‘ﬁ]ed of a,groces or \MljijCh ma%,per}orm
several ot h&cygingteprint pdjustrants orug.eveB il ibis ROSHPIESP achisvep dliptc] ect ory
deflned by #aRefhPBy Ajusidetiit Bointlifn (HEARAUR! e RBREETe 'iﬁsté‘aura\a@stea%h%ﬁ at her
than an elliptica rajectory (continuous change™ of curvature) my Dbe

hel pful . [ O@tébtheDedjexctamioddfined bymyseriesdficikeulah aree ipbesasbatimentarfahe present
nanmely preparing for snoothing, adjusting for snoothing, and snoot hi ng
using a douBIV&M89% algorithm In a first operation of a snoothing method of

the present iagWenih Bhe erhb&ﬁm%ﬂﬁ, fhel o dHE¥ntrbl i%‘im@gé&nm%n%qﬁfa@bt’)gxsed foop Si.d10t

al ways feasible to convert NC I'ine data into ar Il'e maintaining a given
tol erance, #® motidn cdntrol Bxpdutee evarp 26@ oseed Thusabereiis inedddopcampitatonsito i s

Toves. | Cor B RETTOBHAG CEHUHAIS et che compuians ey 81 PEUPBe VR PTHEHat a can

be smoot hedpylhelifitafibns iARKS Heb®bf @gﬁ@@ﬁ@ﬁwﬁﬁﬁ 1yl it fofh skieifl diRdra

identifying the line segnents, which neet the
operations in addition to motion control, using a trajectory defined by a series of circular
arcs (gradual changes in curvature) rather than an elliptical trajectory (continuous change
of curvature) may be helpful.
[0075] Data smoothing may include three phases or operations, namely preparing for
smoothing, adjusting for smoothing, and smoothing using a double arc algorithm. Ina
first operation of a smoothing method of the presént invention, line data is identified for
smoothing. It is not always feasible to convert NC line data into arcs while maintaining
a given tolerance, as with, for example, connected lines with sharp angles. It is
sometimes not desirable to smooth NC line data, for example, long line moves. Certain
conditions may need to be satisfied before raw line data can be smoothed. The first
operation examines the original line data identifying the line segments, which meet the

conditions for smoothing.

A. Prepare for Smoothing
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conditions for snmoothing. A Prepare for Snoothing -12 [0076] During the
first operation, all line nove target points are sequentially examined in
t he snoot hi ng queue. The |line segnents, which can be snpot hed, are

determ ned and the target points of all these |ines may be tagged as
"snoot hi ng" or "no snoothing”. [0077] In Figure 6, three points p0, pl, p2

are joi ned N~AL: e od],ment |.stance . dl is th hort est

di st ance bgmgn@flﬁgé%&i rﬁ{‘opgfﬂﬁnhéeﬁgrexeg%ﬁb&ﬁgpowamf ﬁ%qugptgalfypm%d and a

di stance d the smb@thﬁilgqgieaé.t ThE BitedegmeRS! WEIRA chiBe §théRBed) arddetérnlifeSamineENt
p2.

pl p2 and the arc pOp A mddle one of the three points, i.e., poi nt pi,
may be mar thedargeigroiniprabelhthese linestrnay Yedpggssiasgsmpothingt ondine swpething’criteri a

I sf | /@ 1 | e i . X ,
0. 0005 | nol¥*ThaitFights s BBl A bk RiGed b P ug, P bndembipfined’
di stance, gistlhc@d] R-thOHorieftCdistank® Yetwisen BBidpoit 6f Ithesedmentiiy1 @8 thddrcSOMe

ot her predeterm ned angle. |If the above three conditions are not net, then

poi nt pl nBYPlpdt anske digleresdd isthe sheestidisiance Betwedn thet midpointebntsegmend078] | n
a second operati | i ne ta i.g.adjusted for snpothing. The second

oper ati on Br@if ?‘%‘35%%‘%@81%@5?@9@ ﬁgtﬁggﬂrgﬁpgg?shf%ep‘%%%ﬂﬁ%ﬁ marked o

repr esent eghrijhoothiE U oRoRingt thfed QoAdifiBASd Uniddriaé BitRfied:ne | ocal curvature
at a given point on such a curve is mainly determ ned by nei ghboring

poi nts. A m dest ¢ Bathgedpdfand ipdpdasilinesn of the given point or of its

nei ghbori ng LNt b apifingant Ly ghan I | curvature. Thus, it
I s possible %Stﬁoma%g&tﬁ%} %)gsdlop ?(591@' chhagﬁigﬁ‘%t@ ggﬁa{“ﬁﬁ%a{eﬁlgss FEIPRDI er ance
such that pichetefibin¥@bidtabcd; RacHS0.0005tiReh.t hr ee- di mensi onal curve represented
by the nodified points wll| be reduced. The smaller the curvature changes

on the curvelestde Theraegle8r kdadegines.cor spmp ofher pledeteonineilgugle. 7 il | ustrates an
enbodi nent the present..inventign for adj.usting li v f or snoot hi ng.
The i e rda MG e ElaiNqeR: itipdes eB BbiiER, Ay mal e mRBATAL" e pat h
curvature gmgothihgprepare for arc fitting. Two construction arcs 612, 614,

which are not coplanar, are |located that pass through points POP1P3 and
POP2P3, respect Bvel yAdjust thing er secti on of the planes of arcs 612, 614

I's desig nai@c}s?l?ﬂ a I&%n& Sﬁ'érgtrioxf flino@1 data is adjusted for smoothing. The second

operation may reduce the curvature changes on a three-dimensional curve represented by
a sequence of three-dimensional points. The local curvature at a given point on such a
curve is mainly determined by neighboring points. A minor change of the position of the
given point or of its neighboring points may significantly change the local curvature.
Thus, it is possible to modify the positions of points within the given tolerance such that
the curvature changes on the three-dimensional curve represented by the modified points
will be reduced. The smaller the curvature changes on the curve, the smoother the curve
may be.

[0079] Figure 7 illustrates an embodiment of the present invention for adjusting line
moves for smoothing. The line moves may be adjusted relative to each other to control
the path curvature and to prepare for arc fitting. Two construction arcs 612, 614, which
are not coplanar, are located that pass through points PoP;P3; and PoP,P3, respectively. A
line of intersection of the planes of arcs 612, 614 is designated 616. The center of a
circle defined by arc 612 is designated c2; and the center of a circle defined by arc 614 is
designated c1. A projection of point pl on the plane of arc 614 is designated point q1.
That is, a line that extends through both of points p1 and q1 is perpendicular to the plane
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circle defined by arc 612 is designated c2; and the center of a circle
defined by arc 614 is " designated cl. A projection of point pl on the plane
of arc 614 is designated point gl. That is, a line that extends through
both of points pl and gl is perpendicular to the plane -13 of arc 614.
Simlarly, a projection of point p2 on the plane of are 612 is designated

point Q2. I R ' n e st hrough oj.nts and g2 is
per pendi CSF%.;IQ 18' t%hrgﬁmjlﬁi’gﬁ)é&g‘f%oélragpg@PZ‘PHetﬁec (%%ééé)ﬁal}%gﬁ%% doeﬁlgg?%gggﬁlgt o]

poi nt pl ga. dead igeligckhatlextehidsl thrbgah Kdtl@&ﬁpdinﬂ@%?@hd@ﬁ i@;fs énbiicul& toeNt P2 IS
designated s2. [0080) Cenerally, a point is adjusted i oth that point and
an adj acentanpof aic Hav dhgelasest paik ed afcdrl 4dapeinhp his desigpatedslrand the mar ked for

snoot hing §f it I sfli of .the. three tests or conditions given
above, i.81.0,“468?%?%{5%%["ﬁéégﬁﬁgﬁp%r‘seyﬁ%‘ugﬁétg?S%ax{d| "d2} < 0.0005 inch; and
angle O >[de dewnersly, 4 poihtie agjseR lifbsih e pbift dridtd Rjatent)WimthaPe bediBy be

adjusted if pl has been marked for snoothing and either or both of p0 and p2
has beenmaskaddar smeothingotthpeigt mepbemapked fapsmaendhiagjifis sasisfies ¢achrofthe | al ong

an adjustpent. vector.vl extending.fr |, to sl il arl i 2 may be
20 ot oa TR st 8 bhditons ol boD) el BBk R ol ma s x2S 5 o
p3 has bee@moRidhdadPingd® S5 Aegreed’Onthe HeaniPly sitfvieil Rigdred, poiht g% may !

al ong an adj ust nent vecg'?é(;? v2 ex%rgﬁdi ng e1:‘rom pZSto sZ.é‘%rgOéx_)L)l A t’er&t he

adj ust menbe adiysted ifnlckrs\hcetnmarksd ferismaonthing and eithes opbetbeof p0@pdp2 haes with

su.bsequeni)egdﬁlu t nrtss as sociﬁ .eg 'tah ares f&’,.ri td Ib t he n .xg sett of four

poi nts, |.ep., S ?snﬁﬂ, B% R 51?52 Hﬁtf 'S, a:;d H&gﬁﬂﬁ@%‘;&? be made

based UpORe@dr W éxteritihg fE6EA FIVtoRQP! Birfilddly, pbidt pDthapbe ABFhsRA iBpThaddfebned by
gI'he

points pl, p3 and p4. adj ustment process may continue indefinitely with
cal cul at i sraskeddforemogibingand seberaritothseltpd apfl PBdas dessi marked fasrsgnootng.

ol ong. an 3oyt Ko R eht el fong BalEk e TEN PLeReRil bR 2Re 1 o

adj acent gpints is unmarked for snoothing. Mdre particularly, if a marked
point lies imrediately after or before an unmarked point, i.e., the marked

poi nt | i e$008d{ weier ahe adivsimpais agserigted avith arpoé Heand Gy the prorssheontinies t he

position Qfi.t . DOJ . j f e t he

adj ust rrentgj lt\;lecﬁ %@Eéﬁg{ﬁﬁé&% %ggcrlrgtrgiggdh%gésn I-'Hrr%dy eerlﬁ%gtes tﬁﬁﬁwﬁ(g’&tsal ong the
adj ust menf.eyp6intpl, bD, EoinAtf40 ITHaoIs[Tadjiist@epo dyi tleinsife Hab&l Wointn ai@y be
calculated as p = p+0.5*v. That is, the_paint is npved with_a coefficient
or fact or definey by paints @l,pZand p4 ang an arc defined by points p1, p3 and p4. The

adjustment process may continue indefinitely with calculations based upon subsequent
sets of four points along the trajectory.

[0082] The magnitude of the adjustment of a point's position along an adjustment
vector may be dependent upon whether one of the two adjacent points is unmarked for
smoothing. More particularly, if a marked point lies immediately after or before an
unmarked point, i.e., the marked point lies between an unmarked point and another
marked point, then the position of the marked point may be adjusted by half the length of
the adjustment vector. That is, the marked point may be moved half way along the
adjustment vector. In equation form, the position of the point may be calculated as p =
p+0.5*v. That is, the point is moved with a coefficient or factor of 0.5. Otherwise, if a
marked point lies between two other marked points, then the position of the point is
adjusted twice with a coefficient or factor of approximately 0.19 in each of the two
adjustments. In the first adjustment, the direction and magnitude of the adjustment

vector is determined with the adjusted point being the second of the four points used in
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mar ked point |ies between two ot her marked points, then the position of the
point is adjusted twice with a coefficient or factor of approxi mately 0.19
in each of the two adjustnents. In the first adjustment, the direction and
magni tude of the adjustnent vector is determined with the adjusted point
being the second of the four points used in -14 the calculations illustrated
i n Fi gur e the calqulatipas dlustrated inFigurenb nin, the preodd adivstment, reidirgetignatdide of t he

he-Tour (AERIS gt APSh0REi's duerttpdl RN B nalfioothe BE gty ©
various adfuptfgBpoigcenari os are described bel ow. The check to verify that

the total adjustnment is less than an adjustrment |limt, such as 0.0002 inch,
is omitted0083] shobsticrillugtrate theceashwdirhent|of lFég. 7avarious adiustment s@oados aron: pO i s

not marked for ot hi.ng; ,pl, IS rked for ot hi ng;, p2,is not. marked for
snoot hi ng! ﬁé‘?ﬁ‘?gqogec@%scggﬂﬁto'@gﬁ'{ﬁ g‘tﬁ‘F g%ﬁﬁ%o‘é#m?ﬂ% legﬁ?hﬁ% usme bl i s

not adj ust;gt %M@lﬂastmmnncﬁ s 6rﬁ1tharf&e§i|mBHéltyS£HRa§é Pillustesion?: Condl tion: po
is not marked for smoot hi ng; p and p2 are ‘marked for snmoothing; p3 is not

mar ked f oiCaserbot hi ng. Resul t: = pl +0. 5*vl; p2=p2+0.5*v2. Case 3:

Condi ti on n rkdfor srmt and 3ar mar ked for
sroot hi g CopitoRsPGismoharRe Sf%?m%‘ﬂ-@% i e e SR8 1B

p2=p2+0. 1%'7a?ﬁé62*f9r§1§3<7t}£% p3+0. 5*v3, wherein vl and v2 are cal cul at ed
from p0| nts pOpl p2p3, § v2 and v3 are calculated frompoints plp2p3p4.

Case 4: CHesult: |Etmau$vq)lus notctdjavemtieadtheo masred grofmtypyl, ismdt adjastepveartboygh ar e
mar ked for, .snoot raltgg sult: pl= pl+0.5*vl; p2=p2+0.1877*v2+0. 1877v2"'; p3
= p3+0. 1877% etkpdfersmeothing o oi'n y| and v2 are cal cul ated from points
onI p2p3, C4de 2and v3 are cal cul ated from points plp2p3p4, and v3' is
cal culated from poi nts p2p3p4p5. C. Double Are Snoot hi ng
Condition: p0 is not marked for smoothing; pl and p2 are marked for smoothing; p3 is

not marked for smoothing.
Result: pl = p1+0.5*v1; p2=p2+0.5*v2.
Case 3:
Condition: p0 is not marked for smoothing; p1, p2 and p3 are marked for smoothing; p4
is not marked for smoothing.
Result: pl = p1+0.5*v1; p2=p2+0.1877*v2+0.1877v2"; p3 = p3+0.5*v3, wherein v1 and
v2 are calculated from points pOp1p2p3, and v2' and v3 are calculated from points
plp2p3p4.
Case 4:
Condition: p0 is not marked for smoothing; p1, p2, p3 and p4 are marked for smoothing.
Result: pl = 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 pOplp2p3, v2' and v3 are calculated from
points plp2p3p4, and v3' is calculated from points p2p3p4pS5.

C. Double Arc Smoothing

[0084] In a third operation, smoothing is performed using a double arc algorithm. The
third operation may include converting the lines into arcs, which are mutually tangent to
each other, while maintaining a given tolerance. This third operation may include

sequentially checking consecutive line target points processed in the second operation in

Smoothing Queue 206 and performing the conversion of lines to arcs.
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[0084] In a third operation, snmoothing is perfornmed using a double arc
algorithm The third operation may include converting the lines into arcs,
which are mutually tangent to each other, while maintaining a given

tol erance. This third operation may include sequentially checking
consecutive |line target points processed in the second operation in

Snoot hi 0 QL ' -1 -15
100351 ThdCuol EeaIcR0l A eOf ol s MR IR ANt B0 peshfoRED 1 pass

t hrough &l tht begdtpbines ofithé ihs segimentsetolbe RmoshgdEThas, tiee toteraiteot hed. Thus,
the tolerance requirenments will be well satisfied. 100861 The double are
al gor i t hmtRgyirementsovith hewelt satistiebns si mul t aneously in a pipel i ne manner.

Fi st L h0BEOr DR B ok SRl ed LADGE Bl XESHOL AuBARNMYO5PET PO L of

a line se t e shoo al gorithm may gene e doubl e

arcs to rpipdlaeendnher. | Hing theggonths ingy deteandothatent - Rictdriat edvh tafpdt pdidk, Ps,
p6, ... , Pn be consecutive line target poi nts al ready processed by the
second opefatlinssegment o be pnaethedieSecondahe afgpdthm may gengrateidonblsdycsger f or m t he

fol |l owi ng T j [ i bt i agged s t hi ng" e a
desired ta%%‘gﬁ‘fth\‘ié‘é% 8%‘??"-?%0 b(e %lh"gjaﬁlrthéB)L%%{"’ ggg)?ftp“p'lggg % phas Hb%ggdsﬁ‘éuhposi tions
of poi nt s ljte, taigetipoints Aldeddypoceditd Hylthe eecopdbpératidti in siiobthifg udlie?Dedef i ne the

Arcpip;+ipi+2 and ti+i is the tangent vector to the are at point pi+i. |If
none of piThedirs fungfjormayperfosgethe Tellaysnssieps:, do nothing Increase i by 1

Repeat the above steps [00871 The abgve .f tion wll.create a sequence of
dosi red tangant BoREbTdHat: pRecd varading  FFUaGh e g8 sflend To be
snoot hed, denot@ihuds8) dt.point p;.f Based 4n thiebpositions of points g, piv1, anlififi,! THE Gitée
vectors may be referred to as "desired tangent vectors"” because the

di rection ~chariipis pf pehasibivdefing thedrepigr daoand tiwks the tangertiveetos e hes t he
curvature chang;r?a'{ inttphe snoot hed trajectory. [0088) The second function
may performthe 0 i"Hy steps: If pi, pi+i and pi+2 are narked for

snoot hi ng and tifQokOsfRIRANSILNta@eed FsRkbothiAgya@hottgt ors ti, ti+i and ti+2
have been cal culated for pi, pi+ and pi+2, then create a pair of
t hr ee- di nenseoratreaseddydi | and ail such that: all starts at point pi and is
tangent to the 4 AN0GRE abone siops' !
[0087] The above function will create a sequence of desired tangent vectors at the
target points of the line segments to be smoothed, denoted as t, ta, t3 t4, ts, ts, ... , ta.
The tangent vectors may be referred to as “desired tangent vectors” because the direction
changes of these vectors are gradual, which further smoothes the curvature changes in
the smoothed trajectory.
[0088] The second function may perform the following steps:
e If p;, pi+1 and pis; are marked for smoothing and the corresponding desired
tangent vectors t;, t;+; and ti+2 have been calculated for p;, pi+1 and pis2, thén create
a pair of three-dimensional arcs a;; and aj; such that:
e a; starts at point p; and is tangent to the tangent vector t;
e a; is tangent to aj at a point pj+; between p; and pi+2
e aj starts at point p;, ends at point pi+2, and is tangent to the tangent vector
tis2,
e Check the shortest distance (d) between pi+1 and the closest arc. If the distance is

within a given tolerance, the double arcs are valid.
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ail is tangent to a;2 at a point pi+i between pi and pi+2 ail starts at
poi nt pi+i, ends at point pi+2, and is tangent to the tangent vector ti+2.
Check the shortest distance (d) between pi+i and the closest arc. If the
distance is wthin a given tolerance, the double arcs are valid. -16 |If

t he doubl e arcs between p; and p;+2 are invalid, then create a pair of

t hree- di mensi opnal ar a;l,and a;2 between p;..and p; +1 suc¢ch that: a;l
starts at poi'nti}gl,‘e‘g‘ﬁﬁ’?ﬁi@cﬁmé?ﬂpitaﬁ‘?PhéarFéﬂl@lﬂtm%E{eéwatEa’rOfél,’“leeTs t angent

to a;2 at a poi o N P .8 0 o I - .at point p', ends at
poi nt p;+,, and&?%&%lgﬁggﬁ% floaﬂ%lﬁ %tg%%ggﬁtar@e%f%ﬁlaﬁh?& Repeat the above

steps to gener aé e aff Gibis At poifSp; ARd Waaipent to' thakehgputw&ctot ACrease i by 2 Repeat
the above steps 100891 The operation of the second function in the
embodi ment desc? i laads Wogend t9 & atid paieitp’ betewgen p; @dganes 9 and 10. In Figure 9,

pO, pl and p2 are marked far, snoqt hing. A i.r of three-dinensional arcs al
and a2 are (F:) r eat ed2SHEH 3 RYRt }?S;’r@%ﬁlat %Og'étrﬂi*é’ ‘E)Eﬁnﬁf’mﬁ@%}frﬁ“gqmsv?cé‘?fgtéht to

tangent vectgQr Rg%ea?ﬂﬁ aBbvd s?eﬁs?@%&r{&aetggoeﬁlga&g.b@ttwé’égtﬂﬂggﬂcfl ]Ip.gz bet ween pO and

p2; and arc a2 arts at pol'n s at point p n tangent to the
tangent vector Indreabdilsy2di stance d between pl and the closer arc al of the
two arcs is within a given or predeterm ned tol erance, then the double arcs
al and a2 ar @ vBepest the@bovrisers, on the other hand, the double arcs al and a2
are invali hy €. L he di stance d | 20t . Wi t hi he given tolerance, then
anot her paﬁ’? 8%]f The 8%6-%%%3 S| %Sheﬁ?ndaﬁ'@g{’] ln%ﬁe‘ggoaf’ff‘gﬁ?gﬁl@)abﬂ%lscr eat ed
such that giustraed fif Figl®s 8lan®20.Nin PiguRv p0sp 1t &1 dre nfarkedB£ hoMBRIZOTA t O;
are a3 is tangent to arc a4 at a point p" between p0 and pl; and arc a4
starts at i efithreg«dimepsdienaharcpal ard pd are grantadssuch this arc al startsat peingpdand ect or

pai v of ¢ no LBt el R @ AR RRCE e it BRI B2” ) o
al | of ar cgndadrc a2 gtarteiat ikt A 4ndext point @RJ &id ig tangeftSto tEngendoectef t2t ifa ar cs

may have a different, respective radius. [00911 With_ the double arc
smoot hi ng 4is@scechhgveepl ard heslpsgaraek obdic tyye aggsds pithin & gigemefove- descri bed

Pecond, | GG AR Bl gL 15 o 0 he

repeat ed f[@090] If, on the other hand, the double arcs al and a2 are invalid, i.e., the distance d is
not within the given tolerance, then another pair of three-dimensional arcs a3 and a4
(Figure 10) are created such that arc a3 starts at point p0 and is tangent to tangent vector
t0; arc a3 is tangent to arc a4 at a point p" between p0 and p1; and arc a4 starts at point
p", ends at point p1, and is tangent to the tangent vector t1. The above steps may then be
replicated in order to create yet another pair of three-dimensional arcs (not shown)
between points pl and p2. Any or all of arcs al, a2, a3 and a4 may be circular arcs, and
each of the arcs may have a different, respective radius.
[0091] With the double arc smoothing thus completed between points p0, pl and p2,
the above-described second function may be repeated for the next three points along the
trajectory, i.e., points p2, p3 and p4. Further, the second function may be repeated for
each subsequent set of three points along the trajectory.
[0092] The above-described double arc smoothing 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, p1, 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, pl, p2, and tangential vector t2 may
be derived from the arc defined by pl, p2, p3. The following five steps may be taken:
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each subsequent set of three points along the trajectory. (00921 The

above- descri bed doubl e arc snpot hi ng enbodinment is directed to the case in
which p0O, p 1 and p2 are each nmarked for snoothing. Assunme now that, of the
four points p0, pl, p2 and p3, pl, p2 and p3 are nmarked for snoot hing.
Tangential vectors to and t1 may be derived fromthe arc defined by p0O, pl,
p2, and tangentyapoustelalts, L&, Y1 ﬁ%ﬁlﬁtﬁfdp’ﬁﬁd&"c%ﬂdﬁ %o920@hichade by pl. p2,
p3. The following five steps may be taken: Ble arcs, i.e., arc al
frompO to p' atadgential atdointgmay btgemated\ﬁpm(pérle? t@ d?l)g@lﬂShQWn mtFigoe®t p’

et e p et The Pt giRncs bebwesnil 0 eslows of e HacionPls =fimmirey ¢ hen

be checked. 1f hhg b@'cﬁé&@&eﬁ’thé‘dfsﬁﬁcé& mm@m A diREGSRNRe RsSiHaRYS than a
predet er mi ned di stance, such as 0.0002 inch; then the double arcs al and a2

are valid. 3. plfedetlannmedldis'emaef csachaas (hmDZaﬁclartlmmthe/dbulﬂe atcheh andabhre arcs a3
and a4 are gener%teed bet ween points p0 and pl and based upon tangent
vectors t0, tl two arcs al and a2 nay be tangential at point p". 4.
There may be a 0kARaasHIERRE kI bl of e iflpih] @eRlifible AcdbSbaREedl N Fi gure 10
is the shortest di'stance between point p" and a [ine extendi ng between
points p0 and gdnerdtéd bhtw’eanpcants pOsindl @3 and hased aippn toigemrvectoexitOdilsthece, such
as 0.0005 inch, then %ubl arcs gii and a4 are valid. Oherwise, if the
doubl e arcs a3 HHyargsa ﬁ?de MK Ps trngenial aRURLRE: (he trajectory between

poi nts p0. bl a3, Fhirhay B Pidfrditbe REKBP heRBuBlSrfd) A@Hﬁtaﬂl:edn?ﬁgﬁf‘eoﬂﬁt
steps 3 and 4 to generat'e double arcs between p 1 and p2 based upon tangent
vectors tl and iszhe sHortetiiditdncebebGor/ARIAD" pD? Bie exterdingetineen pointsqifahead

operation within ead eue 208, it is ensyred that th i s _enough
di stance to acc%‘i“t‘i’ f‘i EQé @?%18‘@“8 @ﬁmmea Eaﬁuﬁhéﬁﬁﬁﬁgil‘1ﬁ t he
program data. Tied thafoudVaDd #08R d4ré Vald. t@ﬁeﬂﬁ%’“lﬂﬁe UaRE AtsaN dnd ue! |

marks may be reduced, and the surface finish in machining may be i nproved.

For each progr amm:aludomen defing thp trdjestoay betwiesn paintsuiledl ahalineextendisg t he
di stance requi rg to eI er the axes to zero velocity according to
S-curve accel er 8f4 8?1‘11"?‘{1 Ipé)a]nf rred to as S Curve because the

accel erati on/ deseRepé s@Ps Pand 4 & géefaty 8bwifié hnés BEtNekh 1 aNEpD Ghded upon
tangent vectors t1 and t2.
IL. ADDITIVE LOOKAHEAD
[0093] In an additive lookahead operation within Lookahead Queue 208, it is ensured

that there is enough distance to accelerate or decelerate between all velocity changes in
the program data. This has advantages in that the machine bumping and dwell marks
may be reduced, and the surface finish in machining may be improved. For each
programmed move, a stop distance is computed that defines the distance required to
decelerate the axes to zero velocity according to S-curve acceleration. It is referred to as
S-Curve because the acceleration/deceleration part of the velocity profile (velocity
plotted versus time) illustrated in Figure 11 looks like an “S” instead of a straight line.
The stop distance may be determined by the lower of: a) 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.

[0094] The additive lookahead function may include searching in Lookahead Queue

208 for velocity and distance information and determining whether there is enough
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plotted versus tine) illustrated in Figure 11 |ooks like an "S" instead of a
straight line. The stop distance nmay be deternmined by the |ower of, a) the
maxi num nove velocity determ ned by the angle between the current and next
noves; and b) the maxi num nove velocity for the path curvature determ ned
by the machi ne nodel. [00941 The additive | ookahead function may include

et or m i AN GIRETNENE apsrie € s Cecel Gopeontnddfordo Rt RREFaipRTly °" °"

accel er at gh¢lpegl erate properly fromone notion conmand to the next. (0095)
There is a nmat hematical conversion between the stop distance and the
vel ocity. (0094 pFlepeis amhatbematicalragnvisesiombatwben thd sfopalistanne and the ileritance and

t he S-Cur as discyssed.in tai,J below (009 addi tive
| ookancad  HiegBner MeRA SRS Hortelo ettt e 35 Dt S CuPtdst | ve al 1 oved
for differgalusfRain nidpoa&thil b&low. A tol erance/ arc radius/velocity table nmay be

built for this purpose. The table may provide the nmaxi num al | owabl e
vel oci ti ed0096)r Hrecaddigivedpokabeahalgoritiim may require knewlsdgawf the diakireurant

tol erance r I rement el OP di St ance and sto r 09 The ditive

| ookanead VSO ARMER o S LB, & Blerglapratarseloi S  opper
The stop Gh&f BeEltTor RisTRIPEIB. TRETBRIMYY pdvitRTh Alaxima aRbRable vélGtiges € 12a)
and end point speed vo may be defined as the distance traveled froma target

poi nt  ( Fifguares afdifferent tddd qpelurvatuaes with diffezent tolerapeeorequisemends.achi eved
according to th%S- rve. .speed profile, as illustrated by the shaded area
in Figure 12a. opmwm;t ual target point for a notion .
conmmand, mMey9ne FiR! KPR 166kaReddAborithnt iBodes IV doRERHESS stePESEndd 4@ nom nal
feedrate v, and cones to a full stop at the stopper accordi n(% to the S

curve, it spappsesThastopdisiaace ofza metiomedmmand withaondedl feadrated; (Fagure 12peed vo.
The stop di,stance. may ,be defined as the distance,between the target point
and the: s B0l PR BRES Vs v Retingiis i et g IR Rt Cormand i s
det er m neqFidufeIZb) e thetpoir at GR-hi20full REpEARBE AchibRdIRROrdiniEtothd®s-clhwt ance and
t he end point speed vo, assumng that the S-curve s&eed profile is fixed,

i .e., the spesd prafileaatidlusiraied by theribadedrareaind’igyredda. Ptopperayhish 188 yirkial

Ther ef or o, EpeSpISF A EfioR b8 ftnd AR bl RecrE MOk RARIENE syl rede B o
speed; andpedd frbr nofiting) febdsdtancand con@s\tea full fep anthe RRIPPér KPEAthg®B ThdS-
accordingly uniquely determ ned, and ] i
curve, 1t passes the actual target point at the desired end point speed vy. The stop
distance may be defined as the distance between the target point and the stopper.
[0098] Once the nominal feedrate v; of a motion command is determined, there exists a
one-to-one mapping between the stop distance and the end point speed vg, assuming that
the S-curve speed profile is fixed, i.e., the maximum acceleration and jerk are fixed. It
may be assumed herein, unless otherwise stated, that the S-curve profile is fixed.
Therefore, the stop distance has a direct correspondence to the end point speed; and if the
stop distance is given, the end point speed may be accordingly uniquely determined, and
vice versa. The additive lookahead algorithm may use the stop distance as a metric of
end point speed, which allows the algorithm to be computationally efficient, as discussed
below.
[0099] The stopper may be used in an S-curve controller to design a motion profile.

The S-curve controller may aim at the stopper instead of at an actual target point. The S-

curve controller may generate a speed profile in which the controlled tool passes the
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vice versa. The additive | ookahead al gorithm may use the stop distance as a
nmetric of end point speed, which allows the algorithmto be conputationally
efficient, as discussed below [0099) The stopper may be used in an S-curve
controller to design a notion profile. The S-curve controller may aim at
the stopper instead of at an actual target point. The S- curve controller
may gener A | [ D -whi r A s the -19

act ual ta?%@taﬁ%?oé% E§ 9’3? 5%%&@%@01}3@@&{&% ‘;r}q’fdﬁ%pe&lg? &%?%ch@%g&l? %gﬁ% reaches the
desired slomftespepged. B. Speed |limitations of notion commands [00100] In
the additive | ookahead al gorithm each notion command may have four speed
limtations: sgkcifiSneed disita iccoptmMIR@Eh| e speed, path velocity

] : i (1]
limt and h@ant Vel oci i b, T cifhed feedrate e fined as
the deor r 440 RTG Bl lathe 1Rabead UEodRE chorPod BRI B Bfvifiito” rhe
nmachi ne alshesrlthRatiddeespetified fevaEdE, MeachinerlllbdableRp&dd, piiR veRER{ lindf¥hddepends
on the hardware of the nmachine and | aws of %qutym cs. The path velocity limt

is a |in toimprelaeity miti dhe smesifigsfeedrateinaay hedefingd as thedesitrsfeedratsrvaluse ar c
radi us and.tol.erance specification..The.larger the a radi.us and. tol erance
re, 'the S BR B8R R oink s Hthine A ARE SR AE Bhifinel £y P
may be ddafnhifRidnan the SRREhndi d¥béndslontthehdr@hre oTthd MACHANSRIHVs ¥ NDt i on
commands. The joint velocit imt may depend on the angle between the two

not i ons arfpysip® The pathelecitsadtiis & &gt fon arcynetianariderpatihecleatydimitarayand t he

smal l er t e, ar I er_the j.oi limt val is. [00101
Tt he aadepRREe 8t ralS anf idifibnd BekiBballon, A8 el Mk brciBuliE aht; | 0030
val ue ampgrdnbeaepieilirgeickhé aRflinim pathheldong NinfieisalTheeibt ecls¢igeima Myt he
pat h Ve|OCI2éﬁ|Iﬁ1t. For exanple, if the specified feedrate is higher than

t he machi e definedhesn pesplimut at e joHe of pue ronsequsive mpotiongommands. Theicakead

al gorithm fo t f.e . | er yal ue of the
machi ne al‘)lggo&gfg ﬂlgnlgﬁlg%gggeﬁg O?‘ ﬁfelg%g%l%g%tg{egﬁl}gw irﬁnqqioﬁgﬁﬂ%%%le%‘ggsl owdown
feedrate apedificationd Theildrgerahe folérahdeihdaResrBallbr HRyangie8,the frgdrike joditnt
velocity lirm¢t_as well as the nom nal feedrate of that notion command and
the next SReRd lgnitydlvedhd. Because the nominal feedrate is the snallest one
anong t he | i oAl at h

ver oo ty I0GREE" dh 86 AR Aatk afuERTHL] Son i TefiraBBce Mot DEET |
speedup nmaynongahk spenified feedratanthé machine allowable speed and the path velocity limit.

For example, if the specified feedrate is higher than the machine allowable speed and the
path velocity limit, the lookahead algorithm would force the feedrate to slow down to the
smaller value of the machine allowable speed and the path velocity limit.
[00102] The slowdown feedrate at the end point of a motion command may depend on
the joint velocity limit as well as the nominal feedrate of that motion command and the
next motion command. Because the nominal feedrate is the smallest one among the
specified feedrate, the machine allowable speed and the path velocity limit, slowdown
may occur during a current motion segment and speedup may occur in a next motion
segment, such that the feedrate for the current motion segment may be less than the
nominal value. The additive lookahead algorithm may use the nominal and slowdown
feedrates to calculate the stop distance.

C. Yalid stop distance condition

[00103] The lookahead algorithm may ensure that the distance between the tool and

some location ahead of the tool is sufficient to allow the speed of the tool to be changed

to a desired level by the time the tool arrives at the location. This condition may be
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segnent, such that the feedrate for the current notion segnent may be |ess
than the nom nal value. The additive | ookahead al'gorithm may use the

nom nal and sl owdown feedrates to calculate the stop distance. C. Valid
stop di stance condition [00103] The | ookahead al gorithm nmay ensure that the
di stance between the tool and sone |ocation ahead of the tool is sufficient

to allow the speged of, the toql to be change to esir.ed l.evel by the tine
the ool aPRPOBLOEs & e bl e St i refdladRdihs SufPta (o as a
"valid st omg@ﬁ&ﬁ@a%ﬁmsya_@luéﬁ&a"m%érhat_{caufbﬁe&m‘bhmﬁddl tive | ookahead

al gorithm and may be defined mathematically by equation (1): (1) ds < 1,.,
+ds, ., whe(B ds dangl | +depresent the stop distance and the | ength of a notion
segnent, respectively, and subscripts i and i+1 represent the index of
not i on conwdaesds and / répeesenii the stamdistance gud theidgtinof @ moticosegmentcnd i has an
end point at

The Stop dfSPRREFRERoe Gl reBreRBioe fide Bhmetioh chgm @y 1 tha st op

di stance Ofiagfih bf Fiklire 187 miotioh BSmHaA@BR_{ has3nl f i
st opper (i +11al , thenl%%l,r?d | s?altoi sfies thea#aldisc%inse?%gsﬁpétt%ﬁ’c%é‘@gﬁ imtnf%tn.

[ 00104) Thetoppéri i asd stpp distnende ic Hithé stop distzamne af end heloexpdtaixned the samot her
way as illustrated by equation (2): ( ds, .- ds,+, .51, % Because the stop
di st ance dggﬁ’efa\ﬂ@%?j@’_‘%/?t%a‘s%?er %é%%%‘*ﬁ%y oF pfthe étQHPgt-’e‘_Sé? ﬁf’ﬂb"éﬁa_ point p_i
of notion giPpdr AN iHRE chREHiakResthe VAR 881dRALA cdhditichl) of notion
cnd_(i+1) respecti'vely, equation (2) indicates that the segnent |ength
1_(i+1) is[0036d] edbeyaid sop distwesouditionzcas plse de skplathodin Anathertway dseedr at e at
t he poi nt ﬁ i ttodEhe fﬁedr te at the point p_(i+l ). C Additive Lookahead
vs. Non- addfustretsd by 6% lé’B(ﬁ’[‘OOlOSl A di fference between a TBC additive

| ookahead gigor idhnyand;a non-additive |ookahead algorithmis that the
additive | 3

kahead affort'thm generates an S-curve targeting the stopper and

uses only PREfus@thelsid distandeV® Bhdiddati+i@n® th $hel feEaR Gt tHedd pointt 0 VO at
the target point. The non-additive TTookahead generate an S-curve targeting

the act uab_kcfrmetionmoidii andithetfersiratp ebthe iend peidtip it ) od magionicnd, 6i+d) t he
target point [OOLO0GL B0 GndidSBUFnE SSRIRRILEAN_RE1YRWnd Bibughef t1 ve and
accommodate a speed slowdown from the feedrate at the point p_i to the feedrate at the
pointp_(i+1).
C. Additive Lookahead vs. Non-additive Lookahead
[00105] A difference between a TBC additive lookahead algorithm and a non-additive

lookahead algorithm is that the additive lookahead algorithm generates an S-curve

targeting the stopper and uses only part of the S-curve so that the speed is reduced from
v; to vy at the target point. The non-additive lookahead generate an S-curve targeting the
actual target point and the speed is reduced from v; to v, at the target point.

[00106] Figure 14 shows a comparison between the additive and non-additive S-curve
speed profile. The speed is reduced from v, to vy at the target point in both profiles.
However, in the additive S-curve, the slowdown occurs between time ¢4, and time #.0,
while in the non-additive S-curve, the slowdown occurs between time £,y and time .
Thus, the non-additive S-curve requires a longer time and a longer distance than the
additive S-curve in order to achieve the same reduction in speed from v; to vy.

[00107] In the additive lookahead 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
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speed profile. The speed is reduced fromv, to vo at the target point in
both profiles. However, in the additive S-curve, the sl owdown occurs
between tinme trbo, and tine ttbco, while in the non-additive S-curve, the
sl ondown occurs between tine twn and tinme twro. Thus, the non-additive
S-curve requires a longer tinme and a | onger distance than the additive
S-curve in eonarantioinahégeste which Bavealreativsdeh @hodessed peobd revidnéd té SeeVibthe

[ 001071 In the additive | pokahead process, the continuous trajectory changes
may af f ect Prevéoyshesalalalpd step distansessor Biepmprmmandsdiced torke wpdatsd arawtrand i s

added to th In@pk i | [ l.cul at t.he new
command, al ﬁﬂ({ 02? %gdm%@@% ﬁrgﬁldggeggi'v%?@cgﬁ ngsgggll%gf%&e%ﬁbgrlﬁlcessed
may be revi anéd stop digtanceeldstih@hepddivive dkiheadlatgdriali tnat pepfottin ShafloSiROr

t hese conmands need tq be updated or not. [00108) When a new comrand cnd;
i s recei ved SER8(PeWedsked, it has a path length 1 i, and a stop distance

ds_i. The additi ookah l,garit hm. rfoarm.t he f.ol |l ow ng... st eps
(Figure 15): %hg%ﬁk%gﬁgﬁﬁggﬁggﬁi S %{Pslglg‘g?t? %Ilet Vr?g]gtsg()pt%%m(i?aﬁopglugfldd'e"
di stance conditi @fds (iL1)8s equal fo dtdessithdn)thé Surf @ERli ah@d9Ni. | ess than the sum of
| i and ds_i. If command cnd; 1 does not neet the "valid stop distance

condi tion", i.e. Ifcunpand ¢mdiislogs eat meettthatvalidestopdistince condinieh™dsel ds t(len

repl ace the sto L stance,ds (i-1 or mand cnd; i ,wWith t.he su f.1i
and ds i. 1f cg&?fhﬁm@e@%@ﬁfﬁ%ﬂ’t‘é"f Léanéiﬁﬂdﬁwagﬂaﬁfes@aﬁ@@ ‘E‘,‘B‘ﬁﬁ‘iet@eﬁ"l)
i.e., ds_(i-1) i$or RaHAdnd@nd} Witlke MBﬁ‘BfE hendggniof 1_i and ds_i, then the

stop distance ds_(i-1) for command cnd; _iT nay renmai n unchanged, and the
updat e oper at i onIf soromapd ereli.; mdefs the-‘Malid sstepgdistante conditibe”, updade (iePeisat i on

is conplete. i-- crement, the val ue..of i), and repeat the above steps.
[00108) Vihen ¢ he *BANTS P LoF JaAeaie S0 ot Pish & GER BB PR SRR U5 i i
backward the coppmp@aadpPrevi ously processed in the Lookahead Queue 208,

checking the "valid stop distance condition," and updating the stop
di stance of the cmdnmmney remdie unghdagédngnd tho epdate openatign istcompddte.er the first

command that neets.the "vali top .di stance condition" is found. Because
t hi s command n’eeﬁé(“hﬂé“q\b‘gitpg” aFd%dﬁfFé’PﬁrﬁE%nbgd’r?Hi %n," the stop distance
of this commangd na pec] n%nﬁw F . this command neets

the "valid stop g?g(%egnce n?(t)ﬁr%di tion, A Ijléﬁ% IEIg{eca(l)brgrgrérjl?}glzé?pr evious to it net,

and still mie0109] When the additive lookahead function is sequentially reviewing backward the

commands previously processed in the Lookahead Queue 208, checking the “valid stop

distance condition,” and updating the stop distance of the commands, the updating
operation may stop after the first command that meets the “valid stop distance condition”
is found. Because this command meets the “valid stop distance condition,” the stop
distance of this command may remain unchanged. Further, because this command meets
the “valid stop distance condition,” all the commands previous to it met, and still meet,
the “valid stop distance condition,” and none of the previous commands may need to
change.

[00110] In the additive lookahead (Figure 15), only 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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the "valid stop distance condition," and none of the previous commands may
need to change. (001101 In the additive | ookahead (Figure 15), only the
third step, i.e., the step of calculating the stop distance ds_i, may
require a lot of conputation, and may be cal culated as shown in equation
(3). This calculation may be needed only once for every notion conmand, and
there may be no need to repeaty iy, 322 3 2 1J 2vo Vgl v 6J 2 (3) ds - s
i V1 v~ +1 J(2(vi-yofli (2(vi ﬂl{)j—%} vo_ 1v, J 6 ¥L=dv/)Il 2 [001111 In
general , t(?ﬁ adgit})ve | ookahe&d IJg rithm maybe nore c3rrput ationally
efficient an thejnop-addijive | opkahead al gbrithmdue to the additive

| ookahead al gorit ﬁ_gwl Yol yVodye_héGvy¥dddag step whigch is outside the
recursive | oop and|1'§ J o W peyf orgred\ onge. Theé additTge'l ookahead al gorithm
al so needs |l ess distance to reduce a same anount of speed, as shown in

Fi gure 14,[000d1¢h Ingamsalf thwexiditive Voakakeadnabgornhmanaynipengisren@athutaionellyrodi f i ed.
1. MOTI KER%ﬁElOOllZl The nmptjon kernel nodule rra,}/, performthe

t ol er ance ShaYey e RopBAditiye lookabeagaleasithm dye ta the additive lookahendi at ed wit h
program | i . : T i . r Qv L eIl true arc
not i on, V\/na(le elltrr?llﬂgla%%?nlc?’ré}genﬂzg%}é%?g%féhgak%hsgc&}grl%e%%F‘%rﬁ%h&ulhﬁ . e control

may push tomdy petfismed once. tTie qidappedooiadiedd dperither also meds Res didGintofo
deviations as they are encountered. [001131 The predictive TBC notion
control ndgduse asame amoyntolFpesd ps showHEEWS H, Whish meaps e PEeviouse/ ar ¢ dat a

(no pre-c%ﬁne&n{ﬂ%ﬁrs%éﬁoib%%g&ihg&s) and directly pushes the axes al ong
y.

the line/arc trajector every control cycle (which may have a period of
200 gsec, Hhr eMOWION KERNELontrol may read the position feedback, may

conmpare th current position with the commanded trajectory (a line or an
arc), and lﬁ%flﬂetﬁww wngernsh madulgmeyperfors) g fsrangerhased giofipg cpRrdtt ¢l osest

to the actiglmfHonh&di the Aidtioh AsocitdSwiR pfgram lines and arcs. The motion kernel

provides predictive and true arc motion, wherein a line or an arc is the basic trajectory

unit. The control may push the axes along the programmed trajectory, correcting for
deviations as they are encountered.

[00113] 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 along the line/arc trajectory. At every control cycle (which may have a period
of 200 psec, for example), the control may read the position feedback, may compare the
current position with the commanded trajectory (a line or an arc), and may determine a
point on the trajectory that is the point closest to the actual current position. This point
may be defined as the ideal current position. The difference between the actual current
position and the ideal current position may be defined as the instantaneous random
position error or tolerance error. The instantaneous random position error, also referred
to simply as the "position error," may be thought of as the deviation of the actual current
position from the line/arc trajectory.

[00114] The TBC tolerance error is the vector difference between the actual current
position and the ideal current position which may be dynamically calculated in real time.
In a TBC control system, the ideal current position may be calculated every control
cycle, and the tolerance error may be directly corrected by TBC. Moreover, in a TBC

system, the tolerance errors for different axes may be handled coordinately.
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may be defined as the ideal current position. The difference between the
actual current position and the ideal current position may be defined as
t he i nstantaneous random position error or tolerance error. The

I nst ant aneous random position error, also referred to sinply as the
"position error,"” may be thought of as the deviation of the actual current
position f he |l inelarc._.trajectory. 01141 The TBC.tol erange error is
t he vect or{og'rﬁ#]erE%gﬁGd’cr%@h"et‘ﬂ%t‘%‘{%gke absveBheontpd sy¢le.dpav fdeal
current p%iub{,mgﬁggsgh may be dynamically calculated in real tine. In a TBC
control system I deal current position may be cal cul ated every control
cycle, and the Calkelagthe tteéd-dimenBivnilaaichisltvelocitp at thetidedl hm&ﬁgosiﬁ/bm epver,
in a TBC system the tolerance errors for different axes may be handl ed
coordinatel y. -thg trajRetory pcoprding (S UEWE cti ve notion control, at every

control cycle, rfor fqllow. t eps: | cul at e .t he

t hr ee- di mensi o ngg“%?lgﬁeg%%m%%@u %ﬁ%@%ﬁgeﬁgggﬁ%ﬁg@@ﬁ’?n&rg % ?Ibdn of the
traj ectory aCCOméir@ﬁediaiv%-cGpr\é@sateGéchii ate t he | nst ant aneous tangent ial and
centripetal acceleration forces and their predictive conpensate vectors

Cal cul at e t he | GQslculatethe stantanpolsrapdes positiore¢rrasr  Det er mi ne a

t hr ee- di nensi onal . random cortective, vel.ocit Conbi ne the tangenti al
vel ocity, thé& Bﬁ@@f’@’cﬂ?\? gidyarsignal Vé‘é?‘Bch}IISﬁH’etW C¥andom correcti ve

vel ocity toggt ' ] ' H?tlﬂq xes al ong
the trajector y"?%@%&tﬁé&é&@? ‘r’f%(?cﬁghhﬁg)ﬁr %déﬁh%?é ° gh%)hrtgsen s Pﬁc\l/g%t I on may
t ake the noti onrandemmanddivervelocith ¢odetdek ahkasha@ie usuRild valoditg anpushlthe he servo

systemto track the, contour trajectory. The TBC notion control is different
from non- TBC no®%esAlongias BectPsy that it is a closed-1o0op contour tracking

control. arq < I 5 :Jyoti on control
IS provi dmggﬁowrﬁimagoq%%ewPgﬁg&érﬁeﬁﬂéﬁ%&@lﬁ%%{%@g'g%dﬁon order to
track a theomemahdseisn dredlookaltad Quetie )& atdcontroh theoemendysteomab traoktheol system

may deconpose the, three:di i onal contouy_into XY/ Z s and interpolate
The X1 v 2 GRS Fgetar + S ABL PN SRTOL R TR fOR AN MOGOBGANESIe based

ref er ence inlyhg)ieftuased1dhy Bkt alIBRE BaRIo1 AALoGRANNH BAEFASH-TBC to tr ack

its own noti
motion control and TBC motion control is provided below.

A. Non-TBC Motion Control Structure

[00117] In order to track a three-dimensional contour trajectory, a conventional control

system may decompose the three-dimensional contour into X/Y/Z axes and interpolate
the X/Y/Z motion with respect to time. Each axis may have its own time based reference
trajectory and may use feedback and feedforward control to track its own motion
trajectory independently. Ideally, if each axis tracks its reference trajectory perfectly, the
resulting three-dimensional contour would also be perfectly followed. Due to the
existence of disturbances, shown in Figure 16, and modeling errors, perfect tracking is
normally not achievable and there may be tracking errors between the actual axis
motions and reference trajectories. There may be an attempt to minimize the tracking
error in each axis without any teamwork or coordination among the three axes. The
trajectory of each axis may be tracked without knowing or caring what the state of the
trajectory in other axes is. For example, even if the trajectory in one axis meets a large
resisting force and lags behind its 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
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trajectory independently. Ideally, if each axis tracks its reference
trajectory perfectly, the resulting three-dinensional contour would al so be
perfectly followed. Due to the existence of disturbances, shown in Figure
16, and nodeling errors, perfect tracking is normally not achi evable and
there may be tracking errors between the actual axis notions and reference
trajectori t LNk I . .error in
each axis \?\III? E%yh%-u JCS%W%%WQW&&%%‘P}J?#% g|](l§ﬁng %c?ruoatrllgg?théﬁ?l Eﬂrlggclggveeg . The
traj ect ory mdy stiticdeviaid fomale Reerbicesadursiphifidhntknowi ng or caring what the
state of the trajectory in other axes is. For exanple, even if the

traj ect ory [P0118he Theimotippecontrel sysiemallusteatqdsiniFigpre 4 erayedimedesenmeinistiel i t s

(g ot or | AR Rae RAFRER Yo RE0RRy Ab) BB fheld e bAFeBRERR

traj ect ory ru@fmériay be atciratkigdenemidtbeorétand! Fox,af yidhd R Bm@s indieate t he
actual contour that is achieved may still deviate fromthe reference

cont our si desdforvard eontroflon fosgacirieé thedhres axeso Ard 61 x.<y ot and €12 may indicate i n
Figure 16 ' 1.0 SER G- h is, the x/y/z axis notion
trgj ectori @%@%@ﬁ%%ﬁ%@gﬁh&t ﬁga)gér?ti re systemys runtime may be

accuratel y det erBri ned’BREMé@in0entrbl Struttirénd F_z may indicate feedforward
controllers for each of the three axes; and C x, Cy and C z may indicate

f eedback cdf9H1dl| dBC metior genirad doesnot invobee degemposng FHuecquBimaensiogant r ol

St t T, i i | j.

Dt oot i oo sBftbap o Bted R GR Bhfcbes U B3 b ALE) KEnEPTRENAGI(Ichirol
traj ectori efay ddaipacs the hBGalndvhtoud pesifidr with afeférenoepaiteurt dhd detdrtntle £oNnt our

position with a reference contour and determne a control signal to

M ni mi ze t KENEQIMENa} togPingnize Birecanials gTTAR HYnsmbwtiment ofokB e smtiosiconel uct ur e
IS shown i | . l[“‘i Y I S I n the
non- TBC n%%lﬁ%t%%glgrsl ro H@ﬁ?ﬁgﬁ zf‘gﬁésr%%fvtw?%nﬁfs%%ﬁ%ré '6,In é({}léna g{tgl?rgo%'cal ars.
[00120] Tha&BBmotioh icomtral atriictate shbwi di Bigareof6, ignals arelstakiyy enpl oy
contour-based feedback plus feedforward control. The contour trackjng may
be cl osed- IIBMF0] aridhetlB{emoipp conirql sisuciurg of &igye 47 B}aé(.empi%)f C‘?‘ﬁ‘,’u‘tlﬁ’éed ool may
be command ray : e f or med
by o ser] carapak flus PR BRIy T SEhALY rhARAP b BEBIcRed Sl 15T
noti on contar@motiey mag e lpossiblee Thattis tha tobkiay be anrdmangedae foliapah breedf

on-the-fly feedrate adjustnents. [001 At , ev trol | e, such
every 200y G@%‘é’f"w gather dhary %FPjé?tth{anggé)]' # peries of Iii%llea(}osre]gr;lgnts tHat agprm%llrjncate as

an arced trajectory. TBC motion control may not be time deterministic, and may be

capable of on-the-fly feedrate adjustments.

[00121] At every control cycle, such as every 200 usec, the controller may read the
actual contour position feedback, compare the actual position with the reference contour,
and find out the closest point on the reference contour to the actual position. This point
is defined as the ideal current position (ICP). The controller may include three
functional blocks: feedforward, feedback and stick friction/backlash compensation as
illustrated in Figure 18 and described below.

[00122] At every control cycle, the controller may calculate the desired motion based
on the ICP (including acceleration and velocity in both normal and tangential directions),
and may include a feedforward controller to convert the desired motion into a velocity
control signal. A runtime feedrate adjuster may also be added to adjust the feedrate

(velocity) for tolerance control purposes.

-25-



actual contour position feedback, conpare the actual position with the
reference contour, and find out the closest point on the reference contour
to the actual position. This point is defined as the ideal current position
(I1CP). The controller may include three functional blocks: feedforward,
feedback and stick friction/backlash conpensation as illustrated in Figure
18 and de | hed hel ow. [00122] At eyery conirol cycle, .the controller may
cal cul at eiﬁ@jesﬁ?é’an qr&?yb‘lii‘b?fl‘f ekll_}‘?etrqc BT ‘t’}gﬂoﬂbn ef®¥t ation and
vel oci Y inghd3nlif) diRCHGHs R Bfkry 39GEN Thebrdl AL AGRRI direckidfl 10K digkilopde 2
feedforward controller to cohvert the desired notion into a velocity

control sifgmakhe aktualiodritone gosinad cheddPyse.cthe nelyrantessardror aontedr ¢recoradjhest t he
feedrate (velocgity) for tolerance_control purposes, .-25 [00123] The

cont r ol | e ToR{N é%lgeaql%&rra%t@mﬁéeﬁ?eé@éitﬁfgme?%p Path lﬁmhﬁb&lﬁdhe\?&f

t angent i aly,.fine G| : e ' Fon i s
tho i st ansainty FiseRRE (RndriE] ik Phe TIRAERE B Bl pRfiRheE WEpAL

t ol er ance centralleranayciacitidetwedifferent Tdedbackrooatrollers fdrahd asrgmhtndtangéntiabt i on i s

defined as the unt of path length that the | CP | ags behind. Because the
nor mal er CGIOTHAA TBRY PORYSH{IBMTacking $TEOTS YR B vPIgEILY enntieh dignak Hoeptek control | er
may inclu : ' Q&ﬁ.’ Rirth angenti al
errors angﬂﬁ%é{/ip%lg!n%afgg{aggtoelﬁ ﬁgc | rklngi&}gr r orgll'éﬂn?ﬂr{té%é %E\e}ée{lﬁ%%@orﬁt% {r}gflé si gnal .
The sticktoélri cti on and backl ash conpensation may further inprove the

SETRER U RTINS
structure.pdy é&n%?ﬂ‘tﬁ@&ﬁseﬁ%& kH’ucrt&r@.Cﬂ@glogéﬁlﬁg'co?tgﬁyﬁr&?fggédﬂ%ﬁ the

three axes and mnimze the contour error. For exanp Xx-axis has a
| ar ge r esimdy coprdioate ¢hesthrbelaagsaridahinmizettbe conft@renoe Forajxenipbe, ¥f, the kaxist her

two axes .could sl ow.do to tch . the x-axis notion so that the actual
Cont our 1 det Blatet restngiare T el i elkema s or itk & EPVO®&FSal so
enabl e truguRr GowRbivao RRGAURE xIaRE mGfH Jo tRALRL adGA SbAoaE foPBwATle be
considered in the control. (00125] Because the desired notion at each
control cyefeeenice cirdtewd e TBe musiondamel miay alsb ERablatrde afegnetinn kacauss e em
condition, such as the tol erance erron. he s&aﬁaem may no |onger be tinme
det er i ni SEMUPCtA,AGCRIETNON MAYRE oS! ﬁﬁfld‘%%l}?ecﬁf‘ y be possible. Wen the

cont our/ t Qh@I2H)C Bhislthd SesiBd MMtioN 8t SRACLArSILy¥Ri4Based B tifySnestifedr at e
may be increased. Conversely, when the contour/tol erance error exceeds the

speci fi ed ICR| arel the arrent system condition, such as the tolerance error, the system may no

longer be time deterministic. On-the-fly feedrate adjustment may be possible. When the
contour/tolerance error is below the specified value, the system feedrate may be
increased. Conversely, when the contour/tolerance error exceeds the specified value, the
feedrate may be reduced such that the error is also reduced. In other words, the system
may maximize the feedrate while maintaining the contour/tolerance error within a
specified range for optimal system runtime or throughput.

C. TBC Geometry Analysis

1. Motion Command Pre-Analysis
[00126] Before executing any motion command, the TBC motion kernel may load the
command and analyze the geometry. The stopper plane normal (SPN) direction and
stopper position may be calculated in the pre-analysis and may be used through the entire
executing period until this motion command is finished. For a line motion, the SPN may
be calculated as indicated by equation (6) and shown in Figure 19, which illustrates the

line motion geometry pre-analysis:
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feedrate may be reduced such that the error is also reduced. In other words,
the system my nmaxi m ze the feedrate while naintaining the
contour/tolerance error within a specified range for optinmal systemruntine
or throughput. C. TBC CGeonetry Analysis 1. Mtion Command Pre Anal ysis

[ 00126] Before executing any notion command, the TBC notion kernel may | oad
t he connqgg angPﬁn§I§z€1§he geonetry. The stopper plane nornmal (SPN)
direction ahd stoppgp_ ‘{tion may be calculated in the pre-anal ysis and
may be used through the entire executing period until this notion comand

i's finishef@0127qr Forlannec motiomnhe SPIE nSiyNbedajculdia] Sahdichtad 69 egeationq7raided by
equation (6) and_shown in Fi gure 19, which illustrates the |ine notion
geomet ry phewarinFigire 20, whgch dlustpgg are nption|geometry pre-analysps, Wheg0OABN] For an

Shown 1 n_ Rrapsh SocigP ol iRSiohEl B B8 o RN BuSioR YR Moty B

wher e APN cegtenflithefadé. the unit direction vector of the are plane nornal
direction, and C stands for the center of the are. (7) SPN, = -APN x P,-' -

C IIP -c, [0 ] T, tHhppés position Psi maybe cal cul ated as indicated
by equati 0(317}(8) 9%&8_ E)Jgt%{?[g necq d arc notions. (8) Ps;=P,i-ds, SPN 2.
Real -time Geonetry Anal ysi T 00129] At each control cycle, the TBC notion

kernel nmay[00ezs] tTie aeppétpositoil P may(Healchlaabistih@ibatt @ B baedtion(B) Rpd conpare
the actual position with the reference contour to find the ideal current
posi tion (hodpline andharemrotions.er ance error (e") and the distance to the

st opper (distange-tg-go, [00130] For a line notion, the geonetry is
shown in gsgureﬁﬁl‘,gﬂf?gd ilflustrates line notion geonetry analysis, and
may be cal cul ated as,indigated by equatjons.(9) and (10). (9) d=<Ptl-Psi,
SPN> (10) e" = (Ptl 2 psi )Ee_al-glme mqeLgry)lna?yszs(

[00129] 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 the
stopper (distance_to_go, d).

[00130] For a line motion, the geometry is shown in Figure 21, which illustrates line
motion geometry analysis, and may be calculated as indicated by equations (9) and (10).
) d =< Pt/ - Psi, SPN >

(10) e, =(Pt~Psi)—d-SPN

wherein <4,B> is the inner product of vector 4 and vector B. Thus, if 4 = [xa, ya, za],
and B = [xb, yb, zb], then <4,B> = xa*xb + ya*yb + za*zb. Pt is the tool position, Psi is
the stopper position of the i motion segment, and SPN is the unit direction vector of
stopper plane normal (SPN) direction. Equation (9) may be interpreted as the distance d
being equal to the length of Ptl-Psi in the SPN direction.

[00131] For an arc motion, because the actual contour or tool position may not be on
the arc plane, the tool position may be first projected onto the arc plane, as may be
calculated as indicated in equation (11) and as shown in Figures 22a-b, which are
illustrative of arc motion geometry analysis.

(1) P'td=(PHU-Ci)-<Pti-Ci, APN >-APN

Equation (11) may be interpreted as P'tl being equal to the unit arc plane normal

direction vector APN being multiplied by a difference between vector (Ptl-Ci) and the
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wherein <A B> is the inner product of vector A and vector B. Thus, if A=
[ xa, ya, za], and B = [xb, yb, zb], then <A B> = xa*xb + ya*yb + za*zb. Ptl
is the tool position, Psi is the stopper position of the i nobtion segnent,
and SPN is the unit direction vector of stopper plane nornmal (SPN)
di rection. Equati on (9) may be interpreted as the distance d being equal to
t he Iength 8 %‘m\ﬁ the SPN direction. [00131] For an arc notion,

ou

because t h& t<'§1)((,t ua1 r or tool position may not be on the arc plane,

the tool [06132]oTheEBkctoe Pftl isthe Proficlh SE(FINED onhtRe APldtled Thee A VERIOrbE
calculated as indicated in equation (11) and as shown in Figures 22a-b,

whi ch ar e P’1liis found anitheeare plaae cthew ICH thejenihtangsntiahandreilial difectionweetprs dt
=(Ptl-CG)-< PN>APN Equation, (11).may be interpreted as P tl being
equal to t3 a4y cgplot ?Aé‘?{gn o B R O S b PR HEY RSl tiplied by
a dlffererué@ermiemerhd{@&é@irneﬁeaﬁox@()z)a{l@)t(m@arrd2(isyect or <Ptl-G, APN>.

[ 00132] The vector P'tl is the projection of (Ptl1-C) on the arc plane. Once
t he vector1 P'tl_isPkbund on the are plane, then | CP, the unit tangenti al
and radi all% refi7 pprMectors dt and dr, and contour/tol erance error e"
(also referred to as t'he normal error) may be determned as indicated in
equat i ons ((lj)Z) I(ﬁ]i3bz+(R141} and (15). P'ti (12) dr=lIPItill (13) ICP=C +Rdr
(14) dt dr’ x APN e" =Ptl-1CP [00133] In order to calculate the

di st ance t(d)ﬂ)go dii= éxAPNe path length fromICP to the stopper, the arc

I ength between |CP and target point Pi may first be calculated. Any arc

that is nﬂll@th"an'ﬂétr@é)grees may be cut into two arcs. The distance _to_go

(1%) - e WL g offer 17 ?@8{}#%@3@%%2 oy ahe et Bop kolde) ey e

ST S 40, AP R b TSR B

that is more than 180 degrees may be cut into two arcs. The distance_to_go may be
calculated by use of the following three equations (16), (17) and (18). The meanings of
the variables of equations (16), (17) and (18) may be discerned with reference to Figures
22a-b.

(16) 1= %"Pi - Icp|

(17) a=sin™ G;)

(18) d=2aR+dsi
D. TBC S-Curve Controller

[00134] S-Curve acceleration provides a non-linear acceleration method that softens

and smoothes the transition between the at-the-speed phase and the

- acceleration/deceleration phase. It is referred to as "S-Curve" because the
acceleration/deceleration part of the velocity profile is S-shaped instead of linear.
[00135] The S Curve velocity profile usually has seven phases: increasing
acceleration; constant acceleration; decreasing acceleration; at speed; increasing
deceleration; constant deceleration; and decreasing deceleration.
[00136] Non-TBC motion control systems may use the S-Curve to generate reference
trajectories, i.e., scheduled position, velocity, acceleration and so on. The S-Curve is

time-based and implemented outside the control loop (real-time portion). At each
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[00134] S-Curve accel eration provides a non-linear accel eration nethod that
softens and snoothes the transition between the at-the-speed phase and the
accel eration/decel eration phase. It is referred to as "S- Curve" because the
accel eration/decel eration part of the velocity profile is S shaped instead
of linear. [00135] The S Curve velocity profile usually has seven phases:
i ncr easi ngeongrobeicls, asedon thodistaner toagoe BleckBE Seyrvel eontedler npy aaleulata thei on;  at

speed; incgeasing .decel eration: constant decel eration: and.d si ng
docel er at 15 BlociBTRsRE AR poBR HedRraee SoBb BTy S FREE curve 1o
gener at e et BEPollek hitlydeldNidrRe-babediand ifplAtAtQAhs RACAI R pro¥&dsOqht Y,
accel eration and so on. The S-Curve is tinme-based and |inenented out si de

t he cont r oveloatypngy ketaleulated fFomtthe imistantanceusafath distaneratreyeryopotrel cyslesed on
the distange to 80,. t he TBcg1 S—Curqxe.control | er %BH%/‘ ca({ cul a&e the desired
vel ocity ahys RECEFRTRAPSACHEGHE YUY Hr BBt iid PRARSESBRRPT SPRE TBC S-
Curve cont ol tifé rdqaystPuchias bARKELAP Q&%gat@&?uétm%h@ FRALRARR, Bads€aksmd™®
process. The velocity may be calcul ated fromthe instantanheous path

di st ance aandesinglystepntrol cycle. This nechani sm may reduce the velocity
error accu I op,, and may. al so.s ort.so real ti.nme reqgues uch as
on- the 1 | y[OREH, R SoihaBiaone Sopadieat ot Pathod p GeataipE 45O AR ngl o
step. [0018¢hrv ddnBdl1EM 18 5hov indIBurRPBOGh HRidt s&é 4309EhEadg N cHRBRIEAbIsed 4500
of a TBC S-Curve controller is showm in Figure 23. In afirst step 4502,

the flag iifthemcicetsysisnsstatus isf"acdederatal oe'fiecdyratedmifthastatisiis décateratker at " or
"decelerate." If the status js.decelerate 0 ation proceeds to step 4512.
" the. ot HASTHgEToReds Rt 2n DichEpRir pand EhEFuspiny Bl TF frgecierals

st op_di st afe 8topedittah&d rdqire@isalcRlel initept 4504 4T84 stopN@istance_required may

stop_di stance_required may be defined as the m ni num di stance that "the tool
woul d t r avisd defimed psithegnininwn disganee thae thegedlorenld ravel pseardingdathe Heumg t he

tool t t.op.. Th t | st b ti f t d
hocel er at i BoRthe S sauBbring BETadTay agforn b HrbuilaRgontie £ BngBBEFE, °"F nan
the stop_ddffean§Red 8Alhdc8Rratiéf, In ¥Bp a504TEEME givieAdistdnck So §g& ©"ti9 gfe@fek i nue to

move forward, then operation proceeds to step 4512 to calculate the desired
accel er at i than thecstopy distanice yequixed édWM' sdhich meangdhatjitsis aafe éo contiywe teimoye | ess

e e b PRe AR A o0 45t R R BRI
decel er at evdléti§t @RhéSAsk, ifRC didtaticd e gdi"at arles-thar 1o stop distalicd) @équeregugh f or
the systemto brake according to the original S-Curve (wi.th preset

"d0," which means the system must brake immediately, then brake information is

calculated and the flag is set to decelerate in step 4508. Because the distance to_go "d"

is not enough for the system to brake according to the original S-Curve (with preset

maximum jerk and acceleration), maximum jerk may be modified in step 4510 so that

the system does not overshoot. Two distances, d1 and d3, which may be used to detect

the S-Curve phase, may also be updated in step 4510. Step 4512 may be considered the

core of the S-Curve controller. According to the current system status and the critical

distances calculated beforehand, the S-Curve phase, desired velocity and acceleration

may be determined in step 4512. Because the S-Curve controller runs in real time, care

may be taken to ensure that the controller does not run out of data. When the total

moving distance of the motion commands at the queue becomes too short, the system

may need to slowdown to prevent data starvation. In step 4516, on-the-fly feedrate

adjustment and user override is applied.
E. TBC Feed Forward Control
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maxi mum j erk and accel eration), maxinmumjerk may be nodified in step 4510 so
that the system does not overshoot. Two di stances, “dl and d3, which may be
used to detect the S-Curve phase, may al so be updated in step 4510. Step

4512 may be considered the core of the S-Curve controller. According to the
current systemstatus and the critical distances cal cul ated beforehand, the

S- Curve phase, desi r%(j velocity and acceleration my be determned in step
4512. Because the Seurveleeddidrymresizralsend Gains) tine, care may be taken

to ensur es@ﬂﬁs th&eg ﬁdWaPci tn bQB&‘s%d%gtthJ x{[d@al%‘dhaﬁtf epogﬂ{)ogl'(%(%e Apghe total

novi ng di stance of the notion comuands at the ue S too short, the
system naglcnbidn o tirel thiee dved fopward urs)ti.ed aband taacelerhtieFFdn) tadigential 516,
on-the-fly feedrate adjustpent and user override is agpl ied. E. TBC Feed
Forwar d Coitacsy FEvhand tangentipl pegelgaatipndifghas shoxypndiigwrs 2fovhish jllystre¥st or war d

may be ba | 0%] & | &) I ion of the
three f ee?%g’ gg‘?\/aa%?i %dg%?%t@onfféé@f?ﬂ%}ag@ng} Flgg%e#é g)trfggr%?%&a%? d Sggﬁgéﬂi 281

vel oci ty Fdbwinedafidein tiegoinidtgl analysie) ﬁfdaitiaﬁdldFi%?feseritSm&h niisl andgur e 24,
which illustrates velocity and acceleration feedforward. In Figure 24, "d"
r epr esent Jadiplénormat digecdiop yegfers, BEpestively. f rom t he geometry anal ysis; and dt

d4 d . ) ol . . |
Fespect | vaPIS ogiGhive BRAGT B0 R rpdshe By 4REREFInE A SR AR diSERE O
cal cul at e vieheitd @sind@dcelsratiaga (hotly vandla arcehlarsahloap tite trdjedtbryy and a are

scal ars) along the trajectory. 5400140 The acceleration a on |line 4606 may
be nul tiplifP y kheacegiemationa ga hing 4000 way be multiplicd by dhe wnit tegeentiab produce

the t -1 Al ' ' Kaf f ,
my converyepl FE R AB0PI HEEE bRl ackrd B Yceb LRORI0, The gt
whi ch i s dosedd ghingKhff, mag comrentahs ianpaitial ddd6lkdation Bnintd/adohtraldignapFRate bl ock

4612 may estinmate the current velocity, conpare the current velocity with
| ast vel ocYhigh sgasateble By theaqlosY8le®di ct i ve conpensation into the S-curve

vel oci ty ggdrirrfm@md I‘hetMo&iﬁgggﬁPl E@blbﬁ?@@l@t&xg}% %sftiéx%%{h@ﬁluﬂ[eﬁtqfelo&?g% ensat ed

velocity d mul'trpli e unit tang direction vec 4608
and becongbe tureent aelgeint with lase velocityyconmaaml, and adibd gredBtiva usmmpéisaticeinuo Syst em

takes the  velocity control cqonmands, no further conversion, may be needed
for the vé%éiwwlﬁcw.comm &dforr %aﬂtft@%&%ﬁﬁltaqc FEHClF (8 in a s gnal

FRvE and n@yneRahldey e dity ORI IBpR& the unit tangential direction vector dt 4608
and becomes the tangential velocity vector vt 4614. Because the servo system takes the
velocity control commands, no further conversion may be needed for the velocity vector.
A feed forward gain 1 at 4616 results in a signal FFvt and may enable all channels to be
at the same level.

[00142] The centripetal acceleration an 4618 may be calculated by the circular motion
physics, i.e., a, = V%e . The centripetal acceleration may be directed toward the arc

center and opposite of the radial/mormal direction. The same feed forward gain Kaff as
applied to the tangential acceleration may be applied to convert the normal acceleration
into a suitable control signal FFan.

2, Runtime Feedrate Adjuster (1)
[00143] The runtime or "on-the-fly" feedrate adjuster is a feature of TBC motion
control. 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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at the same |evel. [00142] The centripetal acceleration an 4618 maybe

cal cul ated by the circular notion physics, i.e., a" =v, . The centripetal
acceleration may be directed toward the arc center and opposite of the
radi al /normal direction. The same feed forward gain Kaff as applied to the
tangential acceleration may be applied to convert the normal acceleration

into a sui | e caontrol FFan. 2. Runtine Feed. rate Adjuste , d)
[00143] Thé’%?ﬁ‘ﬁti &ntlmsrtg Q‘ﬁ%‘e pelipsicr may F%Baféd?wsgiof#@?%awe&ffer@ 'gﬁ TBC
ot er ence {heaied ek tolédndt (4B ph SRR LGS Kl R or30Y BECREUEBRAREY |
cont rol | ogrporadleemee yh@mnmlfeedre&adjubas&ﬂy@mw Mﬂrerfemratey@hﬁﬁo&endl tion,

Thus, the runtine feedr ust er be possible. -30 [00144] The
runtime fe‘é%ﬁkglgeacﬁﬂﬁaﬁ‘ét 9;5 2 erféropsé?swerllﬂﬁmaa»@}dampwlpwoﬁo t he

specified g a?%ﬁ | or too

cl ose to, Egﬁécbfz%@ getpéglfrﬁ{ﬁgﬁ%?%{g&m%%gg b&ﬁ%eg%g {}‘e adj uster may
sl ow down m’c}ﬁofzeﬂnd sgdtem tlaroughpudyv Gendrildy khewpead 6fitha ¢gol nfady Hehﬁcxehsharif thand, if
the error is smaller than, and not too close to, the specified tolerance,
the runti nROSItENRTENr ds belpwdhessperibipd erer Wigranaenand: the pegd of the tophpenbe t he
system thr I f the
position e(?e;ég%gé&rft l%%{t@ﬁee@ﬁﬁe%aﬁ)fo ?ggﬁ%lpg %Plé?gﬁréﬁgiﬁ%@g R Sk’ ﬁ& bgig)' egn‘]i:)f t he
tool nmay bembelitmesasetbtiifcrédse tiedfsedrarves ifahe tent@liever Ish%ryi praail fbueeh error
tolerance. It is possible, in one enbodinent, to not increase the feedrate
even if th@t%me Hitg tq gither incyeass ontednge the frediate as apEomiiaiie ability to

ei t her '”C thé Hfne féélﬁat% GRLal &ag%e %F&Bﬁ ﬂeﬁt nH{anQl%ﬁ%ec]iE& faunt i me
feedrate a e a cons |nedot|mz ani sm at IS,
under the T:'IGHISSI, mﬁdertth@éortshemcoﬁm gontbad/ elermne efrl‘of wﬁthm 4 dpevifiedsaee] theed
range, the runtjine feedrate adjuster may naxi mze the feedrate to achi eve
opti nal sy%‘flﬁme feqtrete ghysier mey mppimize thefsedeatedp aslyeveloptieal sustery r or  Feedback
Contr ol '{hfbﬁﬁb @able Gain (t [001461 The normal error e,,, or

contour/t nte error, maybe defined as the shortest distance fromthe
current tool poEJtlo'n‘B(bFéeﬂbaéleCenﬂm:e contour, and TBC notion control may

reduce this error. Because this is a three-dinensional error, the
coordi nated motion I Normal Error Feedback Control with Variable Gain (7

[00146] The normal error e, or contour/tolerance error, may be defined as the shortest
distance from the current tool position to the reference contour, and TBC motion control
may reduce this error. Because this is a three-dimensional error, the coordinated motion
of the three axes together may be needed to correct it. The error may also be five or six-
dimensional when additional axes, in the form of rotational 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.

[00147] As indicated above, a difference between the TBC and the non-TBC control is
that the non-TBC control typically decomposes the three-dimensional reference contour
trajectory into three independent axis motions, and controls the three axes without any
knowledge of the contour/tolerance error. The TBC motion control, in contrast, may
directly address the three-dimensional contour/tolerance error. The actual position of the
tool may be sensed along each of three axes. A three-dimensional position error between

the actual position of the tool in each of the three axes and a desired position of the tool
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of the three axes together may be needed to correct it. The error may al so
be five or six- dinmensional when additional axes, in the formof rotational
axes, are included in the trajectories and in the cal culations. Thus, where
three dinensions or three axes are referred to in the discussion below, it
is to be understood that the discussion is equally applicable to

[ ti-di st I h th di d
Than 1 hr ochEPERof $BHFAS Freastab HrL AT bt on LegroeA e BORUGR R ho. TBC
and the noqplf@esedttUpoh the matm&%mz&%&ﬂgbgl%n by &g& bY F!ﬁgeéaposes

the three- dlnenslonal reference contour trajectory into three | ndependent
axi s not i ohlg speediandjort ditdction bthe hoad enaptesconiro besl depamdent kpanvdhe dgee-of t he

contour/tolerance .errar. The.T tion, control contr ast, directl
Coth ove | PUTORASRA BPHBRA FERSTSRAY RS GESTIBFL Perh e o oS TR BRI WAL posi £1 on
of the t%oﬁgxxﬁﬁgéﬁmeﬂdﬁﬁamnmu% e%[-sgx? fpeealo Fﬁeaﬁ)%sghﬁ@&%drona'

position error e actua osition In“each of the three
axes and amdehsmatck. position of the tooI -31 in each of the three axes may

th b A th | | d
upon ¢ he- qbYefla: AyiscE6oa Hertres n?raa ¢ PB apitol hug bl BoodRagnE  The
speed and/ e 44 B30 nHlor AoPAbngHE Rer G005 h ot dERENEE HerdtgPb he

t hree- di nmensional position error sTgnal escri
i |1 ustr at enitdreoupling betimeen ﬂwrrnmmc&m&nbrbfethe different axléstrensi onal position errors

may be cal ed b use . or,. hematlcs 00148 cl e r from

thg above @ﬁ@ wnrls 1%‘8!-1 owhlﬁ@ ustratss @eﬁ@p% gar%ﬁAgb%Eeom oft o

affeCt ot j aP&%rr e AR oRT1a d%@a%ﬂé 1k Eﬁa’cﬁ%ontfol%’ there may
u ? t e ?

i ntercoupl i ng between the notion control rerent axes. [00149]
As shown i addeésg tiremna2imal erfirc The lefros mapbe saltileted an itebba-tyed g\edmfmybamlysrso ntr ol

nor mal TBC np nt r ol use a vari abl e-qgai. edback
controf ¢ o 02 e [ & Srsrimb oot conoller B Ry my oY BRS¢ he
real tine gaeemhs Yorddknst.s 4002 (Figure 18). A special feedback controller
Cn nay provide systemstability and reduce the normal error. [00150] The
vari abl e g@0b50] 4Vi2vaniabletpaiar 4102maybe afudetdh of both eatgential welosity tapd and
normal accel eration. Loosely speakin the faster the system noves, . t he

| ar ger t hengmahacwmnops Iﬁe%ednéépe@lsmsgthﬁ Gister theSystsPHROVeES Hisrlargehibeigainger ¢ he
gain, the Hofg nBtHed 'l Yorkdhe the MU erfdr! The IHYer'tfe SAR! RE hfHe quickly the

normal error may be corrected.

2. Tangential Error Feedback Control
[00151] 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 contour, which may be considered a current target point on the reference
contour. The tangential error may be defined as the path length from the ideal current
position (ICP) to the current target point. A feedback controller Ct 4004 (Figure 18) may
reduce the tangential error.

3. Different Dynamic Responses of the Two Feedback Controls
[00152] The TBC feedback control may include two parts: tangential error feedback
control and normal error feedback control. Instead of treating the two errors the same or
equally, two feedback controllers may be provided for the errors, with each feedback
controller addressing a respective one of the two errors. A first reason for the different
treatment of the two errors is that the normal error may be more important than the

tangential error in terms of tracking accuracy and surface finish quality, and thus more
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2. Tangential Error Feedback Control [00151] 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
contour, which may be considered a current target point on the reference
cont our . ﬁﬂge@' epi ; he

| deal cur }gﬁgﬁ posi t?l%%ed?{r(&l}? n?igﬂa}[l Egoguérsgﬁﬁd? garsgg'?o rgg% E{ﬂ'e?%ﬁfhg%%eggtf

cont r ol | erth€twel@bers (Fihgithe s&g8) systigm maydave litdited pawge iand #lmayr beodesirgble

Different Dynam c Responses af the Two Feedback Control s 00152] The TBC
f eedback dBHF§ Wff%&%@lﬂ%“ﬁ%?ﬂﬁ@gﬂe%g ‘t'%&‘i"oé‘rq%é"rmif%@gﬁé‘ck control
and nor mal coffrbiérs hfa§tRask foR Rehihle ndrtal ERFtaffertinPaHdrBITAORo P the
same or ecé)uaf) yrS t&o feedﬁ)gck cognr% rngﬁ ersa{.?n%e;1 lgga%drrgwrgé;go orel'?ﬁlrelgfe) rors,
wi t h each rhaehtvedigher bandwititheor fasietrdyasmitgresponss pbadselyespeakéng)imdrh gervoo
errors. Afirst reason,for the differen treatant of ttge two errors is

that the rROMFAMAa¥besedigeomectirmal GRS thamipngsrtia ¢rFes. and-he sprmaliegF r or i n
ternms of t | .nish quality, and thus nore -32
wei ght my&%g&p{égg%gc%%%gﬁ%rt%%geﬁgéri%(l){;o%’ A second reason for the different
treatnment of t@Ge t\BBErStizkFrictidnvald Biacklash Compyndationnay have |imted
power, and._.it y be desirable to use the power_to do re | nportant things
first. Th&g(,’ o Therstigk digtiongaaybhauk a copHesiable drfluenss on eag@eprm_mrpf eating
normal andrd @(%}g:%{]{h'e %gclé‘frfc%ﬁ effdOCtHE @FB?}noﬁB{x QEmEPﬂEY ulBY iR VR b her
bandw dt h or taster dynam c response. Loosely speaking, nore servo power
may be useadnipensatorr ddiis comipeakater may bé¢ triggeted vgentanalxiseohanges i@mabtidee nor nal
error may,be redquced faster than the tangential error, G TBC Stick

Friction #HEFCHAR kFadfrosstfanYsiorthPenh 1 bas compensationpretile smaydivaayolthve a
consi dera | Qf; Epang i . : ; [ friction
ef f ect, t?g%@l{#o@?gﬁg ernre‘ﬁ d%ﬂtﬁé‘ré&gﬁ‘gé%ﬁf*uﬁﬁcg ?g%}%c%e(l)érﬁ r@gtﬂgér(. Thi s
conpensat docaleyrvheire of thg éapedtorhen an axi s changes its notion direction,
i.e., acro zero . velocit oi nt.. The, conpensati on profile may have a

not ch shdBLSH; ieadsgewmahbl i ww%ﬁ%&mm ' FGIIFIRREA on of the
velocity %ﬂv&{‘f‘otaﬂy%&}onqmovlﬂ{eﬂf ﬁoﬁ&n.tfﬁe inh By Ut Yhe DISERA) adERLARBERVS MRY

be used in machine"tools as a nechanical transm ssion to convert rotary

not i on i ntroay needdo beroomnpensatEtie The positiomealues used by bl hotar kesnelmiayblzcdll ash

gg B:eg| |tlga&%gre%voaql%%%%ﬁ%s%déon;rp%%saRg .'llctclorod?ngv faol tHee ?eagésc?gw lrjl}/ap%{r]l% tanlﬁctasl. on ker nel
[00155] The compensation block may determine the current moving direction, which

may be needed for looking up the leadscrew mapping table to implement
leadscrew/backlash position compensation. The compensation block may also
compensate for the stick friction.

H. TBC Control Signal Protection
[00156]) The TBC motion control signal may be the sum of the feed forward control

signal, the feedback control signal and the stick friction compensation signal. Before
sending the control signal to the servo system through digital-to-analog converters
(DAC:s), protection procedure may be performed to avoid overloading the machine. The
protection procedure may include two steps, including a first step of limiting the control
signal changing rate. The servo system may receive the velocity command, and the
control signal change rate may correspond to acceleration/deceleration. Although the S-
Curve controller may take the acceleration/deceleration into account, it is still possible

that the overall control signal may change too fast due to other reasons, such as tracking
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| eadscrew and backl ash conpensated according to the | eadscrew nmappi ng

tabl es. [00155] The conpensation bl ock may determ ne the current noving
direction, which may be needed for |ooking up the | eadscrew mappi ng table
to i nplenent | eadscrew backl ash position conpensation. The conpensati on

bl ock may al so conpensate for the stick friction. H TBC Control Signal
Protection [00156] The TBC notion control signal nmaybe the sum of the feed
f orwar d cgmlrf@bdbwkghsturbanm, stiskdiiotidn compensdtios; anedo aandntonder do dakdf ri cti on
conpensation Before sendin he co nal,  to.th Servo system
b bugh. PO aInE EEe servl Db sAPerDLfE for B malion; L EPBO i BEERFES nay be
per fror Med iy B dinfAl MOALHIE d BABRAN Bltwed{ho c&&ah%ﬁg pRVIAISQERA © MY
include two stéps, including’a first step of limtin contro si gnal
changi ng canmandmcsmmhss}hmldnmqawcm@emnd Ineay\bel lumtetcysoahamhmd and the

control change r orrespond to accel eration/decel eration.

Al t hough flﬁ r@ce@eq%g Lea ﬂgaﬁrgghqlé(y take the accel eration/decel eration into
account, 015$ STl deboRPsiSp O Be pididdtioh Mok dhd E&gtlfn‘ﬁ el PRAb éi%r{alChange

t oo fast ue t]o ot%]e(r) regﬂsonsepsuchmarsb??racki ng -33 error 09

di st ur banBeth the AR ahd thetsenio systemansybé capablernd reveiving orlp h(rnt&drcomnolavm d
exceedi ng .Servo system capaC| t %nﬁgq for sm)otE notion, th ontrol

si gnal awg@ inpyjrp tﬁayne%mmnrﬁm cyreent cqntgoh goramand F¥47Eds Bt ween t he
cur r ent aﬂﬂe@gﬁy AR My e uﬁé}hmacgfaftgm%%ﬁﬂém%om&%%&g oliffe CUT T €Nt

comand nmay |mte erence i s satura at the
t hr eshol dmaécﬁﬁﬁ:ﬁ?:bnt@ol&ﬂpmnd step of the protection procedure may be to limt

th t oth the DAC and th t bl e of
oo vi g UMBYTT Cive catpornn 6f  MEHGRGAE wirgiory H9tot cHaRL ST Bbnt . 11t he
current ¢ ﬁ%n&%mﬂ%? OF?% 6f*lh§TBUF‘1 &Pirﬂ’an”g%ksﬁt%ﬁh%@e taken to

saturate the current con command t maxi control input. (00158]
One enbodemnﬂFtﬁw@artebﬁthdaﬁﬁchbdmppendlxﬁ noti on control of the present

invention is hown pages 1- 6 of t F| owcharts and p -5 of the
TBC Ker ni101 ﬁ? tglsdpvqnﬁgn é@ W;gﬁé:ﬁ%i 3V1pg W@Wgﬁ}ry\ﬁﬁggg, fii s

i nvention i ?grﬂ?e? withi & t sent
i nvent i onpg@éml? ?8?’??{‘&5’& I e vvfl&% n tnﬁg@g%ln t s‘é@%é g@(})‘g’e&}% t ee
di scl osur &his a]ibhsatmppd; themforeintendddite cetaraay ivatiativtedists) oc adaptatrmy of/d1e| ations,

uses, or adaptatiqns, of thae
invention using its general principles.
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invention using its general principles. -34 Wat is clained is: 1. A nethod
of generating a trajectory for a body, including the steps of. identifying
a plurality of line segnents included within the trajectory; conpressing at
| east a portion of the plurality of line segnents; snoothing at |east a
portion of the plurality of line segnents by converting the portion of line
segnent Vhattioclaimédiisal i ty of arcs which remain within a tolerance relative
to the trajectory, wherein the portion of the plurality of |ine segnents
includes at least two line segnents, wherein the body is a cutting tool of

a CNC mpcil ighodoe éHePat 6-%% tFé?éH% 54 J‘Eod%zt GRS Hd8Rpt e Steps of

determ ning a star I ng i nt of first ‘I'ine segnent, determ ning an ending
poi nt of a sekeonfying znplu@gymﬁhne seg;mleamlmtgudeldev1’thln$he trajedoryegnent and the

second line se with a third line at belns at the starting
poi nt and ‘ngrﬁfsn%%t leashp Hﬁmﬁ&oﬁfheiﬁluréﬁﬁ'l ‘E}Irlbﬂe Sgmght ’COI’ldI tions are

satisfied; aﬂﬁoc’i’fﬁiﬂgrhg 1da&s SoHibih BchE 9ﬁiralﬁ§/ of ife S dmRChY EshvBARgInON the

plurality of arcs. 2. The nethod of claim1, wherein the pl urallty of
condi t i porsionp€ lmdmrraenm mtoeanplerallmmﬁarcSJ‘@hmb@emmhewﬁmaattcvlmgnmeiﬁtwand t he

endi ng poin 3. Th erein the I|t of condi tions
et udel b taisgios herein i PioBRERE PREHLET Bo® reedienRt i Rptsdl 185,580 and

the secfdsdol@itsS RUBRMH the body 3@ d@ﬁﬂgot@op@fac(tﬁC%éohnYéhWh%feﬁh fee plurality of
condi tions |ncludes a tolerance requirenment for tol erances associated with

t he st acomprgsspeg stcp inchelee theistegs pﬁdmnnlamg agstartipgrpoint ploa first lige segmﬁntmt hod of
claim1, wherein

d di
di st ancgetf’linﬁplfng(?ﬁ ﬁ‘élgr?&%é)ﬁt ysfi‘gﬂng l?lgls!%%tnlé%g’:r @ggﬁggﬁsgr%&ﬁ% N If?ﬂ and t he

third | iReecciRAMREgmEnt Wiktea tHRidNAR s@%m@ﬁt&hz{flb'é gindaetheistarti @ﬁtrzﬁ)ﬂndl cul ar
distance limt is snaller than a tolerance associated with the common

poi nt. @ndsAt ﬁmemdulgmongeﬁ@phxmlngoécqnda}oenétamspusfaﬁd andody, including the

Crarectory;  Demb iy Rl MothBine NG et b€ SRR Bl SR | ne”scament s

by conver trheghethvd dr@Idimol) “Qlérdmﬂﬁﬁlﬂgrl@r&f%ohdiﬁ@nsﬁn@lhués?d distn&d limftcs whi ch
remain within a tolerance relative to the trajectory, wherein the portion

of the pétwicen thestasting peiat anddheending peinides at | east two

3. The method of claim 1, wherein the plurality of conditions includes an angle limit on
an angle formed by the first line segment and the second line segment.
4. The method of claim 1, wherein the plurality of conditions includes a tolerance
requirement for tolerances associated with the starting point, the ending point, and a
common point.
5. The method of claim 1, wherein the plurality of conditions includes a perpendicular
distance limit on the perpendicular distance between a common point and the third line
segment.
6. The method of claim 5, wherein the perpendicular distance limit is smaller than a
tolerance associated with the common point.
7. A method of generating a trajectory for a body, including the steps of:

identifying a plurality of line segments included within the trajectory;

smoothing at least a portion of the plurality of line segments by converting the
portion of line segments into a plurality of arcs which remain within a tolerance relative
to the trajectory, wherein the portion of the plurality of line segments includes at least two
line segments, wherein the body is a cutting tool of a CNC machine, wherein the
smoothing step includes the steps of identifying a plurality of points that define the

plurality of line segments, and adjusting the position of at least a portion of the plurality
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| ine segnments, wherein the body is a cutting tool of a CNC nachi ne, wherein
the snmoothing step includes the steps of identifying a plurality of points
that define the plurality of |ine segnments, and adjusting the position of
at least a portion of the plurality -35 of points such that the plurality of
arcs pasef notirte s thatghg blurality pfaro$ pgseithrosghathd phiehlityef goingoand define t he

traj ect . th ti the traj.ect havi . ly.ch i
cur vat urevigh A B s tirdhe b ioh TG Ststory e e SeALRTKanatkiB o ¢ e
pluralityurpdtut &4 8. The nmethod of claim7, wherein a first arc of the

plurality of arcs joins a second are of the plurality of arcs at a point
wher ei n t he finpyingshecuwengiod] af the CAYemachinabasgd panlepluiadity obarcsthe net hod of

claim?7,,further including the. st of . .cal.cul.ati the trajectory;

cai cul at Fnihs ReedRErlim A vhiGia FBE R o o PBte (e MBS REERA ¢ ne
traj ect oy plukflity bh&rciat HPEinPwhere the Girst WA ERLAd hRE afcPh iR tged e _
trajectory step includes the steps of reading froma part” program | ocations
of a pl u?-alhe metod pbilaim 7ahudtheningludoigahe sigpdheft ween the plurality of points

to define the@ir?%ecttﬁré.. 11. The method of claim 10, wherein the part
program i ncl UFeS s B HECEPT6f NC notion  commands and a plurality of NC

tol erance cong@ifsingkBe toferaBlchesl of generating a trajectory for a body,
including the steps of: identifying a plurality of line segnents included

Wi t hin the treiledatings feedratsoissricragedawith mdtajecteryrti on of the plurality of

| i b ti he. porti f line. ts | lurality of
oros whi T P BrnSqR! Frih B0 hrtgiRe taiPledhe be Woicd RS fug e gt einr o o
the portfBadihg frbf PpaH ploktarn Ri‘cat'iéﬂ@%f%%ﬂﬁﬁlﬂ}r%é?ﬂ?&#&%ﬁn@?pd]&ﬁfgtbe&%@en l'ine

segnents, wherein the body is a cutting too machi ne,” wherein the
snoot hi nie ptusplity of bodésstotdebns thepmjestorydent i fyi ng a plurality of points that

define t lural ity of Ljne se nts, and adj usting, a ,posi.tjion of at | east
a portio 'o?tpetrﬂgtﬁmi 8?1%}?1“9 >],b,0\yher glqﬁet %afEBfeﬁf%H"PP“?’ﬁ%aﬁl‘ﬁ?lﬁviof &/\"CSIPOH?%S pass
t hrough ¢dagmddraall iatpfurdfityRAING fol@dsbed@hinishdd  portion of the trajectory, the
pl uralit%hof arcs being Circular arcs; and noving the cutting tool of the

CNC machlheA eethall ofrgenpratipg atrajectoyy &fr azhods, inclugdingshavsieproef: of generating a
ooy o RO AR DR SR ok B g 2 I vl Y o
smoothing at least a portion of the plurality of line segments by converting the
portion of line segments into a plurality of arcs which remain within a tolerance relative
to the trajectory, wherein the portion of the plurality of line segments includes at least two
line segments, wherein the body is a cutting tool of a CNC machine, wherein the
smoothing step includes the steps of identifying a plurality of points that define the
plurality of line segments, and adjusting a position of at least a portion of the plurality of
points such that the plurality of arcs pass through the plurality of points and define a
portion of the trajectory, the plurality of arcs being circular arcs; and
moving the cutting tool of the CNC machine based on the plurality of arcs.
13. A method of generating a trajectory for a body, including the steps of:
identifying a plurality of line segments included within the trajectory;
smoothing at least a portion of the plurality of line segments by converting the
portion of line segments into a plurality of arcs which remain within a tolerance relative
to the trajectory, wherein the portion of the plurality of line segments includes at least two
line segments, wherein the body is a cutting tool of a CNC machine; and

moving the cutting tool of the CNC machine based on the plurality of arcs,
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snoothing at |least a portion of the plurality of [ine segnents by converting
the portion of line segnents into a plurality of arcs which remain within a

tolerance relative to the trajectory, wherein the portion of the plurality

of line segnments includes at |least two |ine segnents, wherein the body is a
cutting tool %her%tn@mm@hmgétepawdu%\ﬁhwensné Pémaflpﬁéolt%‘%ﬂ(’ﬂéiﬂgst he CNC

machi ne é&ﬁﬁﬁﬂg?& 3% }HJE# 3l sfr%ot%; ng sk 2 du ubfe 40 'Eh:{n'&ﬁd step

i ncl ude eparing I'ng, |ng thlng, and
snoot hi rigr siﬁombmg sdapub&l&d@rthe @tbgmﬂ thm and the pr eparl ng for srmot hi ng step
i ncludes the steps of identify first point, a second point adjacent the
first point, idemifynggifprst R%‘Ptn% Sec&ﬁﬁl E‘éléh%dJ{‘%@tg’éé‘tSﬁd’(’Hﬁiﬁtdit‘%&fino BYet her

def i ne 3gpaty L5t ik 1l BEERYaorIELSIMAN AdpefagegpiDal passes (hrough

t he poi rmni i ne se first and second

points, cal mteattnnmgganﬁtcrtﬁat;ﬁmulﬁsﬁg}ahspam@ between a m dpoint of the
first Iine segnent and the arc, determ nleatg a second | ine segnent between
the second arf$terminiag pdirsitdine seg;geplgll}pta‘(eien@ useadrigcaiMoraiviss di st ance bet ween

a m dpoi nt Ofcagct&f:duig%(}ﬂ?théhoﬁ?st dfs?&@?Bétﬂgﬁakgﬁ%&{n%ftﬁé‘ﬂrs’?‘i’ihk‘k@%&?e second

poi nt for snoothin and secon est distanc are both

| ess thmdaheparedeterm ned di stance, and an angle forned by the first and the
second line segnments is greater than_a predeterm ned angle. 14. The net hod
of claim 13, dﬁ?ﬁém@ung@ﬁ@%ﬂ@ﬁﬁﬁ?&@embﬁt@%&qﬁeﬁ@l%@ﬁ hirdgpiitfes the step of

o ki g PO1 Nt i LOIERhaAEh R BALKERT oo BEor FALRERRIN, 85 i ! her

sui table for unsu ependi ng upon whet her
a pl uraldegryiemfanammzirt;jQﬂs are satisfied. 15. A nethod of generating a
trajectory for a body, including the steps of. identi ng a plurality of
line segnent Snarkinghesecand npwt {95 smopiingcif ghoyfirst @#[f@@‘?ﬂdféloaﬁﬁl disgaices portion

of Lo BLUEaMIEN il | b8 ERATEN S SAMELANORANE WAL RN b e, Segrents

into a plrurali remai n- w oler ncere Ive to the
traj ect cseyondanﬂ SePviEitg 1stgteateuﬂ1hn agrddeekminkdtangle CNC machi ne based on the
plurality of arcs, wherein the snoothing step includes the steps of
prepar i ng- e msthed of q{glm 13, wherein the preparing for smoothing step includes the step

of marking points that together define a portion of the trajectory as either suitable for
smoothing or unsuitable for smoothing, depending upon whether a plurality of conditions
are satisfied.
15. A method of generating a trajectory for a body, including the steps of:
identifying a plurality of line segments included within the trajectory;
smoothing at least a portion of the plurality of line segments by converting the
portion of line segments into a plurality of arcs which remain within a tolerance relative
to the trajectory; and
moving the cutting tool of the CNC machine based on the plurality of arcs,
wherein the smoothing step includes the steps of preparing for smoothing,
adjusting for smoothing, and smoothing using a double arc algorithm and wherein the
adjusting for smoothing step includes the steps of:
identifying four adjacent points that together define a portion of the
trajectory,
determining a first construction arc that passes through the first, second,
and fourth points and lies in a first plane,
determining a second construction arc that passes through the first, third

and fourth points and lies in a second plane,
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adj usting for snoothing, and snoothing using a double are algorithm and
wherein the adjusting for snoothing step includes the steps of identifying
four adjacent points that together define a portion of the trajectory,
determining a firs constru%lion arc that passes thrqugh the first, second,
and fourth points SHIMIEE aitystyeptor gxte lé%gpnﬂgﬁéWﬁm PR i A BEGR

const ructi on i dAL sRARGEnAE ROk UDR i 68 ol llondpipfourth points and

lies in a second ane, -3 etermning a first vector ekxtending fromthe
second point to a detersiiniepd seqpadvectonettbelisgfromcthe drisl paint tb arseeore déntat i1 s
cl osest to the,secogg poi nt, determ ning a secolrl‘nd vect or extending fromthe

third point tRPIRf e ﬁﬁftéﬂ'@ftmﬁ@fh%r.céhﬁtti%‘féoﬁeﬁtr@tt "c@tifgtprotl}gti on arc that is
closest to the thiyj sﬁﬁ% e se@ﬁi&ﬁ?t%ﬁgb@déﬁ&&%&%i&%&haé@ the FirstgySt ment

di stance along the first vector cond poi nt een rrartted as
sui t abl e for i$tecetomigpantdhasbedrneastked aeswfabletthesmhoothingand at kehstdnpof nt s has
been marked as suitable for. spoot hi ng, d adjysting the third point a
second adj usttﬁ‘éﬁfStﬁp thipdpoings gD?ngeceHénaé]é d;ult%lgglfgrsn}qot iBe @i r d point has

been, marked s sui Rlife U8 50D Q6o afikrl A ShuABealont uidBedeond and

the fourth points en na as suita or snoo ein the
body is a cuttectog if thekhinf pantCNE baeciiarked ad uitablecforrehbatiingfandlaaleastme wher ei n

the step of determ ning first vector jncludes the, steps of determ ning a
first center qfdhwecaﬁ and e dpurthyeains Gas Biﬁnt%ﬁ%%w&a@srfg&m%& arc,

determ ni ng a,fdListthdh éﬁ?gicﬂﬂin%%&tofta@%c Lihpes a line with the second

point that is perpendi rto e second plane, and locating the first end
poi nt bylédeflermethodgf daim he wieatin pleessqsoft detamihing hdiritiviestor irchrieethepoi nt  and
the first prqgjection point and intersects the second construction arc. 17.
The net HbPS claim 15, wherein the step of determ ning a second vector

et udes the gelfffin@h HA'Eh piilorth ARECALEEBY Hhe RAM chilsufefld £L.e def ! ned

by the first construction arc, etermning a second projection point that
defines a |i nietesintifing hdirsthprojdctpm putinttthattdefises glinepeihl ileweasnd moitththatfis r st
pl ane, apr;:(ljpendicular to the second plane, and
locating the first end point by determining a line that passes through the first
center point and the first projection point and intersects the second construction arc.
17. The method of claim 15, wherein the step of determining a second vector includes the
steps of
determining a second center point of a circle defined by the first construction arc,
determining a second projection point that defines a line with the third point that is
perpendicular to the first plane, and
locating the second end point by determining a line that passes through the second
center point and the second projection point and intersects the first construction arc.
18. The method of claim 15, wherein the adjusting for smoothing step is performed a
plurality of times on a plurality of sets of four adjacent data points, each set sharing three
data points with a prior set and a subsequent set.
19. The method of claim 15, wherein the first adjustment distance is a product of a first
value times a length of the first vector if only one of the first and third points has been
marked as suitable for smoothing, and the first adjustment distance is a product of a

second value times the length of the first vector if both of the first and third points have

been marked as suitable for smoothing, the second value being smaller than the first value.
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| ocating the second end point by determning a line that passes through the
second center point and the second projection point and intersects the
first construction arc. 18. The nethod of claim 15, wherein the adjusting
for smoothing step.is perforned a plurality of tines on a plurality of sets
of four &4 E%%Wﬁtheépécgav APswheraiarthe Brst ¥alue isappraximatelygegual @cﬁ-m@d theth a

prior sef.. Vﬁ?éﬁﬁﬁ%&%&w@eﬁlugﬁgg-@e nmet hod of claim 15, wherein the

first adjustnen ance | oduct of a first wvalue tinmes a |ength of

the firs2l.vaahahod &f genbatiape tafectodr foriartsldy pinclubiiigrtle pepds has been marked
as suitable for smpothing, and the first adjustnent distance is a product of
a second val Wentlyigs piHEaliteelding ssemenfs inclyded within ge trajieqieivh of the first

dthird i i . i . d
Tal ue el ng. oonfqUiRY B GBS bR G Bluald BEliRe LA Bink o 257PNE
wher ei n pdréofi of Bhe seglheatsiistoappuakiydtaedsywkigh edmiin within arsletahe repeioeond val ue

IS appr oxi Erat ely equal to 0.19. 21. A nethod of generating a trajectory for
a body, torfe¢

tigergrbABd st eps of 1 identifying a plurality of |ine segnments
i ncluded withj i : @m? ' | ' f the
plurality of @?ﬁ@ggg%ﬁg%ﬁg&%£¥%%ﬁver %%gmgﬁg&ﬁgﬁﬁﬁ%%s%gﬁﬁ§hgﬁgggnents into a
plurality of atesinmthesmdogting stepirtchides thetstdpelo@peparigg frisu@otting, t he
trajectory; ang novi ng the cutting tqol of the CNC nmchi ne based on the
pl ur al i t3eytingfessmoqpiagAnd smpsthing uting 4 gowhle arejaleariipaend ydessin phe of
preparin : [ ' 3] [ nd snoot hing using a
doubl e a%é&g{uag;a?ftﬁh%dg)%glevﬁglrﬂg?#h?ﬁ%g&{snﬁ@g?ﬁﬁﬁgs gloﬁg a doubl e arc algorithm

st ep i ncl udesddtérenising psdesireditah gy editarfoteabifagdura Hygdpointepitodéssédby each of
a plurality of points processed by the adjusting for snoothing step, and
gener at | 1§ adBSINEI0E sMEOMINE Yo, 4B  a first |ine segment between a first point

and a Secondge\?&%fa@i‘hg ?ngl?ia%%qg lelcie;ﬁ%rgtggggsg%?lpﬁtw&nt rs?é&ﬁ{]ﬂ}dpam nt and a

third point, ere rst arc o e arcs 1s tange o a first

desired gcaogbpdinvagiadecaid litkesebineat betwednthe 8¢vdna psait andla &l ind he doubl e
arcs is tangent to a second desired tangent_ vector at the third POi nt, the
first arwhersinafist asodthe dovblassesis tangapidne firs desised BRgY vedipe#tdinilitshe body

P SEec0l 5 GNTREHN TS, LIRS e B
conpar i ntheahied péiande: firspare ahé tiwaecoid Ppobeihg tangentad esssithat ovhefeirt the doubl e
body is a cutting tool of a CNC machine.
22. The method of claim 21, further including the step of determining whether the double
arcs are valid by comparing a distance from the second point to a closest arc of the double
arcs to a predetermined distance.
23. The method of claim 22, wherein if the double arcs are not valid, then generating a
second pair of arcs that pass through the first point, the second point, and an intermediate
point between the first and second points.
24. The method of claim 23, further including the step of determining whether the second
pair of arcs are valid by comparing a distance from the intermediate point to a line
segment extending between the first and second points to a predetermined distance.
25. The method of claim 24, wherein if the second pair of arcs are not valid, then
defining a portion of the trajectory between the first and second points as a line segment.
26. A method of generating a trajectory for a body, including the steps of:
identifying a plurality of line segments included within the trajectory;
smoothing at least a portion of the plurality of line segments by converting the

portion of line segments into a plurality of arcs which remain within a tolerance relative
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arcs to a predeterm ned distance. 23. The nethod of claim 22, wherein if the
doubl e arcs are not valid, then generating a second pair of arcs that pass
through the first point, the second point, and an internediate point
between the first and second points. 24. The nethod of claim 23, further

i ncl udi nty thbheasttery, stheczn drersnmmiotigngvtep retudel thesepond prapating &r arcs are valid
by conparing. a distance fromthe internediate point to a line segnent

ext endi nﬂn%‘g}t"\% TysiBe dot spoathing.wd sreounaising ydouble agalgarthmeaaddi st ance.
25. The : i [ .pair of arcs are not

val i d, tﬁg«%‘r@ﬁggﬂ;d ?Lr\tg{gl;%g%ﬁ%ﬁ{gﬁéi’tlhgu%gg}lé%tg rgf' between the first and

second points as aidentifyirgefgneatjacenPfointé tiae tdpetheo tle fyeep@tionof thet r aj ect ory
for a body, including the steps of: identifying a plurality of |line segnents
i ncl uded wit hWH¢'Me>trajectory; snoothing at least a portion of the

plurality of line @e@%@h@ a%stcc%ﬂytﬁfcttibﬂgrctt? pags%rstt}gr%ﬂ%lfgl[e:ﬂ;/rg?se?:ggm nts into

a plurality of arcs remain wthin a tolerance r to the
traj ectory, whelrfeurth pbmtssanddiebiimg figst fane,ncl udes the steps of preparing for

snoot hi ng, adj usti& fqQr. snoot hi.ng, and snoot hing using a double arc
al gorithmand whefESTHIRIRG 2585ANGORYYTUCHPN avedBatnapsss shrepeh the fugethindhe st eps

of . identifyify {04k P@lﬂisaa‘h?']fesﬂ% eSnd Ef%e’t oget her define a portion of the

trajectory, determning a first construction arc that passes through the
first, second, andetéronining afostriestoanckehdiag fiom the bédomt] ppimnea fikeesrd M ni ng a
second construcgtion arc that passes throug‘g the first, third and fourth

poi nts and | i RNt qn the secopd qomtyaron s that iy ¢lpsest 19 the seepnd peibr ext endi ng from

the second point t&t@}ﬂﬂéﬁhgas@&% Vgg@top&x@ﬁaiﬁ%ﬁoﬁletﬁe)ﬁﬂﬁ&ﬁ%%& je that

is closest to the secon oi nt, ermning a secon ector extending from
the third poipdintan the $iest conktewtdomparic vhat dsclddest tithsthidqgdty uction arc that is
closest to the third point, adjusting.the second point a first adjustnent

di stance al ong t he2d1yiog estecend point 4 st adipdmanighistanceengide firvripket as
N A i
second adj ust the fitst dnd tlanrteiats hagbdenenakabarduitylede far smdothihg, 4ndi r d poi nt has
been marked as sul z'{d?l?slti%gfﬂ?er thlsrg%g}nrt] ia ggco%g%dj%gtnge%??i}sta%rc]g along the second
vector if the third point has been marked as suitable for smoothing and at least one
of the second and the fourth points has been marked as suitable for smoothing,
and
moving the body based on the plurality of arcs, wherein the body is a
cutting tool.
27. A method of generating a trajectory for a body, including the steps of:
identifying a plurality of line segments included within the trajectory; and
smoothing at least a portion of the plurality of line segments by converting the
portion of line segments into a plurality of arcs which remain within a tolerance relative
to the trajectory, wherein the smoothing step includes the steps of preparing for
smoothing, adjusting for smoothing, and smoothing using a double arc algorithm and
wherein the smoothing using a double arc algorithm step includes the steps of
determining a desired tangent vector for each of a plurality of points processed by
the adjusting for smoothing step,
generating double arcs to replace a first line segment between a first point and a

second point and a second line segment between the second point and a third point,

wherein a first arc of the double arcs is tangent to a first desired tangent vector at the first
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of the second and the fourth points has been marked as suitable for
snoot hi ng, and noving the body based on the plurality of arcs, wherein the
body is a cutting tool. 27. A nethod of generating a trajectory for a body,
including the steps of: identifying a plurality of |ine segnents included
wi t hi n PRiat ardyg eecond grc it dapbboarps Kdangent teassecendydasiredrngentiveetoptur al i ty of
line se ertin he portiagn of .line se n i.nto a plurality of
ar s wh R et S HRT el BN e e e e S HECIPe B ory ™ hor e

t he smoot hi nencyimtht BedyBRSd bhghesd®rbe HEs, WheRd tHe®bolipis a suran jong, adj usting
for snoot hing, and snoothing using a double are algorithmand wherein the
snoot hi ng using a double arc algorithm step includes the steps of

determ ning a desired tangent vector for each of a plurality of points
processed by the adjusting for snoothing step, generating double arcs to
replace a first line segnent between a first point and a second point and a
second |ine segnent between the second point and a third point, wherein a
first arc of the double arcs is tangent to a first desired tangent vector at
the first -40 point and a second are of the double arcs is tangent to a
second desired tangent vector at the third point, the first are and the
second arc being tangent to each other, and noving the body based on the
doubl e arcs, wherein the body is a cutting tool. -41
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