METHOD OF TOLERANCE- BASED TRAJECTORY PLANNI NG AND CONTROL BACKGROUND
OF THE INVENTION Field of the Invention [0001] The present invention
relates to navigation of a path by a noving object, and, nore
particularly, to notion control systens for conmputer-controll able
machi ne tools. Description of the Related Art [0002] Autonmation has
resulted in the devel opnent of notion controllers capable of
signaling dactuator, devices to effect notion in |inkages 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 equi pnment are
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[ 0006] The deviation of the actual tool trajectory fromthe desired
trajectory or tool path is referred to as "machini'ng error." The
machi ni ng error may be conputed as the di stance between the

i nst ant aneous tool position and the desired trajectory as specified
by the tool path. CNC tol erance is defined as the anDunt of the

ermtted machlnln or. whi l.e_nmachi,ni ng. thlon nt.x ol S are
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dr oss. Ot PP S el AR 0 AP FRpfule 19 s AP bl o i

progr ammer lenguapebasad en eithes the Suternbtiamii ﬁmmfardscoxgamzaﬁoh (ISw)as theess

t hese issu In,f 1ol eran Xpress d. Si, nown CNC
progr anmi nSESlF 3%@5%%3"&?%@ mﬁ%ﬁﬁtﬁ g c %ngﬁ?%@ leBiers on
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<}

traj ect ory Bufapmrmgeaypmsaigyhich ualize aLHC farmation coptrgly & ‘B@ﬁaﬁ’é CNC
regardl ess rﬁflln‘{m&aﬂe Hab' G h¥ﬁ\hl‘fe‘r@a ol Q hRtdd! AR A Rloallly rl A8 to ﬁ@a

or air. In a specific Inplenmentation, e present invention may also
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CNC tol era ) fil. [ r Spr 1§
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of notion tR5’S1t‘i°H1°fﬂFﬁg'Hb’6§’|’F§P6ﬁtﬂ R PrdgTer Y S (ﬁﬁﬂ Toie B ﬁiaiea d
path so t hatNEheads afia! 61 Ect@S e ViRGool[i9R1Bllow at
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effectlvely t j t he
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condi ti on, sigmals touomtml modqre gckuckl e piap that the tidal's aetha tiagktoromaichésshs and
so forth, d. spec ades red C..Tol er he dat a
Srootni ng +BeRADRSLR & SRS IRIRPRFILE Tt SRt s 3bg qe!
trajectory, aﬂDit tmmmceveaoq@uyo Jhe some1RGnipkd used & @ajudtion Withhh cdrgpure
NC | ine seg ;ﬁ:{" ch ¢ be snoot hed, and converting these NC |line
data into & $Y§5tfy a gi ven tol erance. Data snoot hi ng
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tolerance. The machining error depends on many factors including the performance of



[0012] An advantage of the present invention is that it provides

i nproved trajectories ofr.. tool paths for the machine tool. Mre
particularly, the tool paths are snoother, thereby permtting higher
feedrates and providing snoot her surfaces on the work piece. [0013]
The | ookahead technol ogy in TBC repl aces non-TBC fi xed buffer
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al gorithm nay have further advantage of inproved run times which

i ncreases t’r‘i‘éo@%ieéﬁf-@ﬂ’e@’defﬁ'e‘lcﬁr Wi Bus patgd eppagsentia sigpiica steq forward
non- TBC Lookaheadofhant dobifbll ﬁeﬁhgfggﬁég fyheleed fh GG bl fedbAles SARE

instance of the notion distance bein Insufficient to achieve a
desired spesill epgratige witBindhe todgrange ditiisn of the speed limt may invol ve
a |large amount of conputati '-.e-. Rk bLarm g the cal cul ation
may be undesirabl e because HE Tma "." resour ces
required. TI80ddTle presehidiakambion dppieg smodthing af anyhmjdotoes ef v mbtivechidy.on

may use a spiop distance concept.as a netrjc of speed |imtati.on,
whi ch may bRONFERYPE ST BERYCP e HeaPelied (o smequs e Aoy of o
cl assical Pmofed Bdd9/kath ad Hedetl@br RHEcE Tbaardlesd@f WREtRr (RPPSAAEH: t he
TBC approach may use predictive control techniques, which repl aces

non- TBC poi Prejectle fravals by landdeagicdie Ia snpeciiic implamantatipedheppseanipvention
velocity baged.gpid @@gtsmta[d?lgt tth% Bleaffof 04¢ ﬂf'acﬂjﬂé’{ﬂopgas@% %fé\ﬁl%rcﬁqé he
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adj usti ng alwbwande spgkified PRGeqoogrammet ind the poemsesedrtod pathe d¢fodbg the

position feedback on i t.h the programed trajectory and know edge
b 5 machi ngegnuin iRl el AeaBt SRR D § S EEHRE SRR, oML T g e
t hat hi S r esipformiatien, mﬁg h?thipﬂﬁtiamlfeadﬂetgld,gs tmﬁ o iodidly the febdtdteoalong &Qﬁdt&lll
In the "true arc" technol ogy. enpl oye y I present inventiqn, too
motion is c‘aﬁWW|°§aloaP%Wg'H&t f‘w_ 0@3@%#«;}/%& oft g e ERETAREA Pahceg
pat h wi t houhaiiRé %gadktANINGO X1 BAdeQAn bd Adlevkd, the tool may be
commanded to foll ow an arced traj ector%/ rather than a trajector
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approxi mati on of, rc,.allowng.for the direct precision chi ni ng
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convert conplex trajectories into ts%el.rggol ynomi al approxi mations.
[0017] The P88 |notheciatacmaetiingiechnelogy i EBRcontml erayiingludesgraminieg a tacget

noti on co fr t he,l ookahead e,and control. .t h ervo system
To o ack o T B A baie SRS ROSREE B BB G by Rl sPeoil
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tracking control. BRI EF DESCRI PTI ON OF THE DRAWNGS [0018] The above
given tolerance. Data smoothing may include converting point-to-point linear moves
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[0021] Figures 3a-c are diagranms illustrating the mappi ng of
different tolerance values to different regions of nmachining space.
[0022] Figure 4a is a plot of programdata points,-illustrating a
met hod of data conpression according to one enbodi nent of the present
i nvention. [0023] Figure 4b is a plot of program data points,
illustrating a method of data conpression accordln? t o anot her

+

embodi ment &0 ¢ feIupRes o mutyaty saneensia! apOwitl allowed telesmossand vgthaplatively

repr esent at '
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is a graphi d:cilérallcep Tasdedhasiognbasfthd keenefit of acldeving smadtir mgjectoB) 2nbother
Figure 5d is '

. hj cal t at f L | 3 dat th .
[0028] Fi quiEoaD. AEelsionRREIPe P Poth Bt o 54 e hda 0

snoot hi ng. [6tAZP] AE'ag%%g@ of the rd%rﬁtim%fltld?f @g{aﬁﬁ?ﬂﬁﬁcﬁs REHrOYSH trajectories
il lustrating a nmethod of sel ec gMata poi nts dat a snoot hi ng
2

accordi ng t 87 el pathsder themaclufletonb waericularly.ghe ioghpaﬂis(mmlmﬂhfgure 7
is a perspe f atl g
ot hod o TstptS ol el lcBlea, ot 0AM, SRR RS ob B Blecl
enbodi nment @001311 e’[hef bsbeﬂtad tevieolage in TBGQ&i&ceEh@HTBC&iﬂe& baffgl l@cikahead
iIIustratin nee odi nent of a doubl e arc snoot

al gorithm of @ﬂ}ﬁ '85 Fhpes FF BTty RiyeEshgoting, ﬁgﬁl&e reaching,
illustrati na“em%h@ranébs'& sﬁxffadartﬁmsﬁréa ct8f 1.8oldAsHArRayad: n§ur§ @m}ghl ng
al gorithmof the present invention. [0033] Figure 10 is a

i | [ustrat i ngisipace tampectrsite o deselstateofiom erbansedrioranodier. aWheuthbe ngth(,ofa
SOt NG AkGRbh WA is 18RRI nd BYSRMIATor d B thedsloilfae dd 15 @

pl ot of the't el ocrty ve T e, a to a
S-Curve. lookahead algorithm may calculate and limit the speed of that motion segment according

to some motion profile, such as an S-curve speed profile. Because lookahead is usually
performed in real time and includes recursive modification of previously processed
motion commands, the high efficiency of the algorithm may result in reduction of the
CPU load and an improvement in machine performance. The recursive modification of
motions may involve only logic and addition. Moreover, the algorithm may have the
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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[ 0035] Figure 12a is another plot of the tool velocity versus tine,
also referred to as an S-Curve. [0036] Figure 12b s a di agram
I ndi cating how di stances are related to the plot of Figure 32a.
[0037] Figure 13 is a diagramillustrating the concept of stop
di stance. [0038] Figure 14 is yet another plot of the tool velocity

versus tine for. both additl 0041] -Fiqure 17 i bl.ock. dj,agr am of
one enbod nsiEsne Seortety TG solimettpionstics mufion foclpoxtin Tosdoadh alone
i nvention. R &Zlprégradmed &ﬁeétslz%@kh@ﬁle@émlé nkHCREIE 3 Taibilitia€ tol BC
motion control arrangenment of Figure 39. [0043] Figure 19 is a plot

i || ustrati nigstepianconsly igsug 3 enntigl signabthat is seseenspiede thednsianianeensrmazchining
for l'ine mof{ QRionk 0044] Figure 20 is a plot illustrating the
calculation o tﬁe stopper plane normal direction for arc notion.

[ 0045] Fi gufd1€]l Insha"tpieatc"it¢chnabgpémplgyddibydhameseatinganior] toyl motion is

o e 28 A L b b ol T 0"

arc notion geedi@hationd ks, the tool may be commanded to follow an arced trajectory rather
than a trajectory formed by a series of linear segments that approximate a curved
trajectory. By use of arced trajectories and associated vectors in real time instead of
segment-based trajectories, TBC control may eliminate the conversion of arc trajectories
into a straight-line approximation of the arc, allowing for the direct precision machining
of arc segments, the elimination of the chord error, the reduction of part program size
and the elimination of the processing required to convert complex trajectories into their
polynomial approximations.
[0017] The TBC motion kernel of the present invention may take the motion
commands from the lookahead queue and control the servo system to track the contour
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 tol_erance 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.



[0048] Figure 23 is a flow chart illustiating operation of one
enbodi nent of a TBC S-Curve Controller. [0049] Figure 24 is a bl ock
diagramillustrating one enbodi nent of a TBC control arrangenent of
the present invention [0050] Figure 25 is a bl ock diagram
illustrating one enbodi nent of an arrangenent of the present
invention for variable-gain feedback control of normal error. [0051]

Cor r espondi [092Bff Bigerecid ichplboacf programidiagoins, dwstsipaitéthel §fadatas

t hroughout the several é‘.:qews. ﬁl}%hngJ) t he g‘rgavvi ngs represent

enbodi nent s “YFPERPTSFEALAE (9 HPLKT PRROGTRY oI IGTEE 1yeBUPdL
necessari | ypm CPipfredGs §§ﬂ'afrl§bé]ré1ﬁé’sfeh'tﬁﬁt§16ﬁ)éyél% PR Ld 10 order

to better illustrate and explain the present invention. The

exenpl i fi call03f} sBiguwpb ihegwphicalirepresentatiensofdevelibdath smonthing. t he

i nvention, | epf . exenpli.ficati re nat. to be
const r ued athFﬁjn' i ngrgtcﬁsgygrgﬁlggﬁé?prf%gwél%'\/%ﬁtcrq%sqa SR Hefner .
DESCRI PTI ON[0DR7]T HE gtieBIENT plaphCiY béfcbich@fiodf [Reéley ddtgndvthing.0 t he

dr awi ngs an&wggi)tft,cul %rlr‘%/ to Fiqure 1, there is shown one enbodi nent
of atolera abigareog it 3 grrrhied! mepgesenigtion oftlisuel frdataesmootiingnt i on,

| ncl uding { (P FRRERIGE pRE of BSetHRi a Sdiflh GhisHBtng meinb@bRLRBAf data
based controller of the present Invention as it machi nes the par
defined by peistsferdatanmegthing acepiding to he emberiment|of thegiesentiisvedtion | osed
enbodi nent es: | [ f resent .i.pvgntion
Geal i g wi ¢ [OCRlC Figb s R Bbbeeth EicfREe oty ok BB BB b kel o
applied to ethodsf idiusting livamooessformheotiing sstbrdilg 6 iah embodimgntass tiene of
skill in the art.would recognize, such as robotic control, vehicular
control, prBE&@ME Y 9Bntrol, and the Iike. [0053] In a first step
102, the copose] | Piouwk®GSh pRS iIRBirhtinging siep ONddetgbdamtenP60OdABle afd1e
part program may include data specifying the di nensions, shape, and
ot her physi &apothingplgeritm efithepressnt nMentioRr t or "work piece" to be

cal oul ati ngl S hel By oTs P Ak U BREMGRT AP emb inbrARGIEES,

shoul d f ol | smoedthing algerithtroofigheophasant inlrentipart within a rel atively short

period of tj ngd. wi t.hi.n_di signal tolerance constyrai.nts. t.he
ot s mac R0 bl Es P L ER AR ol o o TG B BebReRi g AR bHE o
t he machi neadcemboothingldsithin ofthp padet inveatiennd random err or

conpensati o ep.106 tq nodify seryo cqonmands to redifect the

machi ne. t 0olV03 chipedd 4 pippf the ton! VelpeiyEBES ey orsﬁémﬂ o35 dhegt-
repeat abl e ggrers and random or non-repeatable errors in the actual
machi ne t ool gath as conpared to the commanded tool path. In a final
step 108, t H@3fodFigured 28israpathenpintefdhe took velpeifiversentime alspaefemed o as an
anplifier fg_rc £ in actuating the machine tool. [0054] The nethod of
Figure 1 is now described in nore detail with reference to the flow
di agram of [6i036k eFigurell@b geendingrhm isdiegimg hoR® distehedsOnde mbatedtoplinplotaf t he
Queue Managgr Task of Figure 2, and steps 106 and 108 correspond to
the Run Sys ¥HeP48%k of Fi gure 2. The part program nay provide the

| ocati ons of00g7)sCrigiue 194 DHiag@m fllsrasing fhieeendpt dfi@plidtinceand t he
Nunerical Control _may interpol ate between these discrete points_to

t her eby def [0§88y Higuieldds yot apesherglqt of thertondvelggityvearss tisee for beth additivrous
|l i nes and aﬁrfo,?q f j . term"arc" may indicate a segment
of a circle. Ogﬁﬁgfg%gﬁog%ggmﬁgégﬁgw a constant radius. [0055] The
Queue Managi03djaskigmedprioz swekart bfomparntboginegt effanradditionlodkileadwlorithm
four consecu{)%ve operations that transformit into high quality

moti on dat a®bdf Bi Tf HeafiR: Syst em Task executes it. The four

oper ati ons mgof OFigh@NeSs ADIEE HapAf dTDnWehbidimEi!o2h 30F TRRUAHErP Aol
data conpression wthin Conpression Queue 204, data snmoothing wthin
Snoot hi ng Careange@98, and additive | ookahead w thin Lookahead Queue




[ 0056] The Queue Manager may preprocess NC notion commands such as
posi tioning (000), line (001), arc (002, @&03), and an NC tol erance
command E used for the tol erance based control. Use of the TBC
technology is consistent with existing or | egacy CNC part prograns.
This technol ogy allows the operator to specify NC tol erance commands
along with the existing NC commands for execution. By inserting a new
NC t ol er anti048bntisnee Ig/)%ls ablock diagraisafiong egddimontef pdBC potiar comirol he

CNC program n_speci ffe .ent CNC tol erance constraints.
[ 0057] The %ﬁ{g%ﬁng? ot J&éﬁ%ﬁ%@ g‘bem fy a region and a tol erance
val ue to be[@p] i Ettutwlstlhaioﬂﬁcegldala dRlpeftofthd TBE reaisiRbirol arrangement of
i dentificat %on nunber An NC tol erance command is defined as an E
code: E to! Zzl Xx2 Yy2 Zz2 |id [0058] An E code requests
that a thre p 9

ﬁmd bpre fghfml is & Bich ARG R %l{ee&lc‘a’}ugﬁﬁtﬂ@gt ?ﬁﬁe cpoma,

coor di nat es of e “di agonal corners
<x2, yl<y2, dlzqctlpaforﬁmbmmonon zero NC tol erance value of to!. This

speC|f|c to nt i b n jnteger val ue id.
00so] 1t i WA Fighl A0 plE st sleulaian e P ol b imin
t ol erance r&@wmﬁﬁfor@@mﬁmrnt may belong to a nunber of active NC
t ol erance I’ﬁﬂl ons. [0060] One, enbodi nent of tol erance regi ons having

di fferent vHYdek E’rgﬁreo?vléﬂ‘al&b}“r‘#&r%ﬁé lige mroHen gsosmetnyapalysiat ed in

Fi gures 3a- odbi OB Qﬂﬁ%n gre 3b.
illustrati n? aﬁsecgﬁma%gg%ﬁ%é@%w&gggésh% Oti% g%nétl ong];y ef ficiency,
a line novell94y] bEigdied2bdsh senons plot iHpsttatingwerc Imcmea gedmﬂtlw apakysisDr e

Case ofan 19088} cFRuREATLRRGH Rt MRER B cBlRidhortip eRponinp ol i 5°

added Dbet V\Eﬁl‘\fea]ima'bﬂ:erstartl ng point ti and an end point t5 The

| onest of t 0 ran flve 0| nts defin the_ t rance of
the arc, Rﬁ’ﬁé‘ 95 ?{Wlémlgg'ﬂ “F‘BPg merﬁ"l"l"’?’t‘i‘em ’P%aﬂ? COP%S
t5}. [0062] mﬂﬁg%eﬁt@ﬂie%@éﬁﬂﬁ@nﬁ&dﬂ st andi ng operation, the elenents

to be taken from Tol erance QJeue 202 _and sent to Conpression Queue
204 are: E&ﬂﬁﬂbnmgre&&mhl@gk ingram iHustetingienedmbedineent of anchrrepgament of

at t ached, a{hg Qﬁggﬁ'@f{ d%%%?vﬁr?aﬂw %f%‘gfewagﬁ 8GR 8f A ltdhorand the

program end O I'n"a data conpression operation within
Conpr essi o n[ﬂ@ﬁkh eCodespondig qsfemg]ca nhegiacteas mdlcatmpnmsmﬂng partsrthnyglpmt the
pr ogram; ere a,re S noves t hat oor urface

T nPSh on ¢ fedefsy, s > RRAdogh SR ES obiSins FRESUeh of i Riveer ShsRich.
lines into therdmnngs arefiot nebdssdilymyscalepiidspiain featipas maﬂuaéxatggerat’éhen &dka

conpr essi on era I on may determ ne whether short |ines can
conbi ned i ntod® @]Efftrarq i xpizia & Pressabinyertigny 1 Be Sreapli fﬁéwaﬁ?wt hergin

perform sucmugﬁét@s QIR IRIP B thi m'vEntio?n MRS L ald Pt eupl 1lﬁeaJﬁm9aiea
conpression operation illustrated in Figure 4a, points P P2 are

el i m nat ed Bgtdo he construed as limiting the scope of the 1nvent1on 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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new line is formed frompoint Po to point P3. Tol erance boundaries or
constraints on the tool path are indicated by dashed |ines 402, 404.
Tol erance boundaries 402, 404 may be snaller by an order of magnitude
t han user-defined nunerical control tolerances by E code. [0064] A

i ne conmand is a point-to-point nove. Conbining short |ine noves
into a |l onger one may include determining a starting point and an end
poi nt anong[WBY t rafatt stapi 192, the qarsvotier xfemvmpmvlath'ﬁnm tht)pm program. The

renoving all fhe internedi nt.s. new, ve can
Fepl et hePHt HOGHBHER PHuds AL Pegnise f Summsogt S ey 81

i ncl udi ng t&ﬁr&@rﬁﬁ@ﬂﬁ%sﬁﬁﬂ%t‘w&ﬂ pléce‘etﬂ betrﬁh%hﬁbcﬁtﬁrg%ﬁerﬁlrﬁ’&hj%é’tﬁﬂr Of
the renoved points to the newline is within a gl ven [ er ance.

[0065] To derepraressiossisp d8%inshidessaloulating a desined tng pathyndo@e@etqsuémihal ly
exam ned in ed, t
cxam ned | SO B3 80 UGN R S5 Bt LR B A
queue, or wiathed withindireesiona tslenutcconstraies.f Aﬁ me@am 13 xﬁsfdmnetlhﬁysnmn nts

that are pr nt res.S|on ueue he i]lustratjon of
Flgure ab. eate Rorting G PR g o (e magting Gohl peeci b B and
found to meghdéh e vRiREML NS 10%%:1:@@6&5 B&hmbﬁds't@ reAfb&9he machine

det erm ned whet her point p4 should be added to the conpression queue,
or whet her t@@hﬁ@rﬂéwmﬁwé@r@w deopectpboth predistivoer r@pﬁa}abbcnmmsaqdoanc}m orp?2

and p3. The f qﬁqrgp T .
f p4- 801<0 0 é% érf&gfnqlﬂ—ﬂ Crtda‘i;ﬁ{afk e anlgrl%h %S Om% ﬁ%‘ﬁ cg%h]aﬂilaedrt%oels
and 90 degrmh. InTmtal Sep poB, tlmlmedlﬁ)éd deoo cmrmﬂmtl(tdtraasrpﬁteﬂcd the s@ado t oI
That is, an equal toI eran%ﬁ elﬂr}' asngned to each point fromthe
tol erance tHBpLer fardieipac té“%a‘i‘? PeifPar distances frompl, p2 and

p3 to the I[ms4]p0n4e raéthod gl 21s Adved e in ﬁﬂretd&a@l»aﬂﬂc@fcrm@%ihelf
t he above four tests are satisfied, then p4 is added to the

conpr essi onflgiéipgram ¢f kige abB\/&enF’@b stepe §Q%angd 184 gorrespend ta theddueuehen p3
i s added t L FR LGy Q

conpr essi O%%@géﬂ%ﬁlﬁ?l y, t r ee segrggﬁg ?hon %d% ﬁﬁq{&ﬂ%gs%ﬁ garSIéOf
conbi ned i nFigurgi?e Thegean prog(ap0pay prqwdewmcm:ﬂﬂlmte P0G ph tiBatuaface of
snoot hing o [ ni ng
"G ven' Ton BF EeRE e RRIGIch il iy HRlrBorkvaEE sl P E B
snoot her vethereby define a desired trajectory or tool path formed of contlguous lines and arcs. As

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 gueue 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
(GO0}, 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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and accel eration, better control of feedrates, inproved surface
finish, and full utilization of the TBC technol ogy. [0068] Figures
5a-e illustrate level 0, level 1, level 2, level 3, and |level 4
snoot hi ng, respectively: level 0, including no snoothing and
produci ng a cut polygon; level 1, in which arcs replace lines, and
arcs may not be connected to each other in nost cases; level 2, in
whi ch arcs toigsinee eorhinaedwithinas caistingddfNeatie gartt progeant) tioet (€ praprainaerc s

are not tangenti e er in st cases; level 3, in which
arcs repl ac ISPW%,&g?rﬁgﬁﬂégogﬁ?ﬂ?Sﬁ?%%a‘E% each other, and arcs are
tangential {p95BaChedtO@blerardetomafls ﬁae&i&z}n iﬁfgﬁ&h'&h&‘gtd[@r&@e vaRhat, By be

provi ded by the present invention), in which arcs replace |ines, arcs
are connect epplicdtodhaiiiegomaleng witk 8 cempmandidgrtificetign numbencin diChielerangad
arc curvatu [ ly;..In level 0-3 snoothing, the output
of snoot hi n%oﬁp#é%??ﬁgﬁd?ggr?gg ((i:?r'y, al ways passes through the data
points. |In FigureESth X1 dpdZzl X< ¥y2 B2 Bént er and radius of the arc

defi ned’ by poi nt.s RO, pl d p2; d c2 gnd r2 are the center and
radi us of t Ss éﬂ@r@ﬁ%@qﬁvﬁaﬂ% agpefEegsion FeclnguipureetpR delinrd by e
of an arc i godBhdied tRSdihdifal WRES®R1,0f1, £1and adl 3 £ ki kxo T, 710t he
| evel 3 exanple of Fi g}Jre 5d, the rel’atively | arge radius change from
r 1 to r2 rkddprpengerodciplaranspaalue oigply This specifio falerenpesommandmapde ween
the two arc Lo ks L5 different fromthe other snoothing

l evels in t gm[séeéﬁggafl@g&#ﬁéu%gfa points are adjusted (within the
speci fi ed t [B089]arlt is)possibla ddrimmdtiplg Eaddalto defineatvarsppiripetolgesmce refiogs. One
adj ustnent of. the d tatﬁoi ntﬁ :?2 gccm a?l e in applications such as
the multi- aB9R PRE(NE th pppenpl adive Yt 1ofeRPes S8 YISoNe machi nes)

because the[oﬂd(i]_usmmﬁodaﬁ@wgfolerm}agidubmiﬁ%aimrehmasIaﬁmo&rﬁﬁ’&
inch) and are within_a specified tolerance, 070] The points nmay be

adj ust ed t oOEARPBGES dlusatad Indipwres e Figvas dnidlustoating @ fiast cpsgeand Figure 3b
traj ectory mRRfHaghSsoReLsg. bl hlidsERdr i

al ong the ti?_laj eagggry r(r)ngy %g(;ﬂ)il%lg}% g@@%ﬁ)(ﬁjﬁﬁ%ﬁﬁrﬁ g@?EF%O%TEHN%tV%’%& g?
a tool al ongjviiad mteatrmepttwekines. Dolycwe mosé pointeointp’ais genseated bevweenl
force", dir oqlt‘tggogg fd the center of the arc. In the case of CNC
machi nes, this force rmay be provided by the notors. Sudden and

rel atively {086He Inhkngssof a drh@Figeada) thede@huitBtaaegoifta s, t4) o4, axrxtddded -
noves fromone arc to the next result in_larger er shoot s,

whi ch ey bRFTHERARPERTAIDg Bo%t_i PR TRRE f%t_ﬂf tolprgppes pf the
Fi gure 5e ifibeisdidtt€nchtieQbleRHie THINERAE, Bs lidaR@ HYARd dquidh: @bl PRIM{ts, PO
to p4 as conpared to their earlier positions as shown in Figure d.
The m nor a@}ﬁs’i“n@ﬁts may result in the points defining a trajectory
t hat appr oa bgi .01 ] s el Lot j e
deal or opt e PEABNElO ol ilere Mo opbilibg e AL RE ot
cont i nuous| ToledapseeQuaue 202 and sentpe Campassfios Quewet 20dlaag: ppsitieiihgpeetnands,hi n
the scope of_the inuention epend,upon the tol erance. Th t he
boi nts iy TRtcRRerbds Fyh PRy o EiHeE fd B st P A Fequb leghnd®
[0073] |In osmecksdbad tepioghin édicopneaént i nvention, instead of

optim zing the curvature changes, a, sub-optinmal solution is enployed
such that t 863} dpadata sprprishigr grergionywithin CompressionQuens 20t theprgei

being elli pa&tmlcom@%%éeai mm%a?(ég{)]%ﬁg,rt%{égﬁre%h&?ﬁﬁ@lﬁo@cs it kst 8 a

arcs may have the advant age
conput at i onpdot serfdce fintsh oathegmrtp fex pesyiblef to cambink atie of these shart hnes into

dj ust ts, Th ifoat i ible t i .ellipt.ical
Fraj ect ory 189 ipts PED mavampevh LB TR e, GhEaln SUSoreiE pafip Py
i st ead acl askirRheS e Byt RS ci 8 ORbAe ifts I6lbi Fig dhl e e | €5 Of

circular arcs in one enbodi nent of the present Invention. [0074] In
one enbodi neompression operetigmmalprrforn sich daggompeessiod if ihispossiitle tosdocsol dop,

data compression operation illustrated in Figure 4a, points P4 and P; are eliminated and a
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[ 0075] Data snoothing may include three phases or operations, nanely
preparing for snoothing, adjusting for snoothing, and snoothi ng using
a double arc algorithm 1n a first operation of a snoothing nmethod of
the present invention, line data is identified for snobothing. It is
not always feasible to convert NC line data into arcs while

mai ntai ning a given tolerance, as wth, for exanple, connected |ines
with sharp angles. It is sonetinmes not desirable to snmooth NC |ine
data, for eweriples folrmmyfrbmmeimrﬁv&spoilﬁé’rat Avkeraponbbhunidaies onegnstrded ohmhebe

i sfied hef 1 d f
cxarm nes. t NV GRG IR LY datiad bRt g crsrenes PR lenAdht & o
meet the cqpgilbd nm i@ o$magﬁlhude%an/hs&&&aﬂé@n&ﬂénc%%@ﬂ taﬂranéé}%@

During the first "operation, line nove target points are
sequent i al Iopdexani ned in the srmot hi ng queue. The |ine segnents,

whi ch can o) n h 3 ihnts of .all
theco | ned00e° B8 EEconhd1eh BRAL AR " b BAR AR b bl Bloa | |
Fi gure 6, tlbﬂg@ﬁomhﬂ)t Bichide da&nmﬁﬁgarsarti@ ﬁm abd( adéhdaioint amdnPiiR target
enmbodi nent, di stance dI is the shortest distance between a m d€0| nt

of line seg’ﬁ‘ﬁ’rﬁﬁf’%‘@ﬁe farenenEnemeverppoviggall eanismgdiate ppnts.s T
shortest di e
arc popip2. ey oM EREHhNE M AL LR SO RN e e L]
mar ked for Ieﬂmbnglthegolmfammnﬂmt)how m@dtktmwe foomeich pf)tlhs l'tﬂnO\(BdlpbmtSIta
are sati sflﬂtieon g . L. .Both ??i d pl p2 are |ines. Test 2:

Max{ d1, d2} o)) %ells%wmar%lg eranrg&th dl and d2 are | ess than sone
predet er m nesbsyli Stoadecdata esdion (a0 ToheRds hepbe Squetiall pBdnfingPin 145
degrees, or_sone other predeterm ned angle. If the above three

condi t i ons GampressionBteue £ Fqypfests oprritgesy answeda detgrmise whether a next
snoot hi ng. p@lr@gﬁd&ﬁ?& bd RldePPAE B&nﬁ e&s@& ud, Br FhSRGURpARELA LA beI ' ”e
data is adjuste or snoot hi ng. e second operation nay reduce
curvat ure gheogesl arondy ﬁlhpemtaihmloremﬂy MVeomlepssemembmi Inyhea

sequence of. three- di n nts rvat re af a given
oi i on S GRtFRG PUTERE “Reitruels bt RE! o7 Sk g phochdindio
mi nor changgeeothetchpfesion éxerigfand Bt PisMRingRietonhined whkthet ;ﬁ)lﬂ%@h&ﬂd b&g
poi nts may SI gnificantly change the |ocal curvature. Thus, it is

possi bl e t GasksHPfe MPTESION APEHs OoWhethar GPRPIFTIeR Shoulde grrfemad sinoniin e
such t hat E)Bﬁlyﬁ%{{] \S@tw&d%aﬁ%%momﬁm{&ﬁeﬁm A8lovgur ve

represente € modified points Wwll be reduced. The srral | er the
curvat ur e diesinigdpd-pit<®.@einghir ve, the srmot her the curve may be. [0079]
Figure 7 i I_ll Etsit %/gg ean%imé)%bn% nqiﬂ]c}egfl PLE ew&e {gventl on for

adj usting Ii° SOt R he noves ey be adj usted

rel ative tdeemlpomhepl t‘ob—qmmlr:qﬂ tbhe ppadl h Thatlis/ ai bual wiflarice hpy ledear e
for arc fitting., Two, con struél arcs 12 614, which are not
copl anar, éf%g‘feéé%i?@&ﬂoﬁ‘élﬂo ‘F{?“EFGQ‘T‘P $0ints POPI1' 3 and POP2P3,

respect i vehngst A lﬁé‘lﬁ@ﬁdléﬂ&%ﬁﬁ{&é ﬁ&n?)fl Imﬁ]dgbataﬁfe 18k pep4s§:e @e'lsa mﬁ%ﬁ’e

i s designated 616. e center of a circle defined by are
desi gnat ed sperifieggleranee.cent er of a circle defined by arc 614 |s

dosi gnat od 10056k 1EfHRlfiRle B8k s BRLSRrPY, (b 1€ edleBRful colblosigletie
poi nts pl dfthegbovesfopetesieadinotdatisfiddothich @3 o alded 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).
L DATA SMOOTHING

[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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of arc 614. Simlarly, a projection of point p2 on the plane of arc
612 is designated point g2. That is, a line that extends through both
of points p2 and q2 is.perpendicular to the plane of arc 612. The

cl osest point on arc 614 to point pl is designated sl; and the

cl 6sest point on arc 612 to point p2 is designated s2. [0080]
Generally, a point is adjusted if both that point and an adj acent

poi nt have Jja@qRedldhtidRtindtief cofitePbe Yeblifate it 1Hd ST ceMishR Bl PRI RHization
smoothing if it satisfies each of the three tests or conditions given
above, i.e.of tioTBCpagphologwi pl p2 are lines; Max (dl,d2) < 0.0005 inch,

and angl e 5 eges, . | h i i e .7, point pl
my be-ad J0ed” HERF R bl L PG, R e s adhls e 4 elptge
both of pO rag@etplyh dseh® duclidhigadsnicvthifB@d ghbdigingBAubpolpdontRyelde in

adjusted, if a]tl all, algng an adjustnment vector vi extending from pl

to sl. SimiWaiFhgros prplane linss, Fpgaresanaya)of B¢ erameated o epchsothardm mostq2ess;: f or
snoot hi ng apgL] 8 ﬁ'nhﬂﬁclpa{rcﬁ%lgcaejoﬁneg,l a(rj&rb?? &g&{x&gﬁﬂl 8 %gﬂl?l IR KGR ot @Tare not

smoot hi ng. Point p2 may be adj usted, ong an adj ust nment
vect or v2 daugentilngedchothepin most s@ses;10@B3,in Ahich ards heplad|jimss, mes s

associated w.th,ar 12 and .614, the process, continues with .

subsequent c&ﬂf‘?%et%r%éﬁ?c Oihse%’o@fi cgér%axgg?géaﬁg%c gl‘)ﬁlﬁﬁ aﬂéjjﬁt‘“ﬁl\(’a}li %@ﬂoo@g{g of

L our goi B t Sle\&dl tiet mapbé pﬂos'idgﬂ ]Py ﬂﬁg)r?nt&ﬁ@nﬁél), i]lih’&ﬁcli e&csdxaﬂljzbtsﬁré&,rﬁr& by
e made based upon an_. arc define .poi nt , p2 and p4 and an arc

def i ned by CBBP‘?FE%“ 1 Fachpthes, facs e tanggatlp g Al aaﬁ&tce%lngw BRES nue

I ndefi ni telgtadialll FARREDA! IRBIRA FRUDUMRPBf SHURBBRY MY fidPhrSeQbryl AWays

points along the trajectory. [0082] The magnitude of the adjdstment
of a poi nt 'passssEirevghrihedatmpoinia. fofigere ddml and et are thesgenise arfbrading efithe
upon wheth j . i i d .

o " by WS h BRES, L A Bt g o
after or befefinal bnthe poiatsip2opPpaidyd, The eurvatutesofian akcdsl dgfiriedtas thedsverse of

bet ween an pynmar k pqi nt .apd.anpt her rked int, the he sition
of the. mar KERPRBE byt B E0 b Fmpte o et ot sla g or e el

adj ust ment chegdedrom TiNIr2 résults NG BBERAIAEY Mrgd RirvddRe IRURY bBRlebn @ Ywo
al ong the adjustnent vector. In equation form the position of the

poi nt may &Scal cul ated as p p+0.5*v. That is, the point is noved

with a coef[bi:@;xg rLtcvﬂrzl i a@tePdnt %m%éomgéa%nﬁxﬁgqevélé indndBnkERRRE Ba
ot her ma hen t he

lies between t | sked points, t position of the poilnt
i s adj ust edoints ate adjusthd Ewithoe thicispécdfiad toleraheg) tapachisive gpdnalchrratued ¢hafges9
in each of -fhe t ] ts. 1N Ik ' ment . the .. .

di rection ejr\hése%éé‘énl ?hg gﬁltg?ﬁ {A 3"“&5 jsﬁs({‘l’ﬁtg{r’\lf @/éé)@? g&r&éﬁésn&f&a&}h r%"rjlléla‘a\’fv}st h
t he adj ust edntoating (dp @ietd cittieg asin®GNCahachines)bacuusgibe Atstarean ardwvery he

calculations illustrated in Figure 7. In the second, adjustment, the
di rection a?ﬁﬁhr@@ﬂa{% és‘tg?“?'ﬂé@i’&?@@ﬁéﬁw‘g’&? S?Ecé}@d&‘g%ré?‘?ﬁ ned with
t he adj ust qgo7Qi Nthe PBInEImAYIEe ddihstdd 8 hHidie ;&aaual cRBlafiré chaAn@ESath that the

better illustrate the enbodi nent of Fig. vari ous adj ust nent

scenari os dfaecHsy apnrpasheshsingellintical. éﬁrégt!@l ehangeef qupvatyre plopg therrsjegiory

adj ust nent _j : justnment imt, such as 0.0002 inch, is
omtted form%#ﬁgﬁ?’é%@?)ﬁbﬁnegiée of illustration. Case 1: Condition:

pO is not rM69Kgd Mationsfedediialogg aplarci requimes & fuicd, oefersatito tab ‘ceniripe@l fosceript
arked Tor SREA UG, SRSl BeCaunerl. ) 5 0k A acent, AISi N,
smoot hi Ng. 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 5e 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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Case 2: Condition: pO0 is not marked for snoothing; pl and p2 are

mar ked for snoothing; p3.is not marked for snoothing. Result: pl =
pl+0. 5*v1; p2=p2+0.5*v2. Case 3: Condition: pO is not marked for
snoot hing; pl, p2 and p3 are nmarked for snoothing; p4 is not marked
for smoothing. Result pl = pl+0.5*v1; p2=p2+0.1877*v2+0.1877v2'; p3 =
p3+0. 5*v3, wherein vi and v2 are calculated from points pOplp2p3, and

2' d v3 I : ' . - Congdl L4-0n; . p0
s not markell Top @?ﬁ?ﬁ%‘?‘ﬂ%??%‘%@p@*gﬁ@%ﬁﬂ%r A clpric Nk bkl
B D b B e ey s

R OpLnzps. v 2COMMIONl” Howeves Bow lares it Fhat 2 ofigm St whnin e Fobies ofihe

cal cul ated f mosatRAINMySdepaiRpdR the tolclRe| Bubithe @Tﬁt@ﬁrﬁ?r et Jc@ﬁﬁﬁl‘a]i h &

third operatign, snmoothing is perforned using a double arc algorithm
The third op@tipciadisr thapdiviotenie converting the lines into arcs, which

e it 0Bk BoSR8SE B  BUR By e

consecuti ve tlangest amgedptinel silstiquio eaploget suoh tHaeths aajeodropeluddsionly i n

Smoot hi ng ngilrjc%la% (gr6cs %sngp ogédf tg rbgng %llitptqgal.c 8@%{533 ith%rt]:a?gctolr)i( Qseassetrigs (?{ c?r%iﬂar
arcs may have the advantage of reducing the computational/mathematical complexity of
calculating the point adjustments. Thus, even if it is possible to achieve an elliptical
trajectory by adjusting the points within tolerances, the points are instead adjusted such
that the trajectory is defined by a series of circular arcs in one embodiment of the present
invention.
[0074] In one embodiment, the motion control is implemented in a 200 usec loop, i.e.,
the motion control is updated every 200 usec. Thus, there is a need for computations to
be performed efficiently such that the computations may be performed every 200 usec.
Due to limitations in thé speed of a processor which may perform several other
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 aigorithm, Ina
first operation of a smoothing method of the preseht 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. Itis
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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[ 0085] The double arc algorithm causes the final snoothed trajectory
to pass through all the.target points of the Iine segnents to be
snmoot hed. Thus, the tol erance requirenents will be well satisfied.

[ 00861 The double arc algorithmmay performtwo functions

simul taneously in a pipeline manner. First, the algorithm may
determ ne a tangent vector at each target point of a line segnent to

be snoot hed Cofghin rg&;g g@@ .
repl ace the I?ﬂe segr%:stpfggt éfogsl%g?ﬁe i ﬁéer?étg’ﬁ 2vé %@E@%ﬁyggmmﬂ%d
pn be pons_emtthfp mdrt]hlr!@que&cgﬁhe!;ggm%_meﬂ?,pﬁéﬂg@apb@mh&ﬂ my:detefnmedm:]dj
operation i moot hi e first functiop erformthe
fgl | owi ng s@g%’g P??‘E“%fgﬂgfreﬁ i "Eiy:}r’ itagepd iy SHpo0 oPﬁl gso tiPE | at e
a desired t pOgENt InReALre6, tHjE&pélEts Pl %I a&tjoﬁ@il?btalpdrd‘l Il RehbofinteRe

+

posi tions of points pi, pl+l, an The three points pi, pl+l and
pl+2 define lﬁweﬂrldbﬁ’ﬁ ﬁmrﬁﬁqﬁlﬁmetbﬁmen a midpeint aﬁlgmegm@ttmepi sl thparc
arc at p0| n f ed |

not hi ng %Olpq ésém ?aldsu{ﬂe@ e%géle:yh? ﬂ é(:)a%ceezbs@ eeﬁ'l’sl ?ﬁq’ﬁqmb%gm
function WI plp2@néﬁteearcap(kpép|beﬁmddié onl@@theﬂu&cqngmieymhmlsmy bt harked

target poings of be snoot hed, depotfed as ti, t2,
13 ta Do "fogsmoothidy if b GIBHHEIRES carlicns ShRyerteats BRI (o as
"desired tang'emlvmﬁhpolﬂ"ana?qugelm&e di rection changes of these
vectors are gradual snoot hes the curvature changes in

t he snoot hed T?Sé?é‘éﬁ{nd}dzl 6@@9?5»%@ $hatdn dothdd @nd d4 asedsss hanfsem t he
fol |l ow ng S‘?{%@"S “{eﬁ ! cE'éua{Qd%bbg idhe nar ked for snpothing and the
esire é an

correspondi gent vectors ti, to-i and t1+2 have been

cal cul ated foTespB Tmmglcﬁml%mgees, hewm@h&r@r@epanmed)angle

t hr ee-di nen nd_au.su an starts i nt pi

and is tang ﬁtﬁe SV%C C %(gté sare%cttg}?% poﬁntpl maynotabema.r 4 R?
smoothing.

()

B. Adjust for Smoothing

[0078] In a second operation, line 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 Jocated that pass through points PoP{P; 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 ¢2; 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 g,
That is, a line that extends through both of points pl and g1 is perpendicular to the plane
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an is tangent to au at a point pl+l between pi and P1+2 taiu
+2.starts at point Pl+1l, ends at point pl+2, and is tangent to the
tangent vector Check the shortest distance (d) between pmand the
closest arc. If the distance is within a given tol erance, the double
arcs are valid. I f the double arcs between p, and pi+2 are invalid,
then create a pair of three-dinensional arcs ail and al2 between pi

and pi +, s@ghclhat Slmlﬁ&lkf ﬁr@j’c&t?on"’éf thfPlt B oPthe 3Ble bfark @f@ﬁ@év\g éd&ﬁmt

tangent vector ti ai, t angent at a poi nt
pi +, al2 gZafbaiine 11199 iﬂm“ expends éndghd‘pﬂmf pntntsml’t fmdaﬁds pespandivglanto tho

(1, GO bhESh 8L gl e SERR Ty 4RO SRR AREREA B S0 0L .
closest point on arc 612 to point p2 is designated s2.
{0080] Generally, a point is adjusted if both that point and an adjacent point have been
marked for smoothing. A point may be marked for smoothing if it satisfies each of the
three tests or conditions given above, i.e., both pOp1 and p1p2 are lines; Max{d1,d2} <
0.0005 inch; and angle 0 > 145 degrees. In the example shown in Figure 7, point pl may
be adjusted if p1 has been marked for smoothing and either or both of p0 and p2 has
been marked for smoothing, Point pl may be adjusted, if at all, along an adjustment

- vector v] extending from pl to sl. Similarly, point p2 may be adjusted if p2 has been

marked for smoothing and either or both of pl and p3 has been marked for smoothing.
Point p2 may be adjusted, if at all, along an adjustment vector v2 extending from p2 to
s2.
[0081] After the adjustments associated with arcs 612 and 614, the process continues
with subsequent adjustments associated with arcs formed by the next set of four points,
i.e., points pl, p2, p3 and p4. That is, adjustments may be made based upon an arc
defined by points pl, p2 and p4 and an arc defined by points pl, 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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[ 0089] The operation of the second function in the enbodi nent

descri bed above is illustrated in Figures 9 and 10. In Figure 9, poO,
pl and p2 are marked for snoothing. A pair of three-dinensional arcs
al and a2 are created such that arc al starts at point p0O and is
tangent to tangent vector to; arc al is tangent to arc a2 at a point
p' between pO n%ﬁpz;, and arc_a2 starts at point pl, ends at point
p2, and is ﬂt%ﬁﬁ@é opgjllpsgataddm Fignte % dathsrsegond adjustment, hedireation 49t ween

pl and the H SviM <f ) i o

pr edet er m gfe;d toeg?g}%cagj,ust e@%%ﬁé%ﬁr@?eg?g{y%?égng %Y@Egﬁggreit@rd

[ 00901 | f, obthetftng poitter hand, the double arcs al and a2 are invalid,
i.e., the di n d.is,not wthin . the givxen tol.erance, then another
pat 7 of ¢ nJOUBBT TG s uitte e ot B iR Y men e Euares R
that arc adesstibéd bel@w. Phd dHeclp@ AL that thaRBS AdjultReAtdO R thaty SCIdNstrhéht
arc a3 is tangent tgo arc a4 . at a paoint p" between p0 and pl; and arc

4
a4 starts dmitehchias Q:000%ingk, inemisisel far simplicify and ease ahilfasiration t he
tangent veetgrqi.ti. The above steps nmay then be replicated in order to
create yet another pair of three-dinmensional arcs (not shown) between
poi nts pl &oddifign: plriynetrmarkdd fof smavotienglp)l im@arked fassoathingnp? ismot
circular arc 42 d each.of the arcs nay have a different, respective
radi us. 105?%‘? F MR Moubl e arc snoot hi ng thus conpl eted bet ween
poi nts pO, ResuldBdcdide pl BRwbdpacentdashel MateSpEMNA] fsWOEAd)@fedB¥n BBugh
repeated for the next three points along the trajectory, i.e., points
p2, p3 andltﬁﬁl?‘aﬁﬁiifq’fémm%-second function may be repeated for each
subsequent cggio.0of three points along the trajectory. [0092) The
above-descri bed doubl e arc snoot hing enbodinent is directed to the
case i n whiConhdigion: p§lis aetdngsieddpresmantiingran lead p? ave neavkast foi sigootilisg;pdds now
that, of t I , pl, p2 and p3, pl, p2 and p3 are narked
for snoot h?ﬁtgl;’&#édng’gﬁ %’%}ﬁ% ectors tO and ti may be derived fromthe
arc defi neRetut: p0= g1k0.5p2,; p2s+03hgRnt i al vector t2 nmay be derived
fromthe arg fined by pl, p2, p3. The followng five steps may be

taken: |. )l e arcs, i.e., arc al frompO to p' and arc a2 from p’
to p2, whi glanditién:lANgRR hakeddbr XMoMingd pl FYarSH3IGHNRRES br siBBh{ngOps
p2, tQ t2), as shown in Figure 9. 2. The shortest distance between

pl and t helsdopgumpkediforsmoothiRe. doubl e arcs may then be checked. If the
di stances iy 1687 X, .24l } + Lt r rAined
di st ance, gﬁ%ﬁb é glﬁggﬂﬁgﬁdﬂ? ﬁté?m tze&(g%?jt‘)l?zﬁzr ?gp%?*‘ghgﬂ%ﬁa‘{peam
valid. 3. vltretdalubitedidtom poiots plp1papd) an@ vaaed vh ezl caldulateddromipaiise ar cs
a3 and a4 a[@rpgeéwr ated between points p0 and pl and based upon

t angent vel PtO tl. The two arcs al and a2 may be tangential at
poi nt p". ¢aselfiere may be a tol erance check for the double arcs. A
distance d _jn Figure 10 is the shortest distanc et ween point p" and
a line ext EARFIHGTROGRR M PSpAPthiRg) R P2, PP aaffe‘{) o Marked; for ymathing, o

a predet er geghgd p@%?l%‘.@evl; §2@ﬂ1+@§s@7*@9@@18m@; pi Q%@%.ﬁ‘ﬁﬂ%.ﬁi?@ﬁﬁﬁ
a3 and a4 are valid. OGherwise, if the double arcs a3 and a4 are

inval id, twbercietland e ealaasst ooy poistspdptp2pdi VR 8ndi@, arp Falewdated fipme

ext endi ng [ o : { ps 3 and 4 to
generate dgﬁlg@q%@%@v‘éeﬁ p%lgh%ﬁgg%aﬁgpegfpaﬁﬁt angent vectors ti
and t2. 11. ADDCTI VEDbAXIKAIr BiNothing

[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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[0093] In an additive | ookahead operation w thin Lookahead Queue 208,
it is ensured that there is enough distance to accelerate or

decel erate between all -velocity changes in the programdata. This has
advant ages in that the nachine bunping and dwel|l narks may be
reduced, and the surface finish in machining may be inproved. For
each programmed nove, a stop distance is conputed that defines the

di stance r qqe8s] edht okl & AIgdtithrt SRsEHBSTiRAP srA6dtRe MEA QEdrY Yo FUsS ﬂfrﬂigﬁg

to S-curve acceleration. It 1s referred to as S-Curve because the
accel er at i Gl/theteegebpaints efithg line sagmentsdo besmaenthed. Fhud, thedolerantoci t y

pl otted ver [ o in Figure 11 | ooks like an "S"

i nst ead of rgé{gﬁe%lgﬁgmﬂkéﬁéﬁg%gg%top di stance may be determ ned by
the | ower d06386}) Thbdoutdxannalporitmemue badorintwed dlretionssdulanctizty iangl e
bet ween the . cuyrrent anlcj. next noves; and b) . the maxi mum npve, vel oci_te/
for the pathiPu? AR or it F MERCHT)EX SRCTHRSH FRECROHEIT o) Yobierest un
addi tive | qflaaie ssknferi e e QMobM¥d.| Skebilll SheSBa @it Ry loBndrito BaktastcQdeue
208 for velocity and distance information and determ ning whether
there is ereriggs thelicersgements wrbershwothed hLeiditre, laciiePebat €4 Beleclonsequtive

properly fr j .00 i

et nomt 1 cAPecaRe obls AR EATEAR D de el thrmiot W o il gl e,
The proper Thelfostiftinctiomyap perdaircthe Alledidg siepst he st op di stance and the
S-Curve, as discussed in nore detail below [0096], The additive

| ookahead al gbr ﬁfﬁ*ﬁiﬂﬁypir@ﬁﬁﬁgﬁi BRSRIbEEgeca aff’r?e‘?‘?‘iﬁiq BRERNL WK it es
al l oved for dif{gpeReis) REAfcint YEPOREA bifthe phsifiHs@F BHRR/PRDE,, and pirz. The three
radius/velocity table may bé built for "this purpose,. The tabl e may
provi de the naxiPAs alPiodRbbie dBhobE Airenpifipr aog bg isghe Bingdns veater to thei |
or curvatures W&%}‘ﬂﬁ“ﬁl ent tol erance requirenents. A Stop distance
and stopper [00 e additive | ookahead al gorithmintroduces the
concepts of s# off whing bEPCEH+ AN iStagEiEsmodihingStdomothing ance of a notion
command wi th nonginal feedrate vj (Figure 12a) and end point speed vo
may be definell TR Kt ance traveled froma target point (Figure
12b) to the pgi i ull stop can be achi eved according to
the S-curve sge%p%?g%f)g&ﬁ?gi | lustrated by the shaded area in

Fi gure 12a.[0887)pdde abaveifatctins will vieate aabquengeqd tleginei tingéntrveetorsmt then

conmmand, - be sel ed such that, if the .systemreduces speed from
noni nal fgg%'lg%ttpé’ "\%ﬁgﬁ%ﬂr&%ﬁg@cqtﬁ%abefsinﬁoglgfl’o%n%fﬂshtéqﬁ E’og’pté'&’ accedt di ng
to the 5-c gméeangbﬁt vﬁasseﬁadytﬂweﬁﬁwai ast“gé@ed }aﬁ@énﬂ t(ecmctrs’:] mgm sher didctboid
poi nt speed vo. The sto i stance efined as the distance,

Dot ween” t nahiion gk e vAROR i SRR PO EBrbS SBOaPeT e St AR
feedrate vihoin@uRidapotoppmand i s determned, there exists a

one-t o-one naffﬂil r}% between the stop distance and the end point speed
vo, assumi nB048ha(The secomd fupetien mpeperfosmdhe followingfstepd, i.e., the

maxi mum accel er @t i o jer [ I okt o] in,

unl ess ot herw sgfpé’tlg‘t' gg(,ijp‘fzhaé%(m?wgd @r’éﬁﬂ%un&rag?ﬁeggfrgﬁ:? ﬁé‘lgg Fl&?ﬂ'e&
Therefore, the singentde@bBNcE: Andt;a have tleeh cadailatabion pgancadipd,, tthen cpeack
poi nt speed; and if e st.op distance is given, the end point speed
may be accordi n_@lpﬁlrﬂm‘ﬁﬁi’é‘ilﬁpe%‘?r@i ﬁ‘i"’ﬁ@d?“%ﬂd“&i%@t' versa. The additive
| ookahead al goriet hyn RY atpGint I EnPls U3 ARGRg8H vactdRS 1 ¢ of end

poi nt speed, which allows the algorithmto be conmputationally
efficient, as diescuds taghe ko ataGodd b MeewsheppaEpaay be used in an
S-curve controller to design a notion profile,, The S-cyrve controller
may ai mat the St cﬂﬂpséqmiaﬁgqlétdﬁ*loqndé?t p&ﬁ“&m@%ﬂﬁﬂ%@%&w ﬂ@it?ﬂg.em'l‘ﬁémr
5-curve controll ery Jray generate a speed profile in which the

controlled tool pasSes the
o Check the shortest distance (d) between pj+1 and the closest arc. If the distance is

within a given tolerance, the double arcs are valid.
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actual target point at the same point in tine at which the tool
reaches the desired sl owdown speed. B. Speed limtations of notion
commands [00100] In theadditive | ookahead al gorithm each notion
command may have four speed limtations: specified feedrate, nachine
al l owabl e speed, path velocity Iimt and joint velocity limt. The
specified feedrate may be defined as the desired feedrate val ue given

by the upper-Le L,on nning. The nachi al |l owabl e. speed is a
machi ne | initat ﬁﬁ#ﬁ?ﬁ*ﬂ?ﬁgff%@a@ 2 o i e el P, e ik LT e
machi ne and | awsli@énsiungbdresa;, ahti @, pavaerVgladd plysukh that: is a linmit for
arc notion. The path velocity Iimt may depend on the arc radius and
t ol erance speci f% c@it $#F at ppiat pigpdjistangpit tathe tanggntiscightl t ol er ance are,

the |l arger the X el .oci Lhimt is. ,The joint velocity
limt may be de;r?néégﬂ%ﬁgﬁtg%éééf plo'ri#f’ bacg'l"?eﬁé"fn i of two consecutive
noti on commands.e Thestir@ apomep Cmids Mpbidﬁbal,aﬁd/isd@ig@z&doﬂﬁﬁ:{%@nt&@%ﬁtm
between the two notions and the tol erance specification. The | arger

t he tol er ance*arfkfPeddhessbaye depstp sengragt doukiearcstisevaca pgetndtbhe j oi nt
speed limt val LS : 101] In the additive |ookahead al gorithm

t he nom nal fgegrﬁg%%ef{s)g’)?he | owest val ue anong the specified
feedrate, theenutdptaicheddbboy@bse speed and the path velocity limt.

For exanpl e, %{1 the specified feedrate is higher than the nmachine
al | owabl e siS8¥ ahw operationefiihe wrend fugetionin the embedimeatdenaibad abaysiis t hm

woul d forc t 0 t I f al:
machi ne al ﬁgﬁﬁfﬁqggéﬁégnﬁd? E'emplgg'ﬁ@eb}fbdk?%éﬁkﬁmﬁ%gﬁgﬁ 0%@? A
sl ondown f guiraitlgeardimensioraldrepal and Q@faracmeied such tutraad skrty atdefnd pd and

the joint w ' [ | L. .as.t.he nonmn feedrate of that .
ot on comarneetiip el udforiFete A5k bt 8B R o AL SorBieripdona v
f eedr at e | santihe: @nsdrisas pointye, eadon gpoinhp2, apd & thigent tb eedamkent vetet2. Ifa

machi ne al | gwabl e .speed and, the path velocity limt, slowlown nay
occur duri St%.“"‘&ﬁrbicgﬁﬁnﬁgﬂ‘% eﬁlé’g‘ﬁéfﬁalaﬂf&hes QG WHINGENSR 9 n 2 next
notion segniédeterimitel tdl&dkeel then fRAGHRE &rck OF add @ FavARNt noOti on segnent

may be | ess than the nonminal value. The additive | ookahead al gorithm

may use t hlO9HHi H&ionahtherbaerh e doubla e ed andalare iy, o the distasge d is
di stance. Gy Wﬂmin‘lhé&i@ﬁn Qhe%{{@&gﬁen%ﬂﬁlbﬁ %a%f[tﬁgéﬁ' engigﬁ'ﬁl hﬂ?é??xﬁ?&h

al gorithm may ensure”that the 'di stance between the tool and sone

| ocat i on aHEgnire)0) ateccreatal suchs theidré atstentst at poinbp and is Faegeh etdngeht vdver
tool to be ghanged.to desir,ed | evel,.by the.ti the tool arrijves at
he 1 ocat ol et & kol f RSy AP 8P B0 ol enfare BB et R

di 3 t anc ebc Cp;lpk%ﬂ_niis agﬁoiwp?] haxfd&_g&higblnt mbthélﬁngdﬂ ivédtoﬁ(ill.l) IJlﬁH@bh( 5 &gﬂqﬁ Ig@rthérhlﬁﬂ
and may be In t hematical ly by equation, ; s, + ds,"
where ds aﬁaﬁ}cawgp? eiderio oros et Yot prinplaresdmensonpldTe(Aotshowmhot i on
segnent, rapREGhpYRtSp1 AAP2S WAF of AlPsSarks ANGD, a3 And SPHSPHINirculE alcBIRY
of notion commands. I'n the di a}g_r am of Figure 13, notion command cndi
has an end gg¢h efithearcpmay hateqiierepioiespective rdivpper i, and stop

di stance dSghaqi! f i } C um
of *1 -t eng MtV She o0 SRR ety SO heler iR Mo REGRE R Bk
in front oftht fiwveidegpbed {ecerld) fundtivamayrte repeatet farfthersext thece\palntdalshgthe

di stance Cotpa?éc%ryg,r}.'c., 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 dire(':ted to the case
in which p0, p1 and p2 are each marked for smoothing. Assume now that, of the four
points p0, pl, p2 and p3, p!, p2 and p3 are marked for smoothing. Tangential vectors t0
and t]1 may be derived from the arc defined by p0, p1, 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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[ 00104] The valid stop distance condition can al so be explained in
another way as illustrated by equation (2): (2) ds;, - ds4,1 Because
the stop distance ds_i and ds_(i+1) correspond to the feedrate at the
end point p_i of notion cnd i and the feedrate at the end point
p_(i+1) of nmotion cnd_(i+1) respectively, equation (2) indicates that
the segnent length 1 (i+1) is |ong enough to accommbdate a speed

sl owdown from t he Dadil atei.al art befipmiptio p' dndary L2ifeont p'acpAtvehiet art he
point p_(i+1). C. Additive Lookahead vs. n-addi ti ve Lookakead_,
[00105] A di f f er@peeRtgat BRI e Bresstied oRA LA 23 OV EmFiEws S a
non- addi tive | 0okaRaflomdso@ihdd Beivieh PRhnd 16 cREAiok indewb AOMAN SR may

al gorithm generates an S-curve targeting the stopper and uses only

part of the S-cuhenebscheeksdt Ifithedistpresslin the x atadadiifeptbans laye/lessshanz at
the target point. The non-additive | ead gener an_ S-.cur.v
targeting the a ra%epe??lg}%ggﬁ%ﬁ,rs‘ ¢ aaﬁgg@téﬁ%mggég%lntﬁ%aéug’&ﬁuaé‘ésaalfwgﬁﬁ\?fe to

vo at the targetvafigi nt. [00106] Figure 14 shows a conpari son between

the additive and -additive S-curve speed profile. The speed is
reduced from vi Tof t dquble pres ¢ a2 g5 nvelid, Aien dpwPle,inss 11w s4dsreyer

in the additive g%h_@ﬂdfe&%etvle@r?péih@wQMpP&ﬂWa&dqﬁBiﬁ%E?ﬁtkg&Oﬁit@%i- gl

ive
time (thco, while in the non-additive S-curve, the sl owdown occurs
bet ween time twewo azas@l ande? mapbe whgantiak atpointpl- addi ti ve S-curve

requires a |l onge i.me an onger, di st anc n..the;. iti.ve.
S-curve in or der‘{‘t%heéeclﬁlg%geeaa&oheémggﬁ%ecir(z(gﬁ% (l?ocl)l#%%ﬁcs‘s E‘e%lglg'gcreé{ nﬁn\%lgutr%m
vo. [00107] I n tikeheaHotitdst distancebkairen goint p'ead a link Beeminy betednpoints p0

traj ectory change ffect .the previouysly-processed co . Each
tinme a new comﬂqﬁ‘a Piqg)(féﬁ efdds Q%ﬁ%ﬂaﬁféﬂ'&‘%ﬂé‘%&“‘j‘ %t%%g_m"i

di stance is cal aibphedodhi arkdS HAW4 GRTBAAOtRIWisS, Methe dGMITRBAR dng althe
qgueue whi ch have al ready been processed nmay be reviewed to see if the

previ ousl y- cal cuArainsalid thep dgfing the raisctpryrbetyres poiatsmdanbias alinsertcnding
updat ed or not. : Jhew conmand cndi is received and
HeRpEA Bbint o )

processed, it has a p 1, and a stop distance ds_i. The
addi ti ve | ookaheaRepegioteps Bandhie graerfaterdonble erck bethwewi pamst [@dwsédripgor e
15): Check co nd tcmj' iﬂtoc1 e if it neets the "valid stop

di stance conditiBon YeOETS 1 Ji-1) is equal to or less than the
sum of | _i Hnd JdSDDITIVE LOOKAREADD i does not neet the "valid stop
di stance condition", 1.e., ds (11) is greater than the s of U an
ds 1t hen 18%Tlacs shRdS G igoRtswdoniation e iumookaead i £ be e R ¢
the sum of fhai th@B% Hdugh 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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I f command cntli., neets the "valid stop distance condition", i.e.,
ds (i-1) is equal to or less than the sumof U and ds_i, then the
stop distance ds_(i-1) for command endi., may renmi n unchanged, and

t he update operation is conplete. |If (i-1) is equal to O, the update
operation is conplete. i-- (decrenent the value of i) and repeat the
above steps. [00109] Wen the additive | ookahead function is

sequenti al | ey fr:Tel 4 | I n
the. Lookaham iy L st ekt EORTR SR S, MoRRERRREH
condi ti on, "themdt.updati ng the stop di stance of the commands, the

dat i ' t Ny the. first d,.t hat ts th
Vel o ot ofoufeb ARed Y Ru e Farigioh eSisct BESOR et o b AEGt
the "valid THe@Rpdi Sdlediandbrtalcuiaitd frolt e 8o Bistinsd AfdaRe SICURY, &

command may,  remain unchanqed. Furt her, because this conmand neets the
"valid stoptisgpssedinsoreds@dilbelon. * all the commands previous to it met,

and still gm 3 | L sHaRR Lt ¥ t he
previ ous c mk_dgmﬁggdéﬁtéelgot ogﬂ%%ge. %Siﬁ%ﬁW%gg%%%m%
I OIOktheta'd (Vléltogitnﬂsztillkﬁ’yeﬂ_fm{ﬂlffeltcmqaatt_fgjemdetsib&epﬁt@lermqelalt'mtmdin'sfegiocify talﬁ;a_ o
calculatin €.S i.st ance may require a lo ut ation,
ond ey be ey il B SRR, TRt b HEAE i S Ry
be needed @od atcsuTAeffdrent raliipdrycuivatulbed Wit QliErB6 tolerecd RlifentBAK. be no

need to repeat it. 31 Jr, 0 <- ."l 62
A, Stop distance and stopper

[0097] The additive lookahead algorithm introduces the concepts of stop distance and
stopper. The stop distance of a motion command with nominal feedrate v; (Figure 12a)
and end point speed vg may be defined as the distance traveied from a target point
(Figure 12b) to the point at which a full stop can be achieved according to the S-curve
speed profile, as illustrated by the shaded area in Figure 12a. Stopper, which is a virtual
target point for a motion command, may be selected such that if the system reduces
speed from nominal feedrate v; and comes to a full stop at the stopper according to the S-
curve, it passes the actual target point at the desired end point speed vo. 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 vy, 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

-19-



31 4.1120)1 - VD)( 2(v, - vo)yvv > v J 6ji \J10 -1 2 [00111] In
general, the additive | ookahead al gorithm nmay be nore conputationally
efficient than the non-additive | ookahead al gorithm due to the
additive | ookahead al gorithm having only one heavy | oad step which is
outside the recursive loop and is only perforned once. The additive

| ookahead al gorithm al so needs | ess distance to reduce a sane anount

of speed, agnaNaWE: pointfat thesfind fointiRkiG AARBRE HeAWR reRhEMNOUSIEDL | ON
commands need to be nodified. 111. MOTI ON KERNEL 1001121 The noti on

ker nel nodglawvdewy spredf or m t he tol erance based motion control and may
control the not igon aggggl%ﬁ&.w BPm%&%@Q Ialllﬂes and arcs. The notion
kernel provides pred > wherein a line or an
arc i s the [0G90F i thi additive/loolhtad alfwition, daclomotigty comifidhdirhey laxe foual ong
the programed traj.ectory, rrecting for_deyjations as they, are
encount er ean?d@f&a@ﬁn%rﬁ@cmf@g?céf% élag'lme Alaviadle seerch PR velagObEmb ard
on a di ffenght velR) Bt MHeRBLeifi QGRS By bl BEHRE s ﬁﬁtdesifea%edrate value
pre-conput éd interpolation points) and directly &J‘Z es the axes along

t he |i ne/ argvenbyjtlecunpeslevelimatipa plannivgt Th¢ meghdiecalloniable lspeed s hvrachine
period of f X h read t 0Si tion
Pecdback,  diaB3F6n ole e eBlds b heFRRY of Y mbcHi: e TepBEPY

traj ect ory phgsits e patharloaity Jimitdnal lmitYorded motiom eThe gati velocitn libdiemay

trajectory that is the point closest to. the tyal current position.
Thi & poi ni 49RSPA5E ToRATp FARkPS 20 fQIRTatcs SEAc sgRT i JererPR b e Tadius and

di f f er ence ih1efan@ae, thelanet the maiMnR Pith RASEYY Rt %gcme héind WEERkty Gl RAL

position may be defined as the instantaneous random position error “or
t ol erance &Fdefinedpna speediiat aiileggint pEim@EaNIsERIveineatioa cpmmands. Slche joint

referred t I ns0) YA t y Ny A S the
Govi at  on oFPERCliEy difendRithe LR Rk the A pCIRpk WY lolétincd

traj ect ory speifixhfidd. ThHedarEBCGht allammeead tesmallérghd dngleare tthor lacef the jemc e
bet ween the_a uaLY urrent position and the ideal current position
whi ch may Bgeegb‘ﬁrg aﬁ‘éﬁlfy calculated in real time. In a TBC control
system t hqoodep! Ircthe aédifiveloskdhe fnnlgarithrh ah€ Adrtidhiataliate kahy lodeBtvalie

Vot cover . FIORE PGPy BT Ortcbe DFGHH RIEaRk Sk Pl SHPRRGRIONT s
may be hangleehaRN, ¢ Rakbified 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

~-20-



[ 00115] The TBC predictive notion control, at every control cycle,
may performthe follow ng steps: Calculate the three-dinensional
tangential velocity at the ideal current position of the trajectory
according to S-Curve Calculate the instantaneous tangential and
centripetal acceleration forces and their predictive conpensate
vectors Calculate the instantaneous random position error Determ ne
a_three- di MRASANALS § YA NG ASKAREL bohitt? Afth Fobard MR ddBitflifokahead
tangential velocity, the préedictive conpensate vectors and the random
corrective glgbnbim andnuydeidefincuathasaticaltyhey egegtidnt(dt vel ocity to push
t he axes al gﬁg tH§<tr§JC§ctory [00116] The TBC notion kernel of the
present inventio fn'b]vyl take t he notion commands from the Lookahead

Queue 208 a Q r { tQtya he cont our
ey ectory. PEEUBAP rebidfn® By BEhEL Yl LBEH of PRoFRR ABRsRL o i on
control in tespdctivély,iand gutatigeDardde p repessem the ihdex QK nfogioss ofthim@hds. An the

conpari son hetween._pon-TBC notion coptrol _and TBC notion control is
provi ded be Beremt SR B TR SPmeand S B ep PRINE BiPL L PIOPPRT ROIH &Y

to track a §tbﬁﬁe?'iaérﬂ%ﬂfpiﬂ@ce aont ﬁtr\:ﬁe {5 RUiREIR Y em@ 1HBBYR kk@RAkhe sum

control system may deconpose t t hree-di mensi ona?“c_or_lt our 1nto XJY/ Z
axes and i nokthpbingthand sep distange eftomido i+, ohif thestepper_tis in from of Bech axi s

may have it i - ref traje r . may use feedback

o oo or ROPHPE T RAL SEATRE Bl R SR Y o PR v,

i ndependent [0104]d€Etel walid sthp datanceavandition asrkalsd Heexplafned @namtier ajagas or y

perfectly, @re re 1l)JI ti n&fﬂ&%_ee-di mensi onal contour would al so be

perfectly fbl¥ Y 948 ‘he exi stence of disturbances, shown in

Figure 16, and npdelgngerrors, perfect tracking is normally not

achi evabl e and thére Hay"'be tracking errors between the actual axis

not i ons anﬂBé@fuﬁtﬁﬂﬂep Hrsahmsgrérﬁﬁsh_(mgmﬁwn_ 4 dae ﬂwfeahawapﬂaeEm point

mnimze the tracking error in each axis w {houf any teamwork or

coor di nat i oP-iHEIYOR AR iRpd thedvedzate siee fqdaaowg{ipl)@% mogien owdi @ ey be

tracked wi tfk@b@cﬁk&lﬁ@qﬁﬁieﬁ@)ﬁﬁdibﬂ@q thhahe depReftii@icth Pli+1)16 1dne@h6&dabY 10
Xanpl e

other axes is. For e ,even if the trajectory in one axis neets
a | arge resfespmmydats pspced slowdays fisahiba feeixaty at dreaobm pel to thy feedrefe gt the
there may b oig{\%@qfrrpt to track the preset trajectories of the other
two axes. The result is that even though the trajectory

C. Additive L.ookahead 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 vp 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 stowdown occurs between time £;0; and time 450,
while in the non-additive S-curve, the slowdown occurs between time f,,,,; 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 vp.

[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 gueue and a stop distance is calculated for the new command, all the
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may be tracked perfectly for two of the three axes, the actual

contour that is achieved may still deviate fromthe yreference contour
significantly. 1001181 The notion control systemillustrated in
Figure 16 may be time determnistic. That is, the x/y/z axis notion
trajectories may be tinme based and the entire system s runtinme nay be
accurately determ ned beforehand. F x, F .y and F_z may indicate

f eedf orwar d €emmandsiieths queve whichhhayt already bhenerocessed mayrte réyigyeddoseaifi the

C z may indi € t | er r ch of the three axes.
S s s Rt R R B R R

i nvol ve deco{@a88ingWaet bnee cotiviremiérnd) & recsdvedQud ptodtfed, S a path length | i,
i ndependent H}Fge bagigd axj s, traj g‘git‘ori es. Rather, TBC notion control
may comnpare a sten fisiancedtito e BeEYS lopkahead algorithm anaymeeomy e doloving
determ ne a g@%t@;gmesignal to minimze the contour error. One

enbodi nent of TBC notion control structure is showm in Figure 17,
where all signal sCheck comptand smdjirto senif itasdets the “tdlid stuprdi@Gcaoondition”, ie.,

control structure,sh in Figure 1 i gnal s.,are scalars. [00120]
The TBC noti on coﬁ??—gm&g?@}‘@! roé??ﬁsgﬁ‘gtt?%@ml l#é‘f}dghﬁ oy _
contour - based feeghamknanl ¢mdf eRrdt astvase ttiéO%Iti)&e)&top Hﬁag;e@mﬁfon > [RC 'ﬁts_gg—

may be cl osed-1oop, and true arc notion may possi bl e. That 'is,

tool may be commahdégraatsr than|thasuamobl taml dy hjtkantreplgcer the ltep distenae ds_(i-1)
trajectory forne i:ﬂ! 1es Qfia il t hat approxi mate an
arced trajector ydfm?é mﬁq%lﬁaégjﬁ rﬂ}) rra{ilﬁﬁ%ggageiti me determnistic,
and may be capabl ¥ minntndtdaed, | meefsebel sl adp ukdtaeaticendifiéiy124] dALG-1) is

every control cycle,, such as, every 200 ysec, the controller nmay re
the actual cont ou?q“ﬁ'o@i‘irnﬁsﬁ ﬂi‘aé’etgfo W,Ogédr?ﬂérdé—lt ﬁ@“g}&% disigage; Seﬂ'ﬁgor
wi th the referencgngpsddour, and find out the closest point on the

reference contour to the actual position. This point is defined as

the ideal current pdsimaysemgin opghanged eanddhp wpdpte@pengtign isgemplgte. t hr ee
functional bl ogksge f r f ' friction/backlash
conpensati on as iﬂfl(lugﬁ ?écﬁiéaié\@iogﬁﬁuggﬁggﬁ%a@ﬁ Sgotéhspg%iie'bed bel ow. [00122]
At every contral iy@b@emédieheo@hicrodl) zad repey thadbout sleps. t he desired

noti on based h CP_(incl udi accel eration and vel ocity in bqth
nor mal. and ¢ M3 Whey @éﬁf!&ﬁeﬁ?ﬂswﬁﬂﬁynrwamaw fe&emlzﬁ%a?warg the
control I er tgofamRiptevidiSlyRsdesed ifME Lobkah weu¥ 8b8) Chéckinzand #valid stop
signal. Aruntine feedrate adjuster may al so be added to adjust the

feedrate (veflisenesopndigent andupdativg the stop distapen ofobecommangs, thappdptiag
t | | i “. H : kH
Cangenti o qobrRioREAGIERE B G chhAGK 0% SEGORE a3 1 AAEBInRS)

di recti on i sistfvnddiBstause thif commandenatstthalvatid stop distqnos edndibionf’ahd dtep
ICP, i.e., the tolerance error or contour error,. The error in th
tangentral ciPebE S SmEr e ler et Fumepatsore R AR meRs
1 CP | ags behihgdyaldataidistaidd@ofitidhit! albtht 8smitaydsheevicisas itamk, 40 sfilhmeet,

i system performance, the TBC controller may_ include two different

f eedback contheolalidhstor distancs gonditions| andyne afhe previous eqmigands may nged to
~convert the {.aeking errors into a velocity control signal. The stick
~friction and backl ash conpensation may further inprove the accuracy

. of the machi #8110 o|In thepmpidpivg lonkakead(Rigerd 10), ohlyttheethivd stefrBe., nst steprof
“control, an advanta f t.he TBC.nDtion control is the clqsed-l oop
erructur e RS RRLRER Sn ik AR RREE Sl Bt rorde oty AR o

. the three axefcudiel 45 shbwh ffeduliforq@Nt THiS cAdulMion nffbeasédealoly dnke foi@very
- X-axis has a large resisting force and | ags behind its reference
trajectory, WREOm¢gmpand.endhers maybe go spuMio @At .0 mat ch the x-axis
notion so that the actual contour follows the reference contour. The
TBC notion kernel may al so enable true arc notion because the
centripetal acceleration nay be considered in the control. [00125]
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C. TBC Ceonetry Analysis Mtion Command Pre-Anal ysis [00126] Before
executing any notion comand, the TBC notion kernel may |oad the
command and anal yze the geonetry. The stopper plane nornmal (SPN)
direction and stopper position may be cal culated in the pre-anal ysis
and may be used through the entire executing period until this notion
command is finished. For a line notijon, the SPN may be cal cul ated as
I ndi cated by equatifon (6) andis @ un Figure 19, whitch illustrates
the line notion gegmetry pre-§ V4 ySils:  (6) SPN. =%<3%00127] For an
arc motion,3} he &SBN may be calcu ated as |nd|cated by equation (7)

and shown in Figur whi cqy i L) pstr g notion geometry
pre-anal ysis, V\/ner J\& [EM wmect i gz yector of the
arc plane nor mal and C dstor the centér of the arc.
(7) SPAT, 1 e S|t|on Psi

Cal cul at edT%%ﬁFﬁdTnc%ef*sf& a7 it RoTeal REbpBRteh R spiPipionally
motions. ( &ffidia than he-nodsadditiSENokaheRe dlgorithiBluceiie hdditiwldbiahe s

algorithm having only one heavy load step which is outside the recursive loop and is
only performed once. The additive lookahead algorithm also needs less distance to
reduce a same amount of speed, as shown in Figure 14, which means fewer previous
motion commands need to be modified.

III. MOTION KERNEL

[00112] The motion kermnel module may perform the tolerance based motion control
and may control the motion associated with program 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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[ 00129] At each control cycle, the TBC notion kernel may read the
actual contour (tool) position feedback Pt' and conpare the actual
position with the reference contour to find the ideal current
position (1CP), contour/tolerance error (e") and the distance to the
stopper (distance_to_go, d). [00130] For a line notion, the geonetry
I's shown in Figure 21, which illustrates line notion geonetry

anal ysi s, y -ak i.ndl ga atkons (9). an
(10). (9) L @giﬁs@%}?g‘i‘%ﬁ%ﬁnﬁ&@(”&??@‘m@%ﬂ93"’&"" A e
<A B> is t hiellowingrsteps:oduct of vector A and vector B. Thus, if A =
xa, ya, za], and B = [xb, yb, zb], then ',4 B> = xa*xb + ya*yb +
[za*sz Pt | ?s‘t Healqubas Elﬁé*gpﬁ-ﬂ nsipag! tangentigkvelqcity gbihe idsa} qurisht rositiop ef i

noti on segment, ; | : \H,-di rection vector of stopper
Frs%‘\gza Riety bl o ke

pl ane normal (S tron. Equation (9) nmay be interpreted as the
di stance d bewrndaboplm¢ the instantantwus gdnigefal &id ceRsipetahaccélerattbiiNfotiies @ad | on.
[ 00131] For an Y Jon, because the actual contour or tool

G N
position may not*BEPEHCHYFFORPENBICHFEO™S: he t ool position may be first

projected ont @ tdEcAitEthR iRbRitantsus PMoRGcSifbe ket €d as indicated in
equation (11) and as shown in Figures 22a-Db, ich are illustrative

of arc noti onegd¥iemine athekeydinensiopdliipndem chrrectitveloclly) - < Pt1 -G,
APN > APN Equation (11 e interpreted as 1311 being equal to the
unit arc plané I %F %é?q? V%&W ’otF‘e WP%CB%"I GOREITAES \%9?&9&%@39‘1%

di fference bet wagiowfin@EtiveRieloc ) logather 4nf Sssuy/@ie r@hiltaftvelobity to AEPthe
[00132] The vector P'tl1 is the projection of (Ptl-C) on the arc

pl ane. Once t he a¥exaleng the trajectory
[00116] The TBC motion kemnel of the present invention may take the motion

commands from the Lookahead Queue 208 and control the servo system to track the
contour trajectory. The TBC motion contrel is different from non-TBC motion control
in that it is a closed-loop contour tracking control. A comparison between non-TBC
motion contro! and TBC motion control is provided below.

A. Non-TBC Motion Control Structure

f00117] 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 frack 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 frajectory 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 resuit is that even though the trajectory
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is found on the arc plane, then ICP, the unit tangential and radial
direction vectors dt and dr, and contour/tol erance error er, (also
referred to as the normal error) nmay be determ ned as indicated in

equations (

12), (13), (14) and (15). P d (12) dr = 11.13 ail (13)

ICP =C+ Rdr (14) dt = dr x APN (15) e" Pd - ICP [00133] In order to

calculate t

he distance_to _go, i.e., the path length fromICP to the

stopper, t henayibe tlaclratpBrilstly WoeivoloEtheaRee btk 48 add@il 0bntblr¥Rat i dchbedoe

cal cul at ed.

Any arc that is nore than 180 d’egrees may be cut into two

arcs. The dim#yahl devige fromihgreisencacentpursisaifippntlise of the fol | owi ng

t hree equat
equations (

B Bl BT T A e

Fi gur es 22a-That i§, X6 x/{r/zbxismicfloh tidjettdrys miyliR)tinke badedRinddhe edfird BGtefr Cur ve

Controller

runtime may be accurately determined beforehand. F x, F y and F_z may indicate
feedforward controllers for each of the three axes; and C x, C_y and C_z may indicate
feedback controllers for each of the three axes.

B. TBC Motion Control Structure

[00119] TBC motion control does not involve decomposing a three-dimensional
contour into three independent time-based axis trajectories. Rather, TBC motion control
‘may compare the actual contour position with a reference contour and determine a
control signal to minimize the contour error, One embodiment of TBC motion control
structure is shown in Figure 17, where all signals are vectors. In contrast, in the non-
TBC motion control structure shown in Figure 16, signals are scalars.

[00120] The TBC motion control structure of Figure 17 may employ contour-based
feedback plus feedforward control. The contour tracking may be closed-loop, and true
arc motion may be possible. That is, the tool may be commanded to follow an arced
trajectory rather than a trajectory formed by a series of linear segments that approximate
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.
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[ 00134] S-Curve accel eration provides a non-Ilinear accel eration

met hod that softens and snoothes the transition between the

at -t he- speed phase and the accel erati on/ 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: increasing

accel erati ggg n | Q0N k : Lon;. at
speed; i nc?gbalg?ﬁg%%ngggﬁ@{?gdc%%gagﬁ@é gg‘%ﬁe erng)ﬁ:l grl?;smgr}r?gﬂ g‘ea(r:l?easi ng
decel er at i dangeftiyd di3Gionoat eTBCcyalt.i Tie armmin the neysd dinectionys this distaie

S-Curve to_generate reference traje rie i.e., schedul ed positjion,
vel oci ty,  HOTLPE Ab SMBPRSBIOBS beCE dioo/Rlepes GHAL Op ulehrafer. 1o

i npl ement e@n@uin&ha@ndgémalm&ﬁ@ is HofRd 6§ 8RlanolhRf PR 1dndh thatthe RECHgs
control cycle, based on the distance to go, the TBC S-Curve

control | er bgkipd.cBecansethenermal eregsimaycboimpertant {p thmeysiserreriormatcethalBRg
the refere } - I be
i st ance. bASSIRERAY InchBhs iifelon £Ralf tomvol RN e bt ane inelle
may be cal eobmtasd nfay comteltehé tnatkingteamnediu® apetdeityl catt@hsignat Thysticy
control cygl.e. Thi chani sm re the velocity errgr .
accumul at i (,?tm&r?ﬂd 'ﬁrﬁ@&éﬁ g%n%%@%.tmag & improye e a?%l\ézt% é’% g"”é’fﬁ?ﬁ‘“ﬁs
on-the-flytégedrate adjustnent, feed override, pause, resune and
single step. (001371 A flow chart of one enbodi mrent of a nethod of
oper ati on 44H34bf Ag coppared with the neariomption goatralaginadvantags oftheTBE. | n
a first st i A S ?Mﬁjtlem
status is %g)éﬁ)g?éprl%o?%ﬁh%élﬂggggﬁgﬁgﬁe"ﬁﬁf% delolépg{;&&g i's %@gg erate,
oper at i on prayceedinateche thegs axssidhd r@nirpikxethe thmourieamd , Farfexdrhple dfithe exretxis

Sh ot ebs DHEERLE R e Sl RSk bR
di stance t kaildisher doval towtihdhé x-axie maion 66 than@e haudl bentGurdultores thef or e
funct on oFSIBiPSSApIORn Lt A oting kEPSY; plsoienals e S8atpon beie e
gi ven di st %&&ﬁpétﬂj@&lérﬁl'fqnirﬁay%e%hﬁﬂerwﬁﬂhé Etﬁltx%I.Op_di stance_required
"*dO0," which neans that it is safe to continue to nove forward, then

oper ati on #PU28kdBeqaysesthe desiysd motien ateaehuranitel evile igfeased enithg cortpas; Bei on
1 vel oo . . it & Hes -
and vel ocl fyp &%%@&s&ggm%\?ﬁﬁhgﬁﬁ ts@@lcag%léeﬁegﬁncéjerrdr Sthl: ?ﬁgelpg Elg? nbN€

st op_di st ance _r equi neans e system nus
i medi at el yongehlertirhe ddtamim$tar r@n-theHHly feedrait edib:sttnent naaychetpossibik.a§lies tieet

to decelerate in step 4508 the di st t rd t
cnough 1 or comeuy BB fE i wiEr BUGEr T E! BRSe fane Tuk ve
(wi th preségdicrémged. rCuiivEely, witival tREeumbi/as1érantk erriibesiceadithesspbcified vadee, the
GV s, Tt el Rosh s HSE s e et I oSt o e,
may al so b%azﬁﬁi&hﬁﬁehﬁt@éd%ﬁe RO mamitfRing b 20MBY/ BRI BON G ASifEh 4 he

core of the S-Curve controller. According to the current system
stat us and spesdfiedrrangeder optimat stisteasruptime of iraghpdf or ehand, the S-Curve

phase, desired I oc:E' E&@&gnegﬁggl &rggi on nmay be determined in step
4512. Because thé S runs in real time, care may be
taken to ensure thatlLthe Mosisn Comptand PesAnalysis un out of data. Wen

t he total Vi i stance of the motion co at .the eue becones
too short, 01a5E, Be g e aty Foloh comman. 16 [OLwpeien e may load the
starvat i oncohhasd 80 fhalkBe theRedhér ."Dhefsﬁﬁg)ﬂ}lﬁle%hﬁbﬂmdir%@ﬂod%ﬁr

override is applied. E'TBC Feed Forward nt rol 1" Feed Forward
Si gnal s andto@parpesifigomapbe Fadadatédinibe preranglydiearndasatbenrsed theotghdhd entire

t iti 1C2). ..T | | ati ) .th h feed f d
ST oM s PO Rkbe il horiod bt S afiof pinat8 s BT et e Oy, BEYPNSuay
tangenti al baegelRERLd NBCKERby cdubtisk@®Mand ShobinGH FRuR49, Which Mlustrates the

line motion geometry pre-analysis:
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[ 001401 The acceleration a on line 4606 may be nultiplied by the unit
tangential direction vector dt 4608 to produce the tangenti al

accel eration vector at 4610. The feed forward gain, Kaff, may convert
the tangential acceleration at into a control signal FFat, which is
acceptabl e by the servo system [001411 The Modified Laplace bl ock
4612 may estimte thefpurﬁent vel ocity, conpare the current velocity
wth [ ast v} ocissw, and add a predictive conpensation into
the S-curve veIOC|ty|Eb d v to reduce the tangenti al tracklng

error. The cor@ensat ed vel oci ttﬁ/ conmand multiplies the unit
tangenti al [8912d¢+ Fonan e motionthu¥ids man he pelewseday indicatedhbpepauation (7) and

vel ocity v ity
cont ol *conpann ¥ Tzt wHEE AltSRule e REhUP ey B R, Wier AR

vel ocity vetands forﬁxcft&ﬂdhrbcimmredtog@ﬂ the arc@landﬁdzﬁlaﬂ dsectibs, and Cstaidg foxlthe
FFvt and may & (abtée all channels to be at the same level. [00142] The
centri petal REL 1ae AP on an 4618 may be cal cul ated by the circul ar
notion physics, | p/ Ihe centripetal acceleration nay be
directed t dard -‘-W‘é —aT/éPIﬁx and opposite of the radial/normal
direction. The same feed f&rhart galn Kaff as applied to the

t angenti al e { gqsgrg

accel erati o[g&% OFngE gtg a Sel{i)(glo P%gf%ﬁ‘%@%%%&“’%&?% uHH(Ln @%goér ate
Adj ust er (ﬂ))oﬂ[ﬁlmaﬁahrcTrhﬁiqmntl me or ‘on-the-fly" feedr ate adj uster is
a feature o% B(SP rmtéj rol. The TBC notion kernel may not have
any predeté hi nedfi Tdie itrajectories, and desired notion nmay be
determ ned inside thg con I very. control cycle based on
the current system andl t%aznmf‘g%?mehg"?%‘yﬁfi me feedrate adjuster may
be possi bl QOOImQOMéichﬂommlwpélertﬁeTBédnicaioﬁ kagieLigieread iy aetﬁﬂlnﬁﬁtbui he

position/tole ancee ecified errar, toleranc I f the
oot t 1 on erin HoSing fsdheck By and oiRgs b peud rogtion Mk Spatiersnttcasios o
t ol erance, ﬂdaethé Meallcaﬁeﬂt«peﬂﬁ@i ﬂCBﬂbM&&:ﬁftolgﬁMceSérbe( pm thd\@istaf@ab @ee
to i nprove trackln accuracy. On the other hand, the error is
smal | er t h&tPPPeL te_{b8otlose to, the specifi ed tol erance, the

runtinme fe | VgL ' ﬁt&rﬁc %‘ﬂ%nﬁ’é t“qlé L Avestin
systemthr ugﬂg wéﬁ%eﬁ ?@yﬂ{e% pée(::siE ﬁ ?l 1 e |n(;&rsela§ed
i f the posimitzm geomeiry mml)isslMmaydnesqabalatededudmatydbv@qwlam:@) asthd0).he
speed of t t 0o d ased if the position error is above the
speci fied gg)r 40‘?@%a%§é %ﬁ;f"i’s possi bl e, in one enbodi nent, to not
i ncrease t feedr %, @ d4.fspihe contour error is very small but to
retalnthealllt'y 0 either |ncrease or reduce the feedrate as

appr opr i at yhet QP4 iR thoﬂﬁctfo?%b”t&tﬁmﬂme&ﬁ B! THEY if%€= fxa, ya, za),

constrai ned optim Zati on nechani sm i s, under the constraint of

the cont ourand &ekxhnrte zbk ther <diBPtT Ka*xbdedyl + sefzbaRyas the keol posiionyBsi is

feed
feedrat e adhysbih: PBIFUE it Sed A SN 86 Ut UfechBh Lebr V5t €

stopper plane normal (SPN) direction. Equation (9) may be interpreted as the distance d
being equal to the length of P#l-Psi in the SPN direction.

[00131] For an arc motion, because the actual contour or tool position may not be on

the arc piane, 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'U=(P-Ci)~<Pt-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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1. Normal Error Feedback Control with Variable Gain (1) 1001461 The
normal error en, or contour/tol erance error, may be defined as the
shortest distance fromthe current tool position to the reference
contour, and TBC notion control may reduce this error. Because this
is a three-dinensional error, the coordinated notion of the three
axes together may be needed to correct it. The error may al so be five
or si x-di mRRgheaml.cyixNaddi tional axes, in the formof rotational
axes, are included in the trajectories and in the cal cul ati ons. Thus,
wher e t hr ed0#i3dEndhorestar® d isrtbeprajecdonef¢Pil-E ey thelac plans. Ohee the vector

di scussi on it . £ I $CUSSI QN IS

equal |y app%)lb t?(li:s%‘%d (énoﬁlgmaﬁtcg’ll el%g‘i tﬁ@%@%@%@éﬁ@%ﬁ%@%ﬁ?ﬁ% ‘éecpﬁsaq{

t hree di menad dnandcchtomftelertiimreniohe f@lsaxedared[t0 @d thé horal ertoh) Grizly &
above, a difference between the, TB nd_the non-TBC control is that

t he non- TBECEBRIFSS ip ‘ﬁ?tE‘glnleﬁ“%F&% &3, tieardflak- di nensi onal
reference contour tmajectory into three independent axis notions, and
control s t K&} hrdee wi t hout any know edge of the

contour/tol erance r'or. The TBC notion control, in contrast, may
directly addyes he.1 hy ee-di mensi onal contour/tol erance error. The
act ual posgﬁ)onsjg?ﬁcazgéb‘{egl may be sensed al ong each of three axes. A
t hr ee- di meqgd)onak =plsidAron error between the actual position of the
tool in each of the three axes and a desired position of the tool in
each of thdl®hr ge=des/Ghy then be cal cul ated. A three-di mensional

Posi t1 o elDB33 T Geer Bilcie thorhemendaesoahts Br PUR<a8 G B4 (e
tool may beppe the h&q&;@es&%&n@%@ %ga?ohhpﬁﬁaﬁmam&kqdpgﬁw@n

error signal. As described herein, and illustrated herein wt
vari ous exahgilisagorethand 80 degreesanayrhel cupinti twocwese rihe distamres, theoauydal at ed

by use of i i I t

descr i pti on i S LedRind foknhitPlaiRol: 11 A% ld OF 118 AR s of
not i on contihevariablesiof dgnations (), (1 Woand X B8 may beelidcemedrwith referencetth Eigaresay
be intercmigl 'bng bet ween the notion control of the different axes.
[00149] As fi8wn in Fi gure 25, which illustrates the variable-gain

f eedback cantrol of, nor L error, the TBC notion control may use a
vari abl e- g&t® fée’f@lfékfé% trol to address the normal error. The error
may be calculated’in the real tinme geonetry anal ysis 4002 (Figure
18). A special feedbafk)controller Cn may provide systemstability
and reduce ({fle ﬁo‘T%IE gr or. 1001501 The variable gain 'T 4702 nmay be
a function of both tangéntial velocity and normal accel eration.

Loosel y spepdyi ngi=2dve+Haster the system noves, the |arger the gain
that is needed to correct the normal error. The larger the gain, the
nore qui ckly th® nor BBC S&Lusye Gentrollercor r ect ed. 2

Tangent | al ey SRSHAOEKAGAS FoyRAOLRRhe £R6BBONERba méfé&negs; he

TBC may generate a tangenti al ocity co n I ntegration
t he t angentapdimoathesdhe yansitiombeiicemthy apthodnesd phagsawid theon on t he

ref erence. cont our i.ch.may be considered rrent target point on
the refer eﬁ&cgieé%'r?%ql%?"ilerﬁoél Y gﬁ’tsirsle"%thP i d w e "HEM%8Y as the
pat h | engt Acdelepiion/iecdletanidn R ot et veeity biofile is ISGRapdddndtéd of lingent
target point. A feedback controller & 4004 (Figure 18) may reduce
t he t angendf®BSk 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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3. Different Dynam c Responses of the Two Feedback Controls [00152]
The TBC feedback control may include two parts: tangential error

f eedback control and normal error feedback control. I|nstead of
treating the two errors the sane or equally, two feedback controllers
may be provided for the errors, with each feedback controller

i 11 or ont "t PBEPTTRIE. Bt e fsarsio s, e TBRAL Cue CooNel ey FOrfE e
nor e i npor t&@&ectmitpfa@d a@ﬁneﬁﬁ&ﬁ ;ﬁbngeﬁle&)%fextaﬁbetcsﬁtaﬁr ©fjecddrdC FhOFBC 8-

accuracy and surface finish quality, and thus nore “wei ght may be
pl aced on tGEveenniralleranayde diganse-based and epdeméntad ashageal itinfeauressss. The

t r eat ment kst ystem may have,limted
pover | and ioehE el e SAERE fidm b Fnd i SNRRSIR TRy R iR
t hi ngs fi r SThis mbelapistanaydiedice tienteldeitg dhacdccmnlation] b)Y BayTElyo SPpois Sine
have. hi gher OB dRAPHAS SHot S Srre- By ARHHRE FsiHs decd BB Br s BRIRD,
have hi gher e sedc PaPalse HRYVAY,
nore servo fHaWRiglep be used to correct nornal error than tangenti al
error, and the normal error may be reduced faster than the tangenti al

error. G TBU3E i kilew clari one pabBlimkrtad b nethwd of sweiation 45@0E3IBCThe
tick frictg : i i nfl t i
control | To LA SRS S F RN HARLE 2 et R0 el e BRpeRB tsee

may use a dof thelcufrernit systamstamppeasaicpte” oftdaclengre hdth satusiydebelerate,

triggered when .an axi s changgs,.its jpotjon direction, i.e., acrpss a
zero vel oci WyTPOR HOCCOLR %ﬂ]%g?rséf‘i"@gmb?rg‘ﬂ‘i’étﬁ tﬁ‘é?“??&f/%‘a‘&s ﬁoi‘%"ﬁﬁ%pe,
with the hehgibp Mthnee Fdnired istcla@um&aqﬂﬂsrb;fustg. aht 4136t distnc@f relhifed may
velocity and the | ocal curvature of the trajectory. [00154]

Leadscr ews teelpfingd agdaegmingmym distanes thebihe togk wauldwrerl areoading fosthe ficyseon

" : . L . . p _
bl | Cor ew STEE s{irh BB Bffl o Wi ARbS, Db AU ARCTIL BEK lhosb e
val ues usecdubygnitsheedrapt hcoelekaioneIn step/4 306, idithe giveadistanesy tarpd "daslgreatn

t di to the.l i .1.abl . 0155] Th
Conbenaat | hEHAE SRP Alinits BRSO peRih ARRTR SR R B sonlpvci maifs o
nmay be needesvdrdthnapkiation pidcdedStd BpiiFe D @/¢altupitd the désilel @cdeterativalaggrent

| eadscr ew back| ash positi onpensation.. The conpensat.ion bl ock may
al so conperi€lcdy Bherrse, éftotF% IStF’?‘iegE%S?l?d H lesssharcibi 108, disipngg flequired

Prot ecti on vghBQARHl meHAS thEBlstélR v oSN trinRidiatll ¥ Miith IERS iP@rchfioniym of

the feed forward control signal, the feedbacK control signal and the
stick fri ctoalsnlatedpe fedlagdvsesiogisatleraBdn gep 4818n denapse He ditiance gb_goi "ghal

to the servg. sy i ai fal.- g

prot ect; on POERNARHEEAREIAAR b aRR Y B0oARRMR LEE i

machi ne. Theaynoemderkianhageeleratidn), marimum jetd majebd modifitdinstep 45d D wolthag a
first step of ljmting the control ,signal changing. fate. The, servo
syst em may ‘hesalPuloeh do\paisieity Tos ditics baie VEish e be R detoc
change rat ahdBYCue phasd) Had als b GERkeIiA biep 15 The GRPFAL iniY- beAbhdiddgithé he
5-Curve control]er may take the accel eration/ deceleration into

account, i teoreofds $-Cubssentiplier.t fAsgordipg taghepuirent ysteny tatussng g crifigpl
change too 4; Epgc?@r S ,]ms%ﬁllgs I r, :
feedgack, |l§i§{§? agcg?aag‘? st é}k&@?;ﬁ%t@?}m onp%ﬂ%sgr%?gﬁl,:’a%naéﬁsg&gerﬁ?m n
order to auvsaybesictesniticd in 4ttt dér Becaysthe Srbapasintryllermuns ionead time; dare
notion, the control signal. change rate may be |linted.Jhat is, if
The ait er RO HERERAS R 4T terolis o ios st B4 oV B i
exceeds a théwsh@bianceldf theGHotioRRbmeRNNPA tha fi¥udechbindl o8 dhat tidhtethhe

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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difference is saturated at the threshold. [00157] A second step of
the protection procedure may be to limt the control signal. Both the
DAC and the servo system may be capable of receivihg only limted
control signal input up to a maxi mum anount. If the current control
command exceeds this threshold, then steps nay be taken to saturate
the current control command to the maxi num control input. [00158] One

enbodi ment of a methed of g trol of the present

i nvention is shown |?1) pages Md?ﬁ%&yfv.ﬂfm‘t%‘gﬁ%mharts and pages 1-5
of the TBC[6@3AE| Fédddonrad maybébztshéomﬂtadﬂabdmemqmsﬂion (]CP)[WE&SQ]
Wil e this invention has heen described as h vin

desi gn, t naalsHlaten et the Basrtcrto FHAFY BRI LT REPA FEEATRRE Lhon Heschi
spirit and gREeREFPH, dnditingdhtes h&a&a@mnmfcsls@mm ﬁ%g&@ 24, waﬁmé&a&%

i ntended to cover any variations, uses, or adaptations of
i nvent i on wsloaify mdscegieration feprfprverdy | ladigura/dht'd] I@pt;s@itsrtbddlstsnce 101 g\

nmet hod of C f Q eps of:
i denti fyi ng’%%ﬁ%?ur gﬁﬂn ?§£Jr€étﬁ a%llglglée’gaﬁg%fmlaldg% pré&erg t entp'ﬁ%‘%

traj ect ory radisiimprmal dira¢fioatvettemstesyectpesly.i on of the plur aI ity of line
seqment s byOB8L el AR FHGOPAET oMb 1o e dBuien el RS tep AETad | ¢ y
of arcs whivghcfiEiBidacsblefiibn @(Hoq{ eﬁmpﬁe e&t@éf)lam i thhRidiy.aj ectory,

wherein the tﬁértlon of the pluralit | i ne segrrents I ncl udes at

| east two IIf 0ke§h@¢ﬁcglera&mreaen Hng wa;beur@ulaplwdtbwhrgmumgeoﬁala CNC
machi ne, WhGLel A k06 &ATHE G5 ) b(?‘geﬁ#a%g Hzf;il YGOSR rids v§&8ﬂgﬁ a8{0.. The feed_
0 e segnent, de

determining a starting porn ternmning a
endi ng poi rfd:mafd mmé@ﬁlmaylcmweselgammgemmeapdcmatmathmoaibmmt)l JugmaéFFat

segnent an e sdcon@ b r'l?ﬁ Q’% gt with a third line segnent that
begi ns at tHENSP AEPAYC S RCRRGYEHBs at the ending point if a
plurality q#019endThd PodifiRd ¢.aflaéd 19bdkerb]2 afg esthidtd the telifert WEloLiRg chiagdre O
t he CNC nachi ne based,on the plurality of arcs,
the current velocity with [ast velocity comimand, and add a predictive compensation into
the S-curve velocity command v to reduce the tangential tracking error. The
compensated velocity command multiplies 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% . The centripetal acceleration may be directed toward the arc

center and opposite of the radial/normal 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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2. The nethod of claiml1l, wherein the plurality of conditions
I ncludes a distance limt between the starting point and the ending

poi nt . 3. The nethod of claiml1, wherein the plurality of
conditions includes an angle Iimt on an angle fornied by the first
| i ne segnment and the second |ine segnent. 4. The method of claim

1, wherein the plurality of conditions includes a tolerance

requi r ement tglerances. assockated wth the, starti ogint, th
end! ng. poi rioVP4gL ML eARRR RS ) ohobriing bfippRelapt] rtor o e
wher ei n t hespptifiedrrdritoledanee0 it ip6diton ¢idr tliBgen (A Gresidisdt tartheipetirg e
limt on the perpendi cul ar, di stance_between_a conmn poi nt and the

p .
third |ine Qegilerance, the guntimedesgaate adjuger raayasiow downihe feedrnt fgamprove

per pendi cul @k Yo SERRES. Unrﬂ%é %thgrfe xtéﬁag,gfgg etrBB8 salie? 12h 2N GofRE Use L d

wi th the conmmon polnt: generating a trajectory, for
a body, i ncthesheaiied hderanaepibe afntimedeeirité ydjngjerangyl iveredse the foddrite e

segnents included, wthin the trajectory. snmoqthjn t | east a portion
of the. pi uriERS s So e Rt ety e S04 ab e et by BF Bierapbe it bns
segnent s i ngdeitivn Rirby i8belbw tf specifiedvbrreioleRA®Y, Bnd\ht BicBd 8f the k) adg De
relative to the trajectory, wherein the portion of the plurality of

li ne segnerfiesrepsed)ifihe posiion euros is abayse the precified epr tolerappe r ispossiblepipppe
is a cutti f i ' ' p

ot udes. ¢ ranophet i Aohl ABRE ol e LR EROL AVEH Helbuc o

t he pl ur al iretpincthe hbiliey te eiffree incssasaordedidf thetfeerigate heappogpriafeon o f  at

| east a porg,j of.the plural itysof, points such.that .the.plurality of
arcs pass t@i’%&h Tt &n Blgnﬁt%ﬁr tflxéfm dPht aa(;?gst{féqe?ﬁgtnglzgg&q 1“8%'&81‘5}41’ he
traj ect ory,THahi, et the Bodtrainhef the egreairfslyrahici\eindg withi@laageafitdaaq g ng
curvature; and n?vi ng the cutting tool of the CNC machi ne based on
the plural iq.lgtua; egdrate adjuster may maXimize the feedrate to achieve optimal system
throughput.
F. TBC Feedback Control
1 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-dimensionat 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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8. The method ofclahu 7, wherein a first arc ofthe plurality of arcs
joins a second arc of the plurality of arcs at a point wherein the
first and second arcs are nutually tangential. 9. The nethod of
claim7, further including the steps of: calculating the trajectory;
calculating the tolerance.; and calculating a feedrate associ at ed

with the trajectory. 10. The nmethod of claim9, wherein the
cal cul ati ng,tha, s @ik Q% rSdvaRed BCdald t Demade 521?0@ m a
part progra% Poc%tt?dons g% a ﬁ?a ityq%?edb%l nt sgg(ﬁgﬁlior?t rpg@gteﬁég

bet ween t hesigralidependopt wionpid calcmlagel theé-dimensiogal tposifiex erorymay belptoduti
e, O ol 055 LRGBS DRSS BELASP BB EL 1 O
12. A net hafnehsigRNSdsatonRerobsifial] A8 8QENbddderen, RAENInstkA16d Mgéingithhe
steps of: identifying a plurality of |line seEments included wthin
t he traj ect'&ipus examples, three-dimensional position errors may be calculated by use of vector
mathematics.
[00148] Asis clear from the above description, TBC control may enable motion along
one axis to affect motion control along the other two axes in real time, i.e., there may be
intercoupling between the motion control of the different axes.
[00149] As shown in Figure 25, which illustrates the variable-gain feedback control of
normal error, the TBC motion control may use a variable-gain feedback control to
address the normal error. The error may be calculated in the real time geometry analysis
4002 (Figure 18). A special feedback controller Cn may provide system stability and
reduce the normal error.
[00150] The variable gain T 4702 may be a function of both tangential velocity and
normal acceleration. Loosely speaking, the faster the system moves, the larger the gain
that is needed to correct the normal error. The larger the gain, the more quickly the
normal error may be corrected.
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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snoothing at |east a portion of the plurality of |ine segnents by
converting the portion of |line seanents into a plurality of arcs
which remain within a tolerance relative to the trajectory; wherein
the portion of the plurality of |ine segnments includes at 'l|least two
hue segnents, wherein the body is a cutting tool of a CNC machi ne,

wher ei n t hewgdgmaiaRibe plastdn the abrutbsrdrh e\ sicembreaon ifgtahd diffvientiraitment of
plurality 3{‘ oints that define the pluraljty of |ine segnents, and
adj ust i ng 4 OB Hat B seria syste pay hasrlimjediprwer, pid g pe gesigblent s
such that thgsdthtib@hdrity d@mofd ifoRAR Thihdd fRNI hn%?dg‘gfhfffe@ Fe¥d@x POI Nt s

and define a portion of the trajectory, the p Ity of arcs being
ci rcul ar arcostrolleramagpbe wagd fdrdreatingtriormyaltapd kangéntisheraoNCT e aleerion bed
on the pluralit f.arncs., ...13.. A nmethaod of gengratin .trajectory
for a body, it Hiens RS fosti SRR reoporie CacSsh aperiing Mgre Vi
segnent s i pkietiggy bé hdtd o édiRct HornQIGHOF than SHRet{Al &tebrodnd| tidsdmmal ¢t | on
of the plurality of |ine segnents by converting the portion of |ine
segnent s i gy b refucedifaster than thstangential 8o epmin within a tol erance

relative to thedral §HcoSucy MAGHE A HICIRON CobeRlarbfi® Pl urality of
e

i ne segnments includ ) rein the body
is a cuttirf0x58bl Thé¢ steck@niGiomenedyi hags a eordidembleripfludnee t mogion owitrobf

he CNC ' . .th | i f. wh in,. . hi
Lo ] ol wcRLFREBC R R eBhal B bl PSR BRSSP R "
snoot hi ng, cafgeisannt Thid gortidnbdoran chelttiggadé Cwhdrgaxisitiuaieslits Métion

preparing for snmoothing step includes the steps of identifying a
first poi ntdiregioleloErgss fAero Xelogbeppint e compensgion profile may Jayes nofeh

poi nt adj a%ﬁ%ﬁgf WhE 1R RFaridql G Jf%%n&&%ﬁﬂée{]ﬁﬂﬁfoh%?ﬁg veRE#y M hé the

trajectory, ermning an arc that passes through t poi nt s,
det er mi ni ndocal furvature|of fs teagegioenit bet ween the first and second points,

cal cul atin 9[0@15&1? rﬂ?&a&dﬁ%@{v& gﬁgpg hssch?ﬁ' ﬁﬁclg&é 1¥55s"3s & n%e@llnagnﬁjcgi @éns:%ssfon %

first line'seqg
convert rotary motion into linear motion. The inaccuracy of the ball screw and backlash

may need to be compensated. The position values used by the motion kernel may be all
leadscrew and backlash compensated according to the leadscrew mapping tables.
[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
{DACs), 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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determ ning a second |ine segnent between the second and third

poi nts, calculating a second shortest distance between a m dpoi nt of
the second |ine segnent and the arc, and nmarking the second point for
snoothing if the first and second shortest distances are both | ess
than a predeterm ned di stance, and an angle formed by the first and
the second line segnents is greater than a predeterm ned angl e. 14.

The met hod of ¢l ai 3, Wherein the, preparing for s hi t ep.
i ncl udes tﬁ%orst‘fc’%@a@%’ %IWEFWF@ ffﬁ(,f{lghogwglgpfrg : %‘?’dﬂg"ﬁ‘?h‘éi"g‘gbﬁsﬁ'@gg@n of
the traj ecLak¥diag RistRE syskith bty &R rorshRBH YabtbrOthe WS E%H!ﬂ%h&%%

snmoot hi ng, dependi ng upon whether a plurality of conditions are
sat i sfi ed. rate m8y be Hmited dThat isgi therdifférampe detweap thetcument fand pevipusiggntrol

i ncludi ng the steps of: j.dentifying a plurality of.line se nts

| ncl uded wiERPRRERECRHSS BEGHY. e BTtk fompald ey e it sp M e e
plurality @fffetdnbeissarapais tythesioderti ng the portion of |ine segnents
into a plurality ofarcs which remaiin within a tolerance relative to

the traj eci®Y7l apdesond siep of the PEARSHPM BroFgsyre By bate limithggeniroh sigpals ed
on the plu i f | ' : '

st eps of p?ggéb?ﬁg‘%%rﬁq%n%ﬁbﬁrﬁgﬁ% jgs%g%ﬂg%eéknlggg? ?ﬁ%ﬂg(gﬁodh%{e
snoot hi ng sighal gnpat up tod waximomedngoont. t1if the anolentioentrsil porminendiekcesisithig f or
snoot hing step Ji.ncludes the ste of . jdentifying four adjacent
bornts ¢ alirige: e SRy b Ble Siralstid Spel e BRI B i i ng
a first COﬂﬁki‘nuﬁﬁb@ﬁoai‘npuﬁ hat passes through the first, second, and

fourth points_and lies I1n a first plane,, .
[00158] One embodiment of a method of trajectory motion control of the present

invention is shown in pages 1-16 of the TBC Flowcharts and pages 1-5 of the TBC
Kernel Flowcharts of the attached Appendix 1.

[00159] While this invention has been described as having an exemplary design, the
present invention may be further modified within the spirit and scope of this disclosure.
This application is therefore intended to cover any variations, uses, or adaptations of the

invention using its general principles.
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determ ning a second construction arc that passes through the first,
third and fourth points and lies in a second plane, determning a
first vector extending fromthe second point to a first endpoint on
t he second construction arc that is closest to the second point,
determ ning a sécond vector extending fromthe third point to a
second e%ﬁ oi.nt.qn the first construction arc that is closest to the
third poith#atig¢aincedds’ t he second point a first adjustment distance
along the first vector if the second point has been marked as
suitable for smoothing and at | east one of the first and third points
has been marked as suitable for snoothing, and adjusting the third
poi nt a second Jadi wisthosiof genetEng a tafjangrtbea bednrstlugeLor if the
third point hhe skgsfiarked as suitable for snoothing and at |east

one of the secqdentefthd Heubaus OrERQI : ked as suitable
f or snoot hi ng, %%tﬂééﬁé bogy f‘@eg u?@%ﬁﬁgécﬁ%hnaﬁl&\lc machi ne.
16. The nmethod o ai.n 1l ereipn the step of determning a first

vector incl udescoculll%reﬁ%%??lﬁas pertiehide phprafist of ne segpoi nt of a
circle defined b)}n?’?{é? second construction arc, determning a first
proj ection poi rimeathingiatleasisa portioeofithichplinalityanfolice paj-nt that is
per pendi cul ar t o mé¢ds byconderpingrike partibn eflaid s@ntdigs fits gt end poi nt
by deter i ni ng atfummﬁnt@ﬁ}rocmglm&gmhmhjidg%l rhﬁ&%ﬁ%mﬂ‘ee{ poi nt and
€ TIrst proj ecys die RYeblorfNFhérdhfiz on OF {17 gGpstruction
arc. - 17. The meLhodh ol cTiab el o BERRD o R et ermning

) 10e segmerts
second vector includes eps ) = ’
WIATSH the %oﬁy 0% cutting tool of a CNC machine,

wherein the compressing step includes the steps of
deternuining a starting point of a first line segment, deter-
mining an ending point of a second line segment, replac-
ing the first line segment and the sécond line segment
with a third line segment that begins at the starting point
and ends at the ending point if a plurality of conditions
are satisfied; and

moving the cutting tool of the CNC machine based on the

plurality of arcs.

2. The method of claim 1, wherein the plurality of condi-
tions includes a distance limit between the starting point and
the ending point.

3. The method of claim 1, wherein the plurality of condi-
tions includes an angle limit on an angle fornred by the first
line segment and the second line segment.

4. The method of claim 1, wherein the plurality of condi-
tions includes a tolerance requirement for tolerances associ-
ated with the starting point, the ending point, and a common
point.

5. The method of claim 1, wherein the plurality of condi-
tions includes a perpendicular distance limit on the perpen-
dicular distance between a comumon point and the third line
segment,

6. The method of claim 5, wherein the perpendicular dis-
tance limit is smaller than a tolerance associated with the
common point.
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determ ning a second center point of a circle defined by the first
construction arc, determining a second projection point that defines
aline wwth the third point that is perpendicular to the first plane,
and |l ocating the second end point by determning a |line that passes
t hrough the second center point and the second projection point and
intersects the first construction arc. 18. The nmet hod of cl ai m 15,
wherein the adjusting for snoothing step is perfornmed a plurality of
tithes on a plurali t’ﬁ'Aﬁ{J}ﬁ&}]S gf four adjacent data points, each set
sharing three dat ah&‘?m e PQO%{leﬁélF%a’é’élecmf@adlm@emnhmﬁnget.
19. The nethod of ¥ 3€AF 85, wherein the first adjustment distance is
a product of a firstdepsifyiegtpreslisay bk *Eg;ﬁien&:hi%cfﬂdéﬁtwi‘ﬂﬁﬁtﬂfg if only
one of the first and trhjec@rppi nts has been marked as suitable for
smoot hi ng, and the &ibething b faRER o ' Ry odpet of a second
val ue times the | engtfepfs i 1{,Eﬁ§£(:%ﬂé%§’§qﬁ? bE‘g?HBO?]dﬁB% Sf$Tst and
third , points have hgen, éfm-aﬁﬂu'tg- %HPB IS MR goEhe second
val ue being smaller t 3@ F SRUeEn witon a trderanee redativef ¢l ai m
19, wherein the firstoVdf FAISORpPeseintiecpgrionwdlthe phoabiyasfd t he
second val ue is apprdi&ﬁrﬁ?@ﬂ?ﬂféquﬁlude@ 8t 1@ast twallind seirfgds,of
generating a traj ect o¥hereir the boalyyis a4 aatiugitosl 6he CNERFaHine
identifying a plural iwherefn the sR10888AB Blep ihERH Qsﬂ#ﬁmf@déﬁf .
traj ectory; snoot hi ngyhig d SasdlitRoPRbiitaNalde A h L) I al“ 35* Of |ine
segnents by converti @gqhgglspﬁ{éédﬁﬁlqﬂchéng. eﬁn‘iﬂf rthtgy 08| yrality
' tolerance F f’%’f’ Ve &t #3liPdHapect or y;

of arcs which remain .
O\ﬁ]%éng ra] Tyt(H(e ERE Swah thatdhe atwalitnot aves pl ur al ity

and novi ng the cutting”ﬁ) ? iP \ \
of arcs, pass through the plurality of pomnts and define a portion

of the trajectory, the portion of the trajectory having a
gradually changing curvature; and ”
moving the cutting tool of the CNC machine based on the

plurality of arcs.

8. Thse 1}1ethod ofclaim 7, wherein a first arc of the plurality
of arcs jows a second arc of the plurality of arcs at a point
wherein the first and second arcs are mutually tangential.

9. The method of claim 7, further including the steps of:

calculating the trajectory; |

calculating the tolerance; and
calculating a feedrate associated with the trajectory.

3.10. The method of claim 9, wherein the calculatine the
trajectory step includes the steps of reading from a partbpro—
gram locations of a plurality of points and interpolating
between the plurality of points to define the trajectory.

11. The method of claim 10, wherein the part p}ogram

includes a plurality of NC motion commands and a plurality
of NC tolerance commands.

o
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wherein the snoothing step includes the steps of preparing for

snoot hi ng, adjusting for snoothing, and snoothing using a double arc
al gorithm and wherein the snoothing using a double arc algorithmstep

i ncludes the steps of determining a desired tangent vector for each
of a plurality of points processed by the adjusting for snoothing
step, and generating double arcs to replace a first [ine segnent
between a first point and a second point and a second |line segnent
bet ween t he second i pt %d a.third POI nt, wherein a fi,rst arc of
the double arcs is %n‘gé%‘:f pd o senerat cd%??leé@rﬁ"ap%‘éh@ dy,auglyd~ at the
first point and al3Bb¥ndeRS L of the double arcs is tangent to a
second desired tangeiﬁnmfﬁngarp]anahtytﬁ“]h’mse@mtmm udeé withisthear ¢ and

t he second arc belng to each other, wherein the body is a
cutting tool of a sta %?horm? 199.1 'fof’ ﬁé

i) clding e g%fgo S et AR
of the double arcs to™§ gefuss CHIEAR W 1"”‘) erapce 1‘1‘Pet hod of

claim 22, wherein iftRdhadamcion: vhemin hegponighiof the hbwalgyradt ati ng a
second pair of arcs tlhg spguentshinshylest hie‘ldadst stwop dinet sedoents,econd
point, and an inter mewherem thei tudybistavedting ol 6F 5 CNOIns&ERAd poi Nt s.
24. The nmethod of cl aiherdth theYridofink § l:1 blﬂaeéﬁfés%ép%f‘? gt er mi ni ng
whet her the second pqs,fn f]%mrjéh oﬁm DGR g gtance

ne ndi n

ITEI’]

fromthelnterme\dlateSe - i ]?510 enthe
first and second poi E © The

met hod of cl ai m 24, L%w rﬁﬁp’fO Bl%\%’{%’ﬁ alfhe plypligroiargs passot val i d,
then defining a portit 1 ?@Uﬁﬂﬁ}’@&@ﬁ%Mdﬁ@@ﬁam@ﬁmmbﬁtﬂleand
second points as a | itrigecteyathet pluralitp 6f arsreiipciraflagemey atd ng a
trajectory for a badyvingithé uditing tbéieofahe CNOimadhdebidelionda
plurality of Iine Se?ﬂﬂﬂ By bfrkcsided within the trajectory; snoothing

ALfgd

at |least a portion ﬁldléff%jehémuﬂl;dd "Ctl ﬁﬁb?;’élyw‘?f:@ verting

the portion of |I]H t a pParati remain
within a tol erance° to the traj ectory V\/nerel n t he snoot hi ng
step includes the é@@ﬁ B?ro %i?lélb'ﬁﬁﬁ)’ﬁﬁ nsenes ohidedanjthisttheg f or
snoot hi ng, and snoot Kieie§terst ng a doubl e arc al gofithm and wherein the
adj usting for snooshioughingen least laustatioh s takeeradity of line seg-
mentls by converting the portion of line segments into a
plurality ofarcs which remain within a tolerance relative
to the trajectory, wherein the portion of the plurality of
line segments includes at least (wo line segments,
whereinthebody is a cutting tool of a CNC machine; and
moving the cutting tool of the CNC machine based on the
plurality of arcs,
wherein the smoothmo step includes the steps of preparing
for smoothing, ad;ustmg for sioothing, and smoothmg
using a double arc algorithm and the preparing for
smoothing step includes the steps of
identifying a first point, a second point adjacent the first
point, and a third point adjacent the second point that
together define a portion of the trajectory,
determining an arc that passes through the points,
determining a first line segment between the first and sec-
ond points,

o
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i dentifying four adjacent points that together define a portion of
the trajectory, determning a first construction arc that passes
through the first, second, and fourth points and lies in a first

pl ane, determ ning a second construction arc that passes though the
first, third and fourth points and lies in a second pl ane,
determining a first vector extending fromthe second point to a first
end point on the second construction arc that is closest to the
second point, det esloulating afhsesdwidsystante butvna Midssim she third

point to a second em@ﬁ}g)“me@&ngémaﬁaﬂ%d&onstruct|on arc that is

closest to the th poi nt first

adj ust nent di stangétgn%ﬁﬂaé?’ﬁe&gh LIIZJ% Sé@%@&ﬁ%ﬂ@“é&%% ’f)jm nt has
been marked as sui t'ﬂl;}fffjé3 > smoot hi ng and at | east one of the first
and third points q}?démﬁﬁéﬁaﬁﬁ?%@iﬁIW%m1ﬁﬁbP@b¢meegmudnm@t and

adj usti ng the thir digbesecondslbmoseg et and thenarcgdasd ance al ong t he
second vector if imagkinbithe speomtl pbias fbﬁ@ﬁuoaﬂfﬂ@qfﬂ& ﬁwtta’h@' e for

snoot hi ng and at I%aénd)ggor@gstune%fggg@b ﬁpl nts has

been marked as sui tﬂﬁ{e‘a é}(rmgggﬁ{]] 51030 ﬁljﬂ%‘ VA based on

the plurality of argc 27. A
met hgduof Ige%eratl rg° r[é?FeS(‘? Sfﬁroéaé%& all PrR:rF Bmceﬁe steps of:

identifying a plurd@®t§ of line segnents i ncl uded within the
traj ectory; and 14. The method of claim 13, wherein the preparing for

smoothing step includes the step of marking points that
together deﬁne aportionofthe trajectory as eithcr 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, includ-
ing the steps of:
1dentifying a plurality of line segments included within the
trajectory;
smoothing at least a portion of the plurality of line seg-
ments hy converling the portion of line segments into a
plurality of arcs which remain within a tolerance relative
to the trajectory; and
moving the cutting too! of the CNC machine based on the
plurality of arcs,

wherein the smoothing step includes the steps of preparing

for smoothing, adjustma for smoothing, and smoothing

using a double arc algorithm and wherem the adutsung

for smoothmg 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 2
second plane,
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snoothing at |least a portion of the plurality of |ine segnents by
converting the portion of [ine segnments into a plurality ofarcs which
remain within a tolerance relative to the trajectory, wherein the
snoot hing step includes the steps of preparing for snoothing,

adj usting for snoothing, and snoothing using a double arc algorithm
and wherein the snoothing using a double arc algorithn1step includes

the steps of determning a.desi t angent ct fog e

plurality of points PFEEBYNRE %E‘fh‘@c ‘ﬁﬁ T(‘}% s anﬁ:l step,
generating doubl e ar cspeigtiogdi qlmr@-t 1PFEF?@H§88H%THQC lﬂé’ﬁ{ge

first point and a secotint oiloseshtuithe sseewhpoini,ne segnent bet ween t he

second point and a t Bifefmifih@ta sdvoadeiedtar diemiingfmomfthe tkirdoubl e

arcs is tangent to a fj 6 ito‘if‘s%béﬁdieﬁ@ls&ﬁmum@ﬁmrcoﬁ&nﬁﬁﬁaﬂarcst poi nt
and a second arc of th ?es?c? dihir nt to a second desired

tangent vector at the

he arc ond arc
bei ng tangent to eacﬁdjb‘ﬁﬂgg th %ﬁﬁc Sﬁggéf ]ﬁilgge doubl e
arcs, wherein the bodyalpggdhétﬁfﬁ h Cth the seco point has

marked as suitable for smoothing and at least one of

the first and third points has been marked as suitable
for smoothing, and
adjusting the third point a second adjustment distance
along the second vector if the third point has been
markcd as suitable for smoothing and at least one of
the second and the fourth points has been marked as
suitable for smoothing, wherein the body is a cutting
tool of a CNC machine.
16. The method of claim 15, wherein the step of determin-
ing a first vector includes the steps of
determining a first center point of a circle defined by the
second construction arc,
determining a first pro_]ecn on point that defines a line with
the second point that is perpendicular to the second
plane, and
locating the first end point by determining 2 line that passes
througl: 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 determin-
ing 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 tithes on a plurality
of sets of four adjacent data points, each set sharing three data
points with a prior set and a subsequent sef.
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19. The method of claim 15, wherein the first adjustment
distance is a product of a first value times a length of the first
vecior if only one of the first and third points has been marked
as suitable for smoothing, aid the first adjustment distance 1s
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 smailer than
the first value.

20. The method of claim 19, wherein the first value is
approximately equal to 0.5 and the second value is approxi-
mately equal to 0.19.

21. A method of generating a trajectory for a body, includ-
ing the steps of:

identifying a plurality of line segments included within the
trajectory;

smoothing at Ieast a portion of the plurality of line seg-
ments 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 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,
and

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 point and a second arc
of the double arcs is tangent to a second desired tangent
vector at the third point, the first arc and the second arc
being tangent to each other, wherein the body is a cutting
tool of a CNC machine.
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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 {o a closest arc of the double
arcs to a predetermined distance.

23. The method of claim 22, wherein ifthe 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 1o 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 sccond points as a line scgment.

26. A method of generating a trajectory for a body, inchid-
ing the steps of:
identifying a plurality of line segments included within the
trajectory;
smoothing at least a portion of the plurality of line seg-
ments by converting the portion of line segments into a
plurality of arcs which remain within 4 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 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 thc first, third and fourth points and lies in a
second plane, o
determining a first vector extending from the second
pointto afirst end point on the second construction arc
that 1s closest to the second point,
determining a second vector extending from the third
pointto a second end point on the first construction arc
that is closest fo the third point,
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adjusting the second point a first adjustiment distance
along the first vector if the second point has been
marked as suitable for smoothing and at least one of
the first and third points has been marked as suitable
for smoothing, and
adjusting the third point a second adjustment distance
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, includ-
ing the steps of:
identifying a plurality of line segments included within the
trajectory; and
smoothing at least a portion of the phwality of line seg-
ments by converting the portion of line segments into a
plurality ofarcs 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 al gorithm
step includes the steps of

determi {ﬂng 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 point and a second arc
of the double arcs is tangent to a second desired tangent
vector at the third point, the fifst arc and the second arc
being tangent to each other, and

moving the body based on the double arcs, wherein the
body is a cutting tool,
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