WO 2011/044087PCT/US2010/051408 MACHINE TOOL SYSTEM CONTROL HAVING AUTOMATIC
SAFE REPOSITIONING Inventor: Paul J. Gray FIELD OF THE INVENTION The invention relates
to machine @@l geptrabgpftware. More specifically, the field of the inventig st &hsnaghine tool
control software that facilitates automatic tool repositioning. BACKGROUND AND SUMMARY OF THE
INVENTION 10Machine tool systems generally execute part programs that include instructions
interpreted by the machine tool control software to generate commands for controlling the operation of
the machine tool system. Some of the insinugiinns BSuttHNrepositioning a tool, used by the machine

tool system to shape or cut appastifrgm one pestionseEnRibro di3oofeaurse, desirable to move the
tool from one position to another without making undesired 15contact with the part or components of

the machinediaot spatem.Gaegordingly, part programmers specify in the part program intermediate
moves for withdrawing or retracting the tool from the first position (to put distance between the tool and
the part), repositioning the tool to a locBiKIIROEVETRENEEDTIT PBsition, and plunging the tool to the
second position. As should be apparent from the foregoing, programmers of part programs for use by

20conventional rgchisatioe Feei & sofelaedopleanspd s trecintdaretietdicdodidiilirhibbes in

the part pragraim ke reRiaain Biddhedinytalinnsal araching ol syierpfiaionill execute the
part program. All machine tool systems have a "working space." which is the three-dimensional

volume within which a tool may be moved. The repositioning moves in the part
BACKGROUND AND SUMMARY OF THE INVENTION

10 Machine tool systems generally execute part programs that include instructions
interpreted by the machine tool control software to generate commands for controlling the
operation of the machine tool system. Some of the instructions result in repositioning a tool,
used by the machine tool system to shape or cut a part, from one position to another. It is, of
course, desirable to move the tool from one position to another without making undesired

15 contact with the part or components of the machine tool system. Accordingly, part
programmers specify in the part program intermediate moves for withdrawing or retracting the
tool from the first position (to put distance between the tool and the part), repositioning the

tool to a location above the second position, and plunging the tool to the second position.

As should be apparent from the foregoing, programmers of part programs for use by

20  conventional machine tool control software must specify the intermediate, repositioning moves
in the part program while keeping in mind the limitations of the machine too] system that will
execute the part program. All machine tool systems have a "working space,” which is the three-
dimensional volume within which a tool may be moved. The repositioning moves in the part
program must take into account the maximum extent to which a tool may be moved in the

25  working space, the location of the part in the working space, and the dimensions (e.g., length) of
the tool being repositioned so as to avoid the generation of a motion command by the machine
tool control software that exceeds a limit of the working space ("a machine limit") or causes the
tool to make undesired contact with the part or a component of the machine tool system. If the
part program is not written with these limitations in mind, or if the part program is executed by a

30  machine tool system with physical characteristics that are different from those originally
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program must take into account the maximum extent to which a tool may be moved in the working
space, the location of the part in the working space, and the dimensions (e.g., length) of the tool being

repositioned §@35:10,34RI the generation of a motion command by the m%@%ﬁﬁ{@ﬁb&?ﬁp' software
that exceeds a limit of the working space ("a machine limit") or causes the tool to make undesired

contact with the part or a component of the machine tool system. If the part program is not written with
these limitations in mind, or if the part program is executed by a 30machine tool system with physical

characteri%ﬂﬁ&maéaebgﬂtk%rsmgf{ﬁmn@r?&%@%m& piEue %ﬁ%é‘%ﬁ@%%?%@é%%é%

contemplated by the programmer, damage tothe par Ine tool system may occur or execution
of the partPrSYHMTh BEtemATABEH HBe siBEna Rddasisdinmaobin beicvpidd paewdetbied. The

machine tQQlsYRENMTRPIARMAYS! heRFepse N RAMRIOIHN im%t%qﬁté%gr%ﬁ\a@\!ﬂlam ggrors. In
e5p

summary, because conventional machine tool control software must rovided repositioning

moves by & HAPER M B HRA BrBRfE FrtGRHeM mtine o teRtTor R EnatsARYdhine
configsiratigm-adal tasrstioasey maekinetto plig yratiomiamRvait pRiRended:CONSRUenaRSHnE/Qr
errors. In el exeméféarx%erqbodim?nt of the [r)r,e,sent’tdisclqsu're a motion control %}/ste is provided for
a machine 181 By St R TRAT A0t EA HER &S ARG Y B R BE SO L8 T FO BT a first
position speoifigdances par/@regresn to a second position specified in the part program while
maintaining a safe distance from the part and while minimizing machine limit errors. One result of the
motion control system's design is that part programs may be written in a machine-independent fashion,

and executed bylany ekanasigtyrabedactiner thelpsysienisihauamplaytihe sanatisingogtred system of the
present disclos re 15In a exatm(ﬁle of th%gresent IS los(yre a method is prqvided for automatically
TOVIQe O 8§F

repositioniﬂg a oof%i i a {ﬁ?ee-dls%sé%nslionéfl%%r alrll(éas SEE PRI §%treeﬁ1of?’8ﬁ?3 current

positith toteoldrget positipesititrespisified inclprtesrtizeasteps sfquigompotinpeaifiedst drepaetract move
of the 100l faserh A& "RIRGLKARI A JIOMINR CHSEPaRIVORIQ AeUARISA ROSHIoNIN g ggiract plane

by adjusting the retract vector, as necessary, such he retract vector 20 corresponds to movement
of the tool t5RErd e rewAef Brameotin ecrarlairitrgrwitaethis thetirgrspaensihe baaotiiise el

system; (3hneenmRliiagphiRastARRPunosRIaNa 6F S 1ol Rasgdema-metian Vesieribakis an

inverse of a pl ng(e vector, from the target position to a plunge position in the retract plane by adjusting
the motiorC YRS r SSIREELORN O YSHTRAL THPRSSHE K9 Sorresponds to movement of the tool

towaﬁ% th"e,retracltnp a{taf %%a‘%%lllee Bgits Ilarlllerggnt disclosure, a method is provided for automatically

repqgitioning a tool within a three-dimensional working space of a machine tool system from a
current position to a target position. The method includes the steps of (A) computing at least one
retract move of the tool, based on a retract vector, from the current position to a retracted
position in a retract plane by adjusting the retract vector, as necessary, such that the retract vector

20 corresponds to movement of the tool toward the retract plane while remaining within the
working space of the machine tool system; (B) computing at least one plunge move of the tool,
based on a motion vector that is an inverse of a plunge vector, from the target position to a
plunge position in the retract plane by adjusting the motion vector, as necessary, such that the
motion vector corresponds to movement of the tool toward the retract plane while remaining

25 within the working space of the machine tool system; and (C) moving the tool from the current

position, to the retracted position and from the plunge position to the target position.

In another exemplary embodiment of the present disclosure, a method is provided for
automatically repositioning a tool of a machine tool system from a start position to a target

position. The method includes the steps of (A) executing a reorientation sequence wherein the
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25within the working space of the machine tool system; and (C) moving the tool from the current
position, to the retracted position and from the plunge position to the target position. In another
exemplary embadiment®f the present disclosure, a method is provided forcauematicaliysrepositioning
a tool of a machine tool system from a start position to a target position. The method includes the
steps of (A) executing a reorientation sequence wherein the WO 2011/044087PCT/U82010/051408
tool is moved from the start position to a reoriented position wherein the tool has an orientation
correspon@sigstmtive ddrgatthosiiio ppBloexe atbadeattgtpacitienubaet ithel tebhpathe siepsHbn

determining whether relfaging fe,Logl o fhe reariented posiion (0 aTatracted postionin a retract
plane along a PRfract vector would exceed an axis limit of the mathine (o6 system, |¥ gre(%racting the
tool alongdéterreitraxt weetior wouidieg ceethth& axithlimitrolipping aittingotiontoomp goetipofithe retract

vector corresponding J,bs exseeded s limitand somauling: aARWESIARL YRGIQr o meving the

tool to the retracted position, storing a retract move of the tool from the reoriented position to the

retracted pefsHiting () teQbtohadhs firrie Ldofuuneld Raerfnbriassiapt elmterAriiiefgiOhether
retracting thg feabiiomitbedasaeifesiiondssmplHpastRositiende LRharetraed plana.aiengmeWnotion

vector that is an inverse of a plunge vector would exceed an axis limit of the machine tool system, if
retracting TAEOSPEISHG T WISHEH (RO IOTHER EREROT HRS- XS it "SRl & QB Bbonent
of the motibair¢edtatedgrsesiparditg tetthecexesated @islvnitiandtongpytingaeceéwlnddtiptheector for
moving the, tool to, the plunge position, storing a plunge move of the tool from the plun osition to the
taroet ot ) B g T Terer e e e e R D R o o
furth&d exémpranceptivodilorgit ofotien presterthalist losuresrse wiatinbe i protddew it ernstsdhatieslly

repositio”iﬂgi@otﬁéﬁk%e?cﬁﬂ?e%@%ﬁ%ﬂﬂ%{ﬁé{ﬁ@tﬁe%ﬂ?ﬁ&féé’ﬁl@?ﬂo&%ﬁ‘ JRLEsLPAsHON Lhg nethod

includes the steps of (A) computing a retract sequence including the steps of determining whether
retracting & tEBItIGIPPIRE L oSBT hoea Srel PN sargesponding to the exceeded

axis limit, and computing a new motion vector for moving the tool to the plunge position, storing
a plunge move of the tool from the plunge position to the target position; (D) executing the

15  retract move; and (E) executing the plunge move.

In yet a further exemplary embodiment of the present disclosure, a method is provided
for automatically repositioning a tool of a machine tool system from a current position to a target
position. The method includes the steps of (A) computing a retract sequence including the steps
of determining whether retracting the tool from the current position to a retracted position in a

20  retract plane along a retract vector would exceed any axis limits of the machine tool system,
adjusting the retract vector to avoid exceeding any axis limits, storing at least one move in a
retract sequence of moves for repositioning the tool from the current position to the retracted
position; (B) computing a plunge sequence including the steps of determining whether retracting
the tool from the target position to a plunge position in the retract plane along a motion vector

25  thatis an inverse of a plunge vector would exceed any axis limits of the machine tool system,
adjusting the motion vector to avoid exceeding any axis limits, storing in reverse order at least
one move in a plunge sequence of moves for repositioning the tool from the target position to the
plunge position; (D) executing the retract sequence of moves; and (E) executing the plunge

sequence of moves.



20retract plane along a retract vector would exceed any axis limits of the machine tool system,
adjusting the retract vector to avoid exceeding any axis limits, storing at least one move in a retract
sequence ofywpwas/datmpositioning the tool from the current position to tireTaisactedspasition; (B)
computing a plunge sequence including the steps of determining whether retracting the tool from the
target position to a plunge position in the retract plane along a motion vector 25that is an inverse of a
plunge vector would exceed any axis limits of the machine tool system, adjusting the motion vector to
avoid exceedingianyaXifdtivisxstapiagyisnievéiiserarsiahapleasi divelogone dn sppiusgeisequence of
e o revRog e ool am e (riact Rosion ‘9 0e Rlunge pasiion, (Bhaequiing the
retract seguence of MOVES; aﬁ&?ﬁ executing the plunge sequence orf moves. 8
2011/04408RRGTY IGROTYOHI4GE by ahd anstitaflethdatexemplayaernsbdimertbittheprdsent

disclosure; SARRATAAE PR Iocrastiniog puhatihatleashans doalThe aRnatrs

comprises a frame: a moveable support supported by and ‘moveable relative to the frame, the

moveablenstip g raepisringg wiadPaadapisthisntaanisop i at ppotash Bir thevrablesapRPthoveable

relative to fe:partatienmashipaioobspindlsadrniod @icoupletothaiatleast onadeabrthe moveable
support and the machine tool spindle being movable by a drive system within a three-dimensional

working sPEEETRRSE B3RS BaiR B ARIOTiANS AR A GHBATOHPSS) SISHTBBRFERY coupled to the
machine te@lsipindlehanchthimovesidswppakt ineveablisueantrohsysigon reludingsaecontroller that -

controls movement of the maghine toot spindie, and the.moveable, 10supRort {9 autemalially repositon
the tool frOnT & 1irst position to & secon position, both posﬁlons belngpspeu led by a part program
indep@ndentiycof theupduratity bf wrissiiritsheTioe domral lersbp ol apiver atgsne posiiiondotie tool by

compuing sLISASHANR IRUETRYS Sl ol tAsER AN AIEUAGL YRAT R be (st pagtion fo 2

retracted position in a retract plane by adjusting thc retract vector, as necéssary, such that the retract

vector corfespeierscfdhpanptimint SPRSHRTARE 1o 4T APrRNERRC PN MR FERARRRS WieHAPthe

three-dimengiaRal Werdng, shac e GamMRYTRg-BLieastONeRIMIE BN of thedaatphasag on a motion
vector that is an inverse of a plunge vector, from the second position to a plunge position in the_retract

plane by dUjUSHRG He TBHOMF VaEBT "GE LB T P& THOT G VSBES o raS BmaE
movementiefte toeliowmardihe: peirrchpirnenviilia ganmainitg witinlihedsimeetdiorehgiepalayvorking
space; a“got?ﬁ%%'%ﬁ{x’%éﬁ?%@%?”l&?@m%@?é{é&éﬂ&‘ir %/aese%/%txea[n dnerebymaving. the. fogl froy the first
position, t retracted positon rom the plunge position to the seconda position.

plunge vector, from the second position to a plunge position in the retract plane by adjusting the

motion vector, as necessary, such that the motion vector corresponds to movement of the tool

toward the retract plane while remaining within the three-dimensional working space; and

20  outputting motion commands to the drive system, thereby moving the tool from the first position,

to the retracted position and from the plunge position to the second position.

In a still further exemplary embodiment of the present disclosure, a motion control
system is provided for a multi-axis machine tool system having a support, a Spindle, and a drive
system coupled to the support and the spindle for adjusting the position of a tool relative to a

25  part. The motion control system includes an 1/0 module including a part program including a
plurality of commands and machine configuration information that defines a three-dimensional
working space of the machine tool system; and a software controller that receives the machine
configuration information from the /O module, processes the part program commands, and
outputs motion commands to the drive system that result in relative motion of the tool and the

30  part. The software controller includes an algorithm for repositioning the tool from a first

position to a second position while automatically remaining within the three-dimensional
4



In a still further exemplary embodiment of the present disclosure; a motion control system is provided
for a multi-axis machine tool system having a support, a spindle, and a drive system coupled to the
support and the spndigfor adjusting the position of a tool relative to a 25 pantu§tmamstion control
system includes an 1/0O module including a part program including a plurality of commands and
machine configuration information that defines a three-dimensional working space of the machine tool
system; and a software controller that receives the machine configuration information from the PO

module, pragkagsespthe, paili posgikamtetmmmaictds dndibtpritsmpiondommarnicdstecthealdrive system
that result in rﬁlative rfnotion of.the to?l anglth% 30%111”' Tli]e sof%/ar ] conftroller.j[ncludetﬁ an a orithm
Jnacnine contt fion 1 ation,.thc algort Hl& udin c S CﬁSO reposuioning e 1001 | sy
for reposﬁ%nlng%herfo%ﬁafom a first position fo%8'secon position while aut matically remamni g within
the three-dirpentsigrnad donVON2OLEA4408 TR CMISRO1G/0BYAD8 Wwolling shabest bositippsitions being

specified by the part REagram, Withowt feference fo.1oe.maching copiauration: ipfermationstheplgorithm

including the steps of repositioning the tool by Olétguttlng motion commands to the drive system to

movedthe TR PRGHAHOTRSD PRSI A O PESIFBREHD HERSOMNLS K fifnit RRIHERE s tERf EWSIBARI working

space in apoEsNtien selativede: Rihe-pactifaheriraspensimiadanarisniationiibe secendipasition,
computing a retract move of the tool, based on a current retract vector, from the reo[si\zg ed position to

a refractedHBERAT Y PSP AR SUF IS g SHE e A PSTE PRI ORI R NG dRR “maintain
the tool withicettienthreesdimensignakveo damgepace, leampitisigetleastafehplungdmalencf the tool,

based on g cuuent marion vegtor hat is an Inverse, of a plynag vedtar, fram e seqqnd pesition to a

plunge 10%%%?[?% In the retract plane %V%\réjustln Yhe“current motion vector,’as necessalry, %g maintain
the t6®| withititreithiteerdinsenisiony whvising shaceremdnotigputteigristisacssmmarmisnsuhierive

system, therely. mevighe. ipalhem e diighp 93&‘&9!‘1&&’ JhpuaHRGied AosHicR ARd oM heplunge

position to the second position. In yet a further exemplary embodiment of the present disclosure, a

motion coRtR6FBy ieitPy 518 Hire Readbi armrihififast SoriseRie Troresipstsfrestingurtiiensispe a part
with @ moyabledaekition to the second position.

In yet a further exemplary embodiment of the present disclosure, a motion control system

15 s provided for a multi-axis machine tool system configured to shape a part with a movable tool.
The motion control system includes an I/O module including machine configuration information
that defines three axis limits of a three-dimensional working space of the machine tool system
and a part program that specifies a first position of a tool and a second position of the tool
without reference to the location of the part within the working space, the dimensions of the tool,

20  or the limits; and a software controller configured to (A) internally process moves to determine
whether the tool can be safely repositioned from the first position to the second position, safe
repositioning being defines as maintaining the tool above a minimum clearance from the part and
within the limits, (B) output the internally processed moves to the machine tool system to cause
movement of the tool from the first position to the second position if the tool can be safely

25 repositioned, and (C) output an error to the machine tool system if the tool cannot be safely

repositioned.

BRIEF DESCRIPTION OF THE DRAWINGS

The above mentioned and other features and objects of this disclosure, and the manner of

attaining them, will become more apparent and the disclosure itself will be better understood by
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The motion control system includes an 1/0 module including machine configuration information that
defines three axis limits of a three-dimensional working space of the machine tool system and a part

program thatspsgifigs,gfirst position of a tool and a second position of thg tealwithaut feference to
the location of the part within the working space, the dimensions of the tool, 200r the limits; and a

software controller configured to (A) internally process moves to determine whether the tool can be
safely repositioned from the first position to the second position, safe repositioning being defines as

maintaininghe,taol ahoynampeUR disagNce bemdte AR andainhe it (3) output the

internally processed moves to the machine tool system to cause movement of the tool from the first
position toRRIGSETHE FHSITBES iftHE8S| can be safely 25repositioned, and (C) output an error to the
machine tool system |f he tool cannot b afely repos tioned. BRIEF DESCRIPTION OF THE
DRAWINGS Ta'én ey ﬂlré% SHRY objects of this disclosure, and the

f att will b d th I f
Cncirstood by W é?ogf" baitETRe m”%%?"é’?p a% A e e

embodimexitsitaken in conjunction with the accompanying drawings, wherein: Fig. 1 illustrates an
exemplary machine tool system; % 2 block diagram of a mation control system o-f the
exemplary machiiié fobl SySEFRERE Big 1 ifpobin %\S%Efmf@ﬁﬂﬁﬁl‘\%\?v%’fé&tt%ilw& '4fty5d8ifion and

a target pestiion relative to a. part; Fig. 4 is a conceptual view of the toot of Fig. 3 in the start position;
Fig. 4 is a conceptual view of the tool of Fig. 3 in the start position;

Figs. 5-7 are conceptual views of the tool of Fig. 3 in various positions during a

10 reorientation sequence;
Fig. 8 is a conceptual view of the tool of Fig. 3 in a final position of a retract sequence;

Fig. 9 is a conceptual view of the tool of Fig. 3 in a position calculated during a plunge

sequence,

Fig. 10 is a conceptual view of the tool of Fig. 3 in the target position following

15  execution of a plunge sequence;

Fig. 11 is a conceptual view illustrating various positions of a tool during a plunge

sequence;
Fig. 12 is a conceptual view of a tool illustrating a check plane relative to a part;

Fig. 13 is a conceptual view illustrating various positions of a tool during an

20 unsuccessful plunge sequence;

Fig. 14 is a conceptual view illustrating various positions of a tool during a retract and a

plunge sequence;

Fig. 15 is a portion of an exemplary part program for execution by the machine tool

system of Fig. 1;
25 Fig. 15A is a perspective view of a part machined using the part program of Fig. 15;

Fig. 16 is a block diagram of a Program Command Processing ("PCP") Algorithm

according to one embodiment of the present disclosure;
6



Figs. 5-7 are conceptual views of the tool of Fig. 3 in various positions during a 10reorientation
sequence; Fig. 8 is a conceptual view of the tool of Fig. 3 in a final position of a retract sequence;

Fig. 9 is a cageepiyalyigy of the tool of Fig. 3 in a position calculated durirgrarpivngs seguence;
Fig. 10 is a conceptual view of the tool of Fig. 3 in the target position following 15execution of a plunge

sequence; Fig. 11 is a conceptual view illustrating various positions of a tool during a plunge

sequence; Fig. 12 is a conceptual view of a tool illustrating a check plane relative to a part; Fig.

13 is a conceptugloview d WstHRtINGaaHe ¢S A0SR A 3 100RApsiIGoam  QUASHCEasshi thiinge

sequence; -ig. 14 is ar%%ggeptual %/% W iIIustraéilrrs;%various positions o a tool during a retract and a
|

plunge seYFAEEE © OpgIBOEINF iR O S BYRERMIAR part program for execution by the machine
tool system of Flﬂ 1; 25Fig..15A js a.perspe ive view. of ;@rh@ Rin ing th rtprggram of
Fig. 15; Fig. 16 is %’él%é?(ag%%%r%ﬁa ?o%ra%vﬁwogn\brfﬁg%% roceggfﬁllgg gg%%?#%gﬁb%%r%%acg]cording to
one emboditheditshtted’ frepegsedistishstess WO 2011/044087PCT/U 82010/051408  Fig. 17 is a
block diagram of an Automatic Safe Repositioning ("ASR") Algorithm according to one embodiment of

the present disclBgure? 15 @ pRpladagrah R RagramBstL fora s T aigBe( 5tk orithm
according e eene e manb eiibe: preseptdistlasdiesure;

Fig. 20 is a block diagram of a Clip Vector Motion ("CVM") Algorithm according to

one embodiment of the present disclosure;
Fig. 21 is a conceptual view illustrating the operation of CVM Algorithm of Fig. 20;

10 Fig. 22 is a conceptual view illustrating various positions of a tool during a plunge

sequence.

Corresponding reference characters indicate corresponding parts throughout the several

Views.

DETAILED DESCRIPTION OF THE DRAWINGS

15 The embodiments disclosed herein are not intended to be exhaustive or limit the
disclosure to the precise forms disclosed in the following detailed description. Rather, the
embodiments are chosen and described so that others skilled in the art may utilize their

teachings.

Referring to Fig. 1, a machine tool system 100 is shown having a motion control system
20 200. Machine tool system 100 includes a frame 102 having a first saddle 104 coupled thereto.
Saddle 104 is translatable in directions 106 and 108. A second saddle 110 is supported by first
saddle 104. Saddle 110 is translatable in directions 112 and 114 relative to saddle 104. A
platform 120 is supported by saddle 110 and is rotatable relative to saddle 110 in directions
122.and 124. In one embodiment, each of saddle 104, saddle 110, and platform 120 are
25  moveable by a drive system including a plurality of motors which are controlled by motion

control system 200.

Further, a third saddle 126 is supported by frame 102. Saddle 126 is translatable in
directions 128 and 130. Saddle 126 supports a rotatable member 132. Rotatable member 132

7



Fig. 19 is a block diagram of a Compute Retract Sequence ("CRS") Algorithm according to one
embodiment of the present disclosure; Fig. 20 is a block diagram of a Clip Vector Motion ("CVIYI")

Algorithm acgrydiiig4e6e embodiment of the present disclosure; Fig. 21y 690§6Hiuasview
illustrating the operation of CVM Algorithm of Fig. 20; 10Fig. 22 is a conceptual view illustrating various

positions of a tool during a plunge sequence. Corresponding reference characters indicate
corresponding parts throughout the several views. DETAILED DESCRIPTION OF THE DRAWINGS

15The embogdimantsidigeliosedhereimame fetinieodechtonba sxhatishyeapdianit dhe digclosure to the
precise forms disclosed in the following detailed description. Rather, the embodiments are chosen and

described’a6dl5at StaBrsSiaRbicim ey gl Ay T B Ahas T REoR iR St h g oot Fachine tool
system 10QJ8 shewsrflavigra T00tion control system 20200. Machine tool system 100 includes a
frame 102 having a first saddle 104 coupled thereto. Saddle 104 is translatable in directions 106 and
108. A second saddlel kprigesiiFoortepbbytdif Stysadatie t0AeBaetdid2l 10ag avanstdsaldie imeyibections 112

»ésldt%%%f% 48 APIEem 20 5aRpered Ry saddie. A1 and iSaekaiahje relative to

and 114 r%l)q#f,
saddle 110 in directions 122 and 124. In one embodiment. each of saddle 104, Saddle 110, and
platform 1Bgeatelassie by aa epredlstaiilingliwmiry ey ohsictgiableHirelsard @dntrolled by

motion spindle 138 is rotatable about a tool spindle axis 139 to input a rotation to the tool 141. In one
embodiment, a plurality of tools 141 are stored in a tool carousal 144. Additional details about
tool carousal 144 are provided in U.S. Provisional Application Serial No. 11/890,384, entitled

10 "System and Method for Tool Use Management," the disclosure of which is expressly

incorporated by reference herein.

The movement of saddle 104 in direction 106 or direction 108 is illustrated as a
movement in a y-axis 150. The movement of saddle 110 in direction 112 or direction 114 is
illustrated as a movement in an x-axis 152. The movement of saddle 126 in direction 128 and

15  direction 130 is illustrated as a movement in a z-axis 154. The rotation of rotatable member
132 in direction 134 or direction 136 is illustrated as a movement in a B-axis 156. The rotation
of platform 120 in direction 122 or direction 124 is illustrated as a movement in a C-axis 158.
Machine tool system 100 is an exemplary 5-axis machine. In one embodiment, one of B-axis
156 and C-axis 158 is replaced with an A-axis wherein platform 120 is tiltable about one of x-

20  axis 152 and y-axis 150.

Through the movement of one or more of the 5-axes of machine tool system 100 a tool
141 may be positioned relative to a part 160 (see Fig. 3) supported by platform 120 to be
machined. Part 160 may be secured to platform 120 to maintain the position of part 160 on

platform 120.

25 The movement of one or more of the 5-axes of machine tool system 100 is controlled
through motion control System 200. Referring to Fig. 2, motion control system 200 includes a
software controller 202 and one or more I/O modules 206. 1t should be understood that the
methods disclosed herein may be executed by software controller 202 and be stored in a

manner associated with software controller 202.



control system 200. Further, a third saddle 126 is supported by frame 102. Saddle 126 is
translatable in directions 128 and 130. Saddle 126 supports a rotatable member 132. Rotatable
member 132, YW, £94Hh4944087PCT/US2010/051408 is rotatable in direciiergitash @ad 486 relative to
saddle 126. In one embodiment, each of saddle 126 and rotatable member 132 are moveable through
motors which are controlled by motion control system 200. A tool spindle 138 is supported by rotatable
member 132. Various tools 141 may be 5coupled to tool spindle 138 to perform various operations

with machine tol gysiem 4 Exemplaryiteels ke amape:-mil 20l ith &itRR: AKeamer .aad other

suitable tools. Tool spindle 138 is rotatable about a tool spindle axis 139 to input a rotation tq the tool
141. In orREPISEEMEAL, AT PAIY BT NS 1R s I PIPRYSOP i8S TR Ryt tiHadetails
about tool garqusal id4are pevigedimdislRyensianal Apgication SeafiatMopld 1(890,384, entitled 10
"System and Method for, Tog| Use Management,” t isclosure. of which is ex sly incorporated by
referencesﬁgﬁ’@?ﬁ? contﬁl%errgg%f:ﬁgmegp 5&&3@%&%9 |Peécﬁlgﬁﬁllb cg}lfgﬁ}érc?tﬁlgﬁ? %%%a%’\éﬂ}ﬁé}%{ed asa
moveinenhisralyCaxisdi 50 .20he Matenesuhdizsaddie 200pi didestiondtpendendiresdism deb4ls illustrated

as a movement in an ¥axis 152, Themaversentof saddle, 126, in direstan 128 and Laditsation 130 is

illustrated as a movemerit in a z-axis 154. The rotation of rotatable member 132 in direction 134 or
direction D86 ashilistralferiinstaneaovesnddieinld meds psbrerhen dPLiba Brpiwictht 1esihdifection 122

or directiog, 124.is Mystaied as B RIAYEHEOL N2 Graxishas oY achinadealstysiem 109 is an exemplary
5-axis machine. In one embodiment, one of B-axis 156 and C-axis 158 is replaced with an A-axis

wherein platformek2@yisatijl atdenalioiearte of ou@8axisul b2rabety-axs dS0uFhiaughathearowement of

one fé more qéthe 5-a%<esépf machine tool s steg%oo a tool 141 Qg\peogigoned relativlg to a part
ee

160 I8P St POMET b} PRSI 30T Se Fathimed. Ban 150 may be se%iﬁyeg%eb%tform 120

to ma.intaimthéapositmtmnmr]r&@mkm‘ati@tmsI)ZQ\[ired),Tdmé mbyewvieat oflovieco fanprevititige 5-axes of
machine (3 ssla: 0015 GRNAle NIBY AR AR AeRNALSYRIEM 20D REMRIIGLO Fidce, motion

control syste 0 Includes a software controller Z02 and one or more 1/0 modules 206. It should be
understoottee thights, printer, and other suitable devices for presenting information.

In one embodiment, part program 204 is entered through a conversational mode of
15  operation whereby a user during a programming session is presented with one or more screens
through a user interface (such as a touch screen and keyboard). An exemplary method of
conversational programming is disclosed in U.S. Patent No. 5,453,933, assigned to the assignee
of the current application, the disclosure of which is expressly incorporated by reference herein.
During the programming session, the user may program the desired geometry for the machined
20  part and specify one or more attributes. In one example, the user specifies the desired geometry
for the machined part by creating blocks of code, each of which specifies a tool and other
machining parameters. The software controller 202 then generates the tool trajectories for
cutting the tool to the desired geometry.
In another embodiment, part program 204 is provided through a NC mode of operation
25  whereby an NC program is loaded into software controller 202. Part programs are frequently
expressed in a standard G&M code language, or a close derivative of this language based on
either the International Standards Organization (1SO) or the Electronics Industries Association
(EIA) RS-274-D, using codes identified by letters such as G, M, F. The codes define a sequence
of machining operations to control motion in the manufacture of a part. Software controller 202
30  converts the codes to provide location positions for the various axes 150, 155, 154, 156, and 158

of machine tool system 100.



methods disclosed herein may be executed by software controller 202 and be stored in a manner
associated with software controller 202. ‘WO 2011/044087PCT/US2010/051408 Software

controller 20¢;(eggiveES @7nachine configuration 208 and input data, such gg-aRarpiegiam 204, and
then provides output data, such as position data for the various axes 150, 152, 154, 156, and 158 of

machine toot system 100. In the illustrated example in Fig. 2, software controller 202 receives part
program 204 and machine configuration 208 from one or 5more 1/0O modules 206. Machine

configuration 20§ pravides dhe deRendanciesReMIgenANg. @ﬁielggam 15RndDRe hodrdlP6, and 158 of

machine tool system 100 as well as the attributes of each axis. For instance, as saddle 104 moves in

direction BICTHSEYJRAHsIHIEREdP AL StEEHiGEY O hrsstoPeththeP BRI S B eS8 TR nds on
the locationRf S_E 8104 oFaxeroplany Hat Rt 2 B6sinchidassiaplet NTRIMDIEN SinSUCH as@iser

interface, a touch 10 display, a keyboard, a mouse, qn more buttons or switches,.a CD drive, a
floppy drhf@,taé}‘?ﬁ"ﬁg@?&f&‘a@%ﬁéﬁiﬁ‘f&?ﬁ%@ﬁ@%ﬁ%&s PSPPSR SHREF &S él?l‘é qeviées for
providing ttfomoiatiQ02o software controller 202 and output members, such as a display (such as a

touch screen), Ighis, PURSY A0 O10RL S ARIESRYISES (L ALERINGNIPURRIAR o BBent. In
embodiment, paerrogram 04°s enteredetfwoug a’conversational mode of 150peration whereby a
user duringna progearaningg Sevsiorwisiphesdhias beftd omdlor wibtrascressribathip lgh. X4ser Neerface

(such as asteseh3CieRAKKEMIAND c ARSXEMRIAL MR RISaNY &featenal MEYRBINES S

disclosed in U.S. Patent No. 5,453,933, assigned to the assignee of the current application, the
disclosureVdH it AR SRPrEPReshBY e thr ¢ d¥eidhce herein. During the programming session,

the user may pragram the desired geametry for the machined art and specify gne or.more
attribtites. In on(;JEg BeamPIEC YRS Uis essﬁglé)llf%%(gﬁév %’é{gf?gasé%nc?rln%gg r?glrstfﬂél Sr%%%%‘%ﬁ Partby creating
blocks of ctddes efewtbwiistespetifict atoolaiddthepmachmmgg@ardimgtersnd tretsofinvereocontroller

202 then gengrales ihe 100l ralecioriss for, NG 195 0h Qe ESIGL GRAMEIRG o IRATOhET

embodiment,%g?fprogra?ﬁuﬁ%4 is provided throug C mode of operation whereby an NC program
is loaded ipndy<oftineralEsherdtisarpoRnP ieprtagrahioart theprrsatilydésghrasseddncd saridard G&M

code langyagenal A LlRs6:ifedvalive aldhisdaomags hrsec.onsitherdha dnisenadionahRiandards

Organization (ISO) or the Electronics Industries Association (EIA) RS-274-D, using codes identified by

letterSsuchiBEGOM; A7 HECHRESHRAH 18- GHRIAELIBE MBI & 4he AL EoRrBItARA S in the
manufactuwgrofRaibnaf e ERNHeHET RBRentation sequence, a retract sequence, and a plunge

sequence, with reference to the positions of tool 141 as depicted in Figs. 3-14. The various
algorithms employed by controller 202 during the reorientation, retract and plunge sequences

are described later in the specification.

20 Referring now to Fig. 3, both a start position 400 of tool 141 mounted to spindle 138
(collectively referred to as tool 141 hereinafter) and a target position 402 are shown. In the
example shown, start position 400 of tool 141 may be viewed as being oriented in a first
coordinate system 404 having an x-axis that is parallel to face 406 of part 160, a y-axis (not
shown, but extending perpendicular to the plane of Fig. 3) that is in plane with face 406, and a

25  z-axis that is perpendicular to face 406. As will be further described below, when tool 141 is
in target position 402, tool 141 may be viewed as being oriented in a second coordinate system
408 having an x-axis that is parallel to a second face 410 of part 160, a y-axis (not shown, but
extending perpendicular to the plane of Fig. 3) that is in plane with face 410, and a z-axis that
is perpendicular to face 410. Fig. 3 further depicts the limits to which tool 141 may be moved

30  within the three-dimensional working space of the particular machine tool system 100 (i.e., the
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30converts the codes to provide location positions for the various axes 150, 152, 154, 156, and 158 of
machine tool system 100. WO 2011/044087PCT/US2010/051408 Regardless of the origin of part

program 204,83t Pkagsem 204 defines the desired geometry for the macpiggdaafseithes directly or
based on the operations used to create the part However, part program 204 may not specify the

positions of saddles 104, 110, and 126 nor the rotations of platform 120 and rotatable member 132
These positions are determined by software 5controller 202. In one embodiment, software

controller 202.1%.an:8RISShANEP IR oMYA CATPODENFHRORE amRAdIMS At $6Vase gontroller 202 is
based on the software described in U.S. Patent No. 5,453,933 issued on September 26, 1995 and

tittled .NC CORTRGL B ST Nf S HRSCROBRBIRR RIT IS Spres¥yineeipdcly ByTéldrence herein.

10Figs. 3 thyruehsld amesirmplfiedste-dimensionalsliagramshiltustiating the veviems] stages of motion

associated with au,tomaifjc safe rep s'tioni(?i‘%facc% ing to one embodfim%gglolf 4ti1e di%r%«labslent .gilsrclzlosure. It
[ i e

should be M dd&is6u4 lé?lfhﬁéégl S e FRERSIOAL SR PRAHCONRT (S SimpliRf the description. The
algorifhmsrxai‘:ﬁ'fte: mﬁe.Seyﬁtehs_Gmare.at&,.'mfegemiwsé; Hﬁmgneddidipwé\ii@jingmwmam@bafe repositioning
of & mult a3 MRERINA RN INSBR AT RF PPl e AesaPk e o Wil xRN farious
phases of the concept o autoratic sate repositioning, ihc uding a tool reorientation sequerice, a
retract sequerceyand Asphmyeseatrimyce swwithrbfarsraestdehmpssivonslengcbe Maxisdepicted in
Figs. 3-14., The variers, lgarithims.c milQva v contoliss«Da dhing.tae keqrigmation, retract and

plunge sequences are described later in the specification. 20Referring now ta Fig. 3, both a start
position 48esexrger1 41 Abhstecmechiin R B IEGIBeHEH FRRTPSH 1A FOISHIA PP tebinafter) and a
targaipositigm#e e shewnotn the example shown, start position 400 of tool 141 may be viewed as
being oriented in a first coordinate system 404 having an x-axis that is parallel to face 406 of part 160,
a y-axis (not shokinalbwtiaxténdinglpependitulkamiethdfanbiof Fighi3 ethatitin plasidelviotiface 406,
and a z-axis that is perpendicular to face 406, As Wi t ' oW, 141 isin
target pos’i(ﬁ/c}?}%ft%e(# Ta Orﬁg%%%e\/g%%g% %’sébéinék gﬁ%%&%ﬁ?ﬁga% gs%({f)%% ?:%1% iﬁég?gd?syl}g%m 408

having an4e@igfitesttie papintdl wfadigensriohioe 410 dopanatieldlapyiende THEPEKIRM, BtcEktending

perpendicyiyr 20.the Rlang of ei%&mwrm#ﬁn@mimsfms@%mmm ihatdmperpendicular to
face 410. Fig. 3 further depicts the limits to which tool 141 may be moved 30within the

thred-UimERSFERAMMFIRaNIEpRE SRS PEERliah miraomfieto Jrslatetifa Biyines ehépol 141 from

part 160 and used if retract plane 420 cannot be achieved given the machine limits of machine

tool system 100.

Figs. 3-10 show a sequence of movements of tool 141 under control of controller 202
during automatic safe repositioning of tool 141 from start position 400 to target position 402.
20  In this example, tool 141 is repositioned and moved during the retract sequence and the plunge
sequence along a tool vector 428 (Figs. 4 and 7) which extends longitudinally from tool tip 422
toward spindle 138 (not shown) along the center of rotation of tool 141. As will be described
below, the operation of the algorithms controlling movement of tool 141 is the same regardless

of the orientation of tool 141 relative to the first of second coordinate systems 404, 408.

25 In Fig. 4, tool 141 is in start position 400. Controller 202 knows, based on machine
configuration 208 and part program 204, the location of tool tip 422 and the orientation of tool
141 relative to first coordinate system 404. Controller 202 also knows the relationship
between first coordinate system 404 and second coordinate system 408, as well as the location
of retract plane 420. Finally, controller 202 knows the location and orientation of tool 141

30  when in target position 402. What is unknown are the various machine axes moves needed to

11



WO 2011/044057PCT/US2010,(051408 "machine limits") under control of controller 202. These
machine limits are provided to controller 202 as part of machine configuration 208 (Fig. 2). More

specifically, pg 4kZdgRsesents the uppermost position for tool 141 possible-witkig: aghige tool
system 100 (i.e., the "positive Z limit"), line 414 represents the lowermost position for tool 141 possible

within 5machine tool system 100 (i.e., the "negative Z limit"), and lines 416, 418 represent the
rightmost and leftmost positions for tool 141 (the "positive X limit" and "negative X limit"), respectively.

As mentionga- ROV, SERLAL IIDItS4RIIPEMOYERRALAIONI dhe-Y RYIa A foachinefegbsysieng 100,

but the Y limits are not shown in the figures to simplify the description. All of these machine limits

define the TPES-APHERSbAAN IR ABYSPAE S TOPABHIS IR Y815 Afkof Aigh 1 60 g dyso

depicts a ratasihpana 420 whichtin this-axsampleisopasalieliohe xyplang:imsecantheopnrdinate
system 408. As will be further described below, retract plane 420 defines the desired safe distance of

tool 141 from pam&@0sprine toienachine foodlsibtemsidOpexacutift) aspliffigenniboonttowaedtparh 106. As

s alsq desgriged below, 8 SIgaANGe R 15 aliesknlane Ao be dafiied o esiaplish a secondary

desired safe distance of tool"141 from part 160 and used if retract plane 420 cannot be achieved given
the machikemifmspfhiaenine ol stem goerute a FgeeBtatpB et segaibe sx#Blements of tool

141 under,contial &b :contiolian202.dusing rutomatic safe ieppsiioning,pt a4 L fromstart position

400 to target position 402. 20 In this example, tool 141 is repositioned and moved during the retract
sequence BiFANE PRMBE ddgdefsaddisnds tiothgadicres FESF Ao A iRt ogk dsridaay
longitudinallysfeenrt éeehtil 422t toxvargaspindl e yL3d (el 1sironsl) aldngsthe eenten©pratatian of,tool 141.
As wjll be desgri below, the operation of the. algorithm trolling moyement of too) 141 is the
camd deqarEs DB on B Ger TP FURUE G Tl BlsT RS OO e stems 404,
408. 25In Eognplitteeh iditiib snostantpositionc4 001G bhirblier02nkhishusobasedianahmohiél with

configurati N4 t ' t in4 t i ' ol 141
LA oeaAn, 0% s e ion In Sk and malaaten Lo

relative to first coordinate system 404. Contro . . _ .
coordinate&yatian 20 ahtrdadengiteobrammend B ststhtadsl Hsrovelicis tachiratiBit of elidct plane

420. Finally, Santrolled20a kneys thelacationand arisniatiepef 1oalldl3enwheanintargehpesition

402. What is unknown are the various machine axes moves needed to WO , o
2011Y64 4&31%?7%’2@]?9%51%9@ 100. Controller 202 next causes tool 141 to move in a direction

along positive X limit 416 that generates additional clearance between tool 141 and part 160.
In this example, controller 202 causes tool 141 to move through vector 426 (Fig. 6) along
positive X limit 416 in the positive direction of the z-axis of machine tool coordinate system

429 until tool 141 reaches positive Z limit 412,

20 When tool 141 is in the position shown in Fig. 6, it is retracted as far from part 160 as
permitted within the machine limits of machine tool system 100. Controller 202 next
determines the moves necessary to change the orientation of tool 141 from that shown in Fig. 6
to that shown in Fig. 7, which corresponds to the final orientation of tool 141 when in target
position 402 (Fig. 3). To determine the moves necessary to reorient tool 141, controller 202

25 computes the current orientation of tool tip 422 in second coordinate system 408 when in the
orientation of Fig. 6 and the desired orientation of tool tip 422 in second coordinate system 408
when in the orientation of Fig. 7. After these computations are complete, tool 141 is moved to
the reoriented position shown in Fig. 7. From this point forward, the movements of tool 141 in

this example are movements relative to second coordinate system 408.
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relocate and reorient tool 141 from start position 400 to target position 402 (i.e., "repositioning moves")
without damaging any part of machine tool system 100 or part 160 through unwanted mechanical

contact and wighgyt gemerating errors as a result of exceeding the machingdinits Begause the
orientation of tool 141 in start position 400 is different from the orientation 50f tool 141 in target

position 402 in this example, controller 202 must generate move commands to reorient tool 141 (i.e.,
execute a reorientation sequence). In this example, reorientation of tool 141 is accomplished by

rotating tool 141 Py fQr EXAMHRIG-REW AN EY@IARIRMEMbSh32ia0disalele 48 iHishould be

understood, however, that tool 141 may also be reoriented relative to part 160 b%/ moving part 160

such as b9réé’t@§ﬁﬁg)fﬂ8?f]0%1112(§tafb%‘éﬁﬂ?él 190 inAtiisrcabfamn %&r&nﬁﬁlﬁﬁ‘&fl Pbot 8ol 141 and

part 160. Gensrolieréd2ocompuses an initiah seayeneriitovesahipalifiddsieadcenpish rewrientation
of tool 141 with maximum.clearance between tobé 41 and art 19(30 this xam le, co roller 202

causes retPSRdShETISBILLE BIBRYIEHIvEMP he Mach

unffl’ntO RN SRy SR L this
example, anshowesinibég.abpteol ith Teafiecares thrbigghSvector 4ﬁ$6§ddcrm®mh@$ Yo5ithves XhEmit 15416 of

machine tool sysie, 100, GONURIGLA0ZK! CaNSRRIRQLIATIR mare nlieation alang.posiive X

limit 416 that generates |t|ona earance etween tool 141 and part 160. In this example, controller
202 causelstenpaditelownove through vector 426 (Fig. 6) along positive X limit 416 in the positive
direction of the z-axis of machine tool coordinate system, 429 until tool 141 reaches positive Z limit

412. 20When toSfOrAH 0 WE tesrighBRofieTHIab 6! it iouryettl 8dhs PHENR R 60%S permitted

within the spagbine tintitsofpmacisednehsisietonlotocipreie iz nedi dettnmingstte 400 ves

nece ary to cha et eorlen t|o 41 from tha win | tha shawn.in 7, which
corre]Ss(?poné‘gS Ir%ﬁ%cr% Bioh oﬁfH 41 15 glr?glr% ;t%é) 185%% 192851 ﬂ;eés){’1 odeteﬁrar%me the
moves nepéssﬁrmo Ineoﬁnenmmdlsl‘zbbl umﬁ@lismmﬁozﬁmtbuwﬁth@mbrmttmm efotaol tip 422

i second geadinets sysipmdaRphen dRe/aRentarian. ofcle: Gend §1e esiied)quetation of tool ti

r
422 in secon(% coordinate system 408 when in the orient ?on of Fig. 7. After these computations are

complete, RSB plERS H%bed@fﬁ@%ébﬁém’édlwﬁdﬁ@%WﬁW@ g noshioglid ot teirelrd, the
movementg ghioolsl 44 i this SXamRIRIRF& FReVRMENES IRl @ drisrReo Bek caordinate syaiem 408.

15 position of Fig. 7 toward retract plane 420. Movement along tool vector 428 is considered
ideal movement because it is the most direct path for positioning tool tip 422 into retract plane
420. However, when in the position of Fig. 7, tool 141 is at positive Z limit 412 of machine
tool system 100, and cannot be moved farther along the z-axis of second coordinate system
408. As is further described below, controller 202 analyzes tool vector 428 and determines

20  that movement along the z-component of tool vector 428 is not possible because tool 141 is
already at positive Z limit 412. Controller 202 then subtracts the z-component from the retract
vector (here, the retract vector is tool vector 428), thereby computing a new retract direction
toward retract plane 420. Controller 202 compares the required movement in the new retract
direction to determine whether other machine limits will be encountered during such

25  movement. As will be further described below, if other machine limits will be encountered,
the appropriate component of the retract vector is subtracted, and another new retract direction

is computed.

In the worst case situation, controller 202 subtracts all direction components of tool
vector 428 because machine limits would be encountered, and determines that tool tip 422

30  cannot safely be moved to retract plane 420. This situation may cause controller 202 to
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WO 2011/044087PCULIS2010/051408 It should be understood that the reorientation sequence is only
performed if the orientation of tool 141 in start position 400 is different from the orientation of tool 141
in target position#98446d¢o00l 141 has the same orientation in both positionsaetatiadospast 160, then no
reorientation is necessary, and toot 141 is not retracted to the machine limits in the 5manner described
above with reference to Figs. 5 and 6. Instead, controller 202 skips the reorientation sequence and
performs the calculations and movements of the retract sequence described below. Continuing
with the exaispie, afierdoahd dkdsmenresiediiaio dhpof igdtatianol FigovecontoliefiZzdicompares the

current logatio oé%n | tip 422 in secand coagrdinate system 408 to, 10the location of retract plane 420,
o detor L HACISOH SIS ARTIBnal ORI ARACE MG 6 TSIy WIS B0 G 422 i

not positiochedhackuffroiettlyt ;sbsWiw)ei_mgtmme albag ﬁhwmn.tsimbsguactdothmrmamygtz_smbﬂ@S (i.e.,
away from,face. 410,0f pat 8@8%5%'1%%%%015518 i ffi‘éﬁ%gn&%%rg&'ﬁ%e&%{ﬁ?#%ez%migﬂl?‘ attempts

to move tool 141 along tool vector 428, whic ined with respect to the machine coordinate

systefn 42b¢ freshitrel TsivpdhfarroniFager A0watl reraetphapieonzd tMmblierdhiEppteissidetor 428 is
considereghidgalimovEMEh AGLAUSSTR dhe Vot idirret R ferPRSIIBNINIARPLIIR422sintp retract

plane 420. However, when in the position of Fig. 7, tool 141 is at positive Z limit 412 of machine tool
system 108°USR1IERARDR ISRt B FrREIERMG ters i dhsraadyne Ladidifate AT H88% s is
further degopbad peteviicobiroliematiddnrlyzeritaoiostelonZ2thand dettrpiines 20 that movement
along the z-component of tool vector 428 is not possible because tool 141 is already at positive Z limit

412. Controller Zﬁzﬁmmbkwamrzmdyrmém ﬁcbi{fmﬂtﬁél Petrastvettoedereglrempraciovector is
tool ygetop Ag8), HNELERY GOMpUING AN e LetAch dirsgtianioward ISHAchRIRRe AaP Spptalier 202

compares the required movement in the new retract direction to determine whether other machine

limits will Befelsotitierstcatiimgashire Zomdienisnsias 4l beyhHpeedaseatad sbioar 9f Bther
machine lipits:will haieneRMNie/Rd o R APRIGRIAIECRMPOBRALEHHSHRIRAIHACIOS Isiikasted, and
another new refract direction is computed. | ) o . i
202 determines that tool 141 can move in the negative x direction until tool tip 422 reaches
retract plane 420 without encountering another machine limit. Thus, after determining whether
15  the plunge sequence described below can be successfully achieved, controller 202 will cause
movement of tool 141 along vector 430 from the position of Fig. 7 to the position of Fig. 8
wherein tool tip 422 is in retract plane 420. The retract sequence is complete, and the

computations and movements to execute the plunge sequence are now described.

Referring to Figs. 9 and 10, tool 141 is shown in the two positions it will assume during
20  execution of the plunge sequence in this example. More specifically, tool 141 is shown in
target position 402 in Fig. 10, and position 432 in Fig. 9 from which tool 141 will plunge
toward part 160. As will be described in greater detail below, the algorithm executed by
controller 202 during the retract sequence to determine safe retract movement of tool 141 from
the position of Fig. 7 to the position of Fig. 8 is also used by controller 202 during the plunge
25  sequence to compute the plunge movement of tool 141 from the position of Fig. 9 to the
position of Fig. 10. Controller 202, however, computes the sequence of moves needed to
safely move tool 141 from target position 402 of Fig. 10 to position 432 of Fig. 9, and stores
the moves in reverse order in a movement list so that when the moves in the movement list are
executed by machine tool system 100, tool 141 is plunged from position 432 to target position

30  402. More specifically, just as controller 202 retracted tool 141 from the position of Fig. 7 to
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In the worst case situation, controller 202 subtracts all direction components of tool vector 428
because machine limits would be encountered, and determines that tool tip 422 30cannot safely be
moved to retvasbplanadk20. This situation may cause controller 202 to WerT/uS2010/051408
2011/044087PCIMS2010/051408 generate an error and discontinue operation of part program 204.
However, as is further described below, controller 202 may alternatively determine whether movement
into or above the check plane (not shown) is possible when movement into retract plane 420 is not
possible. tatattaiwerds) fynieuamant inktsaicasidvianend 2D eamotbeachigvesuwithicetide confines of
Sthe machinehlimiEsmt en ongtolletr 202 will. compute motion of tool {[(IP 4g§into 70(g?oyet e check
plane in the Manner deSehised al50ve With réferenes 1o réfrac Oplg%ce 5§ SSEE T Su Motion is

possible velilechingnaichng tooli 54 dowitbitet36 nacipmedinoits tdft goy ditenl ddnt(ollén 202 millgenerate

move comma ‘1%&8&%9%@(?{&_1%’44'!8 #2440.10e Gheck plane, 0 s @@mRlg, e s & only.pasitive Z
Limit 412 is encountered T 20

uring computation 10of movement of tool tip 422 into retract plane 420.

After fhe 2edHipoHERfindI0/ecrositing ddtinelinithtre dpeemisipsaehmect sudinatEBystett koo is

subtracted as,gaseribad abayssithe mewdelrashiiestionisalong e, npaative X directiog eward
negative X limit 418. Controller 202 determines that tool 141 can move in the negative x direction until

tool tip 428 FEALHESIRFAETHfanE 456 KRB SRCBETEITHY RGeS R TS s e
determiningquhiethen fibikemivigeequencsetsiascribkdnb elevaaaibidsuccessititycachjevest, controller

202 will cause movement o | 141 alon tor 430 from the position of Fig. 7,to the position of Ha.
B norein LB D BB el S o g e AR e L R e
and h@oveme@s%efmm@ﬁtjenmgﬁgg E@&enw@tapnmcule‘gﬁi_b@mﬂaéf@mm@@ée9 and 0, tool
141 is shqwn, {016 We-RASIHANSE Wikl A3 SIS D9 AAEXE HAAN, L., Plingg sequence in this

example. More speciffically, tool 141 is shown In target position 402 in Fig. 10, and position 432 in Fig.

9 from which took 444 willRungertewardipart-h80: Asvillibe.desarbeshineientanhdatallhelau) the

algorithm executed by controller 202 during the retract sequence to determine safe retract movement
of tool 14 PFBIHAHSHSSIRET PG o the hbSRRIA HF RIYN &R SCARE FBABT L Siftrdfiér 202 during the
plunge 25seepienge denaohipeittrih¢uplling thmaueipienicstidol b ddeontihrefpesitton dfdsid? shtb the
positjgn of Fig,.1Q. Controller. 202, however, computes the sequence of mov eeded tp safely move
tool 141 fr%) 'tzlﬁgégf'p?gg' |%Sﬁ{%)2%8? Iglgt.ofglit%qpcgsﬁ%’noﬁgszt%?%é) N 51,t 13?1(5’%%?@1 éndrrl%(%)egs' in reverse
order in a Movewprerfitidisdabiat 4Vhe shitrermopesitioths Srdtemesttdigtsage wxe catest by miachiire tool

system 100, 100k, 14t.is BMHQQ%”%@ 8&%9@(14’1%8&9, BRSO Next computes movements for

the plunge sequence (i.c., movements from target position 440 to a position wherein tool 141 is

in retract plane 420), which are executed in reverse order. During this computation, controller

20 202 determines that tool 141 can move along the motion vector corresponding to the inverse of
plunge vector 442 until tool 141 encounters negative X limit 418 (i.e., position 444 shown in
dotted lines in Fig. 11). Controller 202 next determines that when in position 444, tool 141 is
not in retract plane 420. Accordingly, controller 202 determines whether tool 141 is at least in
or above check plane 446, which in this case is true. As such, position 444 is considered a safe

25  position for tool 141 to traverse during the plunge sequence. Controller 202 nonetheless
continues to attempt to move tool 141 to retract plane 420. As negative X limit 418 has been
encountered, controller 202 subtracts the negative x-component of the inverse of vector 442
and computes a new motion vector 448 along negative X limit 418. Motion vector 448 permits
repositioning of tool 141 into retract plane 420 at position 450. Thus, when the plunge

30 sequence is executed (i.e., the computed motion commands are executed in reverse order),

controller 202 will cause movement of tool 141 from position 438 to position 450 (i.e., the
15



30402. More specifically, just as controller 202 retracted tool 141 from the position of Fig. 7 to WO
2011/044087PC1/11S2010/051408 retract plane 420 by determining whether movement along tool
vector 428 woulshexaaegh machine limits and subtracting direction componentaiefotmalstestor 428 as
needed to avoid exceeding machine limits, controller 202 computes how to retract tool 141 (in this
example, along a motion vector that is the inverse of the plunge vector 434 shown in Fig. 10) from
target 5position 402 of Fig. 10 to position 432 of Fig. 9 by determining whether machine limits will be

encounteres sfdnsmbtrastingrebrecliomeqiagasebisied thednverge ofplungaivagiosidad 40 @yoid
exceeding those limits. | té]is exarrgplenglﬁ machine limits are encountered during the plunge
sequence: RRET SONtRr B8 ROVELtadY 1415 e Tad polgi ioh of the retract seqoueaﬁ%e (Fig. 8) to
position 48&{adorigector 436), tool 141 is simply moved directly along plunge 10vector 434 from
position 432 of Fig. 9 to target position 402. Thus, the automatic safe repositioning of tool 141 from

start position 406t esehethsekinbmubibigrdoenplbte showrahenme 16\l X6 migyhich toRd Hiafiter in which
contrgller 2Q2iusesdheshesk Rlangrpdl hafuwtherdeseribeshingarsrsth boigrdil-depicisaptiunge

sequence wherejn tool 141 encounters a machine limit (unlike the exampler%Fedscribed abO\%E with
reference {°RIgRARP A1 18 CIfRI g™ L BoRiRI- 4898 0 PRIGIPL 447 CHReU B b6 B BBRiH of tool
141 in Figa ShMeyesspesifieatyst tpiahd 420 stehavimun pastiam 438aftenarrettet seguance to position
tool tip 422 into, retract plane 420. As described.abgoye, controller 202 next computes movements for
the plungS SEEHEL 18 R o o i B B Sty B e S Rt ool 141 s
retract planerd2@pdutrch tictasget predionréerde sraderinBaniogs thisveumptiationirconttolefi20202

deteypines; thatigpl il CanOQVEAI070 105 MIUBENARICHEAHEARANGIAA IO IRE ARYersg;Of plunge

vector 442 until'tool 141 encounters negative X limit 418 (i.e., position 444 shown in dotted lines in Fig.
11). Contr@ilsrBedhie deterhtited thathpiseaahtifosiforheadniserd possipp i risteasttisiagtke 420.

Accordingly. coRtiiRm924dsterrpines whethekionl JAd is@tileastdn o akeyrichask plapg 446, which

in this case is true. As such, position 444 is considered a safe 25pasition for tool 141 to traverse during
the plungdCBYtdnesEBrt oIk P28 hHiRiibiR d8BaRImifedtr ateist B Mo et S8R (o 5 hefract

plane 420a#Ws;Tagativeotlingid 415 dafilieenehpbiirtesadoeonidites282nsubitactstheohegative

X-component of m%én&/erse of vector.442 and .computes a new motion vector 448 along negative X

limit 218. MGtION vecto}lﬁﬁ%rpe)g?rsﬁlf%nrlg ooéllf%ﬁﬁ]nﬁ ‘of tool 141 into retract plane 420 at position 450.

Thus, when the plunge A05eguence 5 LxAeHIEAS P14 NE.SORRBEAMANIaN.CopmARdS afe executed in

reverse order),
above the defined check plane 460 within the confines of the machine limits. While controller

202 was able to compute movements that maintain tool tip 422 above check plane 460 during
the retract sequence (i.e., movements for repositioning the properly oriented tool 141 to a

20  position wherein tool tip 422 is in retract plane 462), safe movement during the plunge
sequence (i.e., movement to a position in or above check plane 460 along the inverse of plunge
vector 464) is not possible. This demonstrates one characteristic of one embodiment of a
controller 202 according to the present disclosure. Specifically, in such an embodiment,
controller 202 must be able to compute a movement (which is executed in reverse order) along

25  the inverse of plunge vector 464 (which may or may not be the tool vector) from target
position 466 to a position in or above the check plane without encountering machine limits. It
should be understood that rather than compute a move for tool 141 in the positive z direction of
machine tool system 100 from position 465 to a position above check plane 460, controller 202

will generate an error that the move is unsafe and discontinue operation of part program 204.
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controller 202 will cause movement of tool 141 from position 438 to position 450 (i.e., the WO
2011/04408713C17 US20 10/051408 transition movement from the last position of the retract
sequence towhedifstopasition of the plunge sequence), from position 450 tecposition/d=idoand finally
from position 444 to target position 440. Although check plane 446 in Fig. 11 is shown above plane
452 in which tool tip 422 5resides when tool 141 is in target position 440, in one embodiment of
controller 202 the default check plane 446 is plane 452. In other words, when tool tip 422 cannot safely
be positioned at RcpbRgE REINL AN etiaatilrag 420 ihal defaul operatinmniofsetntepleitidfiR grissuch an

embodiment is to determine.whether tool tip 422 can be safely mov the position corresponding to
the targ et3§8‘§ff}0n 2005 Cs%ﬁ%@%f%iﬁh%%g ,e%lgéealvqgiﬁl??l%ndxé@%gﬁ%@d&e irﬁsema%%lc%: fe %% %ﬁgﬁe that is
spaced amka;wﬁgmﬁthmﬁ d@ﬁd@%ﬂﬂhanldemwchewlglaﬁne 152 cForcexanplehérpthegcasetaf Fig. 12,
where took ip FauhennIarect apallon 40 (s aslianed nearihe Rolom 456 ol p Ragket 456
formed in part 160 (I.e., tool 141 extends into a recess formed into surface 410 of part 160), it is

desirdble toedishpeniiendelopidhe desrispaced thetpes e stor pattoranesdinsd rHament ¥eck plane

452 to aveid infesfrrsngahetvesn toohd fhdaand partL60.driing rerestioningioperations.  Fig. 13
depicts a situation wherein tool 141 cannot be positioned at a plunge point above the defined check

plane 460%AAIHie RURHRESHAE RN RS WATE CenT SR D531 NS SR E 45 CORTNRET
movements 1hahpainteingeabliprd22cabayeizheck plang:-46thdoiinghiie: retract Seqeencel(¢sk,

movement or posifioning the properly. aiented ool 44,18 20posiion wherein ool i 422 s in
retract p| e 3, are movement auring plunge sequence (l.€7, movement o a pOSItIOﬂ In or
abovié cheierplatn ¢o460valonyg tipet iver e tdygkingeition (by computing the movements in reverse)

along whatever plunge vector is provided without violating machine limits.

As shown, position 476 of tool 141 corresponds to the reoriented position of tool 141 in

Fig. 7. Here, however, instcad of using the default retract vector, which is the tool vector when
tool 141 is in the start position, controller 202 uses retract vector 468 which has been defined

15 by a user with respect to first coordinate system 404 in the Buffer Off G-code (i.c., G08.2
using parameters A, B and C corresponding to the x, y and z direction cosines, respectively, of
the vector as described below). Instead of generating a retract sequence based on normal
vector 474 as described above, controller 202 attempts to safely move tool 141 along retract
vector 468 to a position wherein tool tip 422 is in retract plane 478. Before computing a

20  retract sequence using retract vector 468, controller 202 determines whether retract vector 468
is valid for moving tool tip 422 into retract plane 478. This determination is performed
mathematically by projecting retract vector 468 onto normal vector 474. If the projection is
positive (which it will be if retract vector 468 is directed to any point in a hemisphere above
retract plane 478), then retract vector 468 is valid (i.e., moving tool 141 along retract vector

25 468 will eventually cause tool tip 422 to be located in retract plane 478, unless machine limit
encounters prevent such movement). Thus, controller 202 computes a move of tool 141 along
retract vector 468, which immediately results in an encounter with positive Z limit 412 of
machine tool system 100. Controller 202 then subtracts out the z-component of retract vector
468, and computes a new retract vector 480, which corresponds to movement of tool 141 along

30 positive Z limit 412 in the negative x direction of machine tool system 100.
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vector 464) is not possible. This demonstrates one characteristic of one embodiment of a controller
202 according to the present disclosure. Specifically, in such an embodiment, controller 202 must be
able to compwigai1meMesnent (which is executed in reverse order) along 2btheuspeesseiabgplunge vector
464 (which may or may not be the tool vector) from target position 466 to a position in or above the
check plane without encountering machine limits. It should be understood that rather than compute a
move for tool 141 in the positive z direction of machine tool system 100 from position 465 to a position
above check plage#aficeonirobarpa0R wikk generateraniefeolifial $Ha raredauasdfeyandwdigcontinue
operation of part program 204. WO 201 4087PCT/11S2010/051408 Referring now to Fig. 14,
aore oe BT ATDHRE S B AT A oA eSO W22 e 24 gopits
a situatiorrauhereilnrtodl 1 4 Aistis positiothed aisings thecalgoisttomebiti¢the present disclosure even though
the retract vector 468, the plunge vector 470, the tool vector 472, and the normal vector 474 are all

different. As will Bé Bpperekrnin Bitiel deitiiption belesvihthdeMy b mtnes SEH praskit teclosure are

generlized syfficiepl:io19rpe A L8 QiGN AN 1 etract AN AlHRGe1se quaneARregaidiess of the
orientation of refract vector 468, plunge vector 470, or tool vector 472 in. second cooréjr@ %fg, stem

408. ContFOHBELEFSRIFN HehRS boThATE 60PN 453 18 L pRIRGE (Binbor Skt ne or a

check plangratengrwiateved Wtoactowpoieling pranided wilheodi rdaliatingdias i dimitsyrand then

10attempt§ to mog%tf)ol tipAAéZHZ1 ote ta%r eet sition (t%ﬁs:o létirllg g% loveme ts in reverseé along
' c

T1Re OW ), 1C RS alZorl . O S sure do not. requt
whatever F&ﬁgg Vedtoris providEd \itAdtt Viotatig machine Himits. S'shown, positio 476 of tool

141 corregpongisstonthecesbrichtnhpobition aktodlbamih wgor 4Heréyrhyoweveelimstohtof using the
defayif rettact NSO, WICh IS mﬁgtggweeggsgeve@cﬁpotp@elﬁ&@ei@4&1&5&% ROSHIAR-ERAUONRIF202 Uses

retract vector 468 which has been define by a user with respect to first coordinate system 404 in

the Bufferiofeg-ploae 478 is 00828 \ssidp phrimetdss sy BIaRer C o FdBpon divertedtiéodh§ and z

direction cosingsndrRsResHiMelYa@iingventas asidieseringd Relow)7nstaad ot genetalingsa retract
sequence based on normal vector 474 as described above, controller 202 attempts to safely move tool

141 along $¥HEPT-

Accordingly, controller 202 uses the same algorithm as described above with reference

15 to the retract sequence to compute the plunge sequence according to the user-defined plunge
vector 470. More specifically, in a manner similar to that described with reference to Figs. 9
and 10, controller 202 computes the sequence of movements required to move tool 141 from
target position 484 to position 486, and, assuming the movements can be completed (i.e., tool
141 can at least be moved to a check plane (not shown) without encountering machine limits),

20  causes machine tool system 100 to execute the computed movements in reverse order, thereby
plunging tool 141 from position 486 to target position 484 along plunge vector 470. When
using user-defined plunge vector 470 to perform these computations, controller 202 determines
whether movement from target position 484 along the inverse of plunge vector 470 to retract
plane 478 will result in a machine limit encounter. If so, but tool 141 is at least above the

25  check plane (not shown), the appropriate direction component of motion is subtracted from
plunge vector 470, and the resulting motion vector is followed toward retract plane 478 unless
another machine limit is encountered, in which case another direction component is subtracted
and the process is repeated until a motion sequence ending in a tool 141 position on retract
plane 478 is computed or an error is generated because such a position cannot be reached

30  without exceeding all machine limits. In the example shown, no machine limits are
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vector 468 to a position wherein tool tip 422 is in retract plane 478. Before computing a 20retract
sequence using retract vector 468, controller 202 determines whether retract vector 468 is valid for

moving tool {yndd2 jntasetract plane 478. This deteimination is performedbmathematicaldy by
projecting retract vector 468 onto normal vector 474. If the projection is positive (which it will be if

retract vector 468 is directed to any point in a hemisphere above retract plane 478), then retract vector
468 is valid (i.e., moving tool 141 along retract vector 25468 will eventually cause tool tip 422 to be

located indieiagtplanahid, 1B IeDsifnachineimib e NEORRNS BEEYRRL SUCR IHDVEIB e B ichBdgre
controller 202 computes a mave of tool 14 ‘alon(gl retract vector 468, erﬁl% }i)rg_mediately res{glts in an

encounter Mt pLIIE 2 A0 2 £3USP RGNS 1% Siiean 4Dt BRKSR RSPt out the
z-componenisitieiragt veeitrsd4p8sitnd comptites assewenediatiovactpsAieh witichcdrdspands to

movement of tfol }41 a}f:gng 3@@0 itive Z Ii{nit4%2 in the negative x direction of machine tool system
100. WO 36t R?Mf%]? é }E B108651468™ " controller 202 computes that no other machine

Limitsswill be engouniered Pyynoving ok 4t AloRd W HeHActYeSanA480: e PRRIlign 482 wherein

tool tip 422 is positioned within retract plane 478. At this point, the retract sequence is complete. As is

also showiSAl sy e FATALte RPbMOSRR e RrdpatiRgItIng @ oekies RREKS IS EBilR eree st #5%00l vector
when tooldddeisdmndhe tay get RLHIRIyoaTller 202 ispstRiuRg et A whieh has been

defined by a user in the Buffer Off G-code (i.e., 008.2 using parameters U, V and W.corresponding t
the .y ol SATEEAbh TR b Rl SUORSoHE B TABNTRG PR B SEIEE (e aigorithins

of the presafikcisclosuse tainmtideepingerphiagaseguendettiat dothpustthesinvé tsgfofingemal vector

3 ;:‘o' @gg’mlpg%%%‘t?gg‘ggﬁ?%%?%, TS CLon PR% % U3 ds 330N ARl RIGIRAION QhiRs plustge vector
Accordingly, part program 204 must include commands to indicate when to begin such
buffering and when to stop buffering. Fig. 15 depicts a portion of a part program having such
automatic safe repositioning commands. Part program 204 includes block 490, which includes
a G08.1 Buffer On command 492 followed by various machine and motion M and G code

15 commands, énd a G08.2 Buffer Off command 500. Upon executing part program 204, when

controller 202 encounters G08.1 Buffer On command 492, controller 202 executes the
algorithms described below and processes the intermediate commands internally without
causing movement of tool 141 until encountering G08.2 Buffer Off command 500. As
indicated above, the algorithms of the present disclosure can be used with part programs 204

20  that are created independently of machine configuration 208, the setup location of part 160,
and the setup (length) of tool 141.

It should be further understood that although the following sections describe a plurality
of different algorithms for performing the various functions of the present disclosure, more or
few algorithms may be employed by one skilled in the art to enable these functions. Indeed, all

25  of the algorithms may properly be viewed as a single algorithm. The manner in which the
functions are separated into the following algorithms is primarily to facilitate the description of

the concepts of the present disclosure.

In this example, part program 204 of Fig. 15 is written to cut two squares 475, 477 on
the sides of a cube 479 (with dimensions of 100x100x100mm) as depicted in Fig. 15A.

30  Execution of part program 204 with the algorithms described below will result in safe
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retract plane 478 is negative. in other words, any plunge vector that is directed into the hemisphere
below retract plane 478 is valid. Plunge vector 470 of Fig 14 satisfies this condition. Accordingly,
controller 2GR ¢p58a3/tagosame algorithm as described above with referencedbuszthe/rstsesct sequence
to compute the plunge sequence according to the user-defined plunge vector 470. More specifically, in
a manner similar to that described with reference to Figs. 9 and 10, controller 202 computes the
sequence of movements required to move toot 141 from target position 484 to position 486, and,
assuming-£bg dmevementsotan befieo tuplaiesh(izee, 400lahd batancpb datibe sfiowed #d gcheck plane (not

shown) without encountering machine limits), 20causes machine tool em 100 t ecute the
compute(ﬂ%C VRHROSIE TR #81\?8%%1 rsd]élﬁr de?e‘b%/nﬁﬁer?gairﬁréglg% 4% r%%sé/gé?,{ﬁ% r§§§l%%ét1§%rlé§% I[1)osition
484 alongmplungedectorcdizd iV hdthasing viseridefingaephengellectontz0atoperfosritiese

computationeaniolish SR ARIRIIngS whatshnavEmaRLiemIatstanabian 4 Alanghe Mverse

of plunge vecto to retract plane 478 will result in a machine limit encounter. If so, but tool 141 is at

least Bbovestiro@Hiorisk paHEN0IOEEREIATY MeHPPRSRYfiEcanEEaBH e SRPBhRN ATHRATSHSHRIL

subtracteg, frafmpiuneayecian 470 A ihrstesalting metippyaater ixfallenwadtauepig, rpiract plane 478
unless another machine limit is encountered, in which case angéher direction com ,oncfn is, subtracted
s‘fﬁ&ﬁ%‘ﬁ &t

and the pRoRERELPAKIO8rP LN YA TSHEN LEgERATE S AAMIYARCS (6t 1 & plane 478
is"comphutﬁapbm@&rwda@ﬁmeaaae@@eamwphf' arpasitidy) . cahngtviengaohedn3DWithtutdetceeding
all machine limits. In the example shown,.no.machine limjts are WO.. ,

2011/0445898 %Eﬁi@kﬁ%%@ %%@‘5&%%8?2&?%?% & ltmgo S O O S L 20 act
sequéncecanchting pﬂnm@)é@quenﬁ@am@gm@o@i@ﬂ}mm&e@g%éh@éﬁm%bﬁﬁ@%Ssﬁ@f@ffﬁ 100 to
move tool 444;iem RORIIENATO, p BRSan. 483 Wpdast ppsiien ek herselrar sasiRngek then to

position 486°an }lna y to target position 2%4 along plunge vector 470. 5As indicated above, the
automatic SR RS diitsniney Redities BURE pP8sERt idbrssinadiebnipeitectssrired &rinsmetisefore

causing maehing 19RLa¥sE AR execHieHRAse PNemeERtsIdtiads Beesktplishae by, buftering the
computed sequence of moves until, ) _ . . .
such machine tool system will safely cut identical parts even if their axes configurations and

15 work volumes (i.e., machine axis limits) are different.

Without the benefit of these algorithms, the programmer must insert the sequences of
moves needed to reorient and reposition the tool safely. As indicated above, the programmer
knows that such moves may result in errors as exceeding machine limits if the programmed
moves are too conservative (i.e., designed to maintain too much distance between part 160 and

20  tool 141 during repositioning). Thus, programmers may program moves that are less
conservative, but result in unintended contact with part 160 or components of machine tool
system 100, which is, of course, even more undesirable. As described below, with the
algorithms of the present disclosure, the programmer is relieved of the responsibility of
inserting repositioning moves into part program 204, and can even specify a retract plane that

25  is outside the machine limits that does not result in errors or tool crashes.

Referring now to Fig. 16, a Program Command Processing ("PCP") Algorithm 502 is
depicted, which is executed by controller 202 when processing part program 204. Block 504
represents the inputs to controller 202 at run time, which includes part program 204, an initial
Buffer State 506 of Off, and an initial state of the Notify Out Of Limits variable 508 of On.

30  After these initial states are established, controller 202 begins processing programming
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controller 202 determines that tool 141 can be safely repositioned, and then executing the buffered
moves. It should be understood, however; that the computations and buffering are 10 performed at

run-time, whgip payt/pegram 204 is actually being executed by controller 202 Ascoreingly, part
program 204 must include commands to indicate when to begin such buffering and when to stop

buffering. Fig. 15 depicts a portion of a part program having such automatic safe repositioning
commands. Part program 204 includes block 490, which includes a 008.1 Buffer On command 492

followed Rywatious srachineanghmodian MiaReSrsasleckS commaingsransad)82rBuifer Off
command 500. Upon executin Q%a% p?ﬁaﬂ 204 W%% cantroller 202 encounters 008.1 Buffer On
command Z SRS FORRE (Rad tHe A é%?i%% ges%ﬂﬁgﬁ%%%vr\? AN proCeeEEEihe
intermediateraonprogrds énternatly wiikoint azusiagcradeenesitohioglidddt untdsagountdring @08.2
Buffer Off command 5Q0. As indicated above, the algorit f S ' S be used
with part Spggarglr\r’\ag[%ﬁg J0that 3%%%%)1%@%%6&1? eht ng%rﬁgﬁgﬁl@?gg%%g&?ﬁ %%qg%?ﬁe setup
locatidn oPpai60oamehtdd setitheflenthicoBtabiridm., which etrusdrbertfeenes iriddestdod that

although the fallavindsesctiansdesaridemplarality of giffereotalgarithms ey wesosmming ke yarious

functions of the present disclosure, more or few al’aorithms may be employed by one skilled in the art
to enable heEEsieadidddaBeden T ommandi§Bitrimethvay Brobergeeny fedieuad & dtivte
algflnrithm @_dﬂé?l rBanRe O whishihe dunstioos aremaparoeddniadhe jollowingagoRthmsas primarily to
facilitate t escription of the concepts of the present disclasure .In this example, part program
204 of Fig-'15 ié@\f%f’gﬁbt%d ?Wotgaﬁ%isﬁggog'fg,esfﬁ% 1tfﬂ1éssllsd%1§foc%u§1%%88r P(W Fdimensions of
100)4]_)00%%&1@1,_&9@&@@@ o drigpni 5 30&kacpdio profpamt b granu204adith thetbigoktims
described psiow WY fesi b ogle. WA MU AR EheERAAKNR 40 Loorenialianaldool 141

after cuttlné square and safe tepositioning of tool 141 to a machine position for cutting square

475. In prépenagiparepromanor0d Mhes srogitinatheribaeieisnevsider lonafisa ohimoigtie

repositionjng, seqiieRGa s Uil esaHNIeN JURRENING) liRdi causInePIeQraM L HMINBLNR.F he algorithms of
the present disclosure automatically compute 5the repositioning sequences and return an error only if

reposition%@ﬁﬁ%@%@ BehravabByfifs On (block 512). At block%M, controller 202 also determines
15 that Program Command does not equal Buffer Off (and Buffer State 506 is not On). Then, at

block 518, controller 202 determines that Buffer State 506 is Off (Buffer State 506 has not
been changed from its initialized state (block 504) of Off), and proceeds to block 526. Asis
further described below, at block 526 controller 202 internally computes the required machine
axes positions to achieve the programmed tool position and orientation using a kinematics

20  model of the machine as is described in the Generalized Kinematics patent application. If
Notify Out Of Limits 508 is On (block 527), which it is for this execution path, controller 202
checks whether the computed machine axes are out of limits in block 529. If so, controller 202
generates an error (block 531) and terminates program execution. Otherwise, the result of
block 528 is yes (i.e., Buffer State 506 is still Off), and controller 202 outputs the motion

25  commands specified by part program 204 to machine tool system 100 at block 532. Controller
202 then returns to block 510 to begin processing the next command of part program 204 in the

manner described above.

Thus, unless a G08.1 Buffer On command 492 or a G08.2 Buffer Off command 500 is
encountered, controller 202 will simply advance through blocks 512, 514 and 518 to process

30  the command in a standard fashion, generating errors (blocks 529, 531) if the commands result
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remaining a safe distance from part 160. As will be apparent to one skilled in the art, part program 204
does not include rotary axis-specific commands (e.g., an A90 command which may he used to
command 9Qgegrafdaiation of an A-axis). Thus, when program 204 is loagegiriaandsexecuted by a
5-axis machine tool system 100 with a motion control system 200 10executing the algorithms of the
present disclosure and the algorithms described in U.S. Patent Application S/N 11/833,971, filed
August 3, 2007, titled "GENERALIZED KINEMATICS SYSTEM," Attorney Docket No.

EIUR-P198-H&:Mi(harenaflitlonthen@ ensratiset kingmaticsipatenbapnticatinr linhe disalasure of
which is expressly incorporated by reference herein, each such machine tool system will safely cut
identical PR W&t their axes configurations and 15work volumes (i.e., machine axis limits) are

different. Without the benefit of the rithms, the. pro mer mustjnsert the sequences of
AnQ § %ﬁto%%lg%fgi)ggég}yﬁﬁ 18%?@\}/3% W cnyr%ﬁram%omnqan%

ther e%wcu on pa
moves needed to reorient and reposition the to S Indica above, the programmer knows

that such pyoeeBuiEy @sitdn dteoesGESek Bediingmractine diri i ¢heoprogammadt frrogesrare too
COﬂS%fvat'bV?i-% desianed-ig mainiain 198 el disiAnae AEMRGRRAS, E0:aRChRP derk 564 during

repositioning). Thus, programmers may Erogram moves that are less conservative, but result in

unintendefEdntdtisviniipkn tenelles aResdst e RinekS AP Sy dtask PAO, WhsrerBieiter ebitfise, even

more undegisable: Asciesarbrdalow: wishitkeatgesrithosabthanresertidisslasom tiedprogrammer
is relieved of the responsibility of. insertinﬁgrepositloning moves into part prt;%ram nd can even

4,
specify a It BIAHEIHBPSERD 48 BEPHESFRY ROSSHIAL R RS TSt HOBS TEP R%leﬁgé?saber tool
crashes. alghefetsidgadveddHigy 1 taRoginGaam hand Rrodessing fircP A Adgoriihad 502 is
depicted, which is, executed b ntroller, 202 when processin rt pragram 204. Block
roprdlon T e CORTER 09 et R SOt B e LSRN e
State 506 20 Hpwndvbat thitiedstate b che o it @flLinoits theriaiske BOSoitDn c8BAftEE these initial

states arec%ﬁ%%h@ﬂopmlﬁg %9&9&98]%19 r?S?ﬁ%Q@oBFR&%IEB&rM{Q 202 has to send the
2011/044087MT/1182010/051408 commands of part program 204 as indicated by block 510. During

processinGOTsTRMANPAKEEFeBH PHINSAEHIESIb ot PE PISIGS DS 9echiRe PHRRARFHIGHE of

processingyis NQERAl RLegraMWexecHiic sWhereis _E M a6 safe Hepasttiopiniic behnesassaty and
hence is not activated, During normal program execution, Buffer State 506 is Off and thc variable

5Probtam ESMRSHR i AEHHEP & GEAMBBRE BN, which occurs when controller 202 is

More specifically with reference to Fig. 16, controller 202 proceeds to block 526 where
controller 202 internally computes the required machine axes positions to achieve the
programmed tool position and orientation using a kinematics model of the machine as
described in the Generalized Kinematics patent application referenced above. At block 527,

20  controller 202 determines that Notify Out Of Limits 508 is not On. Then, at block 528,
controller 202 determines that Buffer State 506 is not Off (it was set to On at block 516).
Thus, controller 202 updates the target position (to be the current machine position stored at
block 516) for ASR Algorithm 540 at block 530 and obtains the next command of part
program 204 at block 510. At block 512, controller 202 determines that Buffer State 506 is not

25  Off, and proceeds to block 514 where it determines that Program Command does not equal
Buffer Off. At block 518, controller 202 determines that Buffer State is not Off and checks
whether the command currently being processed is a Group 1 or Group 2 command (which are
fully described below). If so, controller 202 stores the command in an event buffer as
indicated by block 522. Otherwise, the command is considered a Group 3 command and is

30 internally executed by controller 202 at block 526. More specifically, controller 202 internally
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processing a 008.1 Buffer On command 492, or Buffer Off, which occurs when controller 202 is
processing a 008.2 Buffer Off command 500. In other words, Program Command is not a 008.1 Buffer
On commang,49¢,9o@4§z98.2 Buffer Off command 500 and Buffer State 5p6+%,/94f; s Aggcribed
below, the result of these conditions is that during normal program 10execution, the machine positions
specified in part program 204 are outputted to machine tool system 100 for motion (i.e., machine axes
movements are executed as they are encountered during program execution) More specifically with

reference $Q-figh1 G 2Htef, QRIAINIE A& CRAPAAH SR B@ﬁﬁé%@@fﬁp? o larkalDsieentalier 202
oc

determines that Program Command does not equal Buffer On ( ). At block 514, controller 202

also deterfEiFREILS P SdRaRrECTRIAGH P tIE e Bt EAF SisReT bRt ArBBIHEr BYSH 506 is not
On)bThemI@uﬂa@@é %@r&&etmdli%.ﬁﬁz Natﬁg:m?(e@fhahfﬁufiee $1ate1 08, i atb(BriesSiateb06 has
not been cha rom its ipitialized state (block 504) o . an oceeds to block 526. As is further
describedﬁgg?%?/g%tt%:@gﬁ?%% o éﬁ’f%ﬂ%%%éﬂﬁ?&%ﬁ@é%%%%%ﬁé1e%?d?r%%iﬂ Fﬁéﬁ:h‘% 8%53(1& positions
to acHieve fileaproguarume thtoel gositisinand orientatiotd usin g3 kirematids@@meodeteoftheamachine
as is descyj ' >enerali jnemati t icati | ify O - Limi is On
Clonk 2203 S e B e o ehine

axes are cutistdifmté fRbiderBhor 8w idoatrollef202dien Patagaan BrirbryBlscle S IPERd tefminates
program exgeyHO QIR NSRS 1854 ALRIBETIRE frovess GouRuffer Slale SORKHIUON, and
r

controller 202 outputs the motion 25 commands specitied by part program 204 to machine tool system

100 at bloeREINESoHiBHEH e HERFSRHR 1o BIBBRE o A BEyRipERE &R E MRS HERt command of

part program 204 in the annq‘%i scrined above. (%J : qé]tes 008.1 Buffer. On.command 492
o o 0053 Buffer S AN BT ChB e b e BE o G ARt d Whough blocks
512, 514 andtHil8stopnocesscditivecmiyanchin @ staii teshion gdnsnatied)abaors Bleoks 529,

531) if the FaMmay gcég%ﬁfggg@%m 142878 GLIH3RR3 04098398, macoing imiyiglagions, and

outputting comman Ine limits are not encountered. Another execution path of

PCP AlgofisstztsSfidietheiHel PredramvCOmkiand etifsBiffenonditSRafitgoahosSt Buffer
On commapdif 977i% eRReY &SI MR BERGFR R fely repositioning tool 141.

15 The command grouping described below is part of the command buffering feature of
the present invention, which provides added flexibility to the creator of part program 204. As
indicated above, the programmer may select any block to begin command buffering (with
G08.1 Buffer On command 492) and any subsequent block to end such buffering (with G08.2
Buffer Off command 500). The repositioning algorithms described below operate on the

20 current position of tool 141 when buffering is turned on. All moves commanded by part
program 204 between G08.1 Buffer On command 492 and G08.2 Buffer Off command 500 are
internally executed by controller 202, and are permitted to be outside of machine limits
because Notify Out Of Limits 508 is set to Off when Buffer State 506 is On. However, the
final target position (block 530) must be within machine limits as Notify Out Of Limits 508 1s

25 set to On when Buffer State 506 is returned to Off (block 524) prior to executing ASR
Algorithm 540. If the final target position is outside machine limits, the algorithm will
generate an error and terminate execution of the program. All commands encountered are
classified into three groups. Group | commands include commands that activate devices or
systems on machine tool system 100, but do not require movement of axes of machine tool

30  system 100. Examples of Group 1 commands are commands that initiate pallet changes, axis
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5 204). As shown in Fig. 16, when Program Command equal Buffer On, and Buffer State 506 is Off (as A
it is initially), controller 202 proceeds from block 512 to block 516 where Buffer State 506 is set to On.

Additionally &gk ek Notify Out Of Limits 508 is set to Off and the curgertiasiing sgsition is
stored for potential use as the start position of tool 141 in the algorithms described below, but only if no

Group 2 commands are buffered. As explained 10herein, Group 2 commands move the axes of
machine tool system 100. In some cases, controller 202 knows what the command does and where it

will move the axes, LISIRFNEECISES iHﬁ&QWS@@nﬁhiésQ%x'ﬁ'ﬂ%ﬂﬁsté\fet@ﬁf%}@g%lﬁ%é:@%those
commands, controller 202 has to senéljthe command to a logic controller 539 (see Fig. 2) (ke., an

interface tBMiE THABHARS CERMSTREHES ARGHAR BRYSREAEILEMEY s oGROSEINBIRISS signals
it has compieted+be command, and 15then pick up the real-time machine position. More
specifically with reference to Fig. 16, controller 202 proceeds to block 526 where controller 202
internally computestihe reguineddnachineaxedspbsitionsiecactievé the fivageamimebleobl position and

orientationising.& kinsmatissmodal o ihe madiing &3 escriked dndne.Generaiaed ingmatics
patent application referenced above. At block 527, 20controller 202 determines that Notify Out Of
Limits 508k pitrenbherprppge ook BsmesatrolibpzopuatardinsBom st @uttdy SaeBUBehis Off (it

was set tonf R @t plack Sl ol s contirlian 402updatas she tasget ostiomrderibrogyrent
machine position stored at block 516) for ASR Algorithm 540 at block 530 and obtains the next

com mandCGFB&?PB?dﬁ?%eéﬁﬂl &Piﬂ&fél?‘%ﬁf@%aﬂ%%@l@%ez?%}&%ﬁé’?r%?ﬂe@’iﬁ%Séafﬂﬁkeé%‘ﬁer State
506 is not bl gnebpriaseddsdmblotke5d4l whie reot deiennines dhad IRioamMdsoinmeanrd dedsdgot equal

Buffer Off. Al block ntroller 202 determines that Buffer e is not Off a dcl; cks whether the
oty ey it sttt e e S S e b Al
below). If $88 cuitlirglteiogD2 shenmsghecatmnansliinlexeé ve tdeftbragindicated iy biboia HR2.

Otherwise, ihe command 15 comsidersa /oy dcommand andds aaniamally exeguiaday controller
202 at block’526. More specifically, controller 202 internally WO 2011/044087PCT/US2010/051408

computes fetPebehddntaehie R HsitoRYRa senlBvatha deyraninfets topl BysHivaaAl

orientationging A kinemaiics OﬁQQ.%l,Qﬁdéﬁ%Gbﬁﬁ%Qzﬁh@ faenqralizgd Kaemalics paienhARelication
reference above. As Notify Out Of Limits 508 is still Off, controller passes from block 527 to block 528
wherPit détermifRE AP BURSSSRACEDR S SHTMBPEHOTGRaNeP 3208 Kpin i heSmEmEtfet

position if aeceashihitock EBHo A milkecomeE OIS dppaienb ffamnhe destsiptiodneinwy, the target
posiion st tgiqet gosition (¢ g, posiion 402 qf Fig, 3 used by ASR Alorim, 40,68 Fig. 17
Controller 202 again obtains thé next command In part program at block and continues the
process ofkbofferimdy®rothp bgind@tolle2539, which is the interface to the secondary machine
components and physical systems. For those commands, controller 202 must send the
20  command to the logic controller 539, wait until logic controller 539 completes the command,
then pick up the real-time machine position because it does not know ahead of time what the

command will do and where the logic controller 539 will move the axes.

Group 3 commands are also internally executed in the software in the block sequence of
part program 204. Group 3 commands are motion related commands that do not activate
25  secondary machine devices or systems controlled by the logic controller 539. Examples
include rapid and linear interpolation moves (G0, G1), arc commands (G02/G03), transform
plane activation/cancel, drill cycles, etc. In general, controller 202 generates transition moves
from the start position (i.e., the current position of tool 141 just before a G08.1 Buffer On
command 492 or the machine position after executing Group 2 commands, prior to computing

30  the tool 141 moves associated with the reorientation sequence and the retract and plunge
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commands, internally executing Group 3 commands, and updating the target position. 10Eventually,
controller 202 will encounter a 008.2 Buffer Off command 500 as it continues to process commands of
~part progranwdCd indiesmanner described above. When it does, the outcea&w2hio6k1%5B4 will be yes,
and controller 202 advances to block 524 where Buffer State 506 is turned Off, Notify Out Of Limits
508 is set to On, and ASR Algorithm 540 of Fig. 17 is called to begin the process of safely
repositioning tool 141. 15The command grouping described below is part of the command buffering
feature ofsthaqpresent invéntibpesitivalo providés getdestdekititgtouth? areatorupf pertpragtam 204. As

indicated ab th i [ i :
indicated gbeve 419 RNBMET Ak Selses v bclclo Bealp compmandinisring nigh008 1 Butfer

On comma and any subsequent block to en fering h 008.2 Buffer Off command

500). The repositigning AlgRrithms fescsingd balpwrepgrate npdhe 20 curreniaesiiionabipol 141

when buffering is turned on. All moves commanded by part program 204 between 008.1 Buffer On

command PSR POOE SRR A OIS AREABIRS 4PE FBRUIE AR IQREPBY CRNIEIM 862, and arc
permited:tarbe aisileRbmachinetdimishaeauseNotific@siOf sipiisyhBipsat thaOtitwinahcBuffer
State 506 is On. However, the final target position (block 530) must be within machine limits,as Notify
Dot Of LIRAEEHS 1 SE ) BT SEP Siate BORIS PlhPEd o O (S St 0} bxecuting
ASR AIgdﬁthaﬁ%@ﬂrﬁfﬁesmlﬁ%get(lﬁﬁsﬁtbﬂdﬁb«mdé)ﬁianhtsléOﬁnﬁé?mh@atgmlthrﬁ%iI<I>@ten@rate an
error and eminale, s on f e BracIam, A, cammARd SGRUNIBTeA. A5 slassiliad o hree

1 ude commands t

groups. Group 1 commands inc at activate devices or systems on machine tool

system 100ibuthsy Hetestpiné dpverasoenre L eP mMremitencerad Estétn Boooutnehiméieof Group
1 compmangdsaig epmRands bakipitiatepaliel chanens20s WQ 2RL1/Q44R8TRGEIIS2010/1151408

clamping, coolant ()Moll', and spindle on/off. These commands are buffered during the buffering
process afiB4ediREa PRGPES e oS REREAHEE SRS RS AP S A8 FUBE SR o T4 P 8s. Group
2 commangsakm Eomaaids tikatiageRxepted it the sofinwaiecinditRbboak Group 1 and Group 2

commands). It should be understood, however, that in outputting these commands, controller
202 evaluates the state of the event (i.e., the current state of a machine system such as a

15  coolant system) to avoid unnecessary toggling of the event. More specifically, if, for example,
several tool changes were commanded during the buffering process (Buffer State 506 of On),
then only the last tool call would be executed prior to computing the moves associated with the

reorientation sequence and the retract and plunge sequences.

Controller 202 also obtains the current machine position (i.c., the position of tool 141

20  after execution of the outputted Group 2 commands). For example, a Group 2 tool change
command may have been executed upon entry of block 542 of Fig. 17, thereby changing the
start position of tool 141 for ASR Algorithm 540. Controller 202 stores the current machine
position as the variable Current Machine Position. Controller 202 also obtains the retract and
check plane Normal vector which is by default along the tool vector if the R parameter is not

25  specified in the G08.2 Buffer Off command 500, as is further described herein. If the R
parameter is specified with a 1 (R1) in the G08.2 Buffer Off command 500, controller 202 will
align the retract and check plane Normal vector with the program's current coordinate system's
z-axis direction. Controller 202 also obtains the retract and plunge vectors, which may be set
by default or specified in the G08.2 command with additional parameters described herein.

30  Both the retract and check planes share the same normal vector, otherwise, if they did not, the
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5sequence of part program 204, but not executed on machine tool system 100 until prior to executing
the computed tool 141 moves. These commands, when executed, venerate machine motion and
activate a deyige®lsystem of machine toot system 100. Examples of Grogpr2usenmmnands include tool
change commands and zone change commands. For an example tool change command, the machine
tool will move the axes to a tool change position, then the logic 10controller 539 will index a tool
magazine to the new tool. It then exchanges tool 141 in spindle 138 with the tool in the magazine that

was indexgdie: thewexehange: pesiteamiitae which shadogin Rosdrailer-589 signalsi contiadieb 202 that
the tool cha}nge is complete. A .describeg |rt the tool.gh %e command example, Group 2 commands
will executs's & 1001 SySter vi'e.g., index tool magazine and exchange

| RS g%’ﬂ/%?g SPHS RS S sSystem
o0 Lo epindle) SR AR S BACHRA K36, FOLRAME IUR RIS, (PALONEr 02 vl krow

what the comman és and where it will move t xes to before issuing the command to the logic

controller B39¢ BoweVEQtorrssifieathaeetn el Lise Rowinand i sotrAdrie By tesltmereo2; it is

knowg only by, thedegiesontillen b3 yuhichiia the intefacs tothe: secondaninashing cemtponents
and physical systems. For those commands, controller 202 must send the 20 command to the logic

controller §56H PSR Bﬁlt‘ﬂ"fégic controller 539 completes the command, then pick up the real-time

machine posﬂmrgbecaus JtI(l;i%%s&%talcr@\{gthe of time, w(lgat the command |Ilf4rnlo and.where the

. atipn 18 specitied as an mput paranieter rrom part
logic controller 5 g17iiPMhove'the axes: roup T colnmands af8 lsoiintérmna y executed in the software

in the blogkeeguedee oftipdrt KiatPaiu 28406 eupasdaifahds Betrmblibng Qeieid-chirgpiaimstthat do
hot aCt"’%ﬁ%éc?%%%‘Qﬁ%%ﬁ'%r 9"*%%%??5?@%%&%&%'1‘?%%f@?séow&ogﬁ[@|%re§§gciﬁ§amp|es

include rapid and linear interpolation moves (GO, GO, arc commands %602/603 , transform plane

activiionRressead dripeyeregram 24 gatetzs Cohg deifoddigemariad NSRSt the start
position (i.&,q the SHEEERRASIPM Ok t9alld 1 Justibafore.a QRR:: Bidfamee sammareddraitbe

machine position after executing Group 2 commands, Brior to computing 30the too£141 {{IOVG%
associated Mth(the’ rebrid NAiSPP kIR QAR HIEPeAPAct hRE DiEiggact Distance L nor Retrac
Plane Point (X,Y,Z) are specified with the G08.2 Buffer Off command 500, then controller 202

uses a Retract Distance L of infinity, thereby setting a Retract Plane an infinite distance from

15  the Target point in the Retract Direction.

Equation 2: If the Check Plane Distance Q is specified as an input parameter from part

program 204 with the G08.2 Buffer Off command 500, then Check Plane Point = Target Point
— Check Plane Distance from Target * Plunge Direction Vector. Otherwise, if the point is
explicitly specified in part program 204 with the G08.2 Buffer Off command 500 using

20  parameters I, J and K corresponding to the x, y and z position in the current coordinate system,
Check Plane Point = Point (1,J,K) specified in part program 204. If neither Check Plane
Distance Q nor Check Plane Point (1,J,K) are specified with G08.2 Buffer Off command 500,
then controller 202 uses a Check Plane Distance Q of zero, thereby setting the Check Plane to

contain the Target Point.

25 At block 544, controller 202 determines whether, based on the current tool vector and
the tool vector associated with the target position, any of the rotary axes of tool 141 must be
reoriented. If no reorientation is necessary (i.¢., tool 141 ig already in the target orientation),
then controller 202 executes the Move To Target ("MTT") Algorithm 550 of Fig. 18 as
indicated by block 546. If, on the other hand, tool 141 must be reoriented as in the example
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WO 2011/044087PCT/US2010/051408 sequences) to the final position of tool 141 generated from
Group 2 and Group 3 commands encountered in part program 204 before encountering the 008.2
Buffer Off comorrandh$087Referring now to ASR algorithm 540 of Fig. 17, mlotiuS®2oaging the
reorientation sequence by initializing a number of variables and computing the location of points on the
Sretract and check planes (note that a plane is filly defined by specifying a point that lies in the plane
and a normal direction perpendicular to the face of the plane). As shown, controller 202 initializes
Buffer States&0Getoa@ff andt iNefifye@ut O FLdmits75081c@uroCantidllex 202 otipstspsadogfidiedntroller
539 all Gﬁjqu%éggd Group 2 events from the event buffer in the order in which they were stored during
execution 0 P Algorithm 502 of Fig. 16. By outputting the 10 buffered Group 1 and Group 2

commands, contrgller, 202.6SES |QgiEARLPUENA3:0re1soU R the RRMMREYS diheteby @rRerating

the appropriate machine axes motion (for Group 2 commands) and/or actlvating the appropriate
machine 4P8tEn8 {aFBERFEivlE 1 atd oL RibimanaeT 2R S FRAlI D ORELPSIOEETHdWever, that
in outputting theseicasimandsteptallart202 eyaltatexX thestale aithe eventdbesy thencLovent state of

a machine syste h as a 15coolant system) to avoid unnecess ing of the event. More
specificall@,i%%r Sg]ei%?n%%‘i@l CeVETA 00 % gthﬁ%)%%%g%ééaoé:ﬁfﬁlasﬁ%eoé%ﬁi?nqé] ithee Ot}lf‘fer‘llr%nﬁrr%lte:ess
(Buffer Sthteib@@ibfcoh)4theacbadypthaiastbolicalldnduic ddrexeoltydtpridfo(tBaetpatingdhe moves

associategd, wi th arsegg'%aaa&i&%g%{%c AL HASHARY é?é‘épa%%éﬁﬂé&S@ﬁ%ﬁ-b@%&ﬂ%&zoz also

obtains the current machine position (i.e., the position of tool 141 20 after execution of the outputted

Group 2 cbhhrérhers). 166r Seaiplist 2B resip detersnidsa Hifereovapiasaspasy thabanseditexecuted upon
entry of blackpd0b Fige 1114 ithera N Chargingohigostas i paition-ahioql shdkiler ARRAlaaskBm 540.

Controller 202 stores the current machine position as the variable Current Machine Position. Controller

202 also GbiRIs! e tebatr afideHEer Panee N6 aIbeosF iRiEh R BefatibatsAtARRIRY vector if
the R paramgjepisinghg dspecifieetiorthe &b Buffc100ff Controaab0th ascisnfpiibertdescribed
herein. If the R parameter is s%ecj ied with al (eRdllg in(;[heal 008. tI(?;(l)Jlﬂ‘er Qff command 500, controller
202 will afigh e FEatt aft tREEK Piine NoIREI Ve RIS Fith the Brogram e &ifrént coordinate sy stem's
z-axis direckiorn@octrofiée] 202natsonebtaihsythenrdfites dastphmge tectorssraltrichknayrbsset by
defapdt or specilisghin g 298 command with Additenal A AMEIEr SRREIPALNELEN 00 to

unclamp any rotary axes of tool 141 which must be moved to accomplish the computed

reorientation. Controller 202 outputs motion commands to execute axis rotation and reorient

tool 141, restores the clamped states of the unclamped axes, and updates Current Machine

Position to reflect the new orientation of tool 141. Upon completion of the steps of block 548,

20 controller 202 executes MTT Algorithm 550 of Fig. 18 as indicated by block 546.

Referring now to Fig. 18, block 552 lists inputs to MTT Algorithm 550 including the
target position for tool 141, the Current Machine Position (from block 542 of Fig. 17), the
retract direction (from block 542 of Fig. 17), the plunge direction (which may be specified in
G08.2 Buffer Off command 500 using parameters U, V and W, but is, by default (i.e., when U,

25 'V and W are not specified), the inverse of the tool vector when tool 141 is in the target
position), the plane normal (from block 542 of Fig. 17) as described above, the retract plane
point (as computed using Equation 1 described above), and the check plane point (as computed
using Equation 2 described above). Using these inputs, controller 202 next executes the
Compute Retract Sequence ("CRS") Algorithm 600 of Fig. 19 as indicated by block 554. In

30  general, CRS Algorithm 600 provides the functionality of computing movement of tool 141
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30Both the retract and check planes share the same normal vector, otherwise, if they did not, the WO
2011/044087PCT/ITS2010/051408 planes would intersect part of and the check plane would be above
the retract pkaeii@uby generating an error condition as is further descrilzediuselawosi4od-inally, at
block 542 controller 202 computes the retract plane point and the check plane point. More specifically,
controller 202 uses Equation 1 (described below) to determine 5the location of the retract plane point,
and the check plane point is computed using Equation 2 (described below). Equation 1: If the
Retract Distangainisspasificinassandrpedddadameres frasi peicprogiamozdd Wik thecGdi2Buffer Off

command. 500, then Retract Plane Pqint = Target Poijnt + Retract Distance from get * Retract
Direction Ve&t5f! @réﬁtsaé% %ﬁ%gpg%%ﬁé g)?&lg(n:fﬁyé%]cs%%& R %%r elﬁrsoaf:g%ﬂ;gj £%%%%08.2
Buffer Offreﬁqmmqnhﬁaﬂd@shniquamhmteﬁéé_k‘ﬁﬁmutﬁasanrte_s;p@dctmg_ltmat_mkywamdoﬂpo%@ﬁmf in the
current C‘?v‘%ﬁ%'{ﬂé‘}“f‘o%}’%‘iﬁ"}bﬁﬁtﬁ%%ﬁ’é%ﬁ?o??)'(&%éz Yhé%%ﬁ’&.‘@%ﬁ@ S GLINLAAL HOQraMm,2P4. If neither

Retract Distance L nor Retract Plane Point (X,Y,Z) are specified with the 008.2 Buffer Off command
500, then eéhaw|Rcoobingseyy @ Rbaraachisedieast b irfirfadheesypSeiride Revad Plane an infinite

distance frgm,dpthe shargaipaint ithe SeyachDivectiensplay RobaIPM&ickithe khesk Riane Distance
Q is specified as an input parameter from part FLprog)rr%am 284 with the 008.2 Buffer Off command 500,

then ChecdRBIEnRS BYRIY LPatiianedint DeiREeR BidachistAnce from Target * Plunge Direction Vector.
Otherwise, if the pqint is explicitly specified in part program 204 with the 008.2 Buffer Qff command
500 using 20 pagan% ee?ga),%jeé]ﬁg chgrarse%oﬁno%%ﬁégspoc %%ses@F ’a%' v Ogﬁl%nn ?r% ?Wéogﬁrergesnttocoordinate
system, Chieck FianénPdiak S @oithe (bJiik ospeeifiecén pant oo ram 2@4 . sHaueitbersGetciokt IR

DiStEirdce ogﬁ{og @88515{:%1&3@%@%2& Is@q%'é%c%o GFH{%%M'% 1%@1%& E’é‘dﬁ@ﬁc@ﬁlﬁ%@é’é&ﬂ ﬁg(l then

controllergoz uses a Check Plane Distance Q of zero, thereby setting the Check Plane to contain the
Target Poffitract plard(bekisanocabrnsiide 2bechPlennineBWisethiic pastandbene drtsigetasitector and

the tool vegiprassagiatedpuithine targstresiticn oK phthe rofmaNesoiinel 44 krushled
reoriented. If no reorientation is necessary (i.e., tool 141 js already in the target orientation), then

controller 3B eSARRRELHHR MBS T Fusifst OOITT) MRS RAM SBE 81 ¥i404 BRI EESHhY block
546. If, ontHee bier eanchdQol iidh Musidbibrearientatiasoin. the exampied above, the CRS

15 Algorithm 600 used by controller 202 to compute the sequence of moves in the retract
sequence is the same algorithm used by controller 202 to compute the sequence of moves in
the plunge sequence. This is evident in Fig. 18 in that CRS Algorithm 600 is called at block
554 (the retract sequence) and at block 562 (the plunge sequence). The move commands
computed during the plunge sequence, however, are stored in reverse order to their computed

20  orderin the MTT Algorithm 550. In other words, controller 202 determines the moves
necessary for repositioning tool 141 from the target position to the retract plane point, and then
executes those moves in reverse to plunge tool 141 from the retract plane point, toward part
160, into the target position. When executed during the plunge sequence, CRS Algorithm 600
also assumes that the end point of tool 141 (i.e., the beginning point for movement in the

25  plunge direction when the plunge sequence moves are executed in reverse) is the retract plane
point. Although the retract sequence described below generally attempts to position tool 141 at
the retract plane point, that is not always the case. In some instances, tool 141 will already be
at or "above" the retract plane at the beginning of the retract sequence. In that situation, the
CRS Algorithm 600 is not executed because tool 141 is already in a safe position.

30  Alternatively, in other situations it is not possible to move tool 141 to at or "above" the retract

plane without exceeding the machine limits. CRS Algorithm 600 may instead move tool 141
28



WO 2011/044087PCT/U82010/051408 described above with reference to Figs. 5-7, then controller
202 executes the steps identified in block 548. The first step of the reorientation sequence of block
548 correspygsda Ahgogescription above with reference to Fig. 5, whereipeprikali@i2dsretracts tool
141 along the current tool 5vector until tool 141 reaches a limit (e.g., positive X limit 416) of machine
tool system 100. After tool 141 reaches a machine limit, controller 202 causes tool 141 to be moved
along the limit until tool 141 reaches positive Z limit 412 of machine tool system 100 ("Retract to ZO

macqi gg"}c@§ ﬁ&ﬁdﬁ%gg@kﬁg-tdﬁe karkiie ﬁl@fﬂ%ﬁnmé\%h&mﬂﬁ%ﬁ@&ﬁﬁdﬁ Rpravisied d@%%@enet@@fl 141I and
part . Controller next determines the moves necessary to change the 10orientation of tool 141
from the GURERPRBSIHIAS thE RSPt @fe%@&ﬁ&ﬁ?ﬂﬁeéoaﬁéﬁ{gﬁ(s 661%8? PRI RS B position
is specifiegldyritre oisesgonExaimptedayrotay poes posiidhatel byspesibdikhddhe favg vegtor in part
program Za% . Cont{ﬁ“er 20. é en Co'ﬂf’n“t%? th%gegu{red ma%rlzine Xes gositiqnsf%%eaqhieve the

Tesses S. DOsSibility by §e ¢ rerract.plane point (1.€ € CI mto unge
programmed to0! poSition And oriantation Using a Kihematics model of ma Rinetoo %stegm 100 as

descrﬂ)edsmmc?@ewg’mii'zsetdidﬁmetmaﬁﬁs%l’?sbménna@plmm theférgnosdiabooenCsdtrolies 202 then
causes maghingtaglsystam o0 o WICIAmAAR% B?@}’e%é&éeﬁ@é?@k@%l%ﬁm f&fnayed to

accomplish the computed reorientation. Controller 202 outputs motion commands to execute axis

rotation asERHEAR RIoIP4 14 Fdahonss bRle Bidthped s tates Olte) s dlsipE biXess At ipdates

Current Machine Position to reflect the new orientation of tool 141. Upon ¢ letion. of the steps of
ORI eLE A B

om 0
block 548, 20coNHIF T D AP 6O 15 AR MBIy BBy,
Referring hmivstoffrigciBichbadls ibiis s mipati sho bt &Xlgarith 6b 50l hel gdirgthe: tafgetposition for
tool 141, the Curre chine Position (from bl 542 of Fig. 17), the retr irection (from. block 542
o e 1 e O T P o e PR St L
parametersithintlzaiashibertimithycaetimlitr(262, avitiewt sUnar apehvinands it spusifivdyhine tinlerse of the

tool vectogwhen teekd 4lis B dhesargel Hﬁﬁmgbﬁg%eﬁcegmméfggmdgé@@@%% fi€ k@l as

described above, the retract plane point (as computed using Equation 1 described above), and the

check plaR@syaitiGEE Esmplitacbinshg Botsie bthesssbens Efb%\?éﬁ‘ Véing Rﬁ@s’éﬁ%ﬂi&f@?é&ﬁtroller 202

next execytes ty LsQipuiseReda6t Sequence ("CRS") Algorithm 600 of Fig. 19 as indicated by block

554. In 30general, CRS Algorithm 600 provides the functionality of computing movement of tool 141
15 Returning to block 554 of Fig. 18, for the retract sequence, CRS Algorithm 600 begins

by setting the start point equal to the Current Machine Position and the retract direction equal
to the input retract direction. It should be understood that the retract direction vector is
established at block 542 of ASR Algorithm 540 as either being user-specified in part program
204 or a default vector (i.e., the tool vector of tool 141) if no user-specified vector is provided.

20 Indeed, ASR Algorithm 540 computes or sets the retract vector, the plunge vector, the retract
plane point, the check plane point, and the Plane Normal based on whether these items are
user-specified in part program 204 or not, in which case default values are used as explained
herein. MTT Algorithm 550 and CRS Algorithm 600 simply obtain the previously established
(i.e., user-specified or default) definitions. Controller 202 also obtains as inputs the plane

25 normal, the retract plane point, and the check plane point. Controller 202 is also initialized for
storing the computed moves in the forward direction. Finally, the variable of allowing moves

below the check plane is set to true, and CRS Algorithm 600 of Fig. 19 is initiated.

Referring now to Fig. 19, in addition to setting the above-described initial states and
obtaining inputs, controller 202 sets the variables Move Sequence Complete and At or Above

30  Check Plane equal to false as indicated in block 602. At block 604, controller 202 determines
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WO 2011/044087PCTIUS2010/051408 such that no machine limits are exceeded (i.e., to avoid
generating errors). This functionality is described in detail below. CRS Algorithm 600 computes
movements gfdopl, 144, 6l4ring the retract sequence described above. Block 5565 RiesEEs the
determination by controller 202 of whether tool 141 could be moved to or above the retract plane (or at
least the check plane) 5 without exceeding any of the machine limits. If the retract sequence was not
successful, controller 202 causes machine tool system 100 to display an error indicating that tool 141

cannot bew’?}?éﬂ%%%%!&ﬁ&?ﬁgrés(@ﬂﬂmQitl?ﬂéxb&‘g&lﬁ@@&ﬁ'é&*8‘? AEHAG BEAUBRFEVAS GOMRIG?

successfully, then algorithm 550 proceeds to block 560. In block 560, the point on the retract plane for
the plungdhsei§abrpaviacadees b it hopaabrosienldied forhaygditaratsshnlnealonsueif the
retract sequanceosishnotiganh ine relracimiang o4 isl ehaboyeoling cheekRiangds a:MR¥R to the

position abgve the target point will be in a g{ane parallel to the retract and check planes if no machine

limits are SRRSUMEREIRGARNY & SFHPERTT hE Bt Lo GRS S NEE MBI 562, C8AROIMIP? begins
executiontat teytuidgdosk goénceao Whieliris ide 200 hedtidetetaih beloblodls e nticned dhoverdire CRS

15AIgorithyn 600 sedl by oAIOlel. 20249 somppie the sequencerqf moves 1 fhe rgitact sequence is
the same aigorithm used by controfler {o'Compute the Sequence of rmoves in the plurige sequence.
This is evidégmrithEigh108 in that CRS Algorithm 600 is called at block 554 (the retract sequence) and at

block 562 (the plunge sequence). The move commands computed during the plunge sequence,

however, are stofd8aHFEVEItsidaFtohelew Limptddy couraleiR tRdoemmigdheHHSsS LM other
words, com;ﬁi{effaaa @?I@ﬂ%iﬂ@ﬁﬂlﬂ@gﬁﬁ‘&%ﬂﬁ?%ﬁéﬁﬁﬁﬁ@R@%@Dﬂ@ﬁﬂ%ﬁ@é&ﬂrﬂ)ﬁéﬁﬂg@@eﬁ?ﬁgﬁtf
positjon to the retract plane point, and then executes those moves in reverse to plunge tool 141 from
o rh oD S NARRBEACTESL G B TATSE DM LORSH A EEE0 TG SEHR e
sequencerdiirfs Alyaritihm, GO0 ialicaassimescthgt ithewetid] potiht of too(ild ikt eaythebegiahingpoint for
movement in,the, 25plunge direction when the plunge. sequence moves.are executed in.reverse) is the
retract pla{ﬁ)et%%?ﬁ%?fﬁﬂﬁ%ﬁﬁgr&e Irléxt\(lzctalsuelaglélrﬁggge e%él(e:r%%nc? ée?&ﬁlagn@r%?vgt{féf{ﬁ? sr? 0 p(()%ﬁion tool
141 at therettrastiplanisrpuimntpeinisthosighedydslaecedsen thsumedimstartbe pl4vel and Sigillcdlteady be
at or "aboygiha felkachplap el ARG ARA! IRE-IENRELRCOHRRCR IR AIRNAR, fe CRS

Algorithm 600 is not executed because tool 141 is already in a safe position. 30Alternatively, in other

situations RO pEakiBR G ERAR i0IaEa P héhapiredssined thethemagmal vector. The sign of the

dotproduct is used to determine whether the Retract Direction Vector is moving toward the
Retract Plane or not. If the sign of dDistanceToPlaneAlongRay (shown below) is positive, then
ptPointOnRay is on the negative side of the plane with respect to the Plane Normal. A negative
value indicates that the input position is above the input plane, which is used to check if the

20 current tool tip position is above the Check Plane or the Retract Plane.

One embodiment of Algorithm 610 is provided below.

integer ComputelntersectionOfRayToPlane(Point géFaist®ndians
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plane without exceeding the machine limits. CRS Algorithm 600 may instead move tool 141 28 WO
2011/044087PCT/US2010/051408 to a position "below" the retract plane point, as long as that position
is at least atwnabovedhe check plane. Thus, it is possible that the positionaxf/tsedibdsiasghe end of the
retract sequence may rot correspond to the retract plane point. As indicated above, block 560 of Fig.
18 addresses this possibility by setting the retract plane point (i.e., the end point of the plunge
5sequence, which is the start pomt for the plunge move) to the Iast posmon computed in the retract

T 3atoTen S talalal HEEaarsithe last position of

tool 141 (above eLoW Qr ttt;;e retrqgt plg -as-the 2O {nt If controller 202
determines that the p'fu"r'fﬁe §é‘du5ncg CARRot be exacuted Wlthln “Heimits of machine tool system 100,
then the result ofiBiSEKT 564 wilt B¢ generation of an error 10 message at block 558. On the other hand,
if the computatiopravefithe RIRGE SpaaNEERISMaRWatiRthe Machinadimilsreommljer 202 outputs
move commands a;ca,use maghlne teaksystem 100 to move tool 141 through the retract sequence
and tﬁe plunge sequence 16" the‘target position as indicated by block 566. Control then returns to block
524 of PCP Algoritian:502:¢Rig:163 asdestribad belbwIiSRetimidyto- Bk bodot Fig. 18, for the
retract sequencemqui%A‘tgogtmmGQQ begins by setting the start point equal to the Current Machine
Position and the retract dlrectlon equal to the input retract direction. It should be understood that the
retract diréction vector is established at block 542 of ASR Algorithm 540 as either being user-specified

in part program 204, ;2 dg Ayt YRR (b R\ HORI LAR dhneHsawSRegiligdvector is

provided. 20Indeed, ASR Algorithm 540 computes or sets the retract vector, the glunge vector, the

retratd pIafﬁéld&hltottﬁ?é(%ﬂ@ét@fﬁt’éh@ﬁ%ﬁnfoah@ilt‘ftezﬁ%ﬁ?éthﬁ’éﬂeﬁéfpﬁé%ﬁ%ﬁlmh logtebitems are

user-specifigit i IBRTHR QLAY (20rh LNl WBIG)) aRse sietpuilvabeasoarendsteas pupladaed herein.
MTT Algorlthm 550 and CRS Algorithm 6&% %?gbgobtam the previously established (i.e.,

user-specifigt'dr &t S EsiRigBn "e & lans s oBEIRE QETHB G RTE PisHL™

Referring to the example depicted in Fig. 7 wherein tool 141 is located at positive X limit 416

and positive Z limit 412 and the retract direction is along tool vector 428, zero distance can be
15  traveled along the retract vector before encountering a machine limit (i.e., positive Z limit
412). The second step of block 612 indicates that controller 202 clips the retract vector to the
machine limits using the Clip Vector Motion ("CVM") Algorithm 614 of Fig. 20, which 1s
described in detail below. At steps 3 and 4, controller 202 identifies which axes were clipped,
and the signed length of the clipped retract vector. In the example of Fig. 7, the clipped axis is
20  the z-axis because tool 141 cannot move along tool vector 428 any farther in the z direction of

machine tool system 100.

Referring now to Fig. 20, CVM Algorithm 614 includes a variety of input variables as
indicated by block 616. The first three variables in block 616 relate to the input ray, which has
a start point (RefPt), a direction vector (DirVect), and a length (Length) defined with respect to

25  machine coordinate system 429.  Also, DirVect is normalized using E :
later and the end point for the move (EndPt) is computed with the equation given in block 616.
An axis object is inputted in block 616 that, for each axis (x, y, z), there exists an upper and a
lower limit. The axis object is indexed to a specific index using 0, 1, 2 corresponding to X, v,
z, respectively. The axis limit for each axis of the axis object is indexed using 0 or 1

30  corresponding to lower and upper limits, respectively. In general, CVM Algorithm 614 clips
the length of the ray to the axes limits of machine tool system 100 if the ray extends outside of
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25 normal, the retract plane point, and the check plane point. Controller 202 is also initialized for
storing the computed moves in the forward direction, Finally, the variable of allowing moves below the
check planevgoseh imiuges and CRS Algorithm 600 of Fig. 19 is initiated. pcTReferoingiasw to Fig. 19,
in addition to setting the above-described initial states and obtaining inputs, controller 202 sets the
variables Move Sequence Complete and At or Above 30Check Plane equal to false as indicated in
block 602. At block 604, controller 202 determines WO 2011/044087PCT/U S2010/051408 whether
the checkiplangi{ydiiel is citheditstiospeniied poeaiined byydefatlicagtihecpasiionof tigppag] tip when

tool 141 is.in the, t iti is at . th t | t | |, Initially, th
oot of BISOA TEEh NG IR 40 HElEh S LEMoLR BOA ML e s MoVE Sdauence (i

this ease thestletract sequence) is complete. Again, initially 5the result of block 606 is no. Controller
202 next determines at block 608 whether the current retract direction will move tool 141 toward the
retract plane. ThiisCaetbidgisiea O&nkeaingontriare £08 by impyeraiins16resePidrth below) is used by

contrafler %@oﬁ@@@%ﬁﬂﬁ%é&@%ﬁ%@cﬁ Rejptobans.distaneedian & Reinton aray (here, the Retract

Direction Vector), alon%%:lﬁie, ray's 10 direction vector to a plane defined by a point on the plane and a
normal vet4BIPIFRRY %ﬁ%l?&ﬁ?ﬁ@%lﬁ&%ﬁkﬁ TTS i HACAE R L P A S BT IR 46 & Blane
(i.e., the rayiisdperpanticw ahtoatlerplanechenndlvabias)had casnetidtersetithexplanedataipaint.
Otherwise, Al gortihm 610 rns the intersection, point, the signed di ce from the ray point to the
plane, an %ilél nr%rflfﬁtem&ft‘p Eg%ec]t %%[ﬁ‘?gnr%{l); (éﬁ%gg]ogﬁtéﬁaﬁzeeﬁ?é%eg%ﬁ%’ \?/%ec gg ,e v%/%féﬂ){?r%aicates
whether theoaydste Bpeiktilg awaynframtite positirefactbfde pthnbdefihedt by the nolmakvector.

The gign qf thg dosproaductiSHiSEH-P HERESPIRE WhRINGE R REIAGE DIRCUAN.YSFQrL: fmoving toward

the Retract Plane or not. If the sign of dDistanccToPlaneAlongRay (shown below) is positive, then
ptPointOnR&p4s Sttt wsijarivecsipeedans praselinih rdypbotitbinemedrie RefHapcAsative value

indicates thatdhg KRNIt issehoeithednRitRianenwhich isidsed teneheckdhthaglgwrent tool tip

position is above the Check Plane aor the Retract Plane. One embodiment of Algorithm 610 is provided

below. intégEPEeHBGEIMNErSttoribIRFaBRR S POMARLR Ffdital Length. I itis less, then

the algorithm proceeds to block 634 where ClippedAxes is reinitialized to zeros for x, y, z, then
15 block 640 updates Length to equal the new clipped length, NewLength. Then in block 642

controller 202 sets the ClippedAxes vector component i to n, which was set in block 624 in this

case to -1, indicating that the move was clipped to the lower limit of axis i. CVM Algorithm 614

then returns to block 618 to index to the next axis and repeats itself.

If, however, in block 632 it is found that the new clipped length, NewLength, is not less
20  than the current Length, the algorithm proceeds to block 636 indicating that the NewLength is
equal to Length (which will always be the case otherwise the algorithm would have returned
directly to block 618 from block 626 because EndPt’s i component would have been within
machine limits). Then in block 642, controller 202 sets the ClippedAxes vector’s 1 component
value to n, which is this case is -1 indicating the move was clipped to the lower limit of axis 1.
25  This situation occurs when EndPt is at one or more of the axes limits. An example of this case
(exiting block 632 with No) is when the move direction passes through one of the corners where

the axes limits intersect (move e in Fig. 21).

If in block 622 the i component of EndPt is greater than axis i's lower limit, CVM
Algorithm 614 proceeds to block 626 where it checks if the i component of EndPt is greater than

30  axisi's upper limit. If they are equal, then no clipping will occur and the algorithm returns to
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Point ytistmost, 25Vector ta-kri2reaNg, Point SztanSrEegtbal double 844 fealtilam-anit; WO
2011/044087PCMTS2010/051408 1.zrat&'cntuTrutuuruv iZak alkein2:e2 aittbatthPain ?itC,

if(d,SPS874 R #l6{) fdig-intersection is possible, Ray is perpendicular to plarned201bistiuog O;)

Assuming the outcome of block 608 is that the current retract direction will advance 10tool 141 toward
the retract plane, controller 202 next performs the functions of block 612. Controller 202 obtains (using
Algorithm 610) the signed distance from the current position of toot 141 to the retract plane and to the

check planeakans me@éwwtﬁ@ﬂ@@haimﬂmdﬂa‘eﬂmmhﬁ@ma@dﬁ@ic&qdamd:&gisﬂ'wherein tool

141 is located t 05| b}\416 sitive Z |i mlt 12 and. the retract directi n | along tool
vector 42é1pggrq %’té 15O lgorithm 6%) sets ‘fahc d 1ppcéc11 axis value to *1 indicating ¢ motion

was clipped to axis i's upper limit. The algorithm then proceeds as described above from block

630 onward to block 636 or block 642. After having cycled through all three axes x, y, z, CVM
5  Algorithm 614 returns the new clipped length and the vector ClippedAxes, which indicates for

each axis whether the move was not clipped to the axis’ limit (0), was clipped to the axis’ lower

limit (-1), or was clipped to the upper limit (+1).

Fig. 21 illustrates an example of the functionality of CVM Algorithm 614. In the

example shown, ray 690 is first clipped to positive X limit 416, and then to positive Z limit 412,

10 resulting in the final clipped length. Prior to executing CVM Algorithm 614, controller 202
determines whether the ray start point (RefPt) is within machine limits because CVM Algorithm
614 will clip rays that start out of limits, such as ray 692 (i.e., CVM Algorithm 614 is generic).
The return length is signed depending on whether the clipped ray is pointing in the opposite
direction to the Ray (b,c). The algorithm also returns a ClippedAxes array which contains a

15 wvalue of {-1,0,+1} for each axis. The value -1 indicates that the axis motion was clipped to the
specified axis’ lower limit. The value 0 indicates that the axis motion was not clipped for the
axis direction. Finally, the value +1 indicates that the axis motion was clipped to the upper limit
for the axis direction. For ray 690 of Fig. 21, the ClippedAxes array is {+1,0,+1}, which
indicates that the ray was clipped to the positive X limit 416 and the positive Z limit 412, but not

20  clipped to the Y lLimits.

Continuing with the example of the retract sequence depicted in Figs. 7 and 8, at block
650 of Fig. 19 controller 202 determines that the clipped length is greater than or equal to zero
(because only a positive portion of the z-component of the retract vector has been clipped).
Next controller 202 determines the direction for storing the computed tool positions (i.c.,

25  forward order or reverse order) at block 652. Here, as CRS Algorithm 600 is performing a
retract sequence, the store position order is forward, and controller 202 pushes (at block 654)
the computed position of tool 141 to the back of the move sequence being created by CRS
Algorithm 600. Had CRS Algorithm 600 been executing a plunge sequence (i.e., block 562 of
Fig. 18), the store position order would have been set to reverse, and controller 202 would have

30  pushed (at block 656) the computed position of tool 141 to the front of the move sequence.
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15traveled along the retract vector before encountering a machine limit (i.e., positive Z limit 412). The
second step of block 612 indicates that controller 202 clips the retract vector to the machine limits
using the Cligyeeioodmtion ("CVM") Algorithm 614 of Fig. 20, which is describethiv@eiag below. At
steps 3 and 4, controller 202 identifies which axes were clipped, and the signed length of the clipped
retract vector. In the example of Fig. 7, the clipped axis is 20the z-axis because tool 141 cannot move
along tool vector 428 any farther in the z direction of machine tool system 100. Referring now to

Fig. 20, CVM Algasitya 6lbdinsigidemasiasetyod inpuiivariables aspindicatacddoyhbleck.6f Gcldie first
three variables in block 616 relate to the input ray, which has a start paint (RefPt), a direction vector
(Dirvect), ST R TERYH UL SHEHP daf R ith felps T B A RS Ao,

SR RS AR Te AT system
DirVect isabormélizedragintpieqUuatibns 4:cegdubtd Hippanddite sndpginttiotiihe snoyeaEmdRt) is
computed wit € i i inb) IS Qbject s | ' 6. L for.each
axis (x, Y, dz\%ék {héegrgoetg?ﬁé%%%%%ger a’nd8 g’l%gwgfp m? itél.ﬁ;2 hn§ %Jg% giojé]gﬁéﬁgd ci?g(;(%l!g&tlésa{%&p%]g]ﬁ@%%ex
usingX0, 1leRgibroé porsding ve o0y lsARadtrdbavaly c TS Wdkclitiitaicdadhepbiechrisacaxisiobject is

indexed uging QRN 1. 30CABesPANMIAGIR: Iaweh andRRe THMUES FPsRE Fivaly iR ANEIRY GMM
Algorithm 614 clips the length of the ray to the axes limits of machine too s%;,tem 100 if the ray

extends ofABRIELHS FLYAREE S0he/ehuierpreTrORsR /883 408 Dt IdngOthe balP eiféEtion. cvM
Algorithm &l igyaesitbradgmeashbaris/imitceligpmgnthe fiay if dsaktendsprsitthediniganevstoring the
shortest clipped |ength as the final clipped length. he CVM.Algorithm begins in block 618 by
incrementl)r%% i“f‘rt(l)lf%%? P 1@8 r‘é"salﬁéﬁltd?ﬁg?%tﬁ gg?e%( >%5 fl/-,u? (\’/\rllitﬁnr%%p%gf) Poorfr1ac4si r‘f%%%gfrl&lnéa@ system
429.18 thefoctmponensafudre dicectioh arsfid r®mbestiisnzedrakthedds elntdibon in the corresponding
axis i direction and thus, the algorithm returns directly to block 618 to index to the next axis direction
by incrementing The teii s wipdHerinsibirgebelen st eiecihmhioeksezoonien thrs digontine Brsdeeds to

block 622 GoraRpaithal CRMRLIEN!AEE NdRIdGithe R il QfRXis: kel iSe check plane

(because a machine limit is encountered), then that move is allowed and clipping of the retract
direction vector for machine limits in the manner described herein and processing the retract

15  moves until a tool position is reached that is at least at or above the check plane is continued.
For the plunge sequence described below, the variable of allowing moves below the check plane
is set to false, and all computed moves must clear the check plane. For example, if the first move
(retract from the target point, which is the position move just before plunging to the target point)
does not clear the check plane, an error is generated in the manner described below. In other

20 words, the position of tool 141 just above the target position before plunging to the target
position must always be at or above the check plane. Otherwise, it is considered unsafe and the

algorithms of the present disclosure generate an error to terminate program execution.

At block 666, controller 202 computes a new retract direction vector by setting the
component of the retract vector corresponding to the clipped axis to zero. Controller 202
25  would also have reached block 666 if the clipped length was greater than or equal to the
distance to the check plane (block 660), but only after setting the variable At or Above Check
Plane equal to true at block 670. In this instance, the computed move is greater than the
distance to the check plane (block 660). Thus, if after further processing all components of the
retract vector have been clipped (i.e., no further progress toward the retract plane can be

30  achieved while remaining within the machine limits ~ the retract vector length is zero), with
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10less than or equal to the lower limit of axis i, then the ClippedAxis value for axis i is set to -1 to
indicate that the axis was clipped to its lower limit, which will be stored in the ClippeclAxes vector later
in block 642wRrewaeding’to block 630, the new (clipped) length (NewLend$¥/isSeeieipuitdd and in block
632, the NewLength is compared to the current Length. If it is less, then the algorithm proceeds to
block 634 where ClippeciAxes is reinitialized to zeros for X, y, z, then 15block 640 updates Length to
equal the new clipped length, NewLength. Then in block 642 controller 202 sets the ClippedAxes
vector cothparientAboye, UhichRias Setisebiocku62dRE thigaribento00 wididitdtistrthatekestnove was
clipped to fhe. Joyves, it of &g lostYM AlaAdthm Gl henJaties vRIack 818 Laiindexda.thgnext

axis and repeats itself If, however, in block 632 it is found that the new clipped length, NewLength, is

not less 20 thegntrdlet?fenyilbfrjemine sl Gy ploeedad (B asIoicE365HIR ANAGHHERINE NewLength

is equal tg beRgth (WhishwilkawayshethecaserRtbanise e agssithonsauidnavereaisisneddirectly
to block 618 from block 626 because EndPt's i com%;ioneit would haye, been withig machine limits).

Thendin bIdERBAI OB RTBIRS 02 KIS BN BIRHHEIASEROLNEHES S BTV SR hich is this

case is-1 (adicatiagotiig gmove was clipped to the lower limit of axis i. 25 This situation occurs when
EndPt is at one or more of the axes limits. An example of this case (exiting block 632 with No) is when
the move directibntpissesitieotigmone dfatte edmeswivagettibedrebviaeiins idiesseet (eheve e in Fig.

21).  JLinblosk622:thed compepanteLRRIRS R grastardhan anisd's lawendmit GYddiAlgorithm
614 proceeds to block 626 where it checks if the i component of EndPt is greater than 30axis i's upper

limit. If théy BrecatjaHerEht elspne winskalrtanacth acHirditrmst YouNe Equation 3

2013044087 RGIia20E01Q994408Block 618 to index to the next axis, If EndPt's i component is
greater than or equal to axis i's upper limit, then CVM Algorithm 614 sets the clipped axis value to 1-1

indicatingglaggﬁgg gotidheswasiclippdd to axis i's upper limit. The algorithm then proceeds as described
above from block 630 onward to blogk 636 or block 642. After having cycled through all three axes x,
y, z, CVM 5Algorithm cigrasiiisthehiewrélipgdd length and the vector ClippedAxes, which indicates
for each axis whether the move was not clipped to the axis' limit (0), was clipped to the axis' lower limit

(-1), or wd§ Bfgpaarerasedifssapnrit D s nethras b ke o ine AREE SRS of cvM

Algorithmgade. |9 dhe, example shpiberBib88Qiis fikstozlipreadaital pRsHiverXhimié tl6, ardRan to
ositive Z Limit 412, . . . .
P 15~ block 678 to block 556 of MTT Algorithm 550 (Fig. 18). Otherwise, the algorithm returns a
failure at block 668 to block 556 of MTT Algorithm 550 (Fig. 18) because the tool tip did not

reach the check plane.

Returning to block 672 of Fig. 19, when the length of the new retract direction vector is
not zero, controller 202 normalizes the retract direction vector at block 680 using Equation 4

20  and returns to block 606.

&

] = 2w o %
Worrnalze Vedlor fo) = i e | e e PR
Equation 4: <4 {Lengthiy) Length{y) L@I&ﬁ'hwi

This would occur when at least one, but not all of the direction components of the retract
vector have been clipped, and the retract sequence is not complete. In this example, the z-
component of the original retract vector (i.e., tool vector 428) has been clipped, but controller
25 202 has not yet determined that tool 141 can be safely moved to the retract plane. As the
retract sequence is not complete, the determination at block 606 will result in controller 202

using Algorithm 610 (described above) at block 608 to determine if the current retract
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10resulting in the final clipped length. Prior to executing CVM Algorithm 614, controller 202 determines
whether the ray start point (Reft3t) is within machine limits because CVM Algorithm 614 will clip rays
that start ouVa? fgmiv84498¢h as ray 692 (i.e., CVM Algorithm 614 is generid)CTRE28045L#8Rgth is signed
depending on whether the clipped ray is pointing in the opposite direction to the Ray (b,c). The
algorithm also returns a ClippedAxes array which contains a 15value of {-1,0,+1} for each axis. The
value -1 indicates that the axis motion was clipped to the specified axis' lower limit. The value 0
indicates dhzctive awls isotion wasenwntlippee folltifomxis dirsetiopesitinaligyird Yaluetrattipldicates that

the axis meHENWISEIRPGAI0: e UpRE! YoukiRr Zhe.axis ‘é"ﬁ?%iéjﬂc.é:agi"vé%y SRR {Qe.?ilhetﬁgw

ClippedAxes array is t+1,0,+1)-, which indicates that the ray was clipped to the positive X limit 416 and
the positiVEl2AHACEED CORRFHES iR tdotar e planccBRtinliing G BT3B Sethe retract
sequenceiggpietas n Figs. 7 and 8, at block 650 of Fig. 19 controller 202 determines that the clipped
length is greater than or equal to zero (because only a positive portion of the 7-component of the
retract vector hastiideckdifgpedhtiNbxt 2odiralies 202 tleterinss thévilisegtiothfios staringdhe computed

tool positigns (4. (SBLyAK AUHCLILIRYELRE SIAEN ALBIRESaR- Hers 45 GRANGRIINM 600 is
performing a retract sequence, the store positioni order is forward, and controller pushes’ (at block
654) the dbenpurtadtpesivntoof toolin e nstiaet yactovfciks wrovet segesseicetbeivgdorecaedityy CRS

Algorithm, 600y Hath GRIQIGPLm SO0 RESN BXCEHING: AHBILNGS SEARACE ks DIOFRER O Fig. 18),

the store position order would have been setto reverse, and controller 202 would have 30pushed (at
block 656} the"espIRRtEpEsitisP ot alhito e how: Srase RV BefidrcEmigo

2011044082 RG kY SRR HIR IR vectd¥exh@ihiasl 6h8) aantsallss202 datetminestiifdha glipped
length of the retract vector is greater than or equal to thc distance to the refract plane, which indicates
that the td[%ﬁcl‘%s%?%ﬁ%‘\?% éﬁ%@%%ﬂﬁ%eﬁ&%@ﬁi% ﬁd? : ‘fﬂgt{ﬂﬁgﬁg&) #e#é?ﬁn?glﬁ%fl&rté ter than or
equal to thamisdidncgtiamfheeratiact ptane.id bttajeahtioler?02dnextctatdsiack BgOhaetenntines if the
clipped Slgnath. ofthe [eHarYSH AR AEFRLIANLILSAMRY 1 1hE JiFanee 1, NeiShagk plang which
652 and 654). When controller 202 reaches block 658, it will determine that the clipped length
15  ofthe retract vector equals the distance to the retract plane. Accordingly, controller 202 sets
the Move Sequence Complete variable to true (block 682) and returns to block 606. As the
retract sequence is complete, controller 202 returns the retract sequence of moves at block 678
to MTT Algorithm 550 (Fig. 18). At block 556 of MTT Algorithm 550, controller 202
determines that the retract sequence can be performed safely, and advances to block 560 where
20  the retract plane point is defined as the position of tool tip 422 with respect to machine
coordinate system 429 at the last move in the retract sequence. As described above, this
redefinition of the retract plane point takes care of situations wherein tool 141 is located above
the original retract plane or below the original retract plane, but above the check plane. By
redefining the retract plane for the plunge sequence, the move from the last position in the
25 retract list to the first position in the plunge sequence list will be parallel to the xy plane of the
retract and check planes 1f no machine limits are encountered in the plunge sequence. In this
example, since the last position of tool 141 in the retract sequence is in retract plane 420, the

operation at block 560 has no effect.

It should be noted that if, during the retract sequence, controller 202 determines at

30  block 608 that the current retract direction will not move tool 141 toward the retract plane, then
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indicates that the tool is at or above the cheek plane. If the clipped length is not greater than or equal
to the distance to the check plane. controller 202 determines at block 662 whether the variable of
allowing mowas Zoelomadbe cheek plane is true. As the variable of allowingh@idiiEgdieliastie check
plane was set to true at block 554 upon initialization of CRS Algorithm 600 Ofor the retract sequence,
controller 202 advances from block 662 to block 666. The variable of allowing moves below the
check plane is an option used (i.e., set to true) when computing the retract sequence. If the first retract
move doesmnesldeanihe cheek pldhebezausa e nabbine limivisiencolntertodytHere that lmove is

allowed and,GlipRing.At e ehiashdisalionecion or BIALI It 0. Hieumanss descubadherein

and processing the fetract 1 moves until a tool position is reached that is at least'at or above the
check platerisecbntineeds POelineipturips sbtgantect eseritierl Yssfonasthesvabibidofealibving moves

below thecﬁ?g@m@?d? Sebin fRise.Antall camputed davesaustcliearihacheckniange. For

example, if the first move (retract from the tar%get point, which is the position move just before plunging

to the>tardBlashiftP oS ok Eeliamer cHERKDAAGISHNEr o e gaReF 8B5S ARRE RN &P Hescribed
below. In etharROwerdshéke pasHior aitanld 4l tust:abag BT targeidpasitiaarhelfor plunging to the

target position must always be at or abpve the check plane. Otherwise, it.is idered unsafe and the
algorithm& G & FELEh %E%l&gﬁ%u&e@ﬁaéﬁéft%ﬁé@f%rg t%‘%%?iﬁ?ﬁ%t{é“ tgék’é?ﬁge%@ei ttion. Al block 666,
controller @&EM@MW@W !eettascnﬂﬁmbm«zed’ﬂmnbyssmin@vheaqanmcmen@mmw@mmﬁa@t vector
corresponding 19 the clipped xis 19 2610, CoRtONer R0 28manl alsp aye reashed Hlack 466 if the

clipped Ieﬁ%ﬁ was greater than or equal to the distance to the cheek plane (block 660), but only after
settih@ thevwardditacatas Apbienabtic Pitne alinal toartiaHnBIBecsToDh thigiritapte e computed

move is greater{had e sisiancR toLhe: theraplane, tiosk R8R: Pus [ rfiersfurhespigeessing all

components of the retract vector have been IQir;;ped (i.e., no further progress toward '%;]e retract plane

can be 30%%&?@&9\}H%‘thﬁfﬁﬁ@%ifﬂiﬁiﬁwé SORIFR L Ahanetr dRIeE ARt is zero) with

determines that the variable At or Above Check Plane is true. Thus, although tool 141 could
not be retracted to above the retract plane, moves have been calculated that at least result in
15  safe positioning of tool 141 above the check plane. A successful retract sequence is indicated

at block 678 and returned to block 556 of Fig. 18.

Continuing the example with reference to Fig. 18, after block 560, controller 202
begins the plunge sequence at block 562. As mentioned above, CRS Algorithm 600 described
above with reference to the retract sequence is also used for the plunge sequence. The

20  definitions of certain parameters, however, are changed in block 562. More specifically, the
start point is set to the target position, the retract direction is set to the inverse of the plunge
direction (which may be user-defined or a default of the tool vector when tool 141 is in the
target position), the order for storing moves is set to reverse order, and the variable for
allowing moves below the check plane is set to false. As described above with reference to Fig.

25 13, in the plunge sequence, no moves are permitted that result in tool 141 being positioned
below the check plane. The first computed move is a move from the target position to a
position above the target position. If that first computed move does not position tool 141 in or
above the check plane, the plunge sequence fails. These modifications to the input parameters
permit use of CRS Algorithm 600 during the plunge sequence without modification to the

30  algorithm. Instead, CRS Algorithm 600 computes the moves needed to retract tool 141 from

the target position to the retract plane (or at least the check plane) using the inverse plunge
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WO 2011/044087PCT/US2010/051 408 the At or Above Check Plane flag set to true, CRS Algorithm
600 will still return success (block 678) even though tool 141 did not reach the retract plane. More

specifically, gftesdaloeia@e6 controller 202 will determine at block 672 that paanaetsentosgeéer is zcro and
advance to block 674. At block 674 controller checks the status of At or Above Check Plane. If the
status is true, Move Sequence is set to complete (block 676), which result in a return of success
(blocks 606, 678). In this example, the new retract vector is no longer the tool vector. The new

retract vedigsdaftesseitngstia & camponcntegual fpdeeroyisinttheniegativecxddiiect|an Atdlagk 672,

controller 202 calculates thte I tng{&l;g{sgge new retract glﬁirec iontvlect%)trhqsig& Eguation 3 10and,
deteimine® i AGH 23, €§L? ion 3. ec.ch'ttarﬁgP "9 the hew Fétrse H|F‘é18?io°n vectbihas zero
length, thexnstidlockiGAluifgtdirediove Check Plane is true, the move sequence processing is

complete and the algorithm returns success at 15 block 678 to block 556 of MTT Algorithm 550 (Fig.
18). Otherwise, th&algsrifimnecparas eidiiieesel B blck 6826118k SA&er MmO XM dd HtHint8b0 (Fig. 18)

because the,iegldipgidipRtraachdnechask PIRRE plane iRSHNINY 1QRIQGKA4 216R Fie PRnwhen the

length of the new retract direction vector is not zero, controller 202 normalizes the retract direction

vector at BIFERESONISKG Eopilih W 28Hnek eRG 15 BI0ek o actract plane is always above the

check plane along the normal vector of the planes (i.e., the outcome of block 604 must always
be no). If not, no moves can be generated (moves to the retract plane will always fail to reach
the check plane) and controller 202 will advance to block 668 to return a failure, thereby

10 terminating execution. If the result of block 604 is no, controller 202 then determines at block
606 whether the move sequence (here, the plunge sequence) is complete (i.e., whether the flag
has been set to true). Again, initially the result is no. Next, controller 202 determines whether
the current retract direction will advance tool 141 toward the retract plane using Algorithm 610
(block 608). Using the example of Figs. 9 and 10, with the start position as the target position

15 and the retract direction as the inverse plunge direction, the outcome of Algorithm 610 is yes.

Next, at block 612 controller 202 computes the signed distance to the retract and check
planes along the retract vector (i.e., the inverse plunge direction). In this example, tool 141
could be moved along the inverse plunge direction from the target position (Fig. 10) to the
retract plane (Fig. 9) without encountering a machine limit. Accordingly, the retract vector
20  would not be clipped in block 612. Next, controller 202 computes the signed length of the
clipped retract vector according to Algorithm 610. In this example, as the retract vector was
not clipped, the length of the retract vector will equal the distance to the retract plane. At
block 650, controller 202 determines that the length of the retract vector is greater than zero
and advances to block 652. Since the store position order variable was set to reverse in block
25 562 of Fig. 18, the move from the target point to the retract plane is stored at the front of the
move sequence at block 656. Next, at block 658, controlier 202 determines that the retract
length is equal to the distance to the retract plane. As such, controller 202 sets the move
sequence complete variable to true (block 682) and returns to block 606. Since the move

sequence is complete, controller 202 returns the move sequence (here, consisting of a single
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This would occur when at least one, but not all of the direction components of the retract vector have
been clipped, and the retract sequence is not complete. In this example, the zcomponent of the
original retrastoventoe4dos?, tool vector 428) has been clipped, but controller02hemnsitdyet determined
that tool 141 can be safely moved to the retract plane. As the retract sequence is not complete, the
determination at block 606 will result in controller 202 using Algorithm 610 (described above) at block
608 to determine if the current retract WO 2011/044087PCT/ITS2010/051408 direction will result in
movemenhof tpahd 4t froinaitiectrseticpasitgnstowarck thesretcactsldne MIEr e\ Iguoitkmént ¢Figol 141
along posétg e ﬁ%@l&ﬁ? in the negative x direction (i.e., the new retract vector) constitutes movement
toward retract plane . Thus, controller 202 proceeds to block 612. 5At block 612, controller 202

uses Algorithm 640;aad (M M,Ngopihm 63418 (hesmanperaescuhsd Aboveto frlgy e fhe signed

distance to the retract and check planes along the new- retract vector, to clip the retract vector to the
extent neé84siy o Biofalloxrae diriylASERiR IRhifs Rlitage caracte tsEseHgtHOTtHecEffed retract

vectos. In this @xampiepioel 14 Fimay ba mevediioiheopasitionkof Fier§withouh exereding ény
machine ljmits. 10Accordi , the new retract yector is not clipped and retains a positive |ength (i.e.,
the longtt oSS A TREC R B oA APl e HED LB HE BB TS that e
clipped lengthiafthecteirapthve iy asogredtendthan! zerodrthepcodiegpotidingriovesetohd negative X
direction along.positive Z limit.418 is store h f ist (see\plo 654).
When conct(r)gﬁ%lr8 %25 %tgghg%%%’lo[gﬁ %g ?tv (\%w %é%%g(?%%%oﬁagt‘%a%/tgi %%%[é% t’h%l(%t(%i%?rye%tract vector
equals thegistaluseitboeHd fetraenpeinevindeortiaghirevireidropiseishieievecsed]udice Complete

variaple tQfrie{PlackGRal.ang reluns 1abiask-806.1 A dhevieliact Seasenee isicompletegeontroller
202 returns the retract sequence of moves at block 678 to MTT Algorithm 550 (Fig. 18). At block 556

of MTT Alyblitarrebts tEshians 202 Hateratihlos ifdtinb s hd «otitliee Warehdistst Simed safely,
and advanegasde: ioekb&G where Pthe ettaslplomes paint it defined @sdhRPositionabtenhtp 422

with respegt to machine cogrdinate system 429 {&%I t move 'n%? retract sequence. As described
Above, i ToUCHAREI G 1o HitACTRS WOTAE GAD SIRCTUF e RIS ol UL 6 located
above thenegginal Xeliraat4il&neit b elowitheed giokireatract{dlane bbut aove the eheckphane. By
redefiping e rRract plane fning plunde SSYUERFR. EmeYs fiomie IashRosiion in e 2agetract
list tgg':he ﬁ?g p%'gﬁ?éﬁP?ﬁ{sﬁeé%ﬁung géqueﬁie list Wﬁflt)elparg)%éf%o the xy % ane of &r}eﬂ) "’

the current retract vector. The length of the clipped retract vector will be greater than zero,

however, because tool 141 can be moved (in reverse direction when executed) from target

position 440 to position 444 (shown in dotted lines in Fig. 11). Consequently, the outcome of

block 650 is yes, and the move is stored (block 656) at the front of the move list.

20 At block 658, controller 202 determines that the clipped retract vector is not greater
than or equal to the distance to retract plane 420 (i.e., tool 141 cannot be moved to the retract
plane 420 using the current retract vector). At block 660, however, controller 202 determines
that the clipped retract vector is at least greater than the distance to check plane 446 (i.c., in
Fig. 11, tool 141 in position 444 (dotted lines) is above check plane 446). Thus, at block 670

25  the variable At or Above Check Plane is set to true. At block 666, controller 202 computes a
new retract vector by setting the x-component of the current retract vector equal to zero. Here,
the new retract vector 1s the inverse of vector 448 shown in Fig. 11. Because the new retract
vector length is non-zero (block 672), it is normalized using Equation 4 at block 680, and
controller 606 determines whether the move sequence is complete at block 606, which it is not.

30 Controller 202 next determines at block 608 that the new retract vector will advance tool 141
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retract and check planes if no machine limits are encountered in the plunge sequence. In this example,
since the last position of tool 141 in the retract sequence is in retract plane 420, the operation at block
560 has no &ffeee11tdiBild be noted that if, during the retract sequence, d§HHGIEI2ERA44B8termines at
30block 608 that the current retract direction will not move tool 141 toward the retract plane, then WO
21111/044087PCMJS2010/051408 controller 202 advances to block 684 to check whether the
variable At or Above Check Plane is true. Initially, the variable At or Above Check Plane is set to false
(block 60R)wiethwevert ilahgriig tHeoptordas26f dlippitrjcaxescof thecketide tiirdistimnoectorats described

above, the,clipped lengrh,of. anaxis.is,ze(Q dlogkiGoMuand.lass qa%ﬂgeigmgw theJetiact plane
5(block 658), but greater than or equal to the distance to the che?cﬁg) ane (block 660), the variable At

or Above iCHEekIPIaPR! 4 E&eRd i RONEBIGER GOt thiQ R SAPRAED iV THO WP re ction

vector computart ook -66@ihas 2R tenathdiNp ok S dehrhisarmalized bl sl H&F as
described above. Then, as the mov%ﬁtequence IS n%{%yet complete, controller 202 egg&oy Algorithm
i‘o%é i

610 (BlocK BTy HStEhiS NHIRE RE T SF R RS tdAC ﬁ?aﬂ}%}?@éﬂ%{? A8 e retract
plane. Cofitauifghiheexalisple bioditdations Wibeke fte veitadt i ddCtibnewitimeotthestilt iklipetion toward

the retract pl e{( ch as the exam Iedﬁ cribed below with referenc Fig..22), controller 202
advancesff%%n 0¢ %E%ﬁegﬁc Vecté)rrrﬁslr%gél that {ﬁee%\%%%ﬁvé%te %ﬁ% (gd{/née B;cdﬁl%i‘gtﬁé&}(é Itlrlége Thus,
although teglitdd couiplsiotvbeatdtr s tedetet Rbwkettite refrerchlokine) mbvexlsalpdigreehacalculated that

at least re&&é&@%ﬂﬁ%ﬁﬁiﬂwmﬂ%% RS %001018616%Rl%eﬁxﬁlm%ﬁ%r@&s?&a@equeme

is indicated at block 67 turned to block 556 of Fig. 18. ontinuing the example with
refelénceths PIgYSSTaREFBISERLBY, BERBIIS2B2eHEFMS the plunge sequence at block 562. As

mentioned above, CRS Algorithm 600 described abgye with reference to the retr equence is al
Lsedt for the I SEBRELM FEBUE AN O CArRASS- STHERET<, ROWBIER, 47 CHAROLE im block

562. Moregpelettinallygsthiat, after clipping, the new retract vector will not advance tool 141 toward
retract plane 420, but still returns success at block 678 of Fig. 19 because tool 141 can be
moved to at or above check plane 446. More specifically, after determining at block 604 that

15 check plane 446 is not above retract plane 420 along the plane normal, and that the plunge
sequence is not complete (block 606), controller 202 determines whether the current retract
direction will advance tool 141 toward retract plane 420. Initially, when tool 141 is in the
target position (not shown in Fig. 22), the outcome of block 608 is yes (i.e., the direction of
inverse plunge vector 443 will advance tool 141 toward retract plane 420). Thus, controller

20 202 executes the steps of CRS Algorithm 600 described above to clip vector 443 to the length
shown in Fig. 22, and to compute a new motion vector 447. After controller 202 returns to
block 606 and determines that the move sequence is not complete, controller 202 determines
using Algorithm 610 (described above) that motion vector 447 will not move tool 141 toward
retract plane 420. As motion vector 447 has only a z-component, which in this example 1s

25  parallel to retract plane 420, movement along motion vector 447 is not necessary. Thus,
controller advances to block 684 where it is determined that tool 141 (in position 445) is at or
above check plane 446. Consequently, controller 202 returns a successful plunge sequence
(block 678) to MTT Algorithm 550 of Fig. 18.

Referring now to Fig. 13, the following is a description of an unsuccessful plunge

30  sequence. In this example, after initialization (block 562 of Fig. 18 and block 602 of Fig. 19),
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start point is set to the target position, the retract direction is set to the inverse of the plunge direction
(which may be user-defined or a default of the toot vector when tool 141 is in the target position), the
order for stowiogzmovewss set to reverse order, and the variable for allowilgTiga2880H81d08 the check
plane is set to false. As described above with reference to Fig. 2513, in the plunge sequence, no
moves are permitted that result in tool 141 being positioned below the check plane. The first computed
move is a move from the target position to a position above the target position. if that first computed
move doekrohpusiitttontdddlincot@osvettheorheckstarientieplbingt 68ouendaiftilmiTiigse

modificatigls 40 MEVCRUNRMAMIEIGI S RELTIL 5Bl 632 AN 600 duing e lynap Rauence

without modification to the 30 algorithm. Instead, CRS Algorithm 600 computes the moves needed to

retract tod1082 fofdsteriniacarfethen S HHsTthS FealareoanB R e S EROEHEER PIdrislvaRiag the
inverse pliypoes WR 201 HPA408ARGEAL TRRALY/AR1408 divesiipR ansustoresdbosanavesl in a reverse

order. When the moves are executed, the result is a plunﬁ-} movement of tool 141 from the retract

plane>(or Stiasidtiene thredopiEity @%@Y&Pﬁ%ﬁ oitieh Gh4HR FEHYE SIS HSHOARE iFE*Flunge

parametefsaatelsehat biaek phhandiCRS AlgeritvveAlsis-ititiated o5 contodljeri2iRedeieshiies
whether the check plane is %bov&a the retract Qlarﬁ ﬂc%nq QECPI?Q% Qgﬁmglsasﬁlglwoclgn 4 olf Fig. 19.
Block 604 SHEUYES that fhe Tetract’ B gn%%%%m%%s above the check plane along the nofinal’vector of
the planesqgaiyths buticditeiotbooktedd. Mustuahvalys berad)rdfractysrsomiovdiorehtbehgdergtated

(moves to,fye reirast planewil Alnavs (a0 A e, shieck Plane) v centialer g0zl advance to

block 668 to return a failure, thereby 10 terminating execution. If the result of block 604 is no, controller

202 tRen detsrnalribe GewlotkeoBANA b EP AT TREDeSeqisitRd idi the phifige wiirdieelts
complete (g, WhesbetsieiflagihasiRean.saldeippel Reaoiniiathuihe vasuitisne oNew; gantroller

202 determines whether. the current retract direction will advance toot 141 towarg the retract plane
using AlgSFifsRFBPo B BERIC (LRT MesSmpft BIIEIHE0Y SAFDRY Tl (&S 5??%&??0%%3 the
target posiioclipbanittiehratratigieatidnnms thaihverse dkinge dirdetitr!tne é6dcometef Algorithm

610 1S yes, ;N B RICk 012 comiQlier 202 omputes (he sioned distande lp i rejract and check
planes alongfil 8 rétract vedor l.e., the'inverse pf nge direc |on3. inthis exampale, fool 141 could be
movésl alghgptieesiquense (blimales tirettion fonihtheutmget phbitioh (E1gs 10) sndkeneolimtPWane (Fig. 9)

without e’}886%%&1*19;&é@@ﬁ%&ﬁ%ﬁ%&%@&%@d@%&ﬂ%&%ﬁf%& \égﬁé%tes an error (blocks 564 and

558 of Fig. 18) and terminates program execution.

Returning to the example of Figs. 9 and 10, after the successful plunge sequence is

computed, at block 566 of Fig. 18, controller 202 executes the retract and plunge sequences of

20  moves, and returns to block 524 of Fig. 16. As explained above, controller 202 reached block
524 after encountering a G08.2 Buffer Off command 500 in part program 204 with the variable
Buffer State 506 set to On (which occurred at block 516 when a G08.1 Buffer On command
492 was encountered during processing of PCP Algorithm 502). Upon reaching block 524,
controller 202 set Buffer State 506 to Off, Notify Out Of Limits 508 to On, and began

25  executing ASR Algorithm 540 of Fig. 17. In the process, controller 202 performed a
reorientation of tool 141 as described with reference to Fig. 17, followed by execution of MTT
Algorithm 550 of Fig. 18. Execution of MTT Algorithm 550 of Fig. 18 involved execution of
CRS Algorithm 600 of Fig. 19 (along with CVM Algorithm 614 of Fig. 20) twice, once for the
retract sequence and once for the plunge sequence. Upon returning to block 524 of PCP

30  Algorithm 502 (Fig. 16), controller 202 reaches block 526 wherein controller 202 continues

normal processing of commands (i.e., with Buffer State set to Off, motion commands are
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20 would not be clipped in block 612. Next. controller 202 computes the signed length of the clipped
retract vector according to Algorithm 610. In this example, as the retract vector was not clipped, the
length of theweitragi weator will equal the distance to the retract plane. At biqak5061wenisller 202
determines that the length of the retract vector is greater than zero and advances to block 652. Since
the store position order variable was set to reverse in block 75562 of Fig. 18, the move from the target
point to the retract plane is stored at the front of the move sequence at block 656. Next, at block 658,

controller a3 Wk tonnashthatdbiesyeisact dengthissieqsa). tathecdistanes de thesetrackplane. As such,
controller 202 sets the ove sequence complete variable to true (block 682) and returns to block 606.

. repositioning o .
Since the ffioVe sequence is complete, controller 202 returns the move sequence (here, consisting of a

single WO 2011(Q440BTRGRPANININEAAN mvel A A ilen 1k lunge sequence was

successful to MTT Algorithm 550 (Fig. 18) at block 678. As indicated above, Fig. 11 depicts a situation
where clipisitgideains. dbeif) evasiingeseytiaded TRETRloRiAGNY EPEREEAPEH BItHE prarkss

sequence;gs.axachisskiorefiachihasmeveiments danictedimFisbcbidimdtes indiglization at block 562 of
Fig. 18 and block 602 of Fig. 19, controller 202 proceeds to block 604 w erepin it is determined that

check plaRESs SLSHISHEOVRSLTRRE BRSKEUDH B AR Ao RIS P EcBPESHORYiAdtd the 2 axis of
second coghdinadatsysée 102 O8) cAsc il 1EN& ISBUiRNCa iSorah eanipidten(bladkiBO B)o geniroller 202

uses Algoyithm 610 to c ether t ur tract direction will advance tool 141 10toward
retract plangznz‘&ﬁlf1 & gﬁﬁlﬁ%\%ﬁf}iﬁgﬁég@; of¥ec o?fgg %éi%%d\?g c\gh[lgtglcfﬂie%oward retract
plane 420¢dtiud jcat0 ok R dfuEigrin®coontrole i? 02 cadoutateis dirs i stervsenthretsact ifahe 420 and

checfyplang 446.alopg the Giaet dregtiqn (using dlgerthim 614, Gontalau20g glsp;campuies (using
CVM Algorithm 614) that a machine limit (i.e., negative X limit 418) will be encountered before tool 141

can be mdvdbcteveTs befigeepbierk $8220 PAECHIamERmGYim Neybrithlinehd aantedartiPclipping of the
negative X:£QMRRREALA SheccHaRttalacdiartor. Ths-epathsplithe tlipRachretiast Magtor will be

greater than zero, . . . . )
associated with the cutting of square 477 of cube 479 relative to coordinate system 481 of Fig.

15A. These commands are internally executed at block 526 of PCP Algorithm 502. Controller

15 202 next buffers the Group 1 commands at line N4 which simply specify the speed of spindle
138, its direction of rotation, and activation of the coolant system. Line N5 includes Group 3
commands for defining the location and orientation of the tip of tool 141 in the transform plane
defined in line N3 in preparation for cutting square 477. The first G08.2 Buffer Off command
500 is encountered at line N6, which causes the variable Program Command to transition to

20 Buffer Off. As shown at block 514 of PCP Algorithm 502, when Program Command equals
Buffer Off and Buffer State equals On (which it does at this stage of execution of part program
204), controller 202 proceeds to block 524 to begin execution of ASR Algorithm 540 and the
other associated algorithms for computing safe repositioning of tool 141 from its position just

prior to the G08.1 Buffer On command 492 to the position specified in line N5.

25 As described above with reference to block 542 of ASR Algorithm 540, a variety of
parameters are used in the process of defining repositioning sequences. The G08.2 Buffer Off
command 500 may be used to specify some or all of these parameters as selected by the
programmer. For example, a G08.2 Buffer Off command 500 followed by no parameter
specifications causes controller 202 to use default values for those parameters. More

30  specifically, the retract direction default is along the target position's tool vector in the current
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however, because tool 141 can be moved (in reverse direction when executed) from target position
440 to position 444 (shown in dotted lines in Fig. 11). Consequently, the outcome of block 650 is yes,
and the mows as:6i@madoghlock 656) at the front of the move list. 20At block&5&iscontosiies 202
deteimines that the clipped retract vector is not greater than or equal to the distance to retract plane
420 (i.e., tool 141 cannot be moved to the retract plane 420 using the current retract vector). At block
660, however, controller 202 determines that the clipped retract vector is at least greater than the
distance tevehiekplaned46,(e., Mhkigluhde Wnlclidh dehosiiiahodddetdotitthdinestisabmns check
plane adc), This, 21 blpck 070,23 he yarabie AL i vove fhack KIang s 3eldo dileq i blogks 606,
controller 20 Vce:(C)rOnrp £8 & New rRtTact Vector y%efﬁng e X-component dt the current retract vector
equal to z&rd., HerEh¢hiefagindigtnast vEtiordsatieimefsenchycerge s iown dlorighd ketBeicause the

new retragt EGLar lapaifis RAN-Zalo.(osk AP hot 15 DRRNZELHSIPGRAUAUGHARLReG80, and

controller 606 determines whether the move se%uence IS complete at block 606, which it is not.

30CohtrolfeiePeR BN Rzt Aeies save cDmHaE: trredsEn réiracoadihevhrdoriane S esviea1 wo
2011/04408486ditk (829140 10 onapil rel Aslplang A2 GOMtioHe 28% thendeliermipradblock

612) the distance to retract plane 420 along the current retract vector and whether further clipping is
necessaty RS sIEMsHIeG 4% PYF 149-¢An be moved from position 444 to position 450 without

encountering a machine limit. Accordingly, at block 650.controller, 2 rmine he.clipped
length of the cur%%??%ﬁg%t%%%g %h%ﬁglv\%ts%eoc ﬁ |§f)£c%f)¢§ g'g?]fége%f&gfr%e ?ﬁémr%l\??iostlf)ag ed to the
front of theomovadiSCABIAA6 656> Ahblocki6E8; Nohtedhert 200staterffidesdbictsecdlimhet)length of the

retragj Veeior is fguAl Q. the disianee 1 rpIasE plang420iAnd Sete R RoVEiReHURAGE gRMplete
variable to true at block 682. After block 606, the calculation of a successftul plunge sequence is

returned (PIRKBTSPIEMTTAIEdARSYE S S PBek BE4FIRRUPIAE BB SRt kef4hsthe manner

describedigha\s: haveHien2d deRiCtSsaue%amPia.6f asucsassidbalunge.spaugReyWhRrein tool 141
controller 202 determines that, after cIippiﬂglf é}&?ca%%etract vectO{ ill not glrdva e tool 141 toward

{ c
retract plaMfEABEHUECSHIFPELERIRS KUELRE] OPEIG 8 < EARRE SFiQ’f EARDBWSved to at
or above dloggk planig; 446p IMeracspetifically; dftengleteriviiningrat-dlopkGOdathet 19 Sheckndlane 446 is
not ghove yetract plane 420 along.t normal, and that the pl SE uencel'1 ote mplete
e e i e R
toward refhHct plagas AR@ranitRHy, Wheiladpl thd bisaimdise 1QAGE i pdiskiontorsmstedlanPe Rhgt 9®), the

outcome of Blggk HA%ISES E6m 1he aigr%fe%mf iA S'}Sﬁcm%@lg@p\(ﬁg‘?{o%i"{’@!@g}yﬁﬂ% ol 141
toward retract plane 420). Thus. controller 20202 executes the steps of CRS Aqlgonthm 00 described

above to chpiveEte ok Rlarrnawgti shown mEguarasi oo peista Few hotidhtoerasita47. After
controller gR2xaliions R Hlock LA and dRtRIMinEsHpidhaimoys FaguepsaisroEcompgte, controller

202 determines using Algorithm 610 (described above).th otjon vector 447 will not move tool 141
o oS A0 I VLT a0l Bl T GG G ETHHICH S U Al i
uses the default plane normal direction, which is the inverse of the plunge direction vector

(here, {0,0,1}).

At line N6 of part program 204, a fully defined G08.2 Buffer Off command 500 is used.
For the command at line N6, the parameter "A0.B0.C1" specifies the retract direction vector
25  with respect to the current coordinate system, which in this example is the transform plane
specified at line N3 in part program 204. The parameter "U0.V0.W-1" specifies the plunge
direction vector with respect to the current coordinate system. The parameter "R1" specifies the
plane normal vector as being along the z-direction of the current coordinate system. The retract
plane is specified by defining a point ("X0.Y0.Z2100") lying in the retract plane with respect to

30 the current coordinate system (in this example, the transform plane specified in line N3).
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25parallel to retract plane 420, movement along motion vector 447 is not necessary. Thus, controller
advances to block 684 where it is determined that tool 141 (in position 445) is at or above check plane
446. Conseaeenily/epitroller 202 returns a successful plunge sequence (ataukser@)om 48T T Algorithm
550 of Fig. 18. Referring now to Fig. 13, the following is a description of an unsuccessful plunge
30sequence. In this example, after initialization (block 562 of Fig. 18 and block 602 of Fig. 19), WO
2011/044087PCT/US2010/051408 determining that check plane 460 is not above retract plane 462

(block 60&)inamgd1detanaifting dhalitfiadneyerseayrneeavishnet eereplatal(blaskB0mmanatralier 202 uses
Algorithm 610 (bloc

608) to determine whether the current refract vector (the inver iector 464
will advant@ 63t TP 8w ?Iectrgl&cr%%%epz%@f}%ehé%ﬁé%ﬁﬁ% }Sep%al%?ﬁi%% IR tarlgdvvﬁail(gg%gg 141 tovv)ard
Sretract plaihe:d6heatrtioiem2 0dtadeance® thdblock Gk daldeterspitenthe distance to retract plane 462
and check plane 460, and (using CVM Algorithm 614 of Fig. 20) whether machine limits will be
encountered upokisioohegitisaimatoed rétrsenprilts AExcassheRer i@l Parimegeive2R4iRtit 418 is

encountered Assurh c RS EHTER ERLach e ciotis alippedde e dengtushpwn i ig.ck8e Besause the
clipped length is non-zero, the move depicted in Fig. 13 is 10stored at the front of the move&ié% (blocks

650, 652 ARACEEE GG CLSARHER O Hifer oot &t Fls DIbERCERE’ it YETRHEi FRLCHIATTHE Wipped
length of thenteagtveictosdscantigseatesthamoaa walie thedistanoelageliattplanei6@0At block

660, contrgller 202 also determjnes that the clipped length.i reater tha ual to,the distance
to check p%ﬂ%ﬁ b SAEHRE gglaa%(@ ?8?\}3111 off’vf‘isﬁgIP o res“%g o%v%%ﬁgc%rﬁ%g%gg &t ﬁ)bfeéc]rsl.e at
initializatiortab & 1S pitingR4seEiRE dddiivick 562 aidMmngt8); freouwoedrraditbidok®8édero, and

contigjler 202 gﬁ%@gg@aﬁg%%s&%%haw&%%%ﬁ%g%%&mgﬁp%amﬂg RGeS AMEIRL (BlOcks

564 and 558 of Fig. 1 erminates program execution. Returning to the examg e of Figs. 9

and 10, afferohaasndsceydfanplmdedsoiiefier Al compuansts ot ivlersose6T6f Fitt I WontandrD02
executes e SebaRtANELRIHRLERIMEDEGER WiRAtRIYE S AR SetHNS e Hlask 82O tHEol6. As
explained rigg\e/%ercl:toonft ‘[gélle {4210c12u1(1%%%r111§%u?‘1i0n%k0f square 475. Like the Group 3 commands at line N5,
the commands at line N16 specify the location and orientation of tool 141 in the new transform
15  plane. The commands at line N17 are Group 1 commands that specify the direction of spindle
138 and activate the coolant system. At line N18, controller encounters another G08.2 Buffer
Off command 500, which specifies the retract plane and check plane using incremental distances
from the target point as described above. This again causes controller 202 to execute the ASR
Algorithm 540 to reposition tool 141 from its last position after cutting square 477 of cube 479

20 (Fig. 15A) to the beginning position for cutting square 475.

After the safe repositioning of tool 141, controller 202 executes the commands at lines
N19-N28 which cause the cutting of square 475, turn off spindle 138 and the coolant system,

retract tool 141 to machine limits, reset the transform plane, and end part program 204.

As may be apparent to one skilled in the art, in the example above neither the retract
25  sequence nor the plunge sequence generated a computation of a move of tool 141 from the
position shown in Fig. 8 to position 432 of Fig. 9 within the retract plane. This move is simply
a transition move from the last position of the retract sequence of moves (i.¢., Fig. 8) to the
first position of the plunge sequence (i.e., Fig. 9). In other words, as machine tool system 100
executes the moves generated by algorithm 550 of Fig. 18 (i.c., intermediate moves between

30  the position of tool 141 just before a G08.1 Buffer On command 492 and the position of tool
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524 after encountering a 008.2 Buffer Off command 500 in part program 204 with the variable Buffer
State 506 set to On (which occurred at block 516 when a G08.1 Buffer On command 492 was
encountere®awitigpreiessing of PCP Algorithm 502). Upon reaching bfek'S3241¢8Ht¢er 202 set
Buffer State 506 to Off, Notify Out Of Limits 508 to On, and began 25executing ASR Algorithm 540 of
Fig. 17. In the process, controller 202 performed a reorientation of tool 141 as described with
reference to Fig. 17, followed by execution of MTT Algorithm 550 of Fig. 18. Execution of NUT
Algorithml $50ftf Eig038 RvbiveaBxetutivn SOORQAIKDrithmsed Berigna S IR RGN

Algorithm 614 pf Figr2Q) fuics,aRe SRS Frlia s payRREL 20 ARER et dhenpluBdRseauence. Upon
returning to block 524 of PCP 30Algorithm 502 (Fig. 16), controller 202 reaches block 526 wherein

controlle28PiEbptitiGed WemIspTBEessing of commands (i.e., with Buffer State set to Off, motion

commands are 41 WO 2011/044087PCT US§010/ 51408 %{guatt?d tqdrpglaﬁlgipee ég} 11 %{Stem 00 at
block 532). This CaNip BB AN MO ra s HbRIRG o bt YA e

aving esciibed the
operationcofitbg sariatid plgpoithins fapelutoratiosatd cepositionifig pthepfoivwin gtisausrsrexdétailed
descriptiqn of part program, 20 N6 R hUED RIOCKS QL Gommandsh s bulirigr.for
processi%goégg%nrl&ﬁg % ﬁ%’gcﬁ ﬁﬁsﬁk@?%ﬁ‘?ﬁg p?eesent %\_éISdOSUI‘C, I%Ieturning back to part progream 204 of
Fig. 15 arebtapecny Joteigin sxewids doimoitcp 2ogipricesses the mOBPIoBIHe FOAEoNMand 492,

the variabjg, Rroseam,CAmBaY GaHals BuifeAnblosl3Aa:qERCR AlgatitnonaA2 eiiEies 16), which

causes controller 202 to begin buffering commands in the manner discussed above with r.gi%‘lect to

Fig. 1016!GA¥ &esksaismmardey Gty 9556 5 rEE (BsdemindRs B8 LTI WHRFIEBushed to

the gyent;hufferasRIBCkI5AR MIRCR Aigotilh pr kYo diaxt frablineNJiconimiers2R2ceibeduibters Group 3
commands that define the coordi%a({g Séstem of th ttr%nsi;orm 1Irfl;me %?sogrigt%g ‘%‘Q}Q :}Q cutting of
square 4 PFBYERSE HFITEATNS 13 LGB dh R efeh 487 |g.gl%fA. TREsE Cmimands are internally

executed Biifiito K BERGmiRC Bt Algoeitbvars 02 Roftie ten kbR e2tnaxibuifelly thecGssspll dohemands at
line N4 Wpr{ crllvselrrxtl]lpg%g %%%yﬁ%é B‘?a%gigé g&k@?@xd outputs only those commands that are necessary
for proper operation of the part program from the recovery block forward. In another
15  embodiment, controller 202 automatically internally inserts a G08.1 Buffer On command
before the first program block and a G08.2 just prior to the recovery restart block, thereby

automatically invoking the ASR Command Buffering algorithms.

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
20  application is therefore intended to cover any variations, uses, or adaptations of the invention
using its general principles. Further, this application is intended to cover such departures from
the present disclosure as come within known or customary practice in the art to which this

invention pertains.
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138, its direction of rotation, and activation of the coolant system. Line N5 includes Group Cs
commands for defining the location and orientation of the tip of tool 141 in the transform plané é‘éfri)ned
in line N3 in preparation for cutting square 477. The first G08.2 Buffer Off command 500 is
encountered at line NG, which causes the variable Prop-am Command to transition to 20 Buffer Off.
As shown at block 514 of PCP Algorithm 502, when Program Command equals Buffer Off and Buffer
State equals Op (which it does at this stage of execution of part program 204), controller 202 proceeds
to block 524 te-Begi#H execution of ASR Algorithm 540 and the other associated algorithms for
computing safé. deprstitidiiingusttascabirepestinaippaivehvilbiphe thsie s oaraByf&i® fPetmmand
492 to the posifignspaaifiedin/irg Nom2hadesesinetaborgsjibiiaierascetiobnckdag vé ASR

Algorithm 540, a var#fety of parameters are used in the process of defining repositioning sequences.
The G08.2 Buff&PSH command 500 may be used to specify some or all of these parameters as
selected by thé)ragrautinestt [Fot excaistpiet, moG0g. hBiafle PO corm il SO Tollow s By iset parameter

specifications causgscanpllet PR s dafauib Malugs londhasadatmnstRes:, Mareadspecifically,

the retract direction default is alone the target Eosition's tool vggtorlin the & rrent Wé) while
2011/044087F € H1a3BA 5651 ABHOE SOVERRATE LY LRSHTTE™D 4) PRI YE BieSLHET SN S the
inverse of the targétipgsitibin'shtoebrkatep{&: 0f-thk. Mintiptaiae! sptaal default is along the inverse of the
plunge directiopyegiar40,0hdsThiR SriMLARaRR Aidhe.celrarb Rlans-flemLthatdargehpaiat ('L")

along the retract direction1s infinity. This causes controller 202 to clip movement of ool 141 to

machine limitsH{RBASOIFSRiNG Tha st ek PRI STHE AR AR LRSS BY Af4'EHEck plane
from the targetipairtic/cadang ibedmrersecpluagkedir@ttioreisor evoesphich indicatesitheltttite check

plane passes (yougl1ne (IRt PAINL (h o A0 XSRIE A ADISHEE S| f Specifsogfpr C08.2

Buffer Off comman 0'is the command "G08.2 L95 Q45" shown at line N18 of part program 204
(and discussedys&midrdL0Controller 202 will use default values for the retract direction, the plunge

direction and tie) planieasnr) #etlescthesahorpnHowe verathe petiach piarfeotocktipinmaad the check
plane location have been specified, so default value iIIlnot Iysedd Mare sp cifically.-the parameter
"L95" indicated 8 &3t ?éf ?Hséz{?(t) ]’e“?lrll?:rreé?;]{gen{g r%\él\fs, aarﬁlge%ré(%_s%ee%g?gét pgqﬁnt 10,0,51 along the
plane normal 0@} Xtoth aaugtpridtichnReire thedppl diver passelage IR il 1TERi$OpES8es through the

point {0.0.100) with respect to the transform plane specified at line

2. The method of claim 1, wherein the machine tool system includes a five-axis machine tool.

3. The method of claim 1, wherein the retract plane is parallel to an Xy plane of a coordinate

system corresponding to the target position.

4. The method of claim 1, wherein the step of computing at least one retract move further
includes the step of determining whether movement along the retract vector will result in
repositioning the tool in a retracted position in or above a check plane when movement along
the retract vector will not result in repositioning of the tool in the retracted position in the retract

plane while remaining within the working space of the machine tool system.

5. The method of claim 4, wherein the step of computing at least one plunge move further
includes the step of determining whether movement along the motion vector will result in
repositioning the tool in a plunge position in a check plane when movement along the motion
vector will not result in repositioning of the tool in the plunge position in the retract plane while

remaining within the working space of the machine tool system.
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N15 of part program 204. Similarly, the parameter "Q45" indicates to controller 202 that the
incremental distance from the target point {0,0,5) along the plane normal {0,0,1{ through whjejxthe
check plane passes is 45mm and thus, passes through point {0,0,50} with respect to the transform
plane specified at lint N15 of part program 204. Since parameter R1 is not 20included with G08.2
Buffer Off command 500 at line N18 of part program 204, controller 202 uses the default plane normal
direction, which Is the inver f the plunge direction vector.(here . I of part
program 204, g‘ fu yrﬂeetﬁﬁgege@% .Zégé%lﬁgerqrbtﬁ‘ec%fcﬁmgﬁ%eg%%%%gﬁgg(%h%g&tﬁeéla%lr%%fnga%r%%%iég)N6, the
parameter "AQhBECHvteeifiertin iemaringiietioh e ide pERehPrsEadetd e et ASHioordinate
system, which in this example is the transfolut plane specified at line N3 in part program 204. The
parameter "150.VO.W-1" specifies the plunge direction vector with respect to the current coordinate
system. The pglrgh‘?é’f@%‘gl@%ﬁ%‘g}fﬁeg léelﬁguﬁ’g Hofma 1?/(2856?3? %@(nag%%%ﬂgﬂ%ﬁén %“E*&‘f?%%‘%f%n of the
current coordingtemyttepheddarstravepiands s sploiied tnjed diirfitig af Peime gt Xbey 817Pob!y ilying in the
retract plane with £espectigs0the current coordinate system (in this example, the transform plane
specified in line N3). WO 2011/044087PCT/US2010/051408 Similarly, rather than specifying the
check plane with an incremental distance from the target point as explained above, the check plane in
this example is$ dBfineetingd afpdiint 6, @hstOirkKBEO SB yifwpinptiie chidelsislanelwigh mespdetherthe current
coordinate sysfemqAfiRL 5%9%?%9@&99?\?9{ 144, FontrQlierR02 e RUBRS |X RRMLAN QiRartipFegram 204
by 5executing the commands at lines N7-N12, which causes tooli141 to %Ut Is:ayare 477 in cube 479,

deactivate spifBiBItBEeRASHiRnRESH Hb 1R WA TRP (8" 1% CdBRETSITEP SRS

encounters a 069
command, which cancels the current transform plane. Controller 202 again encounters a 008.1 Buffer

on command 492 2ti0RN L RATAARMR A M Frife, HA G AU, Repa sk @ON at

b

block 524 of PCP Algorithm 502 and Program Comman e(%éjal to On, controller 10 202 again begins
the process of BUFRIFRGESERGS TharlPtRS RSPt @dhsRa L iease e @ fBE5 3 ¥Bmmands until
another 008.2 gyféepdaionimant:&QRdsiensalintesedudiolinelivtBoandthelinverse of the plunge

vector and a check plane distance from the target position.

10. The method of claim 1, further including the step of repositioning the tool from a start

position to the current position.

11. The method of claim 1, wherein the computing steps use a common algorithm for adjusting

the retract vector and adjusting the motion vector,

12. The method of claim 1, wherein the step of computing at least one retract move includes the

step of determining whether the retract vector is valid for moving the tool into the retracted

position.

13. A method for automatically repositioning a tool within the three-dimensional working space
of a machine tool system from a current position to a target position, the method including the
steps of:

(A) computing at least one retract move of the tool, based on a retract vector, from the current
position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
such that the retract vector corresponds to movement of the tool toward the retract plane while

remaining within the working space of the machine tool system;
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set of Group 3 commands defines a new transform plane coordinate system used to control movement
of tool 141 during the cutting of square 475. Like the Group 3 commands at line N5, the coM@&htB at
line N16 specify the location and orientation of tool 141 in the new transform 15plane. The commands
at line N17 are Group 1 commands that specify the direction of spindle 138 and activate the coolant
system. At line NI 8, controller encounters another 008.2 Buffer Off command 500, which specifies the

retract plane and check plane using incremental di 4 ' gl above.
L@ S()Oélcl)%l{ IH at%&i g[)o e;g(]lun € %chv ?%%8@%%9&5@%8{%%98&%@& Q%ﬁ%‘@?& v

This again ca rofter ectte the ASR Algorithm 540 to reposition tool 141 from its last
position after cufttintyssuseeon FrBithe FEcaRPStoRiG 8NP L B finkiie pedaR b AAYERG square
475.  After thesafsrenesitianingLitaclddhacoptiolion 202 @xeautgstifiacommandsahiines

e S aSEnEue ol aare A Tt pingle LD andL s EaplpmhaXsie. et
r

tool 141 to maEcl%ng‘Ylmlts, reéset the transform plang, and end part program 204. As may be apparent
to one skilled isyskrnattdin the example above neither the retract 25sequence nor the plunge sequence

generr]ateg a Cqmnhﬁ?ﬁ%nh@f%@emmf@tﬁé Eﬁ@leﬂxlﬂéogiﬁm,Ttb@h@@@ci@@ﬂ:}:ﬁb@iﬂ?ﬁ?ﬁ@‘m&tm@ms?gm 432 of Fig.
9 within the retract plane. This move is simply a t ition mave from the last positio the retract
sequence of rSVEET R NEfgres) Q8Sfﬂ%nfi}§l%%%§i |6{eﬁfg§ttﬁeect8 EH@@%&&F"\%%&(K%%%?“Q 9). rﬂﬁg er
words, as machinertootsystésid 0@ exastieththexindvéangabnatediby alipafihs BSENER). 18 (i.e.,
intetmedi ate moyes PawESLBRthePosition of tool 141 just before a 008.1 Buffer On command 492
and the position of tool WO 2011/044087PCT/U82010/051408 141 after a 008.2 Buffer Off command
500), tool 141 is moved from one intermediate position to the next. This includes the move from the
last position of theThetiratisbofudrivel o therfinstipabifiol Gl threfpl trgduweguerieeis Wi ko thectsfesent

disclosure has \L%%Hﬁ%qo%ﬁ‘iyﬁﬁtﬁfH?Qe@ﬂ&gﬁ’i’@.ic safe repositioning 5concepts to safely reposition a tool
during nolinal execution of a part program, other uses exist For example, the concepts apply as well to

enhance the recovery restart functions of a machine tool system. In certain cases, it is desirable to
begin executionsohaneaidregiAsm i AlleeapRnidalogk pbroitrinahe thathdintbamtheWirstdookeof

commands (e.g,, at block 2000 of a fotal of 10,000 bl af, sk INsteash of simplymoving the
tool to the first (i; (z:la %:rl?lrsl% é&g%a?em %rom a curre’x% pgslﬁlgg lt(O'Q' a Icg%m ) C H]‘lﬁ)é
steps of?

(A) computing at least one retract move of the tool, based on a retract vector, from the current
position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
such that the retract vector corresponds to movement of the tool toward the retract plane while
remaining within the working space of the machine tool system;

(B) computing at least one plunge move of the tool, based on a motion vector that is an inverse
of a plunge vector, from the target position to a plunge position in the retract plane by adjusting
the motion vector, as necessary, such that the motion vector corresponds to movement of the
tool toward the retract plane while remaining within the working space of the machine tool
system; and

(C) moving the tool from the current position, to the retracted position and from the plunge
position to the target position, wherein the plunge vector is specified relative to a coordinate
system corresponding to the target position in a buffer off command in a part program executed

by the machine tool system.

16. A method for automatically repositioning a tool within the three-dimensional working space
of a machine tool system from a current position to a target position, the method including the

steps of:
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10in the recovery block and executing the part program from there, the concepts described above
permit the user to insert a Buffer On command at the beginning of the part program and a Buffér&#P
command at the recovery block. The controller then internally processes all of the intervening
commands and machine states and outputs only those commands that are necessary for proper
operation of the part program from the recovery block forward, In another 15 embodiment, controller

202 automatically o neelts 8 SOR M BUWTR (s mimand Relai e Hsharpgranm Rigck and a
Ythe reco f bloc i ’

G08.2 just prior to very restart block, thereby automatically invoking the ASR Command
Buffering algofisitien to a wgiiafedmesio v s Heshyadenbed s iR SR eXeIfiSMY design, the
present inventigenAkaytherdiaheemadiied puithtothe epititandhscofesfdisdisclasptamehige

20application is therefore inteﬂrgded }(o covege%r%){h\é%ia%g%g% é{ssgygte%r_ adaptations of the invention using

its general prinGip s’ Vﬁlriilﬂgr, %%Oéﬁtfﬁks:% ion is intended to cover such departures from the present
disclosure as ¢Bienwithiire khisash eeclistenipeyeprabe éeolnbasednt toHRNVERIST e RS ¥eH&ins. MC

SLLP Claims: J A methed far auiomatisalpremesiicning @ iecitwihiniibecthieeiginensipsal yvorking
space of a machine tool system from a curreijntiilgtotﬁitior(}tltonaV taﬁg%topgéigg ) t’g)hgmrpeentlggtdomﬁjeuding the
steps of: (A) cBRIBUNL S P&t BiE AN atl Thove of The toof based oh a retract vector, from the
current positiototbtawett doteci-pogition Whiderestrattpdarigivyhediestiing theceslr Bt vedtoe a8l necessary,
such that the refragt vagtor corresponds to movement of the tool toward the retract plane while

remaining within the ' working space of the machine tool system: (B) computing at Jeast one plunge
move of the tolSf) BR¥E 8 g)?ﬁgf?ght%ﬁ‘fgf?ﬁgﬁ%“gh tl%/gg Sk %éﬁ%smon ang?(l(i%r?]f}o%? (he target

STt unge vec
position to a plgepasitionriethesitralt hlane loyiagihstiag diecpesitioningtioiodSravcedadry, such

that the motio é’s‘?t%‘firté:ﬁfé%ﬁﬂg’&%ﬁi(gﬂ%ﬁ%ﬁ‘H{%fsig;?JP&FE@W@B@;Q\%J%@‘%M@&%‘U%@ semaining

within the working space of the machine tool system; and (C) moving the tool from the current
position, to the“PEIPHERSIHBEIb FEAVRIFFRNAEDIAATE TH RSO HS TAFGEY BOLHONY Wherein the
retract plane degfiresm drsitackrie disthnc@iihe dgaal from a part prior to moving the tool from the
plunge position to the target position. 2. The method of claim 1, wherein the machine tool system
includes a five-axis machine tool. 3. The method of claim 1, wherein the retract plane is parallel to an
xy plane of a ctbrtinatetimybednlatortéspbeiding e anotapguupasitioiitial sequence of moves

includes the step of computing a move of the tool along a tool vector to a machine limit defining,

in one direction, an outer boundary of the three-dimensional working space.

18. The method of claim 17, wherein the step of computing an initial sequence of moves further
includes the step of computing a move of the tool along the machine limit to a second machine

limit.

19. A method for automatically repositioning a tool within the three-dimensional working space
of a machine tool system from a current position to a target position, the method including the
steps of:

(A) computing at least one retract move of the tool, based on a retract vector, from the current
position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
such that the retract vector corresponds to movement of the tool toward the retract plane while
remaining within the working space of the machine tool system;

(B) computing at least one plunge move of the tool, based on a motion vector that is an inverse
of a plunge vector, from the target position to a plunge position in the retract plane by adjusting

the motion vector, as necessary, such that the motion vector corresponds to movement of the
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4. The method of claim 1, wherein the step of computing at least one retract move further includes the
step of determining whether movement along the retract vector will result in repositioning the tool in a
retracted position in or above a check plane when movement along the retract vector will not Méseil
repositioning of the tool in the retracted position in the retract plane while remaining within the working
space of the machine tool system. 5. The method of claim 4, wherein the step of computing at least
one plunge meyg furthetNCHags e sieR ol HlEiINNg whsihermovemanhaleng;Hig goton vector
will result in reposﬁlonlng the toofin a plunge posnFon in'a check pIL%n% when movement along the
motion vector $#femoBrdsult in repositioning of the tool in the plunge position in the retract plane while
remaining withi) theywerking spas @t hieramachineniaeksysiemed\esildRnéirohatmptiad of claim 4,
wherein the check plane defines a secandary. desired safe distance. of the tool from the part prior to
moving the (oGP IhaBIaHGb SO e UM Deston, TPoT ksl Ers #herein,
unless specifiedsétpetaibecsyanipesitonthderric Hinslep of sypstshionihetep ek prviecHa&sporids to a
plane occupieghyaitip LfitieiRathEsr theteelisiphriarastpesiipositn ihe sethesof claim 5,
wherein the step of computing at Ieﬁsttoneoglurg%e movetf.urther inc udesttktle st(?&o ?nerating an
error message P VRHEMSIBREHE H8TAI VERtor Wil hOE FeSiith Tepositioning of the tool in a
plunge positioroimegroaliiogdd e cheekt plaitien 9. tTiheoendithitadspftotaimdienriratiia thedosidpoofthomputing
at least one regract MAUEMelUfesthgSiERakisemputing a check plane point as being the difference
between a target point corresponding to the target position and the product of a direction of the inverse
of the plunge vector and a check plane distance from the target position. 10. The method of claim 1,
further includirg.thenstepd dbreposititeailhg ripestoal ifro e istatt ip disitibredalithensiond tqplisigismace11. The
method of claigy Loheielo s sarpuling sieRsush commen plaatihm.aLadl aingheeract
vector and adjusting the motion vector. 12. The method of claim I, wherein the step of computing at
least one retradtithelie includes the step of determining whether the retract vector is valid for moving
the tool into theyjelsapten PasiEisnond &tAdmethedfioe aupBasdicaly repesiieningraniabd witkin the
three-dimensional . working space of.a machine tool system.from a current position et position,
the method in&iti |1r(1)§ E?]%%Pé%%sle%ep 83\ 1%%??1615 fﬁagC?ﬁJ gé?s) 6 éls(r%g{ 216% Fﬁ%%(é %fcfﬁ% %(S:)}) c%%%[@gd on a
retract vector, fromhiiaheurteast pessitiorteseordsracnsy guessitioia ol uetdgheristBgtadistitgcthe retract

vector, as necgssanmSHERitat erplkapioaatakr citrsR e iasmovement of the tool toward the
retract plane while remaining within t%ﬁzjworkin? %ptgce o{ %he r(pachine tool system:. M081.19 (B)
a

computing at |Q%l)s(fo(5?'?éltmgﬁ EHISDS BPRSE ok &P3n 1 a motion vector that is.an mverse

Aotioh Vettor tivat is aninverse of a
plunge vector,dfempiithe taxget fositibntioget phaitige fpasiliorérpositiveiredt pieme biprdjustingtilee motion
vector, as necgssary:, syl ihak e Moton Yeaiar FORESRORESIL MRYSIREND Aldhanarbiayard die

retract plane while remaining within the’'working space of the machine tool s¥stem; and
tool toward the retract plane while remaining within the working space of the machine tool

system; and

(C) moving the tool from the current position, to the retracted position and from the plunge
position to the target position, wherein the computing steps use a common algorithm for
adjusting the retract vector and adjusting the motion vector and, wherein during the step of
computing at least one plunge move, inputs to the common algorithm include the target position
as a start position, a reverse order for storing the at least one plunge move, and an indication

that moves below a check plane are prohibited.

21. A method for automatically repositioning a tool within the three-dimensional working space
of a machine tool system from a current position to a target position, the method including the
steps of:

(A) computing at least one retract move of the tool, based on a retract vector, from the current

position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
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(C) moving the tool from the current position, to the retracted position and from the plunge position to
the target position, wherein a default vector for both the retract vector and the plunge vectoMCSLLP
corresponds to a tool vector that extends longitudinally from a tip of the tool along a center of rotation
of the tool. 14. The method of claim 13, wherein the default vector for the plunge vector is the tool
vector when the tool is in the target position. 15. A method for automatically repositioning a tool within

the three-dimefisiciia MOFIAG SLAGe.ahaATNOR L0k aXetP IO A GBI ARRIIAN 9 A feraet

position, the method including the steps of: (A) computing at least one retract mov the tool, based
on a retract verétB‘?PWfﬁé‘(%ﬁ?ﬁé?ﬁkﬂlgsﬁﬂ%‘? tb herarrehined bt a retract plane by adjusting the
retract vector, @ aecessay; Baghibatihe eirecifBetosicaiasponds tdmevementiofithe éael toward
the retract plan lle r ining within the working space of the. machine toal system; jB .computing
at least one p|8$%é‘%!ﬁ E\’/Qég})?){h%gtrgcfﬁet% 8? glsﬁl{gn}n%t?gnu{} ctor %1% s a%rfjn%lrfgé 0 eba?’ Sfl lrgls)gsltlalgvector,
from the targetl53RMGR 16 plRfsesBE1ioH I trchetratoblare hpaeiRthdotRe YeotRP VBetor, as
necessary, suehthatdhiinoasieptyeaioneosrespands taamome wenof shedoplitowasdisigtgtract plane
while remainin S\{\éig)ignt e working space of the machine tool system; and (C) moving the tool from
the current position,’to the retracted position and from the plunge position to the target position,
wherein the pl{figeoyéadiasospieftides raraeieeoitirrdordimsteaeydieasiteor red pomdihg i target

}oosition in a biﬁﬁﬁﬂi&fﬁ&%@%@@b&i?oﬂ?ﬂlﬁfﬂﬁrtﬂhm&i%gﬁ%@@@y J}?&iﬁbﬁ%i%%'ﬁ?&%@bﬂﬁﬁ&é\ mtlethod
or automatically repositjo tool within the three-dimensiongl working space of a machine too
system from asggJ?Pgﬁ? %gg?ﬁ%r? %)Cg?gragngt%gﬁ%ﬁf%%mmeexﬁ%t %&ﬁbﬁﬁﬁa?ﬁ‘é%sf%%ssyéf? é%ﬁ[l_}ﬁb (A)
computing at lezstioate sEstestbaioy ditiendne ool avased orralietansteactorrdromding touhrentgoosition to
a retracted po§ggq;blip a retract plane by adjusting the retract vector, as necessary, such that the
retract vector corresponds to movement of the tool toward the retract plane while remaining within the
working space of the machine tool system; (B) computing at least one plunge move of the tool, based
on a motion veetox tiahid &m anvensecallarphasigenueciaopfrehithtdaligetfhositsomibve plinpgeaposition in
the retract plage, By AdiSHI R MRILN A ASHSERSS AN S AR IABHORN AR e
corresponds to movement of the tool toward the retract plane while remaining within the working space
of the machiné#8®PEystem; and (C) moving the tool from thc current position, to the retracted position

and from the glapgenposition lkadhaéatgetipasitof furtbar bagluding the stepof, eposikieningthe tool

from a start p05|§189nt$0t£1ree tcrzzlljcrtre%r}ot Og&ggl%nd yg@gcrtelﬁ YEQ se'g%o‘a 9;‘? rehgos@ontlggcghe tool includes the stop

. OSI 1 € retrac Or, 48 Necessa .
of computing gﬂ Initial sequence of moves to reorient the t i lgt € current position WI?E Wiaxmum

clearance betwdrihgidhgomstasicy ecioaroesPoTddgeeteiteot didietad faveddhs hisastelasieoiputing an

initial sequenceHfiMQYesiIRCIHIRs e SRR reRMIING BénQueRf the tool along a tool vector to a
machine Iimitglﬁfinin ,In one direction, an outergound ry of the three-dimensional working space.
18, The methdiD SPRRINMER IR ARRNEES S SrodSHRARInG 5 AT SARUERES B ROURL HiRher

includes the stép pluogenpatingiamibyeagfetipesiooh adonguiee peaitivina limitetmet sboohg mijastnge limit.
19. A method for guiRmaticallysResEoNRgaHAch MR thetbres-AipaRsinal warkingrgpace of a

machine tool system from a current position to a target position, the method including the steps of: (A)
computing at IR518REBE S AHRRBIMHE t5BRIBASEY B heatpatngsriss, ofdinmaebétstentt position to

a retracted posjtirmjarai retract plane by adjusting the retract vector, as necessary, such that the

retract vector oriesAROds (8 MAYS e ALING ARl WA S IErRSiRIRAR e dETRIRipg within the
working space of the ntachine tool system;

position to the target position, wherein the step of computing at least one retract move includes

the step of determining whether the retract vector is valid for moving the tool into the retracted

position and, wherein the determining step includes the steps of mathematically projecting the

retract vector onto a normal vector and determining whether the projection is positive.

23. A method for automatically repositioning a tool within the three-dimensional working space
of a machine tool system from a current position to a target position, the method including the

steps of:
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(B) computing at least one plunge move of the tool, based on a motion vector that is an inverse of a
plunge vector, from the target position to a plunge position in the retract plane by adjusting the motion
vector, as necessary, such that the motion vector corresponds to movement of the MCSLLP t¥&ISLLp
toward the retract plane while remaining within the working space of the machine tool system; and (C)
moving the tool from the current position, to the retracted position and from the plunge position to the
target position further including the step of repasitigningt r OSiti urrent
position, wheré&fN fﬁ&qg't‘glﬁgoaﬁgaﬁogl fol ﬁ%aﬁttﬁlevt%gﬁl%\%ra% é%%%%%oir{é%%hgfci?r% fﬁitiiﬁrj%g ?ﬁ?g%ri% ntation of
the tool corresparitiingota itactdnqtisinon dncasbolainbadysismborrBagottitg Mo fe* i&get position,

computing a segang erigniation efithe el amaspandinghto tiie eurentpositoarrthercodrdinate

system, and reorienting the, tool from. the fircstocfxrteenta}atciglllﬁ1 é[(gome ssgeco,nd orientation. 20. A method for
automatically rEpBSHIsNIHE 4 oI RithiA RS HTed-dimensional Working space of a machine tool system
from a current @sitioputing Aelkgstqresitions thevardtiedonichastA RIS VEHOARES ARG at least

one retract moyg,ofi ihe. [9QlPaREH RO A SBLRSINAGIK pliam Pisicuiankpeskion o cbieltastig position
in a retract plane by adjusting the retract vecﬁo% a§lnec]g'essa(r;l)étosuc(:)pr etpa(l)t1 H&%%%@‘%éﬁ%tp&e
corresponds to A BIRUMEYRERY tRESEF TN AME THE TSt AR STANE While remaining within the working space
of the machinetsoblosystehe; rdiBcolampwtinly atneastonshpithgeeriove soreheftdsimeelyagitedl a motion
vector that is an is?é’er%?d()f a plunge vector, from the target position to a plunge position in the retract
plane by adjustl}r'1g ﬁ%’e‘ motion vector, as necessary, such that the motjon vector c%reﬁgonds to
movement of thEXtBEY tegvhsdog]dPEt e CHILTE Rﬁﬁﬁ@%éﬁf&ﬁﬁﬁ@a%ﬁﬂﬁﬁsfﬁa‘%gkfﬁa‘ spake of the machine
tool system; angsfoh maaringribeptanl fipwhihearciireribpositiontriot theveetrddtedipesitiors akidgkom the
plunge position tg i tarqe} ROSIR wheTeInAne AATPHINGSISAS MO aAMMARGATIRM for

adjusting the réffactVector an agljustmg the motion vector and, wherein during the step of computing
at least one plumeentresisiomnsi terasenesipoiagoitmMe et lidith e g P boSHEN R D & it
position, a reveyse.ores! ar.staking ihe @t least anrplwngelmavecad an indication that moves below
a check plane are prohibited. 21. A method for automatically repositioning a tool within the
three-dimensional working space of a machine tool system from a current position to a target position,
the method inclidiAgntiedtopsusfmetipadbmenssilyrintecisp biishia e o dasPHiwAoBP HAS &G a
retract vector, fromthe fURRN RASIHIPRIQ ansiraptadinpeiien io praliastipanehby adjusitipththe retract
vector, as necessary, such that the retract vector corresponds to movement of the tool toward the
retract plane wﬁﬁ?@%@%aining within the working space of the machine tool system; (B) computing at
least one plungg\mexpafiihe tect, desedecmmvmofide tetibrstkbens sririsergerofaplin g sctor, from
the targe positignjo, a plunge.nasiiandn ihe cetiach plabe iadiusig dhe moianyesiosaas

necessary, SUCHOﬁ'Ia the motion vector corresponds to movement of the tool%owardt ere rﬁlct plane

while remainingyeltiiat the FREIKiHe SH SLESPIAL IRARMIFBLI ST LSRR A (e RIBTIRG

OV g]%ﬁév 061 from
the current positigni{ghatraiiasiecpagisiarastdhiancihe plungstgosition to the target position,

wherein the retract vector is specified relative to a first coprdinate system. in.a.Quifer; off.cemymand in a
part program eﬁgéﬁ?gﬂ"gﬁ’%haé RAHIRR 8&?%%‘{%%,{teé° |$sﬁ%%g%%rginate syst?em beinl different from a

second coordinafe systemecomnrdepotivityze Phetiandes PHSIROPOSHNANHISHRIRTOR st BY A
repositioning a fpolwithin ihe thierdimansipnahwarkingispasa@fcarfagehinadeaheysientitem a

current position to a target position, the method including.the steps. of: .
P tool towargd thg retract plane whlele remall‘]n?ng within the wd?ksmg space of the machine tool

system; and

(C) moving the tool from the current position, to the retracted position and from the plunge
position to the target position, wherein the step of computing at least one retract move includes
the step of computing a retract plane point as being the sum of a target point corresponding to

the target position and the product of a direction of the retract vector and a retract plane distance

from the target position.

25. An apparatus for machining a part with at least one tool, the apparatus comprising:
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(A) computing at least one retract move of the tool, based on a retract vector, from the current position
to a retracted position in a retract plane by adjusting the retract vector, as necessary, such tha]%hr@g Lp
retract vector corresponds to movement of the tool toward the retract plane while remaining within %he
working space of the machine tool system; (B) computing at least one plunge move of the tool, based
on a motion vector that is an inverse of a plunge vector, from the target position to a plunge position in
the retract plane by adjsting the motion vector, as necessary, such that the motion vector
corresponds to movement of the tool toward the retract plane while remaining within the working space
of the machine tool sy&tersatipe ey trHEApketHy @dimoerblaratherie pesiirse. thethe retracted position
and from the phavesbRospRM kagpartiasget pasition, wherein the step of computing at least one retract
move includes the step. aothttlaet%(r)qipipgl\évpuet%%re H%e Qgérgcrtn vgcftﬁr iS v%lf'd f(?rtmotvit th?t tt%ol into the
retracted position an&, wherein the’ d‘etermﬁ’ﬁmg S gp incfudes" ré‘%\i%apseé Mathem iCaNy projecting
the retract veclAcbiREd R ioidE dpted e adeseriinmdeoshethérdhprejeetidnsieopositivehe3. A
method for auigsaticadtl spparitienipeha o withinibe taesimensieraliwaiking shacsof a machine
tool system fr%rr}ma S%B%Q%E%Si L?”Jﬁ? aftar.g?%pto'sitign, the method including the steps of: MC S P (A)
computing at IFASE one reradtimGyveol the 06 ""'Ha8ed on a retract vector, from the current position to
a retracted position in arearaetdiay yrachostihoctheled teaibe vestoineasohegedksany] uchothabithe
retract vector GoyrBRPARGRIRMOKEBISH:G the ienkiPWA e dehachRians Whils gmaining within the

working space of the maLchi,n tool séxstem; computing at least one plunge move of the tool, based

(B) .
on a motion vaRSHIRARIS R AL ML Vehit e pretde FEmate X rsBe HEehiBRA &9 dsmrdBshosition in
the retract plapestipratjastiogdhesiiotiobottestsitjcas deegsaificdtich phatpiloermotidepesdioity of
corresponds tg,mavement afithepol toward the retract plane while remaining within the working space
of the machine tool system; and (C) moving the tool from the current position, to the retracted position
and from the plunge BBEEBio ML PRy stpaitsihsvrerBin the at least one retract move and the at
least one plunge movenaretistpiedst anbudtecuntilitdstheiesnined that thetoalcanhensateysmoved
from the curre ition 1o the tar osition, the moving step including the step of executing the
Slored at st o o B R R R s
automatically FeplbSitichrigtadoscigrkfireseotdrde B vreIsiorahavomtitny epdberefracmbohinkiool system

from a currentgasitiap koradag airpogitiensihametiad gﬁ&l&ding the steps of: (A) computing at least
one retract move of the to%Jﬁéb%ahsled on a retract vect?r frouglf%le current position to a retracted position
ry

Uine ShISTLPLe PUREETONE Hdhe ok bassd g b oA Yesrhakist

in a retract plane by ggﬁ?s in
corresponds ténvavverrepitedeecton fitowsre stvendprattoplareplvinite pesitmiminghwithiacth@wdiking space

of the machingdaqksy#iembiR ) EQBPHINGALIS A QNG PINAG DO VE R G I90) Rased ot notion

vector that is an inverse of a plunge vector, from the target position to a plunge position in the retract
plane by adjustifly el fRdathitetasre e cluledrmainios wdiiheHBtvAiverRtnbHuspeaect

movement of the tool toward the retract plane while remaining within the working space of the machine

tool system: and_(Chaying he 490l Jramife e anl easiianie s reacted paFfion Aagfom the
plunge position to the target position, wherein the step of computing at ?ea one retract move includes
the step of coRfsiitfigiathetiettacidnespisimeadnsmiberrinagposttianiedes ssenmd aosEeportisy to the
target positiorianetifie praductioba dissctiartol Mimeetagt ventaoande-asrthast Rlans distanes

from the plunge position to the second position.

26. The apparatus of claim 25, wherein the retract plane is parallel to an xy plane of a

coordinate system corresponding to the target position.

27. The apparatus of claim 25, wherein the controller further determines whether movement
along the retract vector will result in repositioning the tool in a retracted position in a check
plane when movement along the retract vector will not result in repositioning the tool in the

retracted position in the retract plane while remaining within the three-dimensional working
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from the target position. 25.An apparatus for machining a part with at least one tool, the apparatus
comprising: MCSLLP a frame; a moveable support supported by and moveable relative

frame, the moveable support supporting the part; a machine tool spindle supported by the frame
and moveable relative to the part, the machine tool spindle adapted to couple to the at least one tool,
the moveable support and the machine tool spindle being movable by a drive system within a
three-dimensi?na%leworking space defined by a plurality of axis limits; and a motion control system
operably coup ed to the machine tool spindle and the moveable support, the motion control system
including a controller that controls movement of the machine tool spindle and the moveable support to

automatically ngpositigniheteaidema fiistrasiiomntaaisesend-peation.Lathnasiinrmbiging
specified by a hart pBro ram ind%genﬁilentl}i of the l[urali%/ﬂcl)f axi |imiliS' wherein the c%nt oller
t

" 0 ¢ motion vector will resylt in repoSitioping the tool 1 uhge pasition jn a check plane
repositions the tO§| Yy computing at }east ne retract move c?fatlﬁ)e {lgoll?cbase onare Pa& vector,

from the first pokstidgrPrsBerE flattBpBsHion hster netiaet plaieibyepeiitisting thetpetiachvelbtus as

necessary, sughstia fngégbiact yRstow R IesReMdsiarmare meBlehths spalwewaidsiheretract plane
while remaining within the three-dimensional working space; computing at least one plunge move

of the tool, based on a motion vector that is an inverse of a plunge vector, from the second position to
a plunge positidnThetrrretizceisiaie by abfostitky thednpliondedioror ssndeasderiyedsubh that the

motion vector girRIRAMKISRIMeNement-Qfihedaalpwadithe tetiast &ﬁ{g%#%ﬂ%ﬁ%&ﬂm&ﬁ’é{“hin the
o the

three-dimensional working space; and outputting motion commands drive system, thereby
moving the todPHBA the first position, to the retracted position and from the plunge position to the
second position, wherein the retract plane defines a desired safe distance of the tool from the part

prior to movingdhﬂlgoé%wamstbpcwgﬁ RRSILAN RANG S5ANGLRISH ook P1ahDF: ARRAIALUS Of claim

25, wherein the retract plane is parallel to an xy plane of a coordinate system corresponding to the
target position?*SPiefrRy éb‘ﬁé’tfafﬁﬁé‘tﬁl ShstbsiogiHe e thetrre QshRAsiEMfurther determines whether
movement along the retract vector will result in repositioning the tool in a retracted position in a check

plane when movemeRt along thesiaetveeiar wil L eyl inseagstioning ns (ool i the retracted
position In the retract plane while remaining within t%e three-dimensional wor Ing mgf_
position to the first position.

32. An apparatus for machining a part with at least one tool, the apparatus comprising:

a frame;

a moveable support supported by and moveable relative to the frame, the moveable
support supporting the part;

a machine tool spindle supported by the frame and moveable relative to the part, the
machine tool spindle adapted to couple to the at least one tool, the moveable support and the
machine tool spindle being movable by a drive system within a three-dimensional working
space defined by a plurality of axis limits; and

a motion control system operably coupled to the machine tool spindle and the moveable
support, the motion control system including a controller that controls movement of the
machine tool spindle and the moveable support to automatically reposition the tool from a first
position to a second position, both positions being specified by a part program independently of
the plurality of axis limits;

wherein the controller repositions the tool by

computing at least one retract move of the tool, based on a retract vector, from the first

position to a retracted position in a retract plane by adjusting the retract vector, as necessary
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space. 28. The apparatus of claim 27, wherein the controller further determines whether movement
along the motion vector will result in repositioning the tool in a plunge position in a cheek plane when
movement along the motion vector will not result in repositioning the tool in the plunge positidﬂ@@ the
retract plane while remaining within the three-dimensional working space. 29. The apparatus of claim
27, wherein the check plane defines a secondary desired safe distance of the tool from the part prior to
moving the tool fro lunge position to the second position. .3Q. The aratus of claim 27,
where?n a defafﬁlfth&rg %2}%(?895 tﬁgc(é?{ecggep%)ﬁesisoén Brgrr{%lggcﬁu%?é(g) %a{i‘g%g fﬁ%atcog(fayv%\é/nlﬁe tool is
in the second paasiispg vBihir His Hyeradimegsismelatior’dss spaesein the controller further repositions the

tool from a start positiempaithe dilshpositistn@ande appaBLILiREIBAChHING adRat iithsahleast one

tool, the appar[%%?sg %F] ap righn ;Vg‘c{r?r?r%.fn t}}e saecmn Veoasllt%}gnstlélg%?&g% (Ps(ljtt%%qnb%earr%garcntoYa%% \© relative
to the frame, the moveable support supporting the Bart, a'mathine tool spindle su porteyd by the

frame and mogeaBiagaaiveliny Heetprans 1heesiaschived thifl thpindiemedmiteebteavugidamtvensnfeast one

tool, the moveghig.suppeanthihexmashineden! spndie deingraevakie Mnadrve systep pithin a
three-dimensional working space defined by a plurality of axis limits; and a motion control system

operably coupf‘é1 to the machine tool spindle and the moveable support, the motion control system
including a controller eh@utingtreds apovemanrtsdf thedrachistentoblesbindlevandltheo e bveabtefisupport to

automatically repeRjtion the-taaldopadilirstRasitionio AR ROHRCSIHRNLAR RRRIHRNSHRRIAG
specified by a rtf)ro%’rar? independently of the plurality of axjs limjts; wherein the controller
repositions the ?%a(ﬂ xFetor &ﬂgﬁﬁ?ﬁﬁeg?(iiﬁ%it%ﬁgc}gﬁdwer%\?é%? RS0 B A BR APt vector,
from the first positieatto thatetrzotsdopgsiionlin fmetadit fldredoy tadjusdtingnthehietract spetlr, as

necessary suQME%tcg}gey%tfp&w&pg@l%qg&sponds to movement of the tool toward theplane while
remaining within the three-dimensional working space,; computing at least one plunge move of the

tool, based on a motion vector that is an inverse of a plunge vector, from the second position to a
plunge positioa3nTiheapptiacisplitriein adjusténgtioe smositn vestdigirsdneaassac Syalphaidhe motion
vector correspnds (o, mavemen' el e eslioward haietiaciaianswhils remaining within the
three-dimensional working space; an outputting’ motion tommands to the drive system, thereby
moving the todFfrdlh i i B st dbehe retracted position and from the plunge position to the
second position, wherein a default vector for both the retract vector and the inverse of the plunge

vector corresp&p%s toa totol ¥ector ﬁhat extends.{ g{gf'tu inall%/ frlo&? a tip of the tool toward the machine

tool spindle along 4 CRRter of ?6%%?\“6%%8%&? cast one ool the apparatus comprising:
a frame;

a moveable support supported by and moveable relative to the frame, the moveable
support supporting the part;

a machine tool spindle supported by the frame and moveable relative to the part, the
machine tool spindle adapted to couple to the at least one tool, the moveable support and the
machine tool spindle being movable by a drive system within a three-dimensional working
space defined by a plurality of axis limits; and

a motion control system operably coupled to the machine tool spindle and the moveable
support, the motion control system including a controller that controls movement of the
machine tool spindle and the moveable support to automatically reposition the tool from a first
position to a second position, both positions being specified by a part program independently of
the plurality of axis limits;

wherein the controller repositions the tool by

computing at least one retract move of the tool, based on a retract vector, from the first

position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
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33. The apparatus of claim 32, wherein the controller is configured to automatically reposition the tool
when the tool vector, the retract vector, the plunge vector, and a plane normal direction are alM&iftbrént
from one another. 34. An apparatus for machining a part with at least one tool, the apparatus
comprising: a frame; a moveable support supported by and moveable relative to the frame, the
moveable support supporting the part; a machine tool spindle supported by the frame and

moveable relatlys ip,Ihg. E)Qﬁc{??cm%@%&g% ﬁpm&a%g%ﬁ%l}% B FAUPIRI NG A ASE QRfetoOl, the

moveable support and the machine tool spindle being movable by a drive system within a
three-dimensiSHANWBRIAY B ShcdgeriBensy R IoHArkIRg BRsskis limits; and a motion control system

_operaply coupled to thenmaiakinddaobspiicigeanolvthe wam&mp@fﬁpthﬁ motiorhadntiol system
noluding 2 eoaler R RIS MaXSMACL LG IAEhRG agh sindie e s ey papls,support

automatically reposition ool from a first position to a second position, both positions bein
specified by ajdatttpbirntitaeseatdntigeststie prapdliny e BadamiReonsisRPide e rYsmert
repositions thetagl fyl towaeOmpLiting: atdeashoseretliac micve ok thestodiinbased evoiirgikaatayector,
from the first position to a retracted position in a retract plane by adjusting the retract vector, as

necessary, MESLLP such that the retract vector corresponds to movement of the tool toward the
retract plane while rePHEIVii: Wit geanthreds e dsionasiwoskiseg Bparing thedgph Sigthlitdast one

plunge move gbiiet0r) thasaea BosnioMmYeciartoalisaPIbVRise teadbHgRyesIonRM the
second p05|t|otﬂetgogtpolHngg rE}osmon in the retrgﬂrglanetbr{ ad‘.Jtustltrz)gtﬁQ? motian vector, ﬁlS necessary,

such that the motion vector coerrré%’&%lrtfagstglerrtl%vemrennatSo RGOS towrd"th B FatiAc npl’avf/mee While
remaining wittire tettblleetdihre nsiomadwworiiitigl spasacasidnovesgatportiingtimdtidptebniirsands to the

drive system, H&‘%‘ft‘%‘c@%&ﬂﬁ’\ﬂ@ﬁ&ﬁ%t&@éﬁﬁw6&%%%&%@1‘9& tRcthgretracted position and from the
plunge position to the second position, wherein the controller further repositions the tool from a start

position to the first position and, wherein the controller further computes an initial sequence of moves
to reorient thexbdllat dhyedfites poditiors ditrheraxiimuimttleananoe bEnveenithmdeot arodethetimart. 35. The

apparatus of i B, WRGTGIR MG Al SRAERGE0hSIOYLH NG AeH 2(RAE BhHI60Qlalng a tool

vector to an axis limit, and a move of the tool along the axis limit to a second axis limit. 36. An
apparatus for ﬁ’fé?c?l‘ﬂﬂfng a part with at least one tool, the apparatus comprising: a frame; a
moveable support supported by and moveable relative to the frame, the moveable support supporting
the part; %gn%%hame t olgglndl%isur%oort%d b@(x th? frame an %oveabke relative.to the part, the

. .. ratys mac a part with at Teast ong topl, the apparatus COmMprising: .
machine tool spindle cflap?e to coupleto Hhe At least one tooﬁ the moveable su.Fppof% and the machine

tool spindle being mavEke:by a drive system within a three-dimensional working space defined by a
plurality of axis limitsi @Rfeable support supported by and moveable relative to the frame, the moveable

support supporting the part;

a machine tool spindle supported by the frame and moveable relative to the part, the
machine tool spindle adapted to couple to the at least one tool, the moveable support and the
machine tool spindle being movable by a drive system within a three-dimensional working
space defined by a plurality of axis limits; and

a motion control system operably coupled to the machine tool spindle and the moveable
support, the motion control system including a controller that controls movement of the
machine tool spindle and the moveable support to automatically reposition the tool from a first
position to a second position, both positions being specified by a part program independently of
the plurality of axis limits;

wherein the controller repositions the tool by

computing at least one retract move of the tool, based on a retract vector, from the first

position to a retracted position in a retract plane by adjusting the retract vector, as necessary
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a motion control system operably coupled to the machine tool spindle and the moveable suppgrt, the
motion control system including a controller that controls movement of the machine tool spind’@(’aﬁﬂp
the moveable support to automatically reposition the tool from a first position to a second position, both
positions being specified by a part program independently of the plurality of axis limits; wherein the
controller repositions the tool by computing at least one retract move of the tool, based on a

retract vector, {OMy G RARLON G- ALEASIsS RARIOR U BUSHAS IRA B OV AULSIRG Rg.retract

vector, as necessary Cél.lQil_ such that the retract vector corresponds to movement of the tool

toward the retrseaslagevitHnehehamtigsRpna tnerkiieetifhensional working space;  computing at
least one plunge moveahihedteokbesactng MERT Heatel, thatisoan invessewia phings vector, from
the second poRlian 2ra Pnas Lo OIS EHACLRIENG Ry ASING:NS MAen ¥esior.
necessary, such'fhat tﬂe motion vector correspondg to movermentof the tool toward the retract plane
while remainingfivitia Hsemphiee SEHoGTsi BRSO St |mpden VeckiRItERg Mo RIRCEEMiHands to

the drive systegptbeyshywnavwingdhectomldsamithe fiestinesitiamn i thesefiastedRositiamanshdeopm the

plunge position tg the second position, wherein the controller further repositions the tool from a start
position to the 1St position and, wherein the controller further computes a first orientation of the tool

corresponding to the sttmtpostiohion @oovndinattisjdre vy tomcbpshtling o g e sed drtnbsiieh,

computes a Seﬁ%ﬁ)mgm@%ﬁ&é&%ﬁ%h GREFBSRORdIshIR Fesifisatiparitiania Hasicaordieate system,
and reorients the tool from_the first orientatjon to rgle second orientation. .37. An.a paé,atl}]%)s for
it oSt

machining a p&H G Al FeEh SHERSHH M SR RIS COHRASIHGE & g

€ support
supported by ahédnmedlabfertelativepigdhe firstirggifadomoibalttelsuppsrestipportingttheppaon  a

machine tool spindie supporied PYIREJIAmME A hERUERAISSEIRLIVENB HIE LRELHNS MARIRS ool

spindle adapted to couple to the at least one tool, the moveable support and the machine tool spindle
being movablellifyfep bR Byeting Withi 5 tArSEM M dirsroRiRal R Lok st dhsy 9 iaPlity of
axis limits; andhe first driatigosanthel systénriepatiably coupled to the machine tool spindle and the
moveable support, the motion control system including a controller that controls movement of the
machine tool spindle and the moveable support to automatically reposition the tool from a first position
to a second po¥ltidn apRArHBENiGHS BRIREAIECBRb 28! patPRb e APPARESSRBRHEPST the plurality of
axis limits; wherein thegegigroller repositions the tool by computing at least one retract move of the

tool, based on a retract vector, from the first ition to a refracted posijtion in a retract plane by
adjusting the retract \i’e@f’ovre,agLe ﬁ‘é‘@’é’&%‘f@?oﬂ%‘;%ha ?tﬂgvf’éﬁ} R

actVettor correspdn%es”t]o movement of the
tool toward thesueprattyplerméng kikepeetnaining within the three-dimensional working space; MCSLLP

a machine tool spindle supported by the frame and moveable relative to the part, the
machine tool spindle adapted to couple to the at least one tool, the moveable support and the
machine tool spindle being movable by a drive system within a three-dimensional working
space defined by a plurality of axis limits; and

a motion control system operably coupled to the machine tool spindle and the moveable
support, the motion control system including a controller that controls movement of the
machine tool spindle and the moveable support to automatically reposition the tool from a first
position to a second position, both positions being specified by a part program independently of
the plurality of axis limits;

wherein the controller repositions the tool by

computing at least one retract move of the tool, based on a retract vector, from the first
position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
such that the retract vector corresponds to movement of the tool toward the retract plane while

remaining within the three-dimensional working space;
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computing at least one plunge move of the tool, based on a motion vector that is an inverse of a
plunge vector, from the second position to a plunge position in the retract plane by adjusting the s p
motion vector, as necessary, such that the motion vector corresponds to movement of the tool toward
the retract plane while remaining within the three-dimensional working space; and outputting
motion commands to the drive system, thereby moving the tool from the first position, to the retracted
position and from the ition to the second ition, wherein the controller further determines
whether the retract VE%'%B:"%%\%%E@ g€or¥ﬁ%b%%r§g%r%o¥80 inteo{(t)é]lé %%?é&“eé rB%té?tl?ovr? %(gfglraér Icscé)lpnputing the
at least one reftEEtinb o unege asEonbivat e scortdapaam WwhdlsnsRestinntioles Watetmedxhat the
retract vector isijstiglifia maibematicahprejestian RtihBarelasbues iR Ialvasiemig Positive.
39 An apparalis (qLAChining. A Wik isest onc look the ppparatis comprising: a fame: | a
moveable support supported by and moveable relative t6 the frame, the Moveabie suppérf supporting
the part; adtthchine tool spindle supported by the frame and moveable relative to the part, the
machine tool spindle agapiag i 6on pieniRatae Bileast 0 RR{aR) (bR IPAVR A ens UeNors ARkl thg machine
tool spindle beingtimHOYgBllerQ%a%tggivg %ysr;lterg ithit a }hree-dirrg.enstiotral Worbin%%)acehdeﬂned by a
plurality of axi§ imits: an a mation cofitrol SYsterh oparably CouptEa T8 the’ Machme 153l spindle
and the moved#lisieostipperfuttherotion wonthstoy she mtindluelityy & edistfolleothe teritd|gmteement of
the machine tgg}&%gg@g[%iggggg@m@@piﬁgsh@mgggpoﬁym@;i%w reposition the tool from a first
position to a second position, both positions being specified by a part program independently of the
plurality of axis limits; wherein the controller repositions the tool by computing at least one retract
move of the toifl, Baseganms rérhonvdctorefronh¢erfirsiqdsitionitesahre thectedqositionsinadidetract
plane by adjusfing, iig HeHaFtYGElebasT BRGEFRA Ve RHIINAh IRGAENAGH YERIgrgorresponds to
movement of the tool toward the retract plane while remaining within the three-dimensional working
space; computing at least one plunge move of the tool, based on a motion vector that is an inverse
of a plunge vetdoAnfrpparthes Secanch positioratodiphihget pasition tie tppdiatiactplaisnly adjusting the
motion vector, as negagsary, such that the motion vector corresponds to movement MCSLLP of the
tool toward the retract plane while remaining within the three-dimensional working space; and
outputting motion coffiiseRlas RO SN eyeddimath stersptisaiativee toolisen tsenrseplssition, to the
retracted positigspancipisonitiaenglpnge position to the second position, wherein the controller stores the
at least one retract r’r;ovecg.lgg ttoh0 afhll ?st one Bé%fﬁﬁ move in & buﬁ%glunql tl;hetc0£1trolllt$rt}gletermines
that the tool can be sa%aly move om?ﬁlépﬁ?ﬁ posSi i6n t0 the secon 60r§I fon 4! ?A%aa’pp%ratus for
machining a paacivithtegllszisdlondapied, ttheupptr tteist dantpnisingt, thérmmeable support and the

machine tool spindle being movable by a drive system within a three-dimensional working
space defined by a plurality of axis limits; and

a motion control system operably coupled to the machine tool spindle and the moveable
support, the motion control system including a controller that controls movement of the
machine tool spindle and the moveable support to automatically reposition the tool from a first
position to a second position, both positions being specified by a part program independently of
the plurality of axis limits;

wherein the controller repositions the tool by

computing at least one retract move of the tool, based on a retract vector, from the first
position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
such that the retract vector corresponds to movement of the tool toward the retract plane while
remaining within the three-dimensional working space;

computing at least one plunge move of the tool, based on a motion vector that is an
inverse of a plunge vector, from the second position to a plunge position in the retract plane by

adjusting the motion vector, as necessary, such that the motion vector corresponds to movement
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a moveable support supported by and moveable relative to the frame, the moveable support  MCSLLP
supporting the part; a machine tool spindle supported by the frame and moveable relative to the
part, the machine tool spindle adapted to couple to the at least one tool, the moveable support and the
machine tool spindle being movable by a drive system within a three-dimensional working space
defined by a plurality of axis limits; and a motion control system operably coupled to the machine

tool spindle an able support, the motjon control system including a controller that controls
movement of T e e T e S B EFHRtS tool
from a first pos’ﬁ"t*ifbn to a second position, both positions being specified by a part program
independently of the piligsatitycohatds boaltsamiberais dhecconuallalrepositians dhadonkb the fugpmputing
at least one retroas%tlomq\éghofrggre to | 0'31 %%da op.aref rgc}u\éegtoré.{rong tt e first rposithn to ? retracted
position in a retract plane by adjusting 1he retract vactor &S Hetsdd eSS e reh & Vector
corresponds téhesrsiolisioren e leaiheae rvevianexst gihie eiihstremalnigg wittsimnthbuffer
three-dimensianal Wedsneh BIAESsrmineSHRIMEINGI AIGRSLRNE R Move Bisthedash Baged on a

motion vector that i an.inverse of a plunge vector, from the second position to a plunge position in the
SE€CO SIT10N, . H
retract plane by a Jugﬁng tlie motion vector, as necessary, such that the motion vector corresponds to

movement of the tool toward the retract plane while remaining within the three-dimensional working

space; and  400MiPHIHAGRTARLAMMANSStRith e driveR¥steMHha sy 0oying;the, ool from the first

position, to the retracted position and from the plunge position to the second position, wherein the
controller adjusts thearg A&t vector by subtracting a direction component of the retract MCSLLP vector
corresponding to an axslieailengpuaritengitkdringptidencemplatingtokthelat fleast drenetradt move to
define a new reract \GsHaRIRE MMOVIRG the tool toward the retract plane. 41. The apparatus of claim 40,
wherein the controller adjusts the motion vector by subtracting a direction component of the motion

vector corresponding?tB & AR epResikeby i treaRd mptRntle of ttu HeIbsseEnBDlunge
move to definenachaw tdtipindieetaptiartonoviplg thhdaoldawakditbe tetrmelidataneuppdrtAndapparatus for

machining a part yith at jeast.one tool, th aratus comprising: a frame: . a moveable support
supported by ané rlngveab?e] re atﬁ}egtgi?h%%gg&aé? the %%m\e/@a%@%&p}prgﬁ @Hlﬁﬁlgr ?ﬁg%ﬁ%lﬁﬁrt; a
machine tool spitdidcEnphbrieaBpliefrarsdiane méveable relative to the part, the machine tool

spindle adapted to couplgita tenal lwaskaeing) g raaveablesurpriliapadiemashing tagk spindle
being movablel})p\é0 dtr}il\e/e system Witpsin ? thre?u- ]imensionTléw%kin% space defined ﬁ a plurality of

a :
axis limits; and" PO SO e SHEroT Syatem S aTaR ) CEUBIEa T R HAE RS 158t 8piftile and the

moveable suppethithéonistimdleondrtiesysteshlareiomindoa gomattlythabeitintrdls tovd emerfirgf the

machine tool spifdR aNndsthenMpyeai e sSHARRIE SR BUIAMBLGaLY FSRMI PRI fTaMeAfirst position
to a second posmﬁn, both positions being specified by a part program independently of the plurality of

axis limits; whiteMHAE%L8h#HUP Epositions the tool by

wherein the controller repositions the tool by

computing at least one retract move of the tool, based on a retract vector, from the first
position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
such that the retract vector corresponds to movement of the tool toward the retract plane while
remaining within the three-dimensional working space;

computing at least one plunge move of the tool, based on a motion vector that is an
inverse of a plunge vector, from the second position to a plunge position in the retract plane by
adjusting the motion vector, as necessary, such that the motion vector corresponds to movement
of the tool toward the retract plane while remaining within the three-dimensional working space;
and

outputting motion commands to the drive system, thereby moving the tool from the first
position, to the retracted position and from the plunge position to the second position, wherein

the controller adjusts the retract vector by subtracting a direction component of the retract
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computing at least one retract move of the tool, based on a retract vector, from the first position to a
retracted position in a retract plane by adjusting the retract vector, as necessary, such that thg-kgt[act
vector corresponds to movement of the tool toward the retract plane while remaining within the
three-dimensional working space; computing at least one plunge move of the tool, based on a
motion vector that is an inverse of a plunge vector, from the second position to a plunge position in the
retract plane byegtg)Lusinpeg t(g1 imott(;op1 vector. as nec g_sgl(r%%.su%l; that thte mo |t n vector corresponds to
movement of the tool toward the retract pllane while reemalnll% within R threE ikt idial working
space; and  reBRfpuRTSdorAiRP A RISt th o ey /et ltvereldyhnving pthedool from the first
position, to the retracted position and from the plunge position to the second position, wherein the
controller interérll?lly executes all I 1oves S eggggﬂ_én th? G[hart rogram bettween a uffe{) on MCSLIP
command and a buieP o abmmand. a3’ K motsrs Surde &Y for & MUY S MAEHIFE S0l system
having a supp8Htediapheaieongatio e iy isatos oopksebrditisgsuppost amtictive wpérdl evidngatiusting
the position of @iiakiFRlatiue i Rahashe HIBHNONENGOHRSYSIMRAIHING: for AR HDuipRsyle

including a part rogram inclu ing a plurality of commands and machine configuration information that
. toward the.retract plane. : .
defines a three-dithensionar wor ihg space of the machine tool system; and a software controller

that receives the machine configuration information from the 1/0 module, processes the part program

commands, ang QuiRpEMUIRR GAMMARISLR e, drikeByRiem thal I65HR (8ltiyg,potion of the tool

and the part; wherein the software controller includes an algorithm for repositioning the tool from a
first position to a sec8ritP&sition while automatically remaining within the three-dimensional working
space, both positionsabeinepsipacified kbyptoetqicsy progiaveawithel i veferancaie, the maschine

configuration imgﬁm@gmom@g@g%@pm including the steps of repositioning the tool by outputting
motion commands to the drive systefn to move the tool from the first position to a reoriented position at
a limit of the three-difmBREIFsAPHISHRIS sperastad Antheibrmsarnd repaavlacetrd piartinarsdhresponds to

an orientation @hthnsreoRtndasitioped to c6QMAYRGaaIERrast oV ofibedorlshasadenia current

retract vector o e reqrienied gestion.fo 8 refiacied posiion n ¢ etiactplan by adiusting the
current retract Vector, as necessary; to maintain the tool within the thrée-dimensiona Wdfking space,
computing at |&%se delenpilhygerdy of thésthoitsharéd on a current motion vector that is an inverse of

a plunge vector, frO”hﬂﬂ%tﬁﬁ%ﬂﬁioﬁ’Qﬁsi{'&%ﬂJﬁkﬁ@%l%@%ﬁ&hﬁe%@?ﬁ}iﬂ%@%%ﬁ@g the
-al

current motion vector, as ne,cessar%éa to maintain the tool within the three-dimensional working space,

and outpLﬁ‘t‘??Pé”F‘ngﬁorHO@é}ﬁﬁﬁ‘g SISTRAGAVE S pt R g IS BB Pfr i the first
position, to thenestriactod! ppsidienrairtbefnometivde plppge asitiontictlyegesoind thesiwd frpwhdiain the

algorithm furtheyjpcludes e $iRR {?&E'%E‘%H'BJ)@%H&W{Q%ﬁé&ﬁe%ﬁrﬁar&%%?é{%ﬁk%é A3 peton

i
component that will move the tool from the reoriented position toward a retracte ition Ih a retract
plane. 44. ThEepLtnopiasisdidSwnerein the step of repositioning the tool includes the step of
computing a move ofihedpahalongalioaipseciarsitionoptihefirst position to a machine limit

computing at least one retract move of the tool, based on a retract vector, from the first
position to a retracted position in a retract plane by adjusting the retract vector, as necessary,
such that the retract vector corresponds to movement of the tool toward the retract plane while
remaining within the three-dimensional working space;

computing at least one plunge move of the tool, based on a motion vector that is an
inverse of a plunge vector, from the second position to a plunge position in the retract plane by
adjusting the motion vector, as necessary, such that the motion vector corresponds to movement
of the tool toward the retract plane while remaining within the three-dimensional working space;
and

outputting motion commands to the drive system, thereby moving the tool from the first
position, to the retracted position and from the plunge position to the second position, wherein

the controller internally executes all moves specified in the part program between a buffer on
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MCSUP defining, in one direction, an outer boundary of the three-dimensional working space. 45. The
system of claim 44, wherein the step of repositioning the tool includes the step of computingygsgapyve of
the tool along the machine limit to a second machine limit defining, in another direction, an outer
boundary of the three-dimensional working space. 46. The system of claim 43, wherein the step of
computing a retract move includes the step of determining whether the current retract vector is valid
for moving theCth1 1|niar1'1t<? atrpdaarglﬂ;%gt&? §%srgg% : 47_. A motion control system for a multi-axis maphine
tool system having a support, a spin f)e, and a drive system coupled to the support and the spindle for
adjusting the position of a tool relative to a part, the motion control system including: an 1/O
module includifng & patoRrQatasjREMdnG t Pl casmBBasanchmachingyeanfiguration
information th%t d%f%e%n% %h({gge-di I grgscign%(y\%grtlﬁrieng space fﬁhe mglct}jneéool.s tem; and , a
software controller that receives the maching configuration Information FORMRENF RSN Brocesses
the part prograrfPebisithzntis: Bt Batpatomrotionl eprismarisltogthe drive system that result in relative

motion of the tool anddh@pastiule indMABIE L HRERUTMATR GAHE IS G HESAM AL QT ine
repositioning the tool f om.affirst Pos%:%)rgltg a se%)nd gositlonagvhil automatically remaining within the

three-dimensiGhal Svo Tk S B PRt IS SRS A BT S E R VBl e shast BrO5rBAEHEE reference
to the machinexstafiguration information, the algorithm including the steps of repositioning the tool

by outputting motion gommandsiHisoine drveskiem Qcmonecthe tarkitemdhe first Rositionte a

reoriented position at a limit of the three-dimensional Working)space.ln an orientation relative to the
part that correZ}SSs¥S KIS ERBYTN 5 L LREBHEs B RYFPUTS MAtimERRG YT S RE diSve of the
tool, based onsgstunrbat netiact sedctor nfivvion thidhrerenté thppsition to a refracted position in a retract

plane by adjusting the,GUER S EIFRGHYESIRN RS NEGESSAIYI 49 MAlnLa ng@s&&%g%@k% thgom "

three-dimensional working space, _.computing at least one plunge move of the tool, based on a
current motion VEARBYHARIGS s5oRderskign ANlgAle IRl frovaitRe sasimihp Bsrictintenaipnange

position in the wetkagt plasetoyhadpisting the, spesaidmplivpuestop:as NREaRTaffcAteAINain the tool

within the thre -a%'ﬁnensi %Ire\{%/iolr]klirr&%rs ace M(f‘h%l__LP tting. motion commands to the

. 1Be con {% ’t%g ]gl Iy] ncluc{in %le%y S (% .\
drive system, thereby moving the tool from the !r%(f position, 0 the retracted position and from the
plunge position to théepegisaEoRite] Whetreitihemeticicehara didfinks di desiststh safecdistance of the

tool from a pagbarigimanNaMins iR ieekirsndiepnas Rositian 5e dharsecantRasition AghA motion
control system for a multi-.axist.macpine too%shlste havinc% a%lrj]tpport, a spindle }a}l‘gd a drive system
coupled to the 8B A AR THE Lhinaiy $67 L6j %‘fi?%ttﬁ%rﬁs QRGOS PRI S5eB%H, the motion
control systenpisgloding: an 1/0 module including a part program including a plurality of

commands and machiig GafigaRRHREFRUR MALIRTnes Aheg imesIoRahRrking space of
the machine tool system; an o
reoriénted position to a refracted position in a retract plane by adjusting the current retract

vector, as necessary, to maintain the tool within the three-dimensional working space,

computing at least one plunge move of the tool, based on a current motion vector that is
an inverse of a plunge vector, from the second position to a plunge position in the retract plane
by adjusting the current motion vector, as necessary, to maintain the tool within the three-
dimensional working space, and

outputting motion commands to the drive system, thereby moving the tool from the first
position, to the retracted position and from the plunge position to the second position, wherein
the algorithm further includes the step of determining whether the current retract vector has a
direction component that will move the tool from the reoriented position toward a retracted

position in a retract plane.

44. The system of claim 43, wherein the step of repositioning the tool includes the step of

computing a move of the tool along a tool vector from the first position to a machine limit
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a software controller that receives the machine configuration information from the 1/0 module,

processes the part program commands, and outputs motion commands to the drive systenifiét tésult
in relative motion of the tool and the part; wherein the software controller includes an algorithm for
repositioning the tool from a first position to a second position while automatically remaining within the
three-dimensional working space, both positions being specified by the part program without reference

to the maChin%&ﬂﬂiggLﬂﬂ%‘i&%"&iir@g?{éﬂaatrixo&tépSoﬁl%%ftgmh@&#égiﬂgnter}gigfﬁgpx%o%i spieRositioning the tool
[ ds to the dri ol fr '

by outputting motion' commands to the drive system to move the tool from the first position to a
reoriented position at a limit of the three-dimensional working space in an orientation relative to the
part that corregpon@s jsan @rieniationokibie secapdhepiianing teoutingias ketraep arove of the
tool, based on 3, cUERLIRUACk MRS TOM. e fearieniad posiion ie arsiiasicd Rasiion n a retract
plane by adjustin the current retract vectoﬁ as necessary, to maintain the tool within the
three-dimensidRiNGicisAPBpEcRuter boprgpiy ke Strrs-HtenE Prirtskingvaast the tool, based on a
current motion vector that is an inverse of a plunge vector, from the second position to a plunge
position in the ct plane hy adjusting the current motion vector, as pecessary, to maintaip the tool
within the threégﬁw%%%rﬁlﬁ?v%%m&r%’spaeég?gt?led&ep é%ﬁ?ﬁ%%ﬂ% amreot {6n'com ﬁrwlcé%{ g fg(l’ tﬁtgpdpr?ve system,
thereby movingettianivag ibrigidhirersionctventes ieveictéd positiethatrdfioin tsegyiatege position to
the second pogitipRnWherein the step of computing a retract move further includes the step of
determining whether movement along the current retract vector will result in repositioning the tool in a
retracted position in a cheek plane when movement along the current retract vector will not result in
MCSLLP repositidringiof thettdoliteth doretradtedxpositbmériableystradaplane svhitetnaaintdining the tool
within the threg;glimensioRalweRiking fPAESupS IRERYSIRMLLELRIMAR WhsssiL I stem of

computing at least one plunge move further includes the step of determining whether movement along
the current mJBBHYROPARHMESALAT FOPBLIGUHATY #AYBSI in a plunge position in a check plane when
movement along the i@ ntochdti areivdatgn witt pokrasulicindiepasitioningod t thentods imtheaphirge
position in the r t.pl le. majntajmng. t ol.within the three-dimensignal worki pace. 50.
The system ofcc(ﬁ]gi 12%&\{]\}%%6%% eq fﬁ?ﬁq p?ﬁa%@%%é}%%’%%gfgﬁgg% gféagieré)%ld%% e iértlgr%%g of the tool
from the part ﬁﬁﬁ?f{b%ving the tool from the plunge position to the target position. 51. A motion
control system for a mdtiveriscoReineinobsysie Mchadngea: ShpRRLtA SRR ATEhA Brévacsystem
coupled to the  Sup eortrgcrégsgg%gp}%gl? of% ad(jéjgti%g dtshgn %s'%tio 1 01‘0%11 tool relatige ttoha Hllar'g5 the motion
control system |nc‘1ud|ong: an 1o faduie inclu INg a pa‘r1 p&ogn}arﬁr}ﬁgfﬁ’a‘flﬁlg Saopfuera [ §/ of
commands ang¥sisachaiecsdhfigistativnmntomeathsriapland dfineasta three-dimensional working space of
the machine tool sysigBicaintle softRsONMaLRGINIRIRINALsRaRIVRS IR IMRRHDMERIYIGUrRHON

information from the J/O module, processes the part program cammands, and outputs motion
commands o U8 AU S AT HAATBLON M A0 RGTn ST o3 At Oh & R e e the

softy\{are co_ntrwﬂéqirig tst_mdesbmh adlgﬂ?itbt’mrh_efo_g sp@ﬁﬁéﬂdxyiﬂg the moglfammﬂ}ﬁnsrqu@ﬁi@nddla se_qond
position while gutpmatically.remaininguisHnibe ibras-dineeRIEAR! watkipg space, both positions

being specified by the part program without reference to the machine configuration information, the
algorithm including tiePetE{seige the leeifysMonitgaRe {ep B Batdatarnke Hotow Somihanis s the drive
system to moveoliR ot ghatiistonomition il aoeenentenposia Bia-dimEmfdhe working
three-dimensional working sgace In. 0.l aalie LiPlANG DR AR L AL SoTS Rt 9 an
orientation of the secon positon,
position,
computing a retract move of the tool, based on a current retract vector, from the
reoriented position to a refracted position in a retract plane by adjusting the current retract
vector, as necessary, to maintain the tool within the three-dimensional working space,
computing at least one plunge move of the tool, based on a current motion vector that is
an inverse of a plunge vector, from the second position to a plunge position in the retract plane
by adjusting the current motion vector, as necessary, to maintain the tool within the three-

dimensional working space, and
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computing a retract move of the tool, based on a current retract vector, from the reoriented position to
a refracted position in a retract plane by adjusting the current retract vector, as necessary, ti@saintain
the tool within the three-dimensional working space, computing at least one plunge move of the
tool, based on a current motion vector that is an inverse of a plunge vector, from the second position to
a plunge position in the retract plane MCSLLP by adjusting the current motion vector, as necessatry,

fo maintain the 100! Wi SIISEATSISIAREATHAR SPASE, Akl QYIRS Ml cpmmands

to the drive system, thereby moving the tool from the first position, to the retracted position and from

the plunge podititb i SELBREDRSItSA ArhErat it redpfasiioett e Spevifieasiipaive e a first
coordinate systerreifa fuiteddiicarmesnntsif s pre g ras &7 a Pag systesmol slaim bl wherein

the _p_Iunge veq{,gﬁliﬁjggﬁl%i e Or%l%g\{ﬁth% geggncaopnoosligg]grdingte system corresponding to the second
position in a buffer off comimand In the part program, the first coordinate system being different from

the second coordinate system. 53. A motion control system for a multi-axis machine tool system
having a suppost,samsgiotlennaisasthity & sy sier- Sosipladiie thel sypptang thesrindefpurdjusting
the position of a&o%{ relative to a part, the motion C%QHM sxﬁe in Iugin ; an 11f0 mopule

. . and a drive systerngougB%d tf)t tﬁupgf)rt and the spindle for adjpstingthe position 0f a tog .
including a part program-including a plurality"of commands and machine con |gurahon infGrmation that
defines a thredelifivie fisiaral W mkivips perieo bivitemmsdidie ool system; and a software controller

that receives the maghine mmm@wmqﬁi@gfgﬁpmrt@d&rﬁmm@@mﬁﬁﬁm the pashipkogram
commands, and (%uﬁ)uts mation com agdfs to th dr%e sglstem that result in re(zf&ativ%motion of the tool
% I' [e31) [+ eiﬁla)

and the part; " {Rh&rSh THE S8R SSHIS LN SSHHIS R SH %ti88'tool from a

SrOh The S8 Hare SSHESIR RS
first position tewstsecamd] position while automatically remaining within the three-dimensional working

space, both positions, being IRSGiR LY e LR REO AR WIthRHL ISies e Nge [ the machineo

configuration information, the algorithm including the steps of repositioning the tool by outputting

motion comm&L Fo RERS PRI R AT 38 MR A TR S o HIGTHRHE MU Bramsk s 85 ikifed position at
a limit of the thyeemliteensidnal wiatkingepace iheanobsiehiiatigatyelative to the part that corresponds to

an orfentation of the SaGAIRESHfA con EONIPHINAE [E YRGS, IR IR LtSedd o qurrent

retract vector, from the reoriented position to a refracted position in a retract plfiagne by adjusting the
current retractfidteritiag isetisseathpadtivtan it tranasispibitismani givibinhedhsidarsaitg space,
computing at leastigngaleingenpeneon trdaptciRaed 0R paayiamimatiasuyestanihabigan inverse of
a plunge vector, from INeieseand AeSINoN. 0 AAHIEE RSN g eirast Plane MCSLLP
repositioning the tool by outputting motion commands to the drive system to move the
tool from the first position to a reoriented position at a limit of the three-dimensional working
space in an orientation relative to the part that corresponds to an orientation of the second
position,
computing a retract move of the tool, based on a current retract vector, from the
reoriented position to a refracted position in a retract plane by adjusting the current retract
vector, as necessary, to maintain the tool within the three-dimensional working space,
computing at least one plunge move of the tool, based on a current motion vector that is
an inverse of a plunge vector, from the second position to a plunge position in the retract plane
by adjusting the current motion vector, as necessary, to maintain the tool within the three-
dimensional working space, and
outputting motion commands to the drive system, thereby moving the tool from the first
position, to the retracted position and from the plunge position to the second position, wherein
the step of computing a retract move further includes the step of determining whether
movement along the current retract vector will result in repositioning the tool in a retracted

position in a check plane when movement along the current retract vector will not result in
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by adjusting the current motion vector, as necessary, to maintain the tool within the three-dimnmensioral
working space, and outputting motion commands to the drive system, thereby moving the tool
from the first position, to the retracted position and from the plunge position to the second position,
wherein during the step of computing at least one plunge move, the algorithm receives as inputs the
second position as a start position, a reverse order for storing the at least one plunge move, and an

ndication that moves helow. check plane are pronited 4. A molin el aie [t agpult-axi
machine tool SYERSHBRARG BaPport 4 Spintie And &' trive Systém couplleénto the stipport and the

spindle for adjusthig theehpessitimansicaalovdridiatipad® a part, the motion control system including: an
I/0 module including a part program including a plurality of commands and machine configuration

information that defines a three-dimensional working space of the machine tool system: and a
software contré‘ﬁeﬁﬁéﬁ@g’e‘?\g&a‘fﬂﬁh éﬁﬁﬁg%SﬁﬁeﬁguO?aﬁ%an ‘llg?o%rar%a%%}loﬁ%ﬁ%uﬁ% ﬁ&v%%gﬁfé, processes
the part prograinviodenthasts oéddwuipings whetienmcorrmsahdsie theedrive wygeametiat vasisil relative

motion of the tqol.andBamale ool NGB haiaefiwarenconHiane Mneludss A lgnrtheciofont

repositioning the tool from a first position to a second %sitio?,while utomatitcally rt%malnir{g within the
three-dimensidhai Wording ¥hbe rHothi b EHaHYBERG BpEaiEdsy F“ PaF Progrant Without reference
to the machineptorfighitatimminfongtiom] thehalgbeithrre idicladingaheosképsspice.  repositioning the tool
by outputting motion commands to the drive system to move the tool from the first position to a
reoriented position at a limit of the three-dimensional working space in an orientatjon relative to the
part that corresombis5tam efriptaSnvdimTe Secdisakgiuindaines a seampslaingdes sttt HiEVEof the
tool, based on g elrtesltratiaes pecieiofiomdrieyreerestednposiibmge mseiractebepasitipsitia retract
plane by adjusting the current retract vector, as necessary, to maintain the tool within the
three-dimensional working space, computing at least one plunge move of the tool, based on a
current motion Sedtandatien pomrplnveseseier anpilingdsvaeebincrioph HEREYHE BOLRRSH-td B Pffnge

position in the rgtrack-RianRkY adipstingthe (e ahmptionnector s siagesspsyitia drainiain the tool
within the three-?imensional v\ﬁ)rkin space anq utting motion commands to the drive system,

. qu
thereby moving*tA&" o8R8k soatrol system indlheR

! ﬁtsf’rbosmon, othere rac%épl position and from the plunge position to
the second position, whéf@imofESiclufiinghepratrieerrovec iidingher Braiase s plaiganhsnehiie stored

in a buffer until the; safware cantilienseiammines hatiheirakean ke salialy sravad-om the first

position to the second position, the outputting step including the step of executing the stored retract
move and the $¥6i&8 &tfeast one plunge move.
a software controller that receives the machine configuration information from the /O

module, processes the part program commands, and outputs motion commands to the drive
system that result in relative motion of the tool and the part;

wherein the software controller includes an algorithm for repositioning the tool from a
first position to a second position while automatically remaining within the three-dimensional
working space, both positions being specified by the part program without reference to the
machine configuration information, the algorithm including the steps of

repositioning the tool by outputting motion commands to the drive system to move the
tool from the first position to a reoriented position at a limit of the three-dimensional working
space in an orientation relative to the part that corresponds to an orientation of the second
position,

computing a retract move of the tool, based on a current retract vector, from the
reoriented position to a refracted position in a retract plane by adjusting the current retract
vector, as necessary, to maintain the tool within the three-dimensional working space,

computing at least one plunge move of the tool, based on a current motion vector that is

an inverse of a plunge vector, from the second position to a plunge position in the retract plane
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by adjusting the current motion vector, as necessary, to maintain the tool within the three-
dimensional working space, and

outputting motion commands to the drive system, thereby moving the tool from the first
position, to the retracted position and from the plunge position to the second position, wherein
the retract vector is specified relative to a first coordinate system in a buffer off command in the

part program.

52. The system of claim 51, wherein the plunge vector is specified relative to a second
coordinate system corresponding to the second position in a buffer off command in the part

program, the first coordinate system being different from the second coordinate system.

53. A motion control system for a multi-axis machine tool system having a support, a spindle,
and a drive system coupled to the support and the spindle for adjusting the position of a tool
relative to a part, the motion control system including:

an I/O module including a part program including a plurality of commands and machine
configuration information that defines a three-dimensional working space of the machine tool
system; and

a software controller that receives the machine configuration information from the I/O
module, processes the part program commands, and outputs motion commands to the drive
system that result in relative motion of the tool and the part;

wherein the software controller includes an algorithm for repositioning the tool from a
first position to a second position while automatically remaining within the three-dimensional
working space, both positions being specified by the part program without reference to the
machine configuration information, the algorithm including the steps of

repositioning the tool by outputting motion commands to the drive system to move the
tool from the first position to a reoriented position at a limit of the three-dimensional working
space in an orientation relative to the part that corresponds to an orientation of the second
position,

computing a retract move of the tool, based on a current retract vector, from the
reoriented position to a refracted position in a retract plane by adjusting the current retract
vector, as necessary, to maintain the tool within the three-dimensional working space,

computing at least one plunge move of the tool, based on a current motion vector that is

an inverse of a plunge vector, from the second position to a plunge position in the retract plane
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by adjusting the current motion vector, as necessary, to maintain the tool within the three-
dimensional working space, and

outputting motion commands to the drive system, thereby moving the tool from the first
position, to the retracted position and from the plunge position to the second position, wherein
during the step of computing at least one plunge move, the algorithm receives as inputs the
second position as a start position, a reverse order for storing the at least one plunge move, and

an indication that moves below a check plane are prohibited.

54. A motion control system for a multi-axis machine tool system having a support, a spindle,
and a drive system coupled to the support and the spindle for adjusting the position of a tool
relative to a part, the motion control system including:

an I/O module including a part program including a plurality of commands and machine
configuration information that defines a three-dimensional working space of the machine tool
system; and

a software controller that receives the machine configuration information from the 1/O
module, processes the part program commands, and outputs motion commands to the drive
system that result in relative motion of the tool and the part;

wherein the software controller includes an algorithm for repositioning the tool from a
first position to a second position while automatically remaining within the three-dimensional
working space, both positions being specified by the part program without reference to the
machine configuration information, the algorithm including the steps of

repositioning the tool by outputting motion commands to the drive system to move the
tool from the first position to a reoriented position at a limit of the three-dimensional working
space in an orientation relative to the part that corresponds to an orientation of the second
position,

computing a retract move of the tool, based on a current retract vector, from the
reoriented position to a refracted position in a retract plane by adjusting the current retract
vector, as necessary, to maintain the tool within the three-dimensional working space,

computing at least one plunge move of the tool, based on a current motion vector that is
an inverse of a plunge vector, from the second position to a plunge position in the retract plane
by adjusting the current motion vector, as necessary, to maintain the tool within the three-
dimensional working space, and

outputting motion commands to the drive system, thereby moving the tool from the first

position, to the retracted position and from the plunge position to the second position, wherein
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the retract move and the at least one plunge move are stored in a buffer until the software
controller determines that the tool can be safely moved from the first position to the second
position, the outputting step including the step of executing the stored retract move and the

stored at least one plunge move.
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