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| NVENTI ONvO 2011/0440Bne i nvention rel ates to machi ne tool eomusedossfsvsar e.
More specifically, the field of the invention is that of nachine tool
control software that facilitates automatic tool repositioning. BACKGROUND
AND SUVMARY OF THE | NVENTI ON 10Machi ne tool systens generally execute part

prograns that include instfructi ' machi ne tool control
software to generate conn&kﬂghhggﬁggﬂégéﬁhﬁﬁg §ﬁ§TEE§Tation of the machi ne
tool system Sone of tHAVINGAUTOMALIG SHHERERO ning a tool, used
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anot herlnv¢rtor: sPaubfl. Goyr se, desirable to nove the tool fromone position to
anotther wi t hout nmaki ng undesired 15contact with the part or conponents of
the machi ne tool system AccoFdHIyOF TEBINVENIgOaIMers specify in the part
programinternedi ate noves for withdrawing or retracting the tool fromthe

first positipheibliéntidHlcldics iRmashiRSlovRehtioNSoftwert. Bl ERRifRANY )the field of the
repositioning the tool to a | ocation above the second position, and

pl ungi ngveientydat efgnadhencseelnvatrpbsiftyasnthapgcsitied ahterpatigfoat wpesifiesng.t he
foregoing, progranmmers of part progranms for use by 20 conventional machine
tool control software nust specify the internmediate, repositioning noves in
the part program whihe UR®D ANDEDARY DF t12f IRYENgTIoNe nachi ne t ool
systemthat wll e systens have a
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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 tool 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 nust take into account the maxi mum extent to which a tool nmay be
noved in the 25 working space, the location of the part in the working
space, amaotzbe/dissensi ons (e.g., length) of the tool beipog/use@osstsvoned so
as to avoid the generation of a notion command by the nachine tool control
software that exceeds a limt of the working space ("a machine limt") or
causes the tool to nake undesired contact with the part or a conponent of
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nmachi ne, g dQ@k&%E%ﬂ&@Pmﬂﬁsa "wor st case" machine configuration to avoid
uni nt ent onsequences and/or errors. In an exenplary enbodi nent of the

pr esent dlsclosure a notion control systemis provided for a machi ne tool
systemthat automatically determ nes noves needed to reposition a 10tool
froma fir stlnmﬁkemp}msgebcbdlment afrthapresant dprlogurana motien sedwhdygpasist i on

speC|f|ed he art programwhile maintaining .a safe dis ce fr n1the
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machi ne-i ndependent fashion, and executed by any of a variety of machine

t ool sywogRs vhits memplivgs 1a seferdittinsn froomtheplartspd ménrhe@mntrmém;grr@@éme limit
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space qhacauﬁmﬁlhbmdmo“hsh&xﬁ hﬁdﬂ:}fdcﬁtmi dyQdy bemba@aﬁ of hiabhih® tod] byt@ey that
position. The nethod includes the steps of (A conputing at |east one
r et r acteRRIORthermetnn qoaip! sysisaref thaDiesenidisglosuigect or, from the current
position to a retracted position in a retract plane by adjusting the
retldact vectloran cagmplssd sheaprysens distlosurata mpidod et pravided &g tagomatically

repositioning 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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20 corresponds to novenent of the tool toward the retract plane while

remai ning within the working space of the nmachine tool system (B)

conput i ngwvetoimsisyone pl unge nove of the tool, based omca/usedioon4vEeCt Or
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t he axiasplingd moveof thpiaed framdihe pbmige nogberptortaatargdt pohitomdD) sreardiog dre

corlrsesp}(e){}gcitn Vte,om;t )e§ce%gegn a>ii1§ Ininn‘iet, and conputing a new notion vector
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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.



20 retract plane along a retract vector would exceed any axis limts of the
machi ne tool system adjusting the retract vector to avoid exceedi ng any
axi s |i mwe,2ostmamisng at | east one nove in a retract seqeemasab/osmves for
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an%O 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 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

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
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20 outputting notion commands to the drive system thereby noving the tool
fromthe first position, to the retracted position and fromthe plunge

posi ti on wo 2bti4smcond position. In a still further exewrphrarsgoenbads nent of
the present disclosure, a notion control systemis provided for a

mul ti-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
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second
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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In yet a further exenplary enbodi nent of the present disclosure, a notion
control system 15is provided for a nulti-axis nmachine tool system

confi gur eslot2o1ghae a part with a novabl e tool. The notipom/usenbosi4syst em

i ncludes an 1/ 0O nodul e including machi ne configuration informtion that
defines three axis limts of a three-dinensional working space of the

machi ne tool systemand a part programthat specifies a first position of a

tool and.a second sitiaon of the.topol wthoyt reference ta the |ocation of
the parraimoh i (Rl GuHR Chts DGR BT S hRdipHeRE AdkeB R O Han WY S 2001t he
limts;,e ahysRf dWRIR s CORdrERl | er configured to (A) internally process
noves to de{)ern‘i ne whet her the tool can be safely repositioned fromthe

first posi ti@ﬁéf ﬁhltsf}gtgigﬁgggnﬂ%gﬁé ﬁlh&ﬂn? &3t gysgeqﬁlosi tioning being defines as

mai nt ai ni ng t t 0o ove a mum cl earance fromthe part and within the

cystom to ealbe? ppssAmarh Pt EROWbaBRRFFERSIAIS RS ot b PR Rl 8¥emona

posist i asf Hig. I;he tool can be safely 25repositioned, and (C) output an error
to the machine tool systemif the tool cannot be safely repositioned. BRI EF

DESCRI PTI ON 195, THR ERAVNIS/iew of a tool THE sﬂlb%it[&rﬁnid(hﬂﬁfkeﬁﬁ@si@érhﬂatfv%Qf) dr es

and objects of this disclosure, and the nmanner of attaining them w!|l
becone Mt e apparent and the disclosure itself will be better understood by
WO 2011/ 044087PCT/ US2010/ 051408 reference to the foll ow ng description of
enbodi ment s Kigken d concoptpainaew of thei tbol efHag at oothpatayt pegitmawi ngs, wher ei n:
Fig. 1 illustrates an exenplary machi ne tool system Fig. 2 block
di agram of &Fignts-Darccontémbal sysiesf thé tddhef e Bph ansiousaaRitivas idodhg ayst em 5of

Fi g1 1, . -
0 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



Fig. 3 is a conceptual view of a tool in a start position and a target
position relative to a part; Fig. 4 is a conceptual view of the tool of
Fig. 3 i nwbDheligi4aosy position; Figs. 5-7 are eomamspioabi«os ews 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 conceptual view of the tool of Fig. 3in a
position calcul gt ed duri a pl unge sequence; .. . .Elg 0is a
Concept ual Vit b ek SaepoHTgRuSTHC CHE Renagiioniissi ASB AbIriing
15execuicbomif todnRlcHMBairRaAYe BkSsresent disclob@re; 11 1s a conceptual view
illustrating various positions of a tool during a plunge sequence; Fig. 12
is a conceptmygl 1vi 3 i t " r i a
part: P, aE B o S TR P R e B A L Rl Re, oo
dur i ng cmbadimemscloepsiant dpclosge; sequence; Fig. 14 is a conceptual
view illustrating various positions of a tool during a retract and a pl unge
seqgence;  Fig. 1Hsq bld&k diaganpefid Compofe RyraexSequeace/("pRIS') Alggitiam f or
execution by the machine tool systemof Fig. 1; 25Fig. 15A is a perspective
vi ew ofacgoisie torpme kthedinit of thehacssat disploseam of Fig. 15; Fig. 16 is a

bl ock di agram of a Program Command Processing ("PCP") Al gorithm according
to one enbodiigelisgfble 1pgr@g)e(pﬁa dlip MegtonMotiag ("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



WO 2011/ 044087PCT/ US2010/ 051408 Fig. 17 is a block diagramof an

Aut omati ¢ Safe Repositioning ("ASR') Al gorithm according to one enbodi nent
of the prweenti/dimc| osure; Fig. 18 is a bl ock di agcarosedioasivbsye To
Target ("MIT") Al gorithm according to one enbodi nent of the present

di sclosure; 5Fig. 19 is a block diagramof a Conpute Retract Sequence
("CRS") Algorithmaccording to one enbodi nent of the present disclosure;

Fig. 20 is a, pl.ock diagr of Clip Vector ion ("CVvM). Algorith

e or aithg G0 BB RbuARIRAE g S R Son g ot S arecmprgeas St of
conceptgydalicMn8Wnl rbtdblcahtmBert 132 28 8{ALANS tHRbu VMo @ Rhich¥R 8éntFdiRd b90;
10Fig. 22 is a conceptual viewillustrating various positions of a tool

dur i ng ropdnenpéros expien 0. Corr espondi ng reference characters indicate
correspondi ng parts throughout the several views. DETAILED DESCRI PTI ON OF
THE DRAW NG3A tdd Fhimdent®@ds sepyicstedibyabtasabde membienl 3. eVaddusitodle Adé dhaydebe
exhausti ve gr Iiogit. tLle %i sclosure to the precise forns discl oseg ('5n t he
f ol Powi 10PHEL' A% PSP PHOTRFHAYS, ORCH OB iy QPESYSHES EH-and
descri b@@nﬁﬂa@ha&s AR eI Sansdtld! thB aidfilll ReaRhtrediRot, sd dthé&CsitiBletod1§2EBHINTS.
Referring to Fig. 1, a machine tool system 100 is shown having a notion
cont r ol spgylie &x BoRRGDIAEhit a¢oal spindyatieMLOGNputcl iatheondo theatoel 1402 havieng a
first Sear‘nqgold(lemg'r(l)t,a'a %Rllflﬁ%@dof 1;toho?sr ﬂ Pare 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. It 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.



Saddl e 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 Mo 2»almtosve to saddl e 104. A platform 120 i s sepparsc@d/obposaddl e
110 and is rotatable relative to saddle 110 in directions 122 and 124. In
one enbodi nent, each of saddle 104, saddle 110, and platform 120 are 25
noveabl e by a drive systemincluding a plurality of notors which are

controlled b tion cantr syst em 200. Furt , a.third saddle 126
SO topor t ecbasiare S alRs 2L NeS Trbinciconfigriian 20K pad b bttt oRER 158 ond
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2011/ 044087PCT/ US2010/ 051408 is rotatable in directions 134 and 136
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vari ous operations with machine tool system 100. Exegglary tool s include an

h .
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138 is e i 1 Sy i : i .t he
Cool | 14 ofth BENC PBNAMneE b UAdE} APk, R rtidod fod B oh BERLAAR 5819 00,
car ousalhaiidedl. PAcofbic tial lockaioal dfC-abiout s opdnds an alusklatichdofanddlpriod ded in
U S. Provisional Application Serial No. 11/890,384, entitled 10 "System and

Met hod for TMdeJ&? INRRARUR MR P06 'indlties G Infshlsc@s, BlichN £ Biscr Snt€Xdce 8 $duch
i ncor porated by reference herein. The novenent of saddle 104 in

di rléct i Bsplane ksyberrd e mionse. 20801 Bofd huiions at wwtdss.4 G venerm flonpyalriyeaan s

150. T . . 1n.di i el oy i
11 ust e ER ek kL B R el Bl B8Pl
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154. The rotgéLon of rotatable. nber,ng in direction 134 or direction 136
is illusteear WP e § g1 yuifable dewigpsstoy gepsenfipg 1p #iYh of pl atform 120

in direction,12e oRiholidBE PR brddm! Dalid éxlﬁéﬁeﬂ@ﬁﬁﬁ‘ @éc&v’%ﬁ_‘éﬁé‘&ﬁ‘fm&d@ of Caxis

158. Machi ne tool system 100°is an exenplary 5-axis machine. In one
endédi mgetatioorveheadbyB- ekt duriifgth @ogra@naixg seskod is presapédeabl ong bhmare sére@rs s
wher ei afform.120.is, tiltabl e about o of x-. 20axis 152 and &@xis 150.

n
Thr ougHEveh agoaraREeE (SubA gt o P dEosDs 75t Crrauiis et o st om

100 a t@@bersational 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 (ISO) 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, 152, 154, 156, and 158

of machine tool system 100.



141 may be positioned relative to a part 160 (see Fig. 3) supported by
platform 120 to be nmachined. Part 160 may be secured to platform 120 to

mai nt ai n wbeoporudsron of part 160 on platform 120. 25Thecmmwsen®wnsi40é one or
nore of the 5-axes of machine tool system 100 is controlled through notion
control system 200. Referring to Fig. 2, notion control system 200 includes
a software controller 202 and one or nore |I/O nodules 206. It should be

derstood that th h ds dj d herei ted b t
cont ol L or ZoEeliesh g tanol AELPRGHALAD B o8 ST 0 Ch orbudpasd
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202 receives a machi ne configuration 208 and i nput data, such as a part
prograﬂﬂ@@@wr&ﬁﬁlﬂh@ﬁﬂbﬂﬁvn@egﬁ@B@pﬁﬂhdBQ%hm§uﬁhwh§&b6§Lﬂﬂb@n@éﬁénmﬁhethe

vari ous xes 1 152 machi ne t 00 st.em.,100. In t he
T Lot el R 1R0R i rog i Ao 0 R sfost 375 oA e
programbaaéuaﬂmunachlne configuration 208 fromone or 5 nore I/O nodul es

206. Machi ne configuration 208 prOV|des t he dependenci es between the
vari ous axesinpgg empgdimens goftyas, coiiellrz82 df amelepstrsiontsdisoByatecemponcids el |

as the gty %Hﬁ&t o GAR A ]pﬁi‘:r f(ﬁrls b%@%ﬂ%ﬁe %ofh?w %‘Q&fﬁer e]?‘l Iﬁ‘%"ﬁé‘tﬁﬁﬁqo

di rection ocation o Is C ore

| ocat i an43# 933 igstcd oﬂl%ptéﬁﬂbeﬂﬂ@ 1@95 hi@tlﬂﬁb@NC(ﬂ)ONfTRinﬂYSTEM’; thédkiestpduas yf | / O
nodul es 206 |ncludes i nput such. as a user interface, a touch 10

di spl ayYhigh Ré?ﬁﬁé?H““&qﬁﬁﬁ§g%yéﬂéﬁﬁfeﬁﬁ?@>buttons or switches, a CD drive,

a floppy drive, an interface to a determ ner network (mﬁreless or wred),
andOot her sdiigat) erasahildese sigmlificdyive-diganaosridirgrams i bussstingdiceragions r ol | er

2 0 2 an dsté)g;ég gi" Hto?%ﬁt&%o% ate%]’l“l\ﬁnla %&toﬁlaﬂ' ?Qi}eq%ﬁ)’c‘sﬁ%ﬂhnggccgrégél% ?I%an?t?q%meﬂt' o hts,

i nter evil ces
enbodlﬁﬁapﬁmaﬁﬂh&xﬂﬂmﬁaMB&ﬁAdbSuﬁmﬁﬁb&mﬂmhﬂmﬂ@hm&dm&ﬁM&mﬁBﬁgmﬂﬁmﬁﬁmd@ of 15
operation mhere?¥ a user during a progra ng SeSSIO is presented with one
or mor ML fRERRIDhGGHTte8e I e plaarithipe o digdresaat dist HoHER e p e

keyboar ghlionéi f&@&ﬂh&r YautBth R0 reBQﬂMGﬁlﬁQBTQ%ﬁhtlfé&ﬁ%%ﬂi‘ﬁ%ol # tlfcec! osed

in U S Patent , 933, assigned to the assignee of the current
applsi catimensiotsh el'ldi @(sbmstwrdoedxbwwmllcehp]lam the yreew phasesodithocatoept dfyaut@hdrcence

herein ri ng,.the progranm ng session, the user rogramt esired
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one eX%ﬁHﬁ&metﬁﬁhkﬁ&kn&Pﬁﬂhéb6§nbﬂﬁﬁQ6§FPﬁngﬁﬁﬁ&%hﬁfﬂ 3the TRchirRad part
by creating bl ocks of code, each of which specifies a tool and other

machi nialgerghma sempdeysd th:@ﬂ@@ﬂ@r\ﬂé)@eiumgttheotdoelcntaoqn,trh@wt ged ehage sequsacesool

traj ECta% Idgssérlfbocli la?el'llrtl%lltl?egspec1 1c£1tci)oOA to the desired geometry.

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.c., the

10



I n anot her enbodi nent, part program 204 is provided through a NC node of
operation 25 whereby an NC programis | oaded into software controller 202.
Part progwerrsliaiesiir equent|ly expressed in a standard Gbcrageoilbasguage, or
a close derivative of this | anguage based on either the International

St andards Organi zation (1SO or the Electronics Industries Association
(ElA) RS-274-D, using codes identified by letters such as G M F. The
codes defi sequence of i nj rations tao control notion in the
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of machi ne tool system 100 11/ 04408 /USZOlO 05140
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reference to t Ions of tool 141 as depicted in Fi
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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
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(collectively referred to as tool 141 hereinafter) and a target position
402 are shown. In the exanple shown, start position 400 of tool 141 nay be
vi ewed aswbebng4asrented in a first coordinate system 4@¢Th®en0gsans X- axi S
that is parallel to face 406 of part 160, a y-axis (not shown, but

ext endi ng 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 wll be further
descri bed bel o 0Si 40 141. ma
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control ler 202 duri ng automatic safe repositioning of tool 1 fromstart

posi t i dres40e X bmitxt ifen thopesiiiondingaion 26 therz-axip of ewelpt &ol coaidinpssyistem
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of tool 141 relative to the first of second coordi nate systens 404, 408.
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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25In Fig. 4, tool 141 is in start position 400. Controller 202 knows, based
on machi ne configuration 208 and part program 204, the |ocation of tool tip
422 and twe 2ori/mamisat i on of tool 141 relative to first ceordispamessyst em
404. Controller 202 also knows the rel ationship between first coordinate
system 404 and second coordi nate system 408, as well as the | ocation of
retract plane 420. Finally, controller 202 knows the | ocation and

orientation of t 141 30 en _in target position 402. at s unknown are
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Controll er 202 next causes tool 141 to m;tvi iél?tsa di rection al ong posi ti ve X

limit AeBagtpinegeleacaedinglyi qngrbst d%a Epidemevsdrolilfl alorg toak ¢

160. vector 428, which is defined with respect to the machine coordinate system 429, from the

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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In this exanple, controller 202 causes tool 141 to nove through vector 426
(Fig. 6) along positive X limt 416 in the positive direction of the z-axis
of machi neotonlo4emsor di nate system 429 until tool 141 reachaspossiiye Z
limt 412. 20When tool 141 is in the position shown in Fig. 6, it is
retracted as far frompart 160 as permtted within the machine limts of
machi ne tool system 100. Controller 202 next determ nes the noves necessary

to change the orientatjon of tool 141 fromthat 0 in Fig. o t hat
Shown. |SFREIALE erpor i S8 R SR T HE TP HAT D dsiiebrioat REBST 141
when i nik@iAthRRS) Johﬁﬂllé‘x%ﬂrﬁ!?galté’fﬁativ-ggl 4t RAIRE MIRVASHIRLETSBOYe t O
reorient tool 141, controller 202 25conputes the current orientation of

t ool titpe dZkiplansdoonshowao idpasaibés whet mavaoentihterrciract pheacd20anneltiossiblst
Fig. 6. and the desjred orientation of taal tip.422 in secpnd, coordi nat.e
Syt e BO e IE R FRL BRI TotrB pfinciddf cobddt it iEpie o S EERARE EREM DAL
conpl ettle nia@Rine 1idits, heARWREO MG 20D Evill&BHIparY BOtiPOSF fobDfip DD W0 0P aldv@-thd -

Fromthis point forward, the novenents of tool 141 in this exanple are
novenmerfhgck lage in/demepnger desgriberbaleiva eith i enge ta ogract plane 420 to see if such

2011/ 04408/ 09551’81‘3%941%51%49%Tiﬁi[1 7449 R i&&%%?&@%@&@?t IﬁsQ?threl‘%‘%ﬁt%ﬁe?t hon
sequence is only performed | Reorientati on of tool 141 iR star posi tion
400 i s 22fWielr gmerate move bemoahéntogiosdionadolttipod 221 the chdchrpdeic. posi tion 402.

If tool 141 has the sane orientation in both positions relative to part

160, then nanneRlckenprRt hOReves, diRE PoSavY Z 1amd41 DBl entdintéiRd M@ting €bMmpsiagen t O
the machine limts in the 5Smanner descri bed above with reference to Figs. 5

and 6. affsevement ebigot Bp re? intppetidet plang HE0.r AdleT BistzagdrenpnsaiRidaeleyasing 428
f | ' d. noy: f t i bed
perfor np.qlhg v{@rﬁ%éﬂe%% fogrﬂgmcht%ﬂe @g&ggﬁg %%?%1% 4§P[lg§£bt?%ar8fé% fﬁi%&‘fﬁ)%%b&%s Hd Pe

bel ow. i'nui n is reoriented into
t he orimmt &tdacindiadctibn i aldng themicpalleet di2éi2ioa copaklas ghtive Xlintient8.| Ooatidltwn of
tool tip 422 in second coordinate,s¥sten1408 to 10t he ] ocatjon of retract

pl ane 425, deTniRecbatipAleld [tRAMAEAD tha preavye ¥ drpgin i &l thei-dieachet r act
pl ane %gactg{ﬁa&t@@rvriWug %ncoﬁlﬁfélrin%'aﬁo?ﬁ%&ﬂa%iﬁ@iinﬂ@ StisOdred d%te?ﬁﬁrfih%'w‘(ﬁi@ﬁllgy

positive distance along the z-axi's of second coordi nate system 40
awdy f rtbepfumge séfi@naf dgsarbedliddwtcan be sudcassfEly adiieved acvatrdBOr 2080w dl chiusgl y,

controller 202 initially atte 0 ve t.aol 1 alo tool v or, 428,
o en St bt 1Bl phafabfOPa% femrRe RpiEon abF i a8 BRaSRamaies s 1 o
the 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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15position of Fig. 7 toward retract plane 420. Myvenent al ong tool vector
428 is considered ideal novenent because it is the nost direct path for
posi ti oniwg 20ni@l44ds7p 422 into retract plane 420. HoweverCTwisenoiondvhe
position of Fig. 7, tool 141 is at positive ZIlimt 412 of machi ne tool
system 100, and cannot be noved farther along the z-axis of second

coordi nate system 408. As is further described below, controller 202

anal yzes tool ve 8 and determ nes 20 that venent. al o
o aREH e B0 A 8 e dten s BER) HPEE RLKIRE TN oud XS dal r eady

at  posihhdneimitThid Aﬂb@rac@@%&ﬁéﬂtﬂoﬁ%o%@n&h%f RPLERG B & fihedd&OBRIBRNT from
the retract vector (here, e retract vector is tool vector 428), thereby
conput i axgealimewaekine dotitsdeangiol ito?02 ewapwdes ey auetrpbtatnel who(in enexainler 202

conpar eg the r UII‘ wretr ectlo termn
whet hertet o hEaRr fRERTEC lnefe stttk BE g Rgh 40Bie 207 RR

As wil | olgﬁlofnm’()Qf'tflelQel@qblpb@ﬁOBQBQWf Fid. o0 erfiging %elheﬂﬂa&hiﬂeﬂﬂmlﬁamll be
encountered t he appropriate conmponent of the retract vector is subtracted,
and anctisewnteied,and sybircting dueed@reonpoashis of g, inverse of plupge yersonddide ayaide
situati 2 t ector
326 becSus RS, s P usBnAih dodhiarfid Bkl 8 SEPRARET ARG il
tip 42Xc30aronoiftes adiettolleb@0mosds tool 141 fraat thpllaneoton oflthc Sctsict vafueote may
cause caontroller 202 to WO 2011/ (3)44087P / US2010/ 0514((1)8 enerate an error
and di SEBhS) RO A3 GiPngrvepier f-pb >pAmphomevet dirgdlyiaong plppgs
desggr i bs%@to?@fh@‘ﬁvon?g&tlﬁ&{ bt o2 @?&’ta?éett ?6&%1'1 Mg YTHIESI %{é‘a&@mé{m%a@@r
movement 1 nto or above the cheCk plane (not shown) 1S possible when
novenentposatianingdf @ot 141 fom A@0postiond0(pwsteiget position i hsrcompias, i f
novenent into retract plane 420 cannot be achieved within the confines of
5t he machi neRdferidgmowt fodfigCbntiiombeer20 2hidh doneropr2(2 wses therchetk paat will p
422 into or above the check plane in the nmanner descri ped above with

refer eHQ?equBerr‘%ts?ré‘&d apaeﬁeeralgﬁlg dls(@@wﬁragl&eae PROERGS Waerpigderlbld whil e

mai Nt ai BiBohtE QA maddhndMifhft éﬂnﬁl&%@%&eﬂhﬂ% d'eédi‘lbfea ab&x‘?e with réf@t%ﬂc&%”lflgg"d &ld 202
w Il generate nove conmands to position tool tip 422 1n the checkK plane.

t hils ex]d))pﬂmFi@GW\mttionMﬂSwfnmsh 1t411\perrZspandB to thtdosision o€ tnohtlét edFguBi ng

conput ati on 10..of tool tip 4 into retract plane 420.

Che’ - QURSOWEREBIY duth ) de Susp iepasisRiG ARt A i Gieh Steefs aoniia 001D
coor di naban&YRteh ad 429. HYEGE RGBT, ABREHIREDH2ARAY ompiles MBVEHEHE Bt
direction is along the negative x direction toward negative X limt 418.
Cont r ol theplungg s@lmeeeenﬁlﬁesncmatentscfmrn lametdmﬁltm\ﬂéloutﬂ atmeltlnegelteme tool 141 is

di reCtll(I)ln tlfm lan b w h4azr% eg(ea(% fsrr\(?trr aClrtdtp r1 &15 uEllJttl encr?tlfloq erl ng
anot her MreCi R DY AFTeY geter i iRy Ty ‘i%‘?% prange
Se%encli‘)2d%$&ﬁhﬂ£@dhéﬁb6lw4qétﬁn e e utaRsHt u{dtﬁén%bﬂoev&@lesp@@dlhg@d IRrinv&ae yf | |
cause novenent of tool 141 along vector 430 fromthe position of Fig. 7 to
the postlengsvesiorditg ungl (RRE}HE pnaoyplers RqgapRXilynit 418 bt amsnmnaﬂi’é shown ithe
retract cute
the pl RSIIEECH KE. EOTRGLSIENE dAR R e O P RYEEI R 1P 5
141 i s mhhowretiaot plhee 430 posirdinglys cortrodiek IZOhdstHrmlndyWhBtgeQﬁekM;Uislamh:a@tflnt he

| unge se uence in this ex l.e.. More specifically, tool 141 is shown in
P d %ove checL plane 446, WﬁnB in this case is gue As such, posmon 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



target position 402 in Fig. 10, and position 432 in Fig. 9 fromwhich tool
141 will plunge toward part 160. As will be described in greater detai

bel ow, t hwoaboeomiudshm executed by controll er 202 during trhe/useiwast4osequence
to determ ne safe retract novenment of tool 141 fromthe position of Fig. 7
to the position of Fig. 8 is also used by controller 202 during the plunge
25sequence to conpute the plunge novenent of tool 141 fromthe position of
Fig. 9 to the positi of Fig. 10, Coptroller 202, ho t he
sequendstoRTRE I hh &% parorBUCrHEIc e A ELPOURH of B 402

of Fi g.pldfhd RqRARES, it ﬁéﬁu&{ 450 & pRiticih4s hid BallyRoMP6SRiohM4uey efrs& or der
in a novenent |ist so that when the noves in the novenent |ist are éxecuted
by nmachiosgionddl0. syst em 100, tool 141 is plunged from position 432 to target
position 30402. Mre specifically, just as controller 202 retracted tool
141 from t heAlplomighichncloplaké 446 in Kig. 1 MB sBOW ADEAOBARECAF LIB2A0RI0h Bl 4181 22et r act
pl ane 420 whet her ane nt alo t ool vector

P aded raar was PRI Aln E s R T oo B s ot SRt st 203 5 dedu

428 as dheedpiint 246 ¥%1shcxe adioiglr R, Rehchithdittfh 4200hhe! daddly B0 PoGABRY £S
how to retract tool 141 (in this exanple, along a notion vector that is the

i nver se pinghpoipt emuptravted pior 4243 thesdedauit omarmq;l ofontrbHenA0Ran geth &posi ti on

402 of Fi,g.,.10 t.o iti.on 432 0 i rm ni et her machi ne
o oo nfiongaS b e 88 dieCloel ber sot b FUEL TN A Brbhflotr  he

i nver secopfesfindigetoMRe t@et $34itibR 48y Olls ANE BEAh O, hd0Seer] it 1§ deSirab|B té Béfene a
exanpl e, no machine limts are encountered during t he pl unge sequence.

Af I8 Rl nllan@ﬁhawzspmﬁe@wyo%qmmm lﬁpéﬁﬁth%éhm}a@q alpibghqcm&an@f%@h@or etract
Ei 4 |
S equencgiau(n 2 in ﬁﬁ)e H B t 1? %61%:[%@ o ﬁgg2 YaCh oS ta%ge?)p’osftlgg ﬁl4é Sllll_t}sgt}%ﬁfoy

moved di Fec ong p ge 1 vec from posrtion
t ar get mﬁtﬂelmﬂoﬂ%4 ofisockt s Gafatraedin ears BE0E(i reemﬂlltml (mtelngs oito b ealessl41
fron1st 03|t|%g 400 to target p05|t| n 40 ferring

now t o rrae ipfo syrface R o€ pait d O(hittdh de%mb mge;@ alﬂéﬁ"& EHwed grfaﬁfe
Wil beaw ﬁr(riﬁ ﬁt)oggﬁq§4t{ﬁgl ddful9 @mﬁkﬂJlaneE!SQ to %@'oﬂ'?f?ﬂe%lsen@e Qét%gﬁlt Fquence

wherein t 141 encounters a nac limt (unlike the exanple described
abdwve varﬁtpartelfé@rcbmmg resHiapsng @eartcbns510) . In Fig. 11, position 438 of tool
141 corresponds to the position of tool 141 in Fig. 8. Mre specifically,

tool 141 is Epovhddpictpasithitivn wideciaftbelrida dashstaetposkiguedaea planpopoihi on t ool
tip 422 intqg retract plane 420. As descriped above, controller 202 next

conput édoNBiRsHEHngd ehrckimancstaOnyiehia depieandimes pf the magbinenignits Whilgcpntrgliar
posi ti %2%% 4o cR)?i?ﬂutté &%V%Qﬁt@ 'tl{ht tnﬁ%tﬁ]}&éol' tﬁppllﬁ Sk %ﬁéckﬁé 4()4)2(9)rm whi ch

are executed 1 n reverse order. During this conputation ler 20 202
det er nithescttaktiscquomde (idlnmamnm\séomﬂepogtloﬂieg ﬁMpropeﬂoeanInecmet &bondi ng to

he, i nverse of. pl.un ve .442 unti | | 141 encounters tive X limt
PRt S <o ps sl eV Engnt Gurye BSRRRSS Ler 202
nEXt desteﬁﬁéﬂc@‘%ﬁe thalenbif @o h@oﬂﬁ%h i BNatfhdd chtXPladddo( aﬁoﬁg’ihe iflvdrsd 6GALngl ane

420. Accordingly, controll 202 determ nes whether tool 141 is at leaSt in
or abowvectidok) sinahpossies. ﬁhlscihmpnsttaﬁmoma&lerac@rltshmef opsersbchmepiosfia i on 444

ESZ qﬁgzil d?r£ glsa}acggrd%%t%ﬁth%]igfeﬁ%t{tgésciosure pemfocafl}rr,alx Sl andgnrn O(Hrnthe pl unge
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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continues to attenpt to nove tool 141 to retract plane 420. As negative X
limt 418 has been encountered, controller 202 subtracts the negative

X- conponewd 20f1/t4lp®7i nver se of vector 442 and conputes aPoEwsdLDOSA0YECt Or
448 al ong negative X limt 418. Modtion vector 448 permts repositioning of
tool 141 into retract plane 420 at position 450. Thus, when the plunge
30sequence is executed (i.e., the conputed notion connands are executed in

reverse ord contro cause movenen of to 41 fr

posi tion 43%%%“1&3&%“{ JE?rﬁ%ﬁ‘P(aum%re E°pHé ZW%@?&P ﬁ%@%l‘?%ﬁ? %67063&%4?68
transi tghgnMERBRECifiEAR, FIE 1haRpicROS{itdaBbn Qfhetdi€tdotl 4 P&l repGliGRERIsIg t he
first position of the pl'Unge sequence), from position 450 to position 444,

and fi rtht plgofithoms @%tbia present4dstlesyrg ewegéhomsthc raracud@torBndygtiungeeskiopl ane

Cool | 14700 meliol e BRAYE BRANE R8T SefRP 4 et AbERL Ab R BE pBiFEh 155 " b

def ajul tthe lewkipab@Belod4 tha Hodithme of B presen0iRElos e aets genshidized 0@ficionfly 422
cannot safely be positioned at a plunge point on retract plane 420, the
def aul tgeeseﬁealtepaﬁn@fl% apirach pnéplunge sqayergess egaidlerpridherarentpton of WEREr mi ne

whet herysLRAluck! RufzAGR £, SALE YedlRUed ih Qo BaR A O FR ERPORAIR ©

t he targe sone | nsta desira

defi ne zi)zlsﬁ)mpl'yenﬂenmltsmenwtatbol sp Sbhfreﬁpamlg.@/pémoam palidr ajlﬁﬁadt@rlatﬂ&efr atdhack
default check plane 452. For exanp case of Fjg re too
tip 422 lipeciongw atregetre%cg.wtehlmewed %tilpflﬁ Eﬂ‘é&%é&lﬁhlﬁlﬁémﬁ&e %(ﬁ%hﬁm of a

Pociet. AR o TSk BoPAf 1 80HC ket poAbh (b0 LoRS A nnf Spee g Ted

into surface 410 of 160 it esira efine a check pla

spaced dleng Whatemmuﬂgemmmust oovidlsd withant dlefaamgtma@hmeldnmltsan e 452 to avoid
interference between tool 141 15and part 160 during repositioning
operations. As showﬂ:ipgsm&ﬁ 40epf wlo$ 141 soriespbndytowherodriontcd pbsitidd o€ an ot 1 he
positiaoned at a plunge p0|gé gbove thegﬁﬁilned check plane 460 within the

conf i ndd8of- HRE: RAFRTHeNpiepq Pkusingthegle TPHPqtéfﬁCtQOZN%%lsaFBF ool yeetshphen
movenents; {hak 1ﬂrﬁfer§tta‘}’[ Fosi @8, caﬁtpolf’e% 208h0ME GGkt aefwﬁﬁ% iy 'B'e&gdéfﬂ{%d

retract sequence (i. movéments for repositioning roperly oriented
t odlS 144y 4 wscawith Ipqmct iodﬁrst/\fbt@trdmmtetsgstbmt40|é 2% Bsffcrr()ffe(ﬁ-lcadet (ipl, aﬁﬁS 262),
saf e novenent durigg]%he e se uenc venent to a posi.ti.on

or abovE ARG MRS RERIRe S bind r TRbCdnsrs Jedrcidifay
possi blige Varéibﬁasd@mmrm&@ qIﬁ@tchh@f B Ringd e S0fRneTBAY BRNordl 2

control l er 202 according to the present disclosure. Specifically, in such
an enbodicerd’4 ag describbd ebovzoooniipdier B2 alidrepts o srdehy ey cdopblAdridong (ehktich i s

execut e\gec{or 468Y§h %)851 619 (\?vrh)ereln Y 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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25 the inverse of plunge vector 464 (which may or may not be the tool
vector) fromtarget position 466 to a position in or above the check plane
wi t hout ewoeumnteauosng machine limts. It shoul d be under etwa2dloasidat her
than conpute a nove for tool 141 in the positive z direction of machine
tool system 100 from position 465 to a position above check pl ane 460,
controller 202 will generate an error that the nove is unsafe and

di sconti nue erati of rt ogram 204.. \D.201.1/.044087PCT/,US2010/ 051408
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wherein tool 141 is reﬁ05|t|oned using the algorithnms of the present

di scl oseirectglans 4780 ughhis ipeintghe agtacy sxspuencedis 8omplete. pl unge vector 470, the

tool vector 472, and the normal vector 474 are all different. As will be
appar ent fr ofs Btase desarinpig.dd, hetecadvof tifieg dlegtafatlhpiengd vddie vpltiels enthe

di s¢l osure ar eneral ized sufficiently to generate _reorieptati.on, retract
and Spi dHEGSSBEHE feds Srafanar bl 18] N alte e Patition d6t- somtrple: 2 aies: aca,
pl unge YggdOrectbfA70WhisPRes B8R Uefindi sy & Dsct &€ ARAB RS TRESISY.SL €M840&ing
Controller 202 sinply attenpts to nove tool tip 422 to a plunge point on

ei t her rargrattersdd, YlanhdV oorrespohdioR tpthene yaindrgliwktor veningsaif theveoi@masor i s

S od . . MR o |
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al ong whah@vRfudlcd Ige YRS Othe isvddicfindesadchaul7 4V ixalyalsenefifaalige i mts.

As shown, position 476 of tool 141 corresponds to the reoriented position
of ool vestor may tmjyped.as logg @ thp pugioetion qfiBe plyggoredier oo ppena aretar 74 ef r act
vect or, Lch .is \Y; r 41 s i.n.the. ition,
controfF@@hgﬁﬁkﬁggggPéggggt%gé@?%$@§§8&&ﬁ?8 g%g%ﬁgé@ﬁl%@g?%%%ﬁ%@ﬁ% a user
W th r aspagihctobdlowsttran ptaic AAR és sl eud@ddvdcrortdio oBlrid. an sefifficsticiode (i . e.,
@08. 2 using. paraneters A, B and C corresponding to the x, y and z direction
cosineé?nag§ﬁectively, of the vector as described bel ow). Instead of
generating a retract sequence based on normal vector 474 as descri bed

above, cont rd¢qoedinglypcentrodlen?e? vees dbF winye Heeethioes desaribeg) abage pathrraterengect or
468 .t o 0si L]0 rein | f ] is.in.r ct e
conput 1 RgPERYGH R Roh RS A Pufetiiaiahdd SRR I AOR I R FRLREE,

det er mwvervier Mure spddiaeillyy et mandkd8irhiSarvalthal dEairibe® withgefdelicettd Pigh22 i nto
retract plane 478, is determnation is perfornmed mathematically b

pr oj ectatdd Vs epnteplier 5@% FYRPUE SIS FERUGHEF RAMOYRIRERS roppared |tg moyg topl Jd élfyqnb nis
R Tk
(i.e., HMdwangt teast beldveal toragrheelt plaoe (noe shawn) 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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25468 w Il eventually cause tool tip 422 to be located in retract plane
478, unless machine |imt encounters prevent such novenent). Thus,
control | ewo2021/aesput es a nove of tool 141 al ong retractcrastan/odass whi ch
imedi ately results in an encounter with positive Z limt 412 of machine
tool system 100. Controller 202 then subtracts out the z-conponent of
retract vector 468, and conputes a new retract vector 480, which

corresponds to enent of. tool 141 al.gng 30positive Z limt 412 in the
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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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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  1s 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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and the setup (length) of tool 141. It should be further understood
that although the follow ng sections describe a plurality of different
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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.c., 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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20 tool 141 during repositioning). Thus, progranmers may program noves that
are | ess conservative, but result in unintended contact with part 160 or
conponentwoabimaeis7ne tool system 100, which is, of courseusemensT0s e
undesi rable. As described below, with the algorithnms of the present

di scl osure, the programrer is relieved of the responsibility of inserting
repositioning noves into part program 204, and can even specify a retract
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further BO% r onput es
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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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cont roI | ef 202 determ nes that Buffer State 506 is not
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 is
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 1 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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25 O f, and proceeds to block 514 where it determ nes that Program Command
does not equal Buffer Of. At block 518, controller 202 determ nes that
Buf f er Stwoeoiiz4mist OF f and checks whet her the command eurrespdlopsizes ng
processed is a Goup 1 or Goup 2 comand (which are fully descri bed
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J 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 (GO, 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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the logic controller 539. Exanple
reorientation sequence and the retract and plunge sequences.

Controller 202 also obtains the current machine position (i.e., 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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Controller 202 also obtains the retract and check pl ane Nornmal vector which

i s by defhenkPlanoRistanse frogplTangett Brunge Dirpstign YaetgrePdierivisenigthe 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 (I,J,K) specified in part program 204. If neither Check Plane
Distance Q nor Check Plane Point (I,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.c., tool 141 is 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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25specified in the 8.2 Buffer Of command 500, as is further described
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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  Vand 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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the tool vector associated with the target position, any of the rotary axes
of tool 141 nust be reoriented. If no reorientation is necessary (i.e.,

tool 141 weaiwmamy in the target orientation), then cortCraisb@o/n20as
executes the Move To Target ("MIT") Algorithm 550 of Fig. 18 as indicated
by bl ock 546. If, on the other hand, tool 141 nmust be reoriented as in the
exanple WO 2011/044087PCT/ US2010/ 051408 descri bed above wth reference to

Figs. 5-7, then contrqller 202 executes the steps.identified in block 548.
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default (i. en U, 25V and Ware not specified), the inverse of the
t ool vetdthanktractisoquentdandst blpokPé2t(tegdunge sequence). The move commands

computed during the plunge sequence, however, are stored in reverse order to their computed

20  order in 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



position), the plane normal (from block 542 of Fig. 17) as described above,
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at the ‘beginning of the retract sequence. In that situation,

Al gori tllmt -80ifies ingpertexegrame s catide whodl capd defaslt akluga e usnd as em‘lened
posi ti (rein. 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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in part ogram 204 or not, I ch case default values are used a
explSai nednteyrasvay. frdvil TheAdagorvie thimm B 5l @l CRBcAby oltd didrmabdtai Mihk pignhtfahan t he

previ ousl st abl i she i.e.,. user-specified or faul.t) definitiaons.

ot r o destrodiss Maed o it woeRE e Moy feefon SEeRe i et fiS e,

pl ane prithks PRACOL . ¢8EKigRloRRBIRMHEToPIHUKIBRAIR BT (sKBén bSow) B osiive, thbd Zed
for storing the conputed noves in the forward direction. Finally, the

var i abl@PeintQiRanvié Ay theoegsti wetidvefitheplehevlithprepeet th sheskiang Hormale A vagdtiGRS
Algori tVQl ueﬁnolgicgtfes Ellagthe %I?pult %oéigloﬁ {saanogge' 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 gwFasssinSans,

: s S R D,
Point gefasufainy,

25 Vector ¢iasisresimt,
Point &giintereseiianiaing

double &4l TeMnnsdlongfey)
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Referring nowto Fig. 19, in addition to setting the above-descri bed
initial states and obtaining inputs, controller 202 sets the vari abl es Mve
Sequence wWorzpiiaideosand At or Above 30Check Pl ane equal t ecraiss@oasisondi cat ed
in block 602. At block 604, controller 202 determ nes WO

2011/ 044087PCT/ US2010/ 051408 whet her the check plane (which is either
user-specified or defined by default as the position of the tool tip when
tool 141 is in_the target 905|th ] : D .. pl ane al ong
the pl ane nofFET™ “=FHFEH-al Y2 FPHE Fe@I T BF “DRoER 6o ¥ "SRG R control | er
202 det er m negRtszhl g@gﬁg S05: e TV e ragenee (in this case the
retract sequence) is conplete. Agai n, |n| T aI I y Sthe result of block 606 is
no. Control | EfsixgP=irem® et er mi nes at bl ock 608 whether the current retract
direction wi {/JNdWi‘ﬂV&sefcﬁQﬂ 15%%51B@waa;dlsg}a§)eh@fcﬁaﬁ fo lﬂh@&&nﬁh IrSbeSo;@cconpl i shed
using Al gorithm 610 Al gorl.t i set forth below) is used by
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point on ara ere, hm\g Retract Directiqn e A .:ay s 10

di rection veC%’d‘l(’“ GRS e ‘ﬂb‘%f%‘é%ﬁ F By SR Tﬂ&f ﬁt‘”d‘ﬁ Rk pi AR 4HG 2 nor mal
vector. |If Atf,gmmﬁ;hmﬁiﬁ.netw ns a O integer, this |nd| cates that the ray
is parallel to the plane (i.e., the ray is perpendicular to the plane
normal ‘vector) and cannot intersect the plane at a point. Ctherw se,

Al gortihm 6 returns t e int c i, nt i stanc fromthe
Fay poi nt. torenE 8RS al UREII TR G ol st et Ry ifbiSon anc
t heopl abel NArtaBlard/@e réFact Plaing) mdnﬁﬂllaaz@ala&h?éﬂf&mttheﬁmﬁomoﬂlﬁoa@ﬁml ng
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si gn ofCameollgoedt ebfats (1ni deprithm 08 o SiEncBypie frae (et PO e on
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dDi st ar{(b:él'lﬁglﬂgggeA{e?ng aalw ﬁ%ttfl%&{[ec\l?v)p RAS a% s%r} t %Sléllr&%ttﬁgtga& d&?)?tﬁn(m Ray is on
t he nedidfenrmgsto diee @éfantm‘edﬂjlamé 1n/\thh7rvﬁ&:p@nttodld4ﬂ lieloPhtad et Msntm&lx lininét@at i ve
val ue in ica.t.esfzthat t he i lgerﬁe E)td]’tlon [ above t he ipput plane, which is
used t GAMOKIVEE iy g an firwetragiglirecipn fsqdeng WAL yectors o2 R E4iise EabPane
or jshe tB?«te[e‘aCatlor@ t‘ﬂ@?etra@i‘@e&&b&%ﬂ%%%o&ftexﬁlgg@ﬁfahﬂﬁb GL0: dl% I%Q‘ﬁkzgiqlrﬁ%' OW.

i nteger Conput elntersection0f RayToPl ane( Poi nt Vector Point yegfttQairo,",
25Vect ot12poiTht s&ghi ktepwf bioslttlgnndicdgs thia cqjm]wlblbe%&bclﬂps&lid_lle'h;aztlvewtcg-té\klhaa R)

machine limits using the Clip Vector Motion ("CVM") Algorithm 614 of Fig. 20, which is

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 Equation 4 described
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, y,
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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returnl44DPl ALP4- 1PrzAf'il, Assum ng the outcone of block 608 is that the

current retract direction will advance 10tool 141 toward the retract plane,
202 ne Cont r ol |

control | er. t perforns t ct.i.on f block 612. r 202

bt i nant latngl oAt ety i SRGHERN 81 hutet i mah s Pl 0% i on
of toolthdfl it @ kG Bk Afetlinbik FNEstaREL the shiieest AGHEd MRtathORgdaltdi@per I ent
retract direction. Referring to the exanple depictedin Fig. 7 erein tool

141 is lkegtht ed at positive X limt 416 and positive Z limit 412 and the
retract direction is along tool vector 428, zero distance can be 15travel ed
al ong t he r éflreaCYMvAlgooithrh é1 4 begienmduotked liSny iacrmaehiinei fromi® 1(2 . e. ,
positive Z limt 412). The secpond step of, block 612 indicate hat

Bontr ol PEET I Y HEbioHa. Tt F AR FODRE O IEHIE RO HEER YT 0t & WSing the
Cip VeghonMatiremt dirdeMMh ¥etb 9@ v i63do Othereli@no Afdtioli 43 cofedRabmbhgd in
detail bel'ow. At steps 3 and 4, controller 202 identifies which axes were
cl i pped,ditgatdort dnsl thilg mleehl penthmireins directly tpbledk &Y toadodentiochonext pxistdirection

X2 20yl PR B b B S0 e e
t ool sysbesdblock 622 to compare the i component of EndPt to the lower limit of axis i. If it is
10 less than or equal to the lower limit of axis 1, then the ClippedAxis value for axis i 1s set to -1 to
indicate that the axis was clipped to its lower limit, which will be stored in the ClippedAxes
vector later in block 642. Proceeding to block 630, the new (clipped) length (NewLength) is
computed and in block 632, the NewLength is compared to the current Length. If it is 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 i component
value to n, which is this case is -1 indicating the move 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 direction passes through one of the corners where

the axes limits intersect (move ¢ 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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Referring nowto Fig. 20, CYM Al gorithm 614 includes a variety of input

vari ables as indicated by block 616. The first three variables in block 616
rel at e t owohe1tapost ray, which has a start point (RefPtpcTasdimwestson
vector (DirVect), and a length (Length) defined with respect to 25machi ne
coordi nate system 429. Also, DirVect is normalized using Equation 4
described later and the end point for the nove (EndPt) is conputed with the

equat i iven i.n, blo 616. .An ect is inputted in bl ck 616 t hat,
For - eadiodhd & ot S metpuris hnaPe Bhoitpanisht s M Tkt e sVt ai
obj ect \ppet MEARXMEN LV AAP&Sthi €14 REaKe HMPiPRE aQis vhiucdo GO RSRRBARAGhd BoKon V.
z, respectively. The axis limt for each axis of the axis object is indexed
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201%/ 0441284 MaT 6 LISRAKAE B A Iipped lehg@hta%d ahOV@tdr TiphadA sl Qﬁich@ﬁdlca%él\ﬂor

Al gorithm 614 cycles through each axis limt, cli Bpl ng the

ext endscapkaxis wlpéther thetmeyteavastnol Fhigpediie theresisy distit @ ‘ﬁ%ﬁé&lpp@h@t%e &?Slstlﬁé’efl nal
cli ppeqllﬁ@@gsg J?%h&%&@"t@@%peﬁ 11(3 i)egl ns in block 618 by increnenting i
c Y,

fromO orres Z Wth respect to machine

'S zero. tharl ﬁ”ﬁlﬁér%sl?fno%gﬁm%ﬁ”%nfﬁ%i PGV AR L hElhetma s,

t he al gamin Ew@hbefhulra@awdhg ffst blyp t@bmﬂfvéx&nhmmdﬁd(tﬂeﬁ td PESIhRXE ligi 412,
direction by increnenting i the i conponent of DirVect is not zero in

bl d&k eeeltipgiarthe fiaal aqh@md l@n&thp Poeetuxeeying G¥M 8izprithin fbtsapeolsre0p
Corrponedyteirﬁﬁne]ls:'%ﬂhe fhe \th? %ﬂ\;b%fnt (Rg@Ptt) 19()\/1@?%1' I?l&}(hmé béc%u;ﬁo Aﬁé})%tﬁr

equal to t’hen |s va or axi's i
is set gld wﬂl dh@ rhypcthatatat dultat lintis, mch&s vso92l (i apejGVM (Algchﬁhin(mans beneric).
which will t ored |n he Cip edAxes vector later in block 642.

Pr oceedi g etuesn fﬂns@kls elgee @%ﬂ%&owheﬁﬁé&e qligagd Ky (NBNLERGIHNC PRPYSERDUL ed

and intcﬁ%eeﬁgn B3R Rfag%b N RABE it TR RS, @ﬁp%mx@ya&mh KRRghDms bl 1t 1S

| ess, en the a i t’hm proceeds to bl ock 634 ere Axes 1S
reildit i\alhiezcefc{ t,0 +21é)rfmseaf:bax1x The valpe t hedichtes bhad die aﬁiﬂﬂnutprdaWeSclmﬁgtmthbo

equal the. ed.l en th Th n in block 642 contr r 202
Sate t MBSENFSpOaARBE g deuahis JBREaEs wl e e o dr SR itoe o i n
this casg dirctidn. Fﬂﬂgllﬁaﬁé Pud PaindidieesTRUGhNBSs fbliBR §ds ERpFcifo HRWRper? liditt  Of
axis i. CYM Al gorithm614 then returns to block 618 to index to e next

axis arfer thepastdirectiere| For|riy 6%0&%E/Ier21 ithe GlipskAggarray is S+ .0urld, Wh@h t he new

cli ppeqn!h%a gt J[?lat N% ray wgs aippea ton’&)le posi §itive X limit 416 and the positive Z limit 412, but not

20  clipped to the Y limits.

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.e.,

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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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

ot her wi sewohe1iad4gmsri t hm woul d have returned directly toprbiraskoi6b814bs om

bl ock 626 because EndPt's i conponent woul d have been wi thin nmachine
limts). Then in block 642, controller 202 sets the C i ppedAxes vector's i
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clipped to t | ower |jmt of axi.s.i,., K 25.Thi uatjion oc ndPt
o B one or Vi@ Hocls 6 o e orcRaingS i slirec ped S5 e el e
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to the axi s’ , or was clipped he upper limt (+1). Fig.
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executing CYM Al gorithm 614, controller 202 det es whether the ra
start JBFFRUsY RERPRINC ilgnw ERsanteaeh; then fhepmoye we@&wg AR BB PT 'Ihﬁ Fﬁt@fﬁ will
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614 is generic The return length 1s signed endi ng on whet her the
cl ilppednoayp ulnsl pwiohposiigor 13 rtdmhecbthpbmat tasgtiat er:abotvn tlﬁeocltebleplaagl 1s(do>nm)uedT he

aI orlt mal returns Axe arr. hcontaln | u

000, e adgtiidics demt RO Bgn” e Variakle o nloh REM e bR v hvenat ainss
cl l ppeois 5& tb RsSRECAI b&ﬂp&m ﬁlovésomﬁgt cdafitte: chd&lep M. U@ xhmplcCatRStishAbve he
axis nmotion was not clipped for the axis direction. Finally, the value +1

i ndi cat(egrachfiemtthetaggdt pombtwioeh wabe mmtpplerdokusmfmp pamgingnptthe igreet heintixi s
directign.

9 edAxes
Gt or R8s o e T Ghepk Blan it erfet 5 diSa RN BELcEed Betb s Mplih:
t heoposiéidy,ahdpbditidr o4dal 140 ljﬁst ABbv2A6 kirpRedsition bB@rpluhging %o 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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Continuing with the exanple of the retract sequence depicted in Figs. 7 and
8, at block 650 of Fig. 19 controller 202 determ nes that the clipped

| engt h i sworeattmunosthan or equal to zero (because only appwaistév@s@Eosti on of
t he z-conponent of the retract vector has been clipped). Next controller
202 determ nes the direction for storing the conputed tool positions (i.e.,
25forward order or reverse order) at block 652. Here, as CRS Al gorithm 600
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initialization of CRS Al gorithm 600 10for the retract sequence, controller
202 advances fr oradigtick 662 xf'er bt 6l 666. The variable of allow ng
noves bel ow the check plane is an option used (i.e., set to true) when
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cont i nutlurcRObldcR&6R It Bek SEGVEMET deéswithinerd 0EIHWR) bdwausathi adl &ipafid not

all owin es. bel ow t he check pl ane
r%acqlot%e checi plane. P

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.

Huorrmsilse Vedorivy — 4 — T — PR
Equation 4: <47 {Lengt's) Length({v} Length{v)

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.c., 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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is set to false, and all conputed noves nust clear the check plane. For
exanple, if the first nove (retract fromthe target point, which is the
posi ti on wowe1ijo4sis7bef ore plunging to the target point) pdoas2mobscibear the
check plane, an error is generated in the manner described bel ow. |n other
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compl ot 2(BTgeR eiray e ekt T ROCR e idckieo MRYRUGAR AT R JRh b

678). clipped lengthhofthexarmpt esctdrhie grawr tieinraed, avé chiocortSpnalih@mges it the t ool
vector. The new.retract vector (after setting t he z-cgﬂ$onent,
R e

. . equal_t
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10and determ nes i I'S non-zero.
15  of the 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 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 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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Equation 3: WO C1L L e rvithstv) If the newretract direction vector has
zero length, then at block 674, if At or Above Check Plane is true, the
nove sequeorellpHeisessi ng is conplete and the al gorithm petwsesiossnioess at
15bl ock 678 to bl ock 556 of MIT Al gorithm550 (Fig. 18). Q- herw se, the
algorithmreturns a failure at block 668 to bl ock 556 of MIT Al gorithm 550
(Fig. 18) because the tool tip did not reach the check pl ane.

Ret 672 of Fig. , Wh t I f.th t

ai v ect 160Dt S %o blos® o it PbieR Y65 o FALOH AR e gk Pine
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Equation 4: NJi VI/'21lc.tvi- x aength(O Lengthf z. ,t L.eugh(t. This would

occur whemgdhe prwasts dislippivgtaxeroet thp Fetrict ditectighngetor @mdes@rtbmebqu, bf the
[t scHERES Bng Y GR Gl RBR FO0 b AT TR APPSR BBl T8 T
vectsor @Rk 638y blae%masélr tHaped cqaltio @distahdceto tRS ek ddheBlock 8H0 J@teer m ned
that tool 141 can be safely noved to the retract plane. As the
variable At or Above Check Plane is set to true at block 670. In such an example, if the new
retract direction vector computed at block 666 has a non-zero length (block 672), it is
normalized at block 680 as described above. Then, as the move sequence is not yet complete,
controller 202 employs Algorithm 610 (block 608) to determine whether the retract direction
10 will advance tool 141 toward the retract plane. Continuing the example, in situations where
the retract direction will not result in motion toward the retract plane (such as the example
described below with reference to Fig. 22), controller 202 advances to block 684 and
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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retract sequence is not conplete, the determ nation at block 606 wll

result in controller 202 using Al gorithm 610 (descri bed above) at bl ock 608
to det er woeoiffo4tdse current retract WO 2011/ 044087PCT/ UBR@ABL05H4088
direction will result in novenent of tool 141 fromits current position
toward the retract plane. Here, novenent of tool 141 along positive Zlimt
418 in the negative x direction (i.e., the newretract vector) constitutes

novenent. taoward, retract plane.420. Thus, c roll er 202 proceeds,to b|ock
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nove li, st (s | ocks 652 and 654). Mhen controller 202 .reaches. bl ock 658,
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retract l.ock 6 o) T orith 50 i At
b ock IR O ol Nt BoRE fciitpd helh €} AXOMANIL OD, Kdeler e 20
sequendesbaen ke t@anud)orAgdn,Saftially thersulathwn desct] @nilotiek2 R6d: i whkthe
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of situations erefn tool "141 1S Tocated above the origina ct plane
or 1bel awdttheraracgdinaltion s tteahvbaplepgddireaivoy thetdueoniventkAlgbathen 6 By is yes.
redefining the retract plane for the plunge sequence, the nove fromthe

| ast posi ti ONexdtattbiieckd 2radheratiér 202sdontputdshtite bighsd digaatd ioahe irdtrdchendthsoge
sequence list wll arallel to the x | ane of the retract and check

be y. P §
pl anes RN 3Iengdhs Friract YA (4 e therapipg Buage fdiseqon) plnbyeeamle iR 14ln this
exanpl i Lt d T ¥ : isin
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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, controller 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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WD 2011/ 044087PCT/ US2010/ 051408 control | er 202 advances to bl ock 684 to
check whether the variable At or Above Check Plane is true. Initially, the
vari abl e W 2011/04bive Check Plane is set to fal se (bl ockpr6@ajs2o0iblosever, if
during the process of clipping axes of the retract direction vector as
descri bed above, the clipped Iength of an axis is zero (block 650), and

| ess than the distance to the retract plane 5(bl ock 658), but greater than

or equal e distance, to, the check plane (bl oc 6 e variahl e. At or
Above. et “pf anardittbbringidn; petarcar B groRe iy L R T A B30 it e
new retr g{bgb§g¢g|on vector conputed at bl ock 666 has a non-zero |ength
(bl ock 6 it is normalized at bl ock 680 as descri bed above. Then, as the

nove sequenc e
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controller 202 beqlns t he pIunge sequence at bl ock 562. As nentioned above,
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vect or QlfenCepEel 614?-92 o GompEes (4rige L < lepd 6%49éh%§rad@?0hﬁ%€‘r igitdng
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t he chec% ane 1s s to fal se escri bed above wth reference to Fig.
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141 bei osi tioned bel t he check pl ane. first uted . nove is a
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Wt hOUtblgq(dégd ﬁ%%é,%%d tﬁ)e Tnove 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.e., 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 is 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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30 algorithm Instead, CRS Algorithm 600 conputes the noves needed to
retract tool 141 fromthe target position to the retract plane (or at |east
t he checkwpl2angyu4assi ng the i nverse plunge 37 WO PCT/US2010/051408

2011/ 044087PCT/ US2010/ 051408 direction and stores those noves in a reverse
order. Wen the noves are executed, the result is a plunge novenent of tool
141 fronlthe retract plane (or at |east the check plane) to the target

positiaon in the plunge di on er, the. pl ers are set at
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controller 202 det er ne he |e the ret ector is reat er
Chan SeFEUsing T ARERL: Dot 66suoRth A fortr St b S F Sirtor ar et

vari abl rd¢B8n $8M aliPanc8 YR 981 Itcrwat%h@@tkacz ?&%8 400. Fﬂlﬂallylgvhehh@olm\l qs ff @@ t he
target point to the retract plane is stored he front of the nove

sequendergst pchﬂltamk(n@sshowvaemFlga?ﬂ)bﬂh@@mt@B& ofdtlmkr@& ieyep02..dee diredtivaoft hat
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202 r etstljlro‘r)rvf1 lIt1 rf:? régve dsequence (here, consisti n;/g of a single
g. 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 is
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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WO 2011/ 044087PCT/ US2010/ 051408 nove) and an indication that the plunge
sequence was successful to MIT Algorithm550 (Fig. 18) at block 678. As

i ndi cat edweloug44d87g. 11 depicts a situation where cli ppcmgsecoossiogiuri ng

t he plunge sequence. The following is a description of the plunge sequence
as executed to reflect the 5novenents depicted in Fig. 11. After
initialization at block 562 of Fig. 18 and bl ock 602 of Fig. 19, controller
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retract vector equal to zero. Here, the newretract vector is the inverse

of vect®d Af482.sIowAd FHMmMACS Prograped®Gsdon- he new retract

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.c., with Buffer State set to Off, motion commands are
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vector length is non-zero (block 672), it is normalized using Equation 4 at
bl ock 680, and controller 606 determ nes whether the nove sequence is

conpl et e w0 2bi100akos806, which it is not. 30Controll er 202cmastoideseansi nes at
bl ock 608 that the new retract vector wll advance tool 141 WO

2011/ 044087PCT/ US2010/ 051408 toward retract plane 420. Controller 202 then
determ nes (bl ock 612) the distance to retract plane 420 al ong the current
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Sequenag th{ex%g %t?&pat%ioeck(ﬁb%l?lf(%o ori %pé’ N%Q%%Pﬁnedﬁﬁ% fe% \Whet her the
0ol ~14

current Fac rection wl ce owar d re rac ane 420.
I ni ti aldngoumbisrGroopB cbéindnsls tlut Ubnd the@ebrdist §ystyim O thic tﬁaln@ﬁunmmaﬂ%l g. 22),
t he outcome of bl ock 608 i the direction o (L i nverse ?%e

vect or #@esidfeqd pithdheputng g ﬁq%aelﬁﬁo@faw ¢ AdP relativesto9erdingss Sysm
control sy $e2 ng%%ayal%ank%lﬁt&eéu@é a%ﬁﬂ@m@m@ ugglssm' l&qm%nee/e

to clip vector 443 to the length shown 1n Fig o] ute a new
notliSon 02ateat buﬂfcﬁé‘rs tlm‘ Gmupclocmmmhﬂcksrat (3154 Nﬁlextfhmchsumpjy Ispmﬂy tﬁé)@p@ldd)f dpitndlrem nes
that t ce i.s not, co et con roller er es. us

A aor | LN iR FaliSnrgu s SR atses SRy Sima Ao ThdhdS TR Bo
141 t O%Exﬁnérﬁfs rfaicaefﬁﬂll@@@l@‘l@&tmﬁ‘%ﬂ%hbl@tﬁtl&?Gf 1S tfbA&f t&SS1491h Yhtrdits RgNt
which in this exanple is 25parallel to retract plane 420, novenent al ong

not i on degioedin Uae7Np gn nmﬂoawél@e§@ra¢1ytlngrmmgre ot Tl first Gaga s Qf6 cinoerd 684

where i1t,4.S dete 141 ar bove check
olane 78 2 eSTABIIEAAE RS it NaBREE Pt e flo insRiRS
sequenaguffd @Fk A@%ﬁbwh@t Mok Al gef PCRMIgSEthaf 503 gvheﬂ@rog?aﬁle@dsmﬂgn@@qmn@ Fig.
13, the following is a description of an unsuccessf ul pl unge 30sequence. In
this exawhirdff &ﬂg Buffen Stalteamuz'lgﬁ% whish écdoes gbthis stagepf cxgeudion dipgeregamof

Fi g. 1%0’4), 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 GO8.1 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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WO 2011/ 044087PCT/ US2010/ 051408 determ ni ng that check plane 460 is not
above retract plane 462 (block 606), and determ ning that the nove sequence
i s not cowplzeti@4ddsrock 606), controller 202 uses Al gori thmBi@opbisogk 608)
to determ ne whether the current retract vector (the inverse of vector 464)
wi | | advance tool 141 toward retract plane 462. Because the retract vector
w || advance tool 141 toward 5retract plane 462, controller 202 advances to

bl ock 612 t.o det ermi he. di st 4 d check pl
460, arkdor RS B APdar T es g A roBi tRURRG e e P8 0
be encaystreey (bpan, M PN Pland RéHmal 4dfab® iy BEALGHE 1@6%%f41@2p1u£§e GRRWBN Lt 9-

13, negative X limt 418 is encountered. As such, the current retract

vect or {0s0.¢]. |131pfe@bfmdt dibten¢eeofghdirasiaotanenfrein ghat lazgetw@m&'slé')taWQgéha sped

| engt h | ze t-he nove de IS d at,the front
of " the JiEsROT ARy ol TRES: CRBBG A8 ol PiohehSos O ALS BhpS il 202
r eatsheszmmIﬁaﬁg théreﬁ@dt@éqﬂeﬁ@@ Eihaty, &K&i&éulwadnde&rfgh&cmk bhae ekt @et
vector is not greater than or equal to the distance to retract plane 462.

At bl octhgG‘Blﬁplmc(oQt)r%Plll%ﬂleW“é’I enggetiseiiomisgeron athichHadigtteppatithe shgpkiplang not
gr eat erpaEi%@@hr%%l?ﬁﬁ‘é ggta\? ﬁ"ﬂ % ance to check plane 460. As the variable
¢

for all'own Kk plane was set to false at initialization

f the 15 I bl o t k 662

< no. and CORETBITEE S0HEE L%Pf% e Dt adr bR G oft SR e s ok

668) t halmrgaRerGIsEs L.an QaIsr @nox{nbhtomeSN%é}f parelpR2Ear@ RO ghd oﬁ&hs@rad)eu@;v)m nat es
g%ram execution. Returning to the exanple of Figs. 9 and 10, after

s uceaEtigr 207 wilgasasdaiud headugssfog mﬁf@tré@ dlf@@tlm SekplgBER dircation andgh

t d
con oLl 408 PIESLARIG L SLR5Lea0N, LUOSR, RSUARGR o, ARTZYSE, and
bl ock S83datmitiarc doaoiprtEicd N @sf@Bveﬂu&inxﬂbﬁot@‘efusecD nmrdislﬁeﬁichny,aaét program

204 with the variahble Buffer %ﬁte 502 fvét to On ich occurred at bl ock
516 whemr%n%% LPSBurdiestete airbsid Woba %1%%?}1%% @@@Jﬁqrﬂ@hﬁ‘pﬁa&’@éggmg of

PCP Al 9016 5 R0 l\%lypgﬂoﬁﬁ@quq BlREK w8 1R 3BLRblGE g%g%s SefsnBifa

State 5 6 t Limt an 25execut| ng ASR
Al dor i tthns, pd&ecofhréugh thﬂ)omlt r{OIOhlé)O@rvade@specﬁ:mﬂmcbﬂahsﬁonﬁWamespé@ﬁmkdt lane

i f tool described wit to Fi || oved
by exeaNLT BhPT PR IR G SRS ahG Peigmter 1A S LIRS b Sorvdlier 28 gt
550 of ifk@mehdi uﬁv&by%n%@wget?b ﬁf{ogéi@ ﬁbggmet@aﬂ@@&nﬁi (609, huER! ong

with CVM Al gorithm 614 of once for the retract sequence and
once f dwhlt:héhthsmlgelageqeu@nw 45ujpnrand éhu&r mss@ thepugh point 394, 4¥ wdprespect to

ggﬁ!{ ?8{ § ?rw g P‘Iem}léd at%ntt 'i\HS o%rpa%%%oérg% S §3nce para?nzlgtel\r,\ﬁ? 1se 1'10”[

20 1ncluded Wlth G08.2 Buffer Off command 500 at line N18 of part program 204, controller 202
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.Y0.2100") 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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normal processing of comands (i.e., with Buffer State set to Of, notion
commands are WD 2011/ 044087PCT/ US2010/ 051408 out putted to nachi ne tool
system 108oavii4emsik 532). This conpletes the autonati c eafrasc@posi4s oni ng
of tool 141. Havi ng descri bed the operation of the various algorithns
for automatic safe repositioning, the following is a nore detail ed
description of part program 204 and the manner 5 in which bl ocks of

conman re buffered for.processi accarding to t i nciple f the

o o eniSia ey Jeliea e s e B AR PN 1 g S AP CE G e e cube
479 of [dikt-as bRMaindl 8PoveOHelcBbEH1anOid 1Rk REARSI8Ss ddTcFd -alpoﬁuf(h@rm@sgﬂppmnd
492, the variable Program Command equals Buffer On (block 512 of P

Al gor i tlmg50theathedl plang §)jth resipeetio dausersnteordiodtt eystd02 t o begin buffering
commands in the manner di scussed above with respect to Fig. 1016. The
command on |Afte rigosttfonkiggtooll BHi, sordrdBeo2@R 2simpecictytiangpfgpattqpodgrachD04wyi ch i s

pushed to the event buffer. at block 522 of PCP Al gorithm 50 Next , l'ine
Ra ContPEFIHEE BOSTRRE UPS W DUk ¥ POHIIOUNAT (B AUTE AL oo it e
syst em Rhediee dpi@s o8 Thohan e rans 66diatidstwnt M ife NIt EdD1Ief crRAUARR AFd9 Of
cube 479 relative to coordinate system 481 of F'ﬁé 15A. These commands are

i nt er nadonymade whichdantelhihe ckrrerapsforrTplatk g bontrhlerx02 ag@orehewintes a (H8A02

of s pi i B Deb R Ry T IR Bt g im0 B PRl PP F b sBrunt "
syst emgelion®@ffi¥bblobie ke4lesP P (M%brﬁhﬁ@m&tﬂd Pré@EmA®nmhmbeduBBtol @€ abh@slleand

orientation of the tip of tool 141 in the transform plane defined in |line
N3 1i0n piBpapiatticgis s precess ohhuléeying @rogp 7. angeopp £ spmapgdparg) gxeepting @roup

Commanct &0 SASRE A RO B S8 T BBl R kPO ser ™
Al gor it BGiup hemninlg dafihdSanmemndasdital [Haiuddoedindtt tysaad ukd theonSlat e

equals On (which it does. at this stage of execution of part program 204),
cont r ol PRYCRHH OBEOBL é‘éldiurt% the suking ohsquarastig; -1kkibe Lﬁrp%g BPmﬁ@RgNt BEiNhm

540 andyt BEmRLAGS 23S %!633%9?@9%&&&%({ aﬁen@eefagt&fit@égflfa@ﬁrﬁthre%@@s&a.tng@%n9 of

tool 141 fromits positio t prior to the (08.1 Buffer On command 492 to

t hd Sposiléncospeainidnds af lmd N HeakiZiroh Asoniesnds thetspebidy ehewditehtioredfespanide t o

bl ock 5 of, ASR Al gorithm 540, variety of paraneters are in.the

or oc6sS BrTdERIA SERBBBE! BR6AT g LEuEh alrolkh e s wis B Biiand
500 mayo#fRomwREd1500.SPEeh §YecsR¥BhOfetrdbd ple atna%ﬁ@cmﬂamﬁrﬁgsﬁc@&eﬁﬁh 8ita8eesY
the progranmer. For exanple, a (08.2 Buffer O f conmmand 500 foll owed by no

par anmetfeem dhpeteiget peint wrissadedaborwntiprgan capes cantioler HRftagkecuiathadsR or
those DRLAMELES S GRS BRSBEC LA Fohickiast PR FLIRE bpllh Sl A8 atiblurbe

al ong th arg 0 i on ool e

2011/ 04408 1FET 118202 @hhR L4086 e Bsrdufdlpaqeieuem {0, 0, 1}. The pl unge
direction default is the inverse of the target position's tool vector

{0,0,-1}. Ther@ tﬁ@@afé‘%f@@ﬂtioﬁiiﬁg%@'téol 151,2b80811dr P82 - RYEEShOforhMEn ! 44 NE&S
direction vector {0,0,1}. The default distance of the retract plane from

t hat t aNbeiN2Boineh ¢ause )heghimg of keuare ¥ aderndiff spendlom3§ end the icodlayt sySthing
causes r%’ga%t rtooollllﬁli tOZI’OII%,Cﬁine ﬁhliitg, oY (tehrgecpa;[ns ofrmtp?a(l)nle, %—Iﬁdl eri[do pa?tap%gérgrerl id4m ts
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.c., 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 GO8.1 Buffer On command 492 and the position of tool
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5when conputing the retract sequence. Finally, the default distance of the
check plane fromthe target point ("Q') along the inverse plunge direction
is zero, wbiehydsmrcat es that the check plane passes througls2iloesisas get

poi nt {0,0, 5}. An exanpl e of a higher level of specificity for G08.2
Buffer Of conmand 500 is the command "@08.2 L95 Q45" shown at |ine N18 of
part program 204 (and di scussed below). 10Controller 202 wll use default
val ues fqr the tract. direction, pl e. direction and the plane.nornal
ve desciTiadte e BRBREDBROrmgi 1T Bl B 68 Girbnra ec i ARSI ane
l'ocati qf thaN&tbFaR iAPeEs the thove FraeiRUIt péditiBE D1 Md detrB@iscBRndS BFthe WREE
specifically, the paraneter "L95" indicates to controller 202 that the

i ncr emgmostlondifshapluegd sagendse t arget point {0, 0,5} along the plane nornal
{0, 0,1} through which the retract plane passes is 95nm and 15t hus, passes
t hr ough t he Wailathe{ifre$enl 03¢ lovartthas &speat ot wsetdfehd aeoshioe rafplregsitopeg f i ed

at |ine N15 of rt program204. Simlar]y, the raneter "45" indicates
to ContiFFFRE toz‘t%%li/ ﬁ%tosq’l%‘ % tRek @Hﬁﬁt%ﬂn&{ éeaww ‘?ﬁ%ﬂe}r{ Rty QiR FHEXISt

{0, 0, 5}rsle@RgplcheRload& t NS TRhs §81 Qo dthdnBE HAGRMHFR staErusiesls RhahgnpRsses
is 45mm and thus, passes through point {0,0,50} with respect to the

t r ansf dooh gysene lopediin adesatt i$ desirabe5o bk gipaaxtcysrongrf ama2progi8mate: earamet er

Rl is t .20.included wth 8. ffer. Of c nd 0.a i N f part
N oar amTogior SRR ool St BE o e iRt TR AbRes 20d &% PB o Dol
i s the 10000 si6ciaf oftcdmnidndgg enstes @6t iRV RSU Rk th&®to the fMstlibdation specifiéd
line N6 of part program 204, a fully defined (08.2 Buffer Of command 500

i s 10sedn tiorecovray binekend cagcutingdhaupirt pregraya framethere. thegopcrnti desspbed ¢havs t he
tract_ di ' i t : f i nat t
[t et L9R W RLRS AR LSRR wl BUSABHE FPL SPSFALAR Gy =t e

pr ogr anBwX@t. OfT kempamnd retierreC - VidoW¥ 1 Ths patidiice theh Heteplallp geoddkses atliodthe
vector with respect to the current coordi nate system The paranmeter "R "
speci f i BETYREgGIHBaRlsaRdImardEicoatasaeruiptta PBg hetsecommagnds dhat gk¢ Bicesn

current i : I I [ 1 £ j.ning a
poi nt (fp{):(%% f 1008['1'@ ytlﬁn algﬁﬁotgﬁ%{lrfgﬂl g{(%tlgp ae ebf\?ﬁefﬁﬁé&eag%e%{a@g{e%m he
curlsentenclmalidematantsylet 208 futombticd]yextmpllly, intdrs at Ga $ Buffor pPlnacoenspeli f i ed

in nebe'#o%)e ‘the tirst %Po%g%a{nq %fro% éﬁgy&&zg Jluos[c 8r5101r4 t%8the 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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Simlarly, rather than specifying the check plane with an increnental

di stance fromthe target point as explai ned above, the check plane in this
exanpl e iwoadefimaes7by a point ("10.J0.K50") lying in thecthsekopbame w th
respect to the current coordinate system After repositioning tool 141,
controller 202 resunes execution of part program 204 by 5executing the
commands at |ines N7-N12, which causes tool 141 to cut square 477 in cube
479, deactivate spindle 138, and turn off the coolant system At |ine N13,
contr&f—ﬂ&‘—l Siencounters a G69 command, which cancels the current transform
pl ane.; Conty pleliRl fgpa?tlté’rﬁét'thl? ?%@) NtoRINS 2BoSORitHin By Rl cﬁﬁeﬁﬁ@ﬁ@%rﬁlﬁg at
line Ni4 of part program 2 th Buffer State 506 having been set to Of
at bl (spekceﬁmt nfchRCRod| sgstcmtﬂnm B@arramchopitiog taatfactpasidorgbametimdngluding

contr er 1(% 202 again begins the process of buffering Goup 1 and G oup 2
coma l&% P'executing Group 3 commands until another @08.2 Buffer O f
comand 50QAD Sofl t @da8ConcAbtradt AgH WL t1RNBSINBLsca 8h aQbtrfdt Qb0 fleammBNds

defines a new transform pl ane coordi nate system used to control novement of
t ool rnnre@rm%wgntt%r@wtqdrmsmpnslqmﬁt@cmﬁsne by aBusting tiy @trpctave@t@mms at
l'ine he ¢ t I|n th on of
toor deshitS, TR NROAR B s iR BREN bR o PP A B °& oup
1 conﬁmﬂsﬁll@arbmsmetg Withih hige dbﬂ@:g dpate @ﬁthsmanﬁhhetowgy@ﬂd activate the

cool ant system At Iine N18, controller encounters another G08.2 Buffer Of
conmand 506B) egmewingsé isest s nlpngerarveftheloah dased @ncraetionyests thasitng

i ncr enpnd-al ¢4 r again
causes co%t r%llﬁer %gtogoﬁi%reﬂc}ﬁgﬁﬁgﬁt%bﬁl%% &E’?#@h%?ﬁgq%g%g |t?gi t ool
141 f radjwsiitgthicasdtiopogitor,as naddseary cuth thagtlﬂeqnmtﬁ Ve ¢ior ot)rrmpbmdsélta IR afeny.

15A) t the begi n osition for cuttin are 475. After the safe
r eposi ﬂlgw%ﬁrd?%s?et% UPlapQHhHDTamAnIDg 3 GG RSkipR aPacs A daching Pl
N19- NZ st%'&rﬂi cause the cutting of square 475 turn off spindle 138 and the
cool ant system retract tool 141 to machine linmits, reset the transform

pl ane, and (@hdwpmgtth@toogfram tRO qurreke posigiomndo &m:ratrecn@d roitomeandrdth & i n t he
art, i@ t he exarrg 2.2 bove i ther the retract 25 sequence nor the plunge
sequeRCEBPRYPR Kythg 1@ 1Pl“on of a nove of tool 141 fromthe position
shown in Fig. 8 to pOS|t|on 432 of Fig. 9 within the retract plane. This
nove i s SIF;p a transition nove fromthe |ast position of the retract
sequerce 0 lmwlso(t of daim Fjwheragy thegnadhends topktysisasineludes ofive-pes praghige
sequengs (i.e., Fig. 9). In other words, as machine tool system 100
executes the noves generated by al gorlthm 550 of Fig. 18 (i.e.,

i ntermedi ate noves between 30 the position of tooI 141 just before a (08.1
Buf fer. On conmand 492 and the position of tool

2011/ 34408 Abemadaxbaiionn hogherun therredpret plangds @arétﬁl fefn ¥y plags AharePrdingle,
t ool gs'lte#] oHQéb%ﬂd legn[grguep%(%ﬁ diate position to the next. This includes
ro

the no ntthe st positi the retract sequence to the first
position of the pIunge sequence Wil e the present disclosure has focused

on USG of e au C S sitioni . .
¢ met 0 clalrn f‘ ehelrel Ohe retract p?a%e defines a desired safe distance of the

tool from a part prior to moving the tool from the plunge position to the target position.

5. The method of claim 4, 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.
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5concepts to safely reposition a tool during normal execution of a part
program other uses exist. For exanple, the concepts apply as well to
enhance twe aaomv®ry restart functions of a machi ne toolPCIyrst@niosi4nsg certain
cases, it is desirable to begin execution of a part programat a recovery
bl ock of commands other than the first bl ock of commands (e.g., at block
2000 of a total of 10,000 bl ocks of commands). Instead of sinply noving the

tool to the first |ocation specified 10.in the recover | ock an xecuti ng
the pért pﬁ%@r‘%ﬁ?‘?‘l‘b“fﬁ?l -SVITHB RO muSEs F‘fb‘éﬁﬁtﬁﬁ%l?@nﬁ%%’v? YT user
to 1 N§KeHdR t@it&?gf $RerRRAR e ler fdScRER aiHNEe RlotibA Gl JilPlgf @M and a

Buffer Of comrand at the recovery block. The controller then internally
pr ocessmsitminingghe tdeéin aplengepoéstgpncio mmbincksplamdiwhercmonensit ataeg thehoton put s
only those mrands, that are. necessary. for proper .operation of the rt
or o APF B PR CTEB ey SO TRDs Al i B R BRSO T A rRliE VATS
Cont 1 Qb ghirgOAAHRTREAGR dnifcd LRE LA Iddpeydama GOB. 1 Buffer On command
before the first programblock and a (08.2 just prior to the recovery
restart block, thereby automatically invoking the ASR Conmand Buffering
al gor it hns. ile this inventi h n..descriped aving an
exonplary. dbsipihod B Gkt O, 0B PRl BRER IRl R P ¢ e
Spi ri tdiqnttcoeeietoof fromithe Pars ptiosterovinpitise 30RAEMI thapiudpe bssitibetetho kaget

i ntended to cover any variations, uses, or adaptations of the invention
usi ng PP8%l%8eneral principles. Further, this application is intended to
cover such departures fromthe present disclosure as conme within known or

customary practice in the art to which this invention pertains. WO
2011/ 34408 TRCTbRDA0¢ 0l 8 08hhmi mBless shedified ohtmtwfsobyautsonaf the abdcliine

repositionin tool. within the three-di nensi onal worKki space of a
machi ﬁ%OItSéS%}F‘%s&‘&Cg‘ﬁ?l?P RY SOTELPPRIR O GU RS %ﬁuPlagiyta&rpgﬁtﬂ%w‘fﬂ%ﬁ}hq el
met hod jak Wb adokfienst eps of : (A) conputing at |east one retract

nove of the tool, based on a retract vector, fromthe current position to a
retracted position in a retract plane by adjusting the retract vector, as
necessary, .such that.the retract vector .corresponds to venent of. t.he tool
Fowar -1 he TEPbET T St b P haiErismag SOPPRTRE PHge sl Br HEEE B gt T e
machi ngclt@@lthS%sh 8Mencrating dnBDrrdt HRARLEd 1 ndk e8RSl o Bc RhAHIHS, ORY &iRMot he
tool, based on a notion vector that is an inverse of a plunge vector, from
t he t degyditinpersisttioning ¢f the ploliye phase ppyHon i eabove thegdeclopne by adj usti ng
the notion vector, as necessary, such that the notion vector corresponds to
novenment of the tool toward the retract plane while remaining within the
wor ki n@. spate nafthddef di@Eahi, meéheksinh dsfusittarttoaftd both the rdtfakt varvirngd tiepltuoad

fromthe current position, to the retracted position and fromthe plunge
posi t (VEHOF EPTFGFROMGS R étto‘ﬁd@ﬁof Hrat extends longitudinally from a tip of the tool along a

center of rotation of the tool.

11.  The method of claim 10, wherein the default vector for the plunge vector is the tool

vector when the tool is in the target position.

12.  The method of claim 1, 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.

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

position to the current position.
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2. The nethod of claim1, wherein the nmachine tool systemincludes a
five-axis machine tool. 3. The nmethod of claim1l, wherein the retract plane
i s paral Iwb20o/emsty pl ane of a coordinate system correppon$2og/osmog he
target position. 4.The nmethod of claiml, wherein the retract plane defines
a desired safe distance of the tool froma part prior to noving the tool
fromthe plunge position to the target position. 5.The nethod of claim 4,
wherein the step of conputing at | east one retract nove further includes
the step of determ ning whether novenment along the retract vector wll

resul tigl N FERQSIhPSN Mnd 1% WHRRlin [ stepf dHtrE REHRNINRARE IdoP helJicOthcARIVE @
check pl ane when novenent along the retract vector will not result in

r eposicoimpuiing awfnitidlecqomice bhmpoes toetoaottale ok attthonuirenttpositiortwitict pl ane
whi | e renai ni W thin the rgiqg space of the machine tool system WO
2011/@3ﬁﬁ?ﬂ&éﬁ%ﬁﬁﬁl P6est4Bg 008 ATAR et hod of claim5, wherein the step of
conputing at | east one plunge nove further includes the step of determ ning
whet her novenent al ong the notion vector will result in repositioning the
tool ild- a pihgmepthgsbef alaianl4, whgraihthelstapl airemphiBRge wbintird Bequeheef menesnot i on
vector. W Ll ot result in repositionin f e.tool in the.plunge position
0t ndndftdes (gt SR trdpuiie SRR A RSPy Rt Rk EBER, P

machi riefihidn@| insytetdEsctior,.an Dugerridtihduity of tiel thton dmcwdien iworking spieck pl ane
defines a secondary desired safe distance of the tool fromthe part prior
to moving the tool fromthe plunge position to the target position. 8. The
et hodeol ohRinlifod SNBHE [, JHIKES B SR LA SR sB1cBediSahoE 1 D
machi ne t ool system the check plane correspon to a plane occuplied by a
tip offutthee itichadeswieestert ditcongaiting 8 niovetdfehd modelong dsi madrine lidit tdhascomidnod of
claim6, wherein the step of conmputing at | east one plunge nove further
incIu@@?hFﬁgng?ep of generating an error message if nmovenent al ong the
notion vector will not result in repositioning of the tool in a plunge
position in or above the check plane. 10. The nethod of claim1, wherein a
def aullf/. vedihermdthed biotlhin hé whireiadhe step vbrepasitioning thd trehmchsles dre steps of

corresponds to t ool , vect that exten longitudinally.froma.tip of the
ool - SPayne & St aPartpg PR g Rere b © g 1 gl dovRind S m 10
wher eisistbmeof@fpaldings GhOtard @ poditien Rlowi@tiny @Gb&ind stichhioh @Flthe/eet or when
the tool is in the target position. , o

corresponding to the current position in the coordinate system, and reorienting the tool from

the first orientation to the second orientation.

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

adjusting the retract vector and adjusting the motion vector.

19. The method of claim 18, 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.

20.  The method of claim 1, wherein the retract vector is specified relative to a first
coordinate system in a buffer off command in a part program executed by the machine tool
system, the first coordinate system being different from a second coordinate system

corresponding to the target position.
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12. The method of claim1l, wherein the plunge vector is specified relative
to a coordinate system corresponding to the target position in a buffer off
comrand iwoaopaiospr ogr am execut ed by the machi ne tool ®¢Itusn010/03308 The

met hod of claim11, further including the step of repositioning the tool
froma start position to the current position. WO

2011/ 044087PCT/ US2010/ 051408 14. The nethod of claim 13, wherein the step
of repositioning the tool includes the step of conputing an initial
sequence of noves to reorient the tool at the current position wth maxi num
clearafce bekweahod bEILAP, BRGeR tRELEp of tompltify MBLAPInOfctGb@hBidl4, wherein
the step of conputing an initial sequence OF noves | ncludes the step of
conputinedigdes thostep of detheminoxy wiadtherghardteot vactatiovalidic nmaaig the tdolmito the
definin %Q one direction, an outer boundary of the three-di nmensional
morkiﬁﬁggﬁ OSIOfl5. The nethod of claim 15, wherein the step of computing
an initial sequence of noves further includes the step of conputing a nove
of the tool along the machine limt to a second nachine limt. 17. The

met hod2ef &hairmtgqﬁ oflaime? h wiwscisitbpdeermiapgsiten waludgs thhstapsef i ncl udes t he
steps of, ¢ uting..a fir rientation of fhe tool I ndi n 0.t he
start DoarRiBHin Rl B bt LRt ol iRk g P B ERARIR BT on,
conputpréigctéorsieposieiver i ent ati on of the tool corresponding to the current
position in the coordinate system and reorienting the tool fromthe first
orientation to the second orientation. 18. The nethod of claim1, wherein
the c uti . r. j i t I ect or
and adust i g TREREef e SORTEM @ GOk oMt Kby b e e i

dur i ngndveears stepedah adoiffenuhtibit & ddt@ashedothet the tovd @amby eafelynpotal framtthie conmon
al gorithminclude the target. oshtion.as a stﬁrt pﬁsitio?, a reverse order
for stHIFRPASHIONP thetgeget ﬂ%“gﬁl’d GEoNBEsteriRaludme the SEROf sHeUHEE tfoves

bel ow g, &h8Ka R LA R AL EMBYO M PIHc&Fbred #0cast BRc PRIBOGRE. claim 1, wherein the
retract vector is specified relative to a first coordinate systemin a

buffer off command in a part program executed by the machi ne tool system
the fiyst ordinate. system.bei.ng different froma second coordin system
cor reddondi 1 PEhehe APYECBEE fieGer soRprineABuT BT UeS0e) Uetuge 21
The mehd@ep 6f comhiting borettdt® pRING pbinCaShER: Bk sGAMTUlthRSt ®int RASEpAAMItEHiACt
nove includes the step of deternlnlqg ether the retract vector is valid

f or mdwReipostientagd tha prpduct kéa deestivatod dhqrstpetiveetor ampa refiget penchdgfagde cl ai m
21, rej rmning step includes the steps of mathematically
projec(¥ﬁgﬁfﬁggwg§?§@t vector onto a nornmal vector and determ ni ng whet her
the projection is positive. 23. The nmethod of claim1, wherein the at

| east one retract nove and the at | east one plunge nove are stored in a
buf f er?dunt ilhejnethed gl¢lainky nubcremdhe sisa of somputaie Hdeashprg [ERBVBAYE r om t he

curr e@ﬁclﬁ)&)e%itﬁé ﬁ[@p to?cérﬂgutgtfg eP@&ecE (Bﬂnte ip?)ﬂlt ab B%n é ﬁ‘igfegf%t‘éﬁ gE%eH qgﬁ%e{ he step

of executing the store east one retract ve an stored at | east
one plpengeonespending4o thihtergeepdotdoindihaipnodict whedeeationhd tist mpesé of trput | ng
at |least one retract ve i ncludes.the step of .conputing a retract plane
poi nt PLNESSORGT EPET ShFRRTnE disiAbc TYBiTRE teEet PRSBBRGI ng fo the ¢ ar get
position and the product of a direction of the retract vector and a retract
pl ane di stance fromthe target position.

26. A method for automatically repositioning a tool of a machine tool system from a start

position to a target position, the method including the steps of:
(A) executing a reorientation sequence wherein the tool is moved from the start position
to a reoriented position wherein the tool has an orientation corresponding to the target position;
(B) executing a retract sequence including the steps of
determining whether retracting the tool from the reoriented position to a retracted

position in a retract plane along a retract vector would exceed an axis limit of the machine tool
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25. The nethod of claimb5, wherein the step of conputing at |east one
retract nove includes the step of conputing a check plane point as being

t he di f f ewenor/faeisdeen a target point correspondi ng to Poe/Usarges14positi on
and the product of a direction of the inverse of the plunge vector and a
check plane distance fromthe target position. 26. A nethod for
automatically repositioning a tool of a machine tool systemfroma start
position to a target position, the method including the steps of: (A
execut¥H§™a reorientati on sequence wherein the tool is noved fromthe start

posi tion tgr Aub&H ROTRAaRAS kid RPMNEEBE NolhR&xEQRI thdRSs BMIOELFHALT On
corresponding to the target position; (B) executing a retract

s equenicectionctantiongnttdi¢hsicepst vettod evreesppmdingytoshe thesededeaxiabmitngnd he t ool

toar sition.j[.naretract pl ane

fromthe reoriente Siti fracte

b1 ong AR PGS O SErBE erstrar bRxBedfeiREieibe RifrEugPs il moh ne ol W0
2011/ 04408 ¢Rferhlo 420 Q ML 4P B cSySIt Bt the reorientéd p&hiticiCoitRdrctged poditiéd;ong t he
retract vector would exceed the axis limt, clipping a direction conmponent

of the retGeexosuinni poee sxporttiingudisg threstenscdeded axis linit, and
conmputing g\ Wi&ﬁ%&ﬁ&%er%%ﬁ&%\;&ﬁ% ‘%ogfﬁ’lor?lgthé Pa?ge},t %%i%i%r?tot DNeuh &t rdasc‘f}Eo%dln.t ¢

L c
position, storing etrac e too e reori ed positlon

t 0 t hectigt pRat eldngashdtiodNccloElhakemuhidiee ¢ 4opluMEey sl wantEeicoed adixig t he
st eps of. determ ning whether retracting the tool fromthe target
posi t iligHt elothg npsching &P 8¥3t¢Mon in the retract plane along a notion vector

that is an;fueLik AL ol Qﬂoﬂg?ﬁe MGG LYV, 1@&&%?&}1%%;?5)‘11 it,'d#@?&g%f t he
machi ne tool system retracting the tool along the I 6n vector
woul d déxctemdedniy@nant of the mibtion edatquiongsmndingea thcoaxceakparsniimigfand he noti on
vector cor r.esgondi ng. to the exceede(lj]ﬁaxi s Limt, and conputing a new notion
vect orfOMBHIRSY PRY MANIVEHT {5 RNEDHIG AR ISy POSHISPi ng a pl unge nove of

the tool frpm Qgﬂmgg}g@v&q&m {oBDfrbA thOBIUhSE PEitiIPRIthe ARset phAitieecut i ng the
retract nove; an
(D) executing the retract move; and

(E) executing the plunge move.

27. A method for automatically repositioning a tool of a machine tool system from a current
position to a target position, the method including 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 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 that is 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;
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(E) executing the plunge nove. 27.A nethod for automatically repositioning
a tool of a machine tool systemfroma current position to a target

posi ti on,woheiwatdsod i ncl uding the steps of: (A) conput POT/H2010105E0%
sequence i ncluding the steps of determ ni ng whether retracting the tool
fromthe current position to a retracted position in a retract plane al ong
a retract vector would exceed any axis l[imts of the nachine tool system
adj usti ng tBSsr etract vector to avoid exceeding any axis limts,

storing at (PRsEicubipethydiEact seacpes¢ideevesetifence of noves for repositioning

t he tool frg%)gelggmggjﬂhg%mnggg &hggloftrgo\;elge refracted position; (B) conputing
a plunge sequence including the steps of det er m ni ng V\/net her

retracting the tool fromthe target position to a pl unge position in the
retra pl ane al on noti.on vector th S a erse evector
oul 4 2Exbedtl uirrah Br PR EGedaruihalheh end Dol RGuTam Gristig | ne
ot i on vectygrarh® avoi d exceeding any axis linits, storing in reverse

order at | east one nove in a plunge sequence of noves for repositioning the

tool from tarmmteab lgstpprasiuppericd by anvempyeshlyaclatise td e frampghe moveable
2011/ 04400§t Q‘%géo 1408 (D) executing the retract sequence of noves;
and (I%lp%xec |ng prunge sequence of noves. 28. An apparatus for

machi ni ng a m@hincbdlkpaidld @ppbrianey thedtamd dhd ragRablatrelati eophe parlighe a frame;
a m)veabl e support supported by and noveable relative to the franme, the
mov e apnraschmg %rspmglw(gptteﬂ%cq @éh@ 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;

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.

29.  The apparatus of claim 28, wherein the retract plane is parallel to an xy plane of a

coordinate system corresponding to the target position.
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a machi ne tool spindle supported by the frane and noveable relative to the
part, the machine tool spindle adapted to couple to the at |east one tool,
t he noveawbeosuppsrt and the nmachi ne tool spindl e bei ngprPoosbéie/obyosn drive
systemw thin a three-dinmensional working space defined by a plurality of
axis limts; and a notion control system operably coupled to the
machi ne tool spindle and the noveabl e support, the notion control system
including a controller that controls novenent of the nachine tool spindle
and the noveabl e support to automatically reposition the tool froma first
PoSi tizpn o1 :pREAHI oPORIrh DONvhROhINPRALL R REhAS, SRECH (B didhihed oPi!
program i ndependently of the plurality of axis limts; wherein the

cont r ¢addldrom degwittpron o moeingdlad tobl/from the pluogppesitng tatthd eaend pesétioret r act
nove of the tool, based on a retract vector, fromthe first position to a
retracted position in a retract plane by adjusting the retract vector, as

necessary, THéabp &ﬁﬁ&ofhﬁnﬁgbﬁﬂ%ﬁmﬁ@&i&ﬁm@ﬂéﬁR@@@mﬂﬁmhﬁmﬁﬂMﬁﬂﬁﬁhuﬁ%nkﬂ@ t ool
toward the retract pl ane whi 1 e remai ning within the three-di nensi onal

wor Ki w@mgﬁb@:@tract vector c\oﬁwmtm@r@psmg@l@g tlmeolpm@rrg@ami/@smomlh@ cheed , based
on a a%n'ecx))v en tv%%le%p gl%n fhe retract V? tgr chflt noatl %) Hnlg ?e 1081 tﬁ rt%m Qﬁ Secon d
p03|t|on to a unge pos% IOR 1 n The TetTac plan aaﬁus |ng "'he motion
Vect Ofretraafed @R RiDBaN Yhe 18t€dd plddatwHilkiecimihingnyds tioy thfserdimsmmhs wodkifipVv enment
of the tool toward the retract plane while remaining within the
t hr ee-SB#4¥ensi onal wor ki ng space; and outputting notion commuands to
the drive system thereby noving the tool fromthe first position, to the
retracted position and fromthe plunge position to the second position.
29 The. ap Jacappsaws of tlainm3 28yhankiartkd conttdoder ﬂutthaxcdetqahﬁnms wistipanavesknt o an
y pla a coordi nat temcorres d|n he target. ition
2011/ G?P dhprpreBYeriey ‘ﬁg 1@%@ lngeposﬁwgﬂ%ptﬁ &i%a Brngs H‘i’%ﬁ‘g in %ﬂ%@?léplﬁn? he
r et r agiheplrdfeniial 419 R RN R0 il nfi REANGG NS sﬁda%% fetodl 'iIPfHet pighgear t
prior to noving the fromthe plunge position to the second position.
31. Tipesiippar tcustrast pbhawmlemmmgevlﬂnm the threatdrotisemat wotkiveg spde¢.er i nes
whet her novenent along the retract vector will result in repositioning the
tool in a retracted position in a check plane when novenent al ong the
retragi. vectherapprhlus 80tlalngs Ul WhdrbintBPERICK ipQitie g ih&Lea ée@@hddrﬂ deirdrsats act ed
position in the retract plane while remaining within the r ee- di mensi onal
wor ki ildstapgeé the ol framdhe pyrapaeU® Bovias ahqﬁoggfromﬁbe plunge hesidemtaBE| er
furth%% qﬁﬁ%{ﬂ% es whet her novenent al ong the notion vector will result in
r eposi |onﬁ%g e tool in a plunge position in a check plane when novenent
along the notion vector will not result in repositioning the tool in the
pIunge position in the retract plane while remaining wthin the

t hr ee3di nerldicanairatns ok Phgnééawéerene%defwlé defpaefidiceneey plans BR Plapter ei n
the c i V; stance of the tool from
t he pgﬁgﬁ%régfgtgqﬁggfﬁg t ggﬁggﬁmfﬁgﬁ?%Sggn?ﬁ%ggg%05|t|on to the second
position. 34. The apparatus of claim 31, wherein a default definition of

t he check ane is a Iane ccupi.ed f t t ool when th ool is
't haSoec i pouri shoimat STHELS el kecBr N telars §aghtsdorond Bt aul
vect ofin e d}%@plhﬁge vl?e%ftcfr%heéﬁ%ﬁﬁﬁo 26081 T heor tHM@x%d@ioﬂg‘&ﬁdiﬁhHﬁ GenY£apOr
corresponds to a tool vector that extends longitudinall'y froma tip of the

t ool tobwerr tgot teevandthieimachinggbolsypiimtlé eloap eregniar cbratarongff thotoat.i on of t he
tool. 36. The apparatus of claim35, wherein the controller is configured
to automatically reposition the tool when the tool vector, the retract

vect ong. t herhglappganeticRim 33Neharcil dRRoNes &l is bRk a@t&n@ddaugil fferent
from one anot her.
reposition the tool when the tool vector, the retract vector, the plunge vector, and a plane

normal direction are all different from one another.

37. The apparatus of claim 28, wherein the controller further repositions the tool from a start
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37. The apparatus of claim 28, wherein the controller further repositions
the tool froma start WO 2011/ 044087PCT/ US2010/ 051408 position to the first
posi ti on.wo3811/0kms7appar at us of claim 37, wherein the ceatrruskéensfsst her
conputes an initial sequence of noves to reorient the tool at the first
position wi th maxi num cl earance between the tool and the part. 39. The
apparatus of claim38, wherein the initial sequence of noves includes a
nove of the tool. along a tool vector to an axis limt, and a nove of the

t ool é’P@H@nf%gleé'W@oﬁlilﬂPt to a second axis limit. 40. The apparatus of
claim 37, wherein the controller further conputes a first orientation of
the tool corresponding to the start position in a coordinate system

cor r esBondiThg apparatue of eleomd7 pelsirtinding cantmopert ®sther eaupnes aringrd stquenceodt t he

tool corresponding.t he filtst sitigon in the coordinate syste nd

roor | GRS FhErisB e feshit i e e RERSTO 5P TS Baona® i Bt 4k on.

41. Thege )yarat us of claim 28, wherein the controller further determ nes

whet her the retract vector is valid for noving the tool into the retracted

position before conputing the at | east one retract nove. 42. The apparatus

of .Cl Ao 411’he%§£r§ftug otf m%irﬁgg,tv(zlﬁ)elrlei%rth dl%ﬁtearl 0 n%ﬁcet r}ar}m\;eh?ncrh?({er %%ov\éeo(ftﬂ?r IS

valid>’f a nathematr Cal pr oj’ection o e FetTact Vector onts & nor na

vect Ortodl21di@s tbbMesctor4dan Thie liafiRandhusovefofeh@iodl 2ABng Wedxed imithe aceendol | er

stores the at |l east one retract nove and the at | east one plunge nove in a

buf f eXdtmit- t he control | er determines that the tool can be safely noved

fromthe first position to the second position. 44. The apparatus of claim

28, wherein the controller adjusts the retract vector by subtracting a

di rectd0on dinpopantusef ctai@ J7etvhaein the cbotroltarfuebq@aodipug stadimnodeataidni ofi t

encountered during .the co utin%{.of. the at. | east one retract nopve té)@jefine
q,lileln

a new PetoPheTRERHRS Fuihe sEv PRy EFEPTHBHE SE TR EOTEICREME P Hhesec

2011/ QA4Q87 PO HS201 04054 406 atk of 1hE (R REHAMAIRE 16 iRl fisAdosit¥ienghs t he
controller adjusts the notion vector by subtracting a direction conmponent
of t heoomwlinabersysean.cmdaornanspidndoal drano therfirakomserititivint toghe sagnndprehtation.ng t he
conputing of the at |east one plunge nove to define a new notion vector for
noving the tool toward the retract plane. 46. The apparatus of claim 28,

wher eign . t hereQppi@tds&F cladh @8NdhbitiLhe Gh@sl] @ flirtha R ErSRRE vHSthr itht dechactpar t
program between a buffer on command and a buffer off command. 47. A notion

cont r actey st eidifor mgving|the togk info thecigirpeicd potitiey Befern ¢rannuigedhsadpast pne g

spi ndlrgtrac@ ) drive system coupled to the support and the spindle for

adj usting e position of a tool relative to a part, the notion control
system i ncl udi ng: an |/ O nodul e including a part programincluding a
plurality of commands and machi ne configuration information that defines a

t hr ee4di merdicamaTasOtichgmdd anderin thesonuelrstarmines dhal thamctagigvector is o
sof t wakfq ?Pd“ﬁl%ﬂlgh%gcélga?&e&?&%f"tﬁﬁ r&1&¢ VR do § ABEhIW B @s;bndéﬂfv%f mation

fromthe [/0O no cesses the part program commands, out put s
notion conmands to the drive systemthat result in relative notion of the
t ool dt art; . .

%lg hIff‘m%ppar’atus of claim 28, wherein the controller stores the at least one retract move
and the at least one plunge move in a buffer until the controller determines that the tool can be

safely moved from the first position to the second position.

44.  The apparatus of claim 28, wherein the controller adjusts the retract vector by subtracting
a direction component of the retract vector corresponding to an axis limit encountered during the
computing of the at least one retract move to define a new retract vector for moving the tool

toward the retract plane.
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wherein the software controller includes an algorithmfor repositioning the
tool froma first position to a second position while automatically

remai ni ngwei20hi/aa4dshe t hr ee- di mensi onal wor ki ng space, betCh/gsesiosmng bei ng
specified by the part programw thout reference to the machine
configuration information, the algorithmincluding the steps of
repositioning the tool by outputting notion commands to the drive systemto
nove the tool fromthe fir position to reoriented position at a limt

of  t hét hr Qe APREAYS aﬁslnameé%,k\ivl?ﬁgelgﬁlaf‘c%trﬁﬁswd@w%ﬁhﬁ HHUR PEPRRY ve to the
part  thedaGRL h ARSIt ABnQIFHRMh Bt e doREsRRaRRG0 BR S 1idh

conputing a retract nove of the tool, based on a current retract vector,

f r om teheoungwred durirexthp osinpitorg afdhaatrledst ant gdngosbté wnddfine a neetmetedn yicame by

adj usting the current retract vector, as necessary, to maintain the tool
mﬁthiﬁéﬁﬁ@“?ﬁF%%@BFW%ﬁgﬁ%ﬁgﬂ“ﬁbg?P%g space, conputing at |east one

pl unge nove of the tool, based on a current notion vector that is an
inverse of a plunge vector, fromthe second position to a plunge position

i n t héor et rideappiratve obylaam|2¥s wihargin the cenireléartintepiallyexoatesotll mgsesnecessary,
to rm'snécallhgd }nht%et QR' rV\(i”)ar%%]ég‘v{fé)elrllllaOb%? gg/nléglzn%:ll‘é) /doa% %,00811f¥\enrt0 .c%n%nrl]a?nd.

t hr ee 8 frensi onal wér ng space, an oﬁ%pu ting notion commands to
the drive system thereby noving the tool fromthe first position, to the
retracted position and fromthe plunge position to the second position.

48. THE- sy<t Bwefign centel sysiom fopremalthatihmaghige ol Ay PEYHBE 2 SHROldas the step
of de 1Ni r . jor I OfF onent
that W T hal e HIEE Dlent pfod (R bl 36 B HRLe P Su e e R bodbE e
posi t itasl rélatiee toet paaic thephative, condBl sykteen smyhkideny: of cl ai m 47, wherein the

retract plane, defines esired safe distance of the _tool froma rt prior
to moving aRd/Y alefiulﬁrl%ﬂvﬁﬂga@flﬁ ag%grﬁaé?ﬁv@ﬂg ?B?‘{rﬂéw@é&%fﬁﬁlaﬁ%%ﬁdi% hineg

The syshemAfioChdlMafidn tWPELRIS athie A BthsRina CROMGJ Hclof BE hAChinBRY?
further includes the step of determ ning whet her nmovenent al ong the current
retracystemcarsk will result in repositioning the tool in a retracted
position in a.check plane en.novenent .al ong. the current.retract ctor
BT ot dsercolpBE ORI oR PR Sogr e eie Tarpaierdtp ot ¥on | n
the rehddtd, pRicaiies Widaft piedrihalofnihdt e dloRgutdvnblidcdr@andirts ercddriRNSi onal
wor ki ng space. 51. The system of claim50, wherein the step of conputing
at | easstemikat pesylge relpiiie meftamedithe ool aibdcPhd; st ep of det ermi ni ng whet her
novenent al .1 he L0 t.or W r 10 i tioning the
Fool 1 n a prioags s SHEn oL AR Lo BE R LBy RERBSLI I TS, 0
ot i ofirvigokidion \té h kecdall podto twhila aiitepadtdliyavinaigf withia thotked-dintehsiomdlunge
position in the retract plane while maintaining the tool wthin the

t hr ee"ATkBASPHRabothoPK TR Reppwpecifisg by thrapasl ROBHMbLVIBPWiIrACEDCe (H8f ei n t he
check plang cgﬁﬁ%lﬂgﬁoﬁn cﬁ«ﬁﬁﬂgﬁ,&%{e g 3ﬁ%ﬁf’in§ﬁf¢iﬁ1§%§5@§§@f of the tool fromthe
rom-t posi

part prior to nobving the too e plung Ion to the target
position. 53. Tomsgistmerthofoot babntpdiingwheioni contnivends &t thaclirive egttan ta s

specified rel atjve a first caordinate system.in a huffer off command in
he part . prOUEAN PADTOBEs Bt DRTRTIN 0B 6 RAUEOn G4 ITTE LSSk of ol ai m
53, wher ei it BRidRaHRBAINEGOE i & SREEHoh8Safi®d RLthY Fart MafestREPOHIsGON di nat e
system corresponding to the second position in a buffer off command in the
part progr amentatien b thsseandpdbifian.e system being different fromthe second

coordinate syst ecg}nputing a retract move of the tool, based on a current retract vector, from the

reoriented position to a retracted 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
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55. The system of claim47, wherein the step of repositioning the tool

i ncludes the step of conputing a nove of the tool along a tool vector from
the firstwpasii4es7to a machine limt defining, in one #crasteionsi4asn out er
boundary of the three-di nmensi onal working space. 56. The system of claim
55, wherein the step of repositioning the tool includes the step of
conputing a nove of the tool along the machine limt to a second machi ne
limt defining, in another direction, an oyter boundary of the

t hr ee- di merGihLe %Fﬂﬂﬁ@n%%éwklwpa%én ystem of claim 47, wherein
during the step o EEMHbIHcAIMARASS 1RNBIRIYASE. MRSy nidignAheed1 Hm
receives as inputs the second position as a Start position, a reverse order
f or stori nghd fist positicern &t thometrastadyeitivnwed frandthaphingdipositiote thhatcomdves

bel ow a check .pl ane are prohibited. 58. The system of claim47, wherein
the step o?oggﬁﬁuting a retract nove includes the step of determ ning

whet her the current retract vector is valid for noving the tool into the

retracted position. 59. The system of claim47, wherein the retract nove

and t K8 at Theasstewmmd cimdgevhoom the eleoridme firther mehides the steptafidetermingss t war e
contrql,l er determne ha e tool .can saf el ved firom.the f.irst

oot ¢ Riistles I ERTR0ERat Bkiol P AFieuSE oo RR Bty IpHELE MedRU PR LT e o

execUutrbdrientddeposition éswirdtarragictedpBittmndn bhverst plage, at | east one plunge nove.
60. A notion control systemfor a nulti-axis machine tool system configured

to shape a part with a novable tool, including: an 1/ 0O nodul e
i ncl udign L I 1,on: i i i . | imts
R A A R i A R LG LA

pr ogr asoltfivah a ppe eribr @amavihg riettogldsirn itterplodgegpdsoioh tard sacaglgeedioposi ti on of
the tool without reference to the WD 2011/ 044087PCT/ US2010/ 051408 | ocati on
of the part within the working space, the dinensions of the tool, or the
limtsy andg s§ﬁéﬂmrcﬁmﬁqm WRELRI th€ 9Rh bOBERFutER a retract nidVe fLAR& RGLAN
process noves to determ ne whether the tool can be safely repositioned from
t he fithsstepokddté¢ronning vthisthes movenicgading thacursant ectragposiarivoHiresgltoei ng def i nes
as maintainin h ool above a.m nimum cl earance fromthe . part and within
e AN the Tobih rRReS pRalRingk Feek §RBF Si6a st sVl She R ne
t ool  s¥sdceedt® WRlUSR résaM eRPbsiBbnihPof tRAbolfih B ehectéd psitidONithd ARratto t he
second position if the tool can be safely repositioned, and (O

out putplang vérlegpaipiginimethgdedivithin dslthwgshimpnsignat werkiepspaeannot be safely
repositioned. 61. The system of claim60, wherein the controller

det erm nes whether the tool can be safely repositioned by conputing a

sequersde ofTheBy&smiod clagth 30avRertinetht step of canpithg dt idast onegurideanoiedfusther
reoriented position, conputing a retract sequence of noves to relocate the

tool fiRdndasiike ste el dastraunips sihcthehmoyereRte{qngthe urpms Motign VRFPE WL ESWbBy e
the mgi SAL ARF 4 P iRA i GAPLhENG OB ALH AN SROURRGE Of
noves r@odpf{g;nocgat ée%t?) e t%gﬁé% o}nﬁg“plaud%g%%o@&l){t’&}%n \?ﬁ?c% igﬁgboge t he

m ni mumotoheacanedll hotorsitihi@ rpgrsitiointng dfehs mobmdthp phinge positio6id. thd hetrastyslbem of
claiml, wherei.n the controller conmputes the retract sequence of noves by
et er IS G P ies) AHE tsrhichal EBFone} SATRESREDY | ent od posi t1 on al ong
a retract vector will result in relocation of the tool to the retracted
position without exceeding an axis limt, and, if one or nore axis limts
woul d Be exdeetgdmwsicligmtSRewheremabe chesktpdane defimpus sergndaryldesised sofie new
retract vectar, b cluding, one or nore direction, copponent.s o he retract
vect oS S bsteFE St Rtk BREr §miBPE o8 bRt PIREF Sl Sl b Eead
and debsitishni ng whet her novenent of the tool fromthe reoriented position
along the at | east one newretract vector will result in relocation of the
tool to the retracted position without exceeding all three of the axis

lim U3 63[’he-g aelf‘lyo%tc?a%o 7, %Jg%f{eqﬁ ﬁlje’rewc‘%\'}fﬁ&tg }sr&%e&ﬁ@& ¥ecf{1t|i\¢ertocahm tes the

pl ungé “sequence of noves by determ ning ether "Rovenent  of Jthe tool from
t he seoorlingiosysténdih aboffgr ¢f oehinand weticgart\Wb@@ml/ 044087PCT/ US2010/ 051408
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that is an inverse of a plunge vector will result in relocation of the tool
to the plunge position without exceeding an axis limt, and, if one or nore
axi s |i mwe 2anwil4aoshe exceeded using the notion vector, ecmpstengsews | east
one new notion vector by excluding one or nore direction conponents of the
noti on vector corresponding to the one or nore axis limts that woul d be
exceeded and deternining whet her novenent of the tool fromthe second

p05|t|on al.gng the l.e n t|on vect or result in relocation
of t het ool HEGVHFR |Ctme2>’$3p8@ﬁtq1% ATy IS C8 &@&Pl‘%déﬂﬁtw%toeaeseafm he axis
L1 M 1 $00RMalD18y RS E@I%S%Bnéﬁhg'tmh@c%ec RithnliA% H@RE bA doMmsildihese HhR
retract sequence of noves in a forward order and the plunge sequence of
moves program; thedistecoordirate spstemdicinghbffetchefromt the nedohy cpomloesssdtamyves ar e

executed by t he machi ne tool system the tool is noved fromthe first
posi ti t he reor| nte sition, m t he reoriented sition t the
et radted S%@ iSYitem,of e 49 nhergin e ﬁfea obBeprigHnE e 1BF’§§©%LE>6‘§P of on,
from tBR pRlMDY BI0ROBF tHeQBo I taforle oS FERRF fRAS el fRG position to a machine limit

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

56.  The system of claim 55, wherein the step of repositioning the tool includes the step of
computing a move 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.

57.  The system of claim 47, 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.

58.  The system of claim 47, wherein the step of computing a retract move includes the step
of determining whether the current retract vector is valid for moving the tool into the retracted

position.

59.  The system of claim 47, wherein 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.

60. A motion control system for a multi-axis machine tool system configured to shape a
part with a movable tool, including:

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 that

specifies a first position of a tool and a second position of the tool without reference to the
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location of the part within the working space, the dimensions of the tool, 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 repositioned, and

(C) output an error to the machine tool system if the tool cannot be safely

repositioned.

61. The system of claim 60, wherein the controller determines whether the tool can be
safely repositioned by computing a sequence of moves to relocate the tool from the first
position to a reoriented position, computing a retract sequence of moves to relocate the tool
from the reoriented position to a retracted position which is above the minimum clearance from
the part, and computing a plunge sequence of moves to relocate the tool from a plunge position

which is above the minimum clearance from the part to the second position.

62.  The system of claim 61, wherein the controller computes the retract sequence of moves
by determining whether movement of the tool from the reoriented position along a retract
vector will result in relocation of the tool to the retracted position without exceeding an axis
limit, and, if one or more axis limits would be exceeded using the retract vector, computing at
least one new retract vector by excluding one or more direction components of the retract
vector corresponding to the one or more axis limits that would be exceeded and determining
whether movement of the tool from the reoriented position along the at least one new retract
vector will result in relocation of the tool to the retracted position without exceeding all three

of the axis limits.

63.  The system of claim 61, wherein the controller computes the plunge sequence of moves

by determining whether movement of the tool from the second position along a motion vector
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that is an inverse of a plunge vector will result in relocation of the tool to the plunge position
without exceeding an axis limit, and, if one or more axis limits would be exceeded using the
motion vector, computing at least one new motion vector by excluding one or more direction
components of the motion vector corresponding to the one or more axis limits that would be
exceeded and determining whether movement of the tool from the second position along the at
least one new motion vector will result in relocation of the tool to the plunge position without

exceeding all three of the axis limits.

64.  The system of claim 60, wherein the controller stores the retract sequence of moves in a
forward order and the plunge sequence of moves in a reverse order so that when the internally
processed moves are executed by the machine tool system, the tool is moved from the first
position to the reoriented position, from the reoriented position to the retracted position, from
the retracted position to the plunge position, and from the plunge position to the second

position.
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