Surface Measurenent, Selection, and Machi ni ng BACKGROUND [ 0001]

Machi ne surfaces are typically deforned during service. For exanple, the
surfaces wayoheaesse pitted, dented, cracked, and/ or war peu/USINOHE2204
deformati ons may adversely affect other machi ne conponents (e.g., bearings,
seal s, gaskets, etc.) that interface with the surfaces. For exanple, the
def ormati ons may clustchMearuremeniomelestion. vand Mashinungl y and/ or
allow the machine to | ose fluids, negatively affecting the functionality of
the machine. In order to restore e i lity of the machine, these
surfaces need to be machined to ryﬁ%i‘gig‘épm| function. [ 0002] The
process of machining surfaces is quite difficult for |arge machi nes,
however. For dRaodlMachimedurfaess ats egidallytdetornicd dugng suavist.r Foranxdmpld, tiwhor e
noori ng systens y have, bearing races th@t span , 150 feet in dianmeter or

more. O HeFaessHnavaheceme Pitds densch srashechrhdar wated: Racs detrmatianssRabes, such
as in th i i i I.ni ng
The our 1 aor eS8 Qe HcRRR SompDRtn (RA Rafny, K61 B8, AY It hEiite
accur at elwith ths sprfadsls e Fat &xamphs thddaferncaonbman cansettha oftier winppacntata oew, sone

of themquite small,, over the surface. Thus, it .is difficult_.to.kn at

or obl o Tyt akorpfE e Enthios 25 Fisa MbuB nasgritaly Ploesingitb fn R ol | v,
cont r ol | itRgdaBEinEBENAENEY r&ftork IR SHEARGAN & (RONABIEHE, A& I8FERE nb& ®@itkf i cul t
across a great expanse. SUWMVARY [ 0003] This disclosure relates to the

measur ementchingd|te eastasp optamal faetiinni ng of surfaces. In one general aspect, a
system for MR ping, 4 SULE A& IRYink NGlelde & 6T or ol kA Soc ERARIEDY SYStem
and a conputer system The> gt may-=be rovabl e “over a Sufface 1o be

machi ned v Hoddearaple onskhedds@eédin tﬁ@ﬁmﬁﬁ% i duktng ad MEffShise agsdriagd one or
nore actuators for adjusting the position of the end effector. The cart

may, for SEXEMSIEY hgEe |races it spael X feetde dignpeterpr auaren s sweikdier . The

| aser t rasgl%&g,ftétlé%hﬁ@hi e?(?[g&‘ﬁ&'&eevaﬁgﬁﬁs ﬁ% s0th 4s§int$he caﬁsgg%%ﬂﬂee @'%gé.olfor

orientati e en ctor. e conputer system nmy stor
r epr esentmidhares dike eheshiapen tachanmghhewettnbyonditddn ofi thgswafide hebachagiiect, t o

receive the end effector position. The conputer may generate commands for
t he act udpesh ls%ss@a%lﬁ apqygatelids BrblEngIc, pHbFte Gh baﬁdmﬁﬂtéldﬁﬁ KHFRURGS SA%Se

[ 0004] | nysidnh bGiHd @hall, BRLERE Si@ide O T s, g dFRELI oW ht IR0 e Bee!
mechani sm adapted to nove the cart over the surface to be machined. The
travel neohfaed lsan mayh lekohow best to correct them. Additionally, controlling the machining of

the surface to an accurate degree is difficult across a great expanse.

SUMMARY

[0003] This disclosure relates to the measurement, selection, and machining of
surfaces. In one general aspect, a system for machining a surface may include a cart, a laser
tracking system, and a computer system. The cart may be movable over a surface to be
machined and include an end effector for machining the surface and one or more actuators
for adjusting the position of the end effector. The cart may, for example, be movable over
the surface in an automated manner. The laser tracking system may measure the position
(e.g., location and/or orientation) of the end effector. The computer system may store a
representation of a shape to be achieved by machining and be adapted to receive the end
effector position. The computer may generate commands for the actuator based on the end
effector position and the machining shape.

[0004] In particular implementations, the cart may include a travel mechanism

adapted to move the cart over the surface to be machined. The travel mechanism may, for
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exanpl e, include rollers adapted to contact and nove the cart over the
surface and a notor to drive the rollers. [ 0005] Certain

i mpl enentwiDi2on4miwy | ncl ude a central station and an ar rCratSabalbszocoupl ed
to the central station and extending to the cart. The arm may be adapted to
cause the carf to, nove around the centragl station, 006], The cart
may i ncl el hAR AT eMleAgR CBRBHRH T tht G0 (RO HABI act or
and a | asgiritanesehn&eupl ed to the nechani cal |inkage. The |aser target may,
for exanple, be adapted to determne the orientation of the end effector.

[ 0007] The | ad@p03]rGarimgndgmesationsyndynotiudea acited statisgmandan drocmtabdblyway

fromthe surface,to be hined. The | aser tracking system al so i ncl ude
L consor PRl EGHsenTy FBTPA 38T cxiifne TG koD iL % BERLE SR RePutat on
of the enge @Jﬁmwearoundthelbggﬂﬁktaﬁbﬁ conput er system nay be furt_her
operable to determne if sufficient machini Eg has occurred at a first

surface | ocat i[8806]TFhe cesrmpait iaeludg & mashanasal dinkegedicty eenghppeivaipy angd the crdir f ace
Measur eme(y e?tog 81?(% %3 gaisglﬁ?{gr%rgécﬁlpie% B YE&ahiG1 1?%5%%‘.0?%?&%%5@5?%% £§:0

determ ne | ni ng has occurre rst e | ocation.
The conmpuixempkybé edapemiyto ald@dirhineniad diyeriionpdiiaddnd difecd] ust the cart

| ocati on when sufficient nmachi ning has occurred at a first surface | ocation
and initiate M Inihsdaser traclg@&wger%mawaféude&c@ﬁqréﬁmce located pggy dion the

anot her -qeneral, b%glga?c‘fﬁned?‘ THE %@é&acﬁﬂg sggt‘séﬁ' %hﬁﬂs@%&ﬂfd@%‘é@nﬁ%&a{&wﬁf ni ng

retrieving a stor representation o ape to be achieved by nac
and machithe hgerasofitce ehd sdapt@tte nhasarteitimlosktidn anheod! efdcect or that is part of

a cart that i | e over the surface. and i ncl udes, an act.uatQr. for
B ot mot e TODB s o iar Ve b S Rer PR rBNSHO o e

nmovabl e qyghidifehSWLAGE htth BBt S HaCORIEELITBNREompliRe sPHORESS, IBYstéreS0
i ncl ude neasuring the position (e.g., location and/or” orientation) of the

end ef f eqtlenlity afbueatcaneasutanzoks ang bsyperhicdn dngerethasinfereauearancdsntsde t he

t uat d the. i ti. f th d effect d.th hi ni hape.
Fo010) 1 (RREF I Ry SRRt e Res SiEmER  FH R Pl RPibh H g °"eP
ef fect or gyB¥mi Mg} aditiddal 1yt BpEiabIG t alljasi@hc tat BeitichoOMMeafli Gertthacltting

effector with a | aser. source and detecting the reflected | aser beamw th a
sensor cdwp geatred ahp finst shidadedeeatios gnd eutiaty mchiagerat pgeepad spefyce lpetioaxanypl e,

be | ocated bet f r. ] nat | t he

| aser target c[gﬁ%ﬂelhqﬁ 3 {%{]%e% tg%ga%ggtéép oOrC%gr:sngF%lrag@%uglg atgﬁulgéagﬂngﬁgﬂzf I'6n of the
end ef f eatwicyingrdtsled epirésogtatibieof €fHape tebe ddhiaed beamchinity dndensdbintng a
co-located with the | aser source_may provide the |ocation of the end

ef f ect or .first surfacq lggatiqn vl ap prstefsctirdlatay Ryt phicsaidatde mavablgiongr the
oo 1Y yarsy .
suf fi ci e%ffg,@é?{}ﬁ%aqd&% a%afawrr%ozﬁdmﬁgfg]&é@t%1t§>ﬂrJf%1?eerd0é%1%}:fog Mhe cart may,

Addi ti onal e process nay i e Ing the location o e cart
when suf ffocesaniplerdbe moviably dvasthecotfacead aatautohetdd marnes UFliamecdss catyiatse and

vt R RCTLILD, B 8 82600 S48 OSn PELEE LI i et e
retrievi Ngseafdcianal yedn 8nBodetiab ichMnhd$ i iRCA {IRGVAS&IENMNS position of the

end effector and the machining shape.

[0010] In certain implementations, measuring the position of the end effector may

include illuminating a laser target coupled to the end effector with a laser source and

detecting the reflected laser beam with a sensor co-located with the laser source. The laser

target may, for example, be located between the actuator and the end effector. Illuminating

the laser target coupled to the end effector may provide the orientation of the end effector,

and detecting the reflected laser beam with the sensor co-located with the laser source may

provide the location of the end effector.



[0012] In a further general aspect, an apparatus for nmachining a surface
may i nclude a comrunication interface, nenory, and a processor. The
comuni cawpan /ot ace may be adapted to receive positipom/useasusenent s of
an end effector at a first surface |location, and the nmenory nay store

instructions f h|n|n a su fac are ation f a shape to be
achi eved by ndgﬁ [ %H@V@SBﬁmﬁﬂgﬁg?%ﬂ%W%ﬂzwﬁiﬂguéﬁﬁ or may,
for ex a”@c@urréd‘@t'a%ﬂ@t ﬁ%%’fo‘éé‘ﬁ‘dﬁt %A&Enéd&ﬁy tRE ﬁfdc@s@ @Mn@l‘hﬁ@ ﬁ&th%ﬂh@f t he
end effector. The processor may be coupl ed t he menory d according to

the inst rlucﬁtluoom)§ theb@rtommuﬁ"@ltm ngehierrat lews @gmm:midaé theoﬁrsmmr&m lomttoon dridat

p03|t|ons or based .on .t h o] |on of nd eff.ectqr and
Phe. rmon; HAGRE R Ening i 8 SedRRFer R oo R D Sh s iR bR Eedhs Coss or
may be fwcthesd apes ARt SurfRe AL B6NTHAS indludUbfrictingnind rzxﬁﬂzinﬁg AGLirasty@gcur red
at the first surface |location. The processor may al so be operable to adjust
t he | ocatsufacomeasiecreidh. ef f ect or when suffici ent machi ning has occurred at
a first surfa t u

Pocat; on. - he erAng S dini AR RANG: Ao RE SRR 0P R Iude | e
pr ocessora ¢omymineicafpariaktfacd, encatvay,wae atplﬂ@cessmf Abecore@ahicaionintrface gay ®en ne
if sufficient machining has occurred at the first surface | ocation.

[0014] | rRdaptedfe fe@ﬁwgposa%é@@asuépr%%& ranred cHgeINT Al igrshsufrce lcatiomynd ncl ude
a cart, stem
The-car ¢ hEFRHR i ok Prurfelod i Al RO REELER raRChcfBRNBE R oSy

nmachi ned tabd acimevaddyy macheémdg. eTheepd:Mon‘ 1oeasoecitni ofghd el estfﬁctoacrmyafuﬂ a

plurality of actuators for the orientation e end fector

Phe car t ol b MdeReatsem R i Ben 1of AR AgEM BRe R PHECIEITat b o and

the end eff&QIRMANE RubRA tHe%&ﬁéryCa‘ﬁHPdc%Qrdhfg bhge ﬁ‘i@%ﬁw%e dpbf&'t’afb% The

| aser target may De adapted to determne the orientation of the end

ef f ect or gehenatei dohumndatf@canbytlatdrab% positioncibe cididiftdtartabedon thagosition ofray

i ncl ude I IIe ?apt&ﬂl ntacﬁ and nove the cart over the surface to be
chined dﬁ? B P mP%é‘WBIIers The central station may include

an armrot at at{bamqumbﬁantlﬂﬁpreﬁ{eataﬁaﬁk %dlﬁﬁédsﬁtﬁ th&y bdRirthaf dperabli€toar m nay be
adapted to cause the cart to nove around the central station. The |aser

tracki ng dsjesendin lﬁalytﬁﬁ@afsma@nmhé hppecsurred atdhe st semacgtpentions Thh em@mﬁor
ef fector Iﬁ‘ alkcpﬁé ﬁge?a‘tﬁ% ﬁst ARUG ? 10'11%‘1}%66&@6%%5‘[0% LAY 1’S‘§¢ ghqnﬁl

machi ned a se asure |"ocation o
| aser so uras ecct’(m;edlalt h findt Radtfecctlbeatloasad idititg efachinirtghe alsemﬁag;arfamlocebmn
reflectiaon, the sensor nput er system may store a representation of a

shape to B MR BaY %Wﬁeae%wi%ﬁw& SPHACCBRPUTECPagnG @é@mﬁéw@a@f&& ef f ect or
| ocati on @@f&b&rﬂo%al?%é R s gﬁé&%%&hﬁn@g dIRARE: qpsu@f?mqﬂa%hﬁﬁﬁ%me
effector

act uat ors based on e en ocati on an orientation and the
machi ni ngcsinagkat the first syr@od ddcavam.i ous i npl ement ati ons may have one or nore

features. For |l e, the process b ch the. co er recejves the
machi i ng shagB0TD BaebRHER STFoad SauiEoat BACHR R Grot TR (s depr
maj ority &ﬁtrmﬁdtféﬁt @la’s@r t&%@ﬁl?gjsysfén{ hgd ﬁ@mgﬁt%f sysBidl TREcHURBNbE b
related to handling t i nf or mati on and trying to adjust conponents (e.g.,

a | aser so@n@eton@tegiernmr evquaesurfa@dﬂomeﬁga@mpi@)ldarCéu@\ﬂ@nqné@ffeﬁddfm onal |y,
the position.of d effe sor cat ed

e Pohe hfkhidhs Sy OS TRl & e B S kA s DR aaRT Rk 8L

conponenteffet®r.9The @&t tay bR nﬁ'h[&)a ychiahieaMakBENbAY i BeRSRatiRYardeht esluced.
[0016] The details of one or nore inplenmentations are set forth in the

acconpanyifisgtos padhe Hger tarest ¢veladds ¢ pechanicallinkpge. Al lasqrdareetaay g | | be
apparent f r-
DESCR Pk R AR e ok R R Eh e IS IO Mhorsutee  ng
an exanpleddysiaty) the catmeas uidlnd: rallsiaianed toocdpeactmehingedthe cart over the

surface to be machined and a motor to drive the rollers. The central station may include an

arm rotatably coupled thereto and extending to the cart. The arm may be adapted to cause

the cart to move around the central station. The laser tracking system may measure the
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[0018] FIG 2 is a graph illustrating the neasurenents for an exanple
surface to be machined. [0019] FIG 3 is aline drawing illustrating an
exanpl e nwaxorieeiss cart. [0020] FIG 4 is a bl ock di agramiuskéwssreti ng an
exanpl e conputer. [0021] FI G 5is a fl ow diagramillustrating an exanple

process for neasuri.n ace t n 022]. FIG,. 6 is a
f1ow di ag}P%ﬁ%omaPnglF%fl ﬁ ﬁfgq%or %‘FefaolﬁseééP‘éf(E% ?%@teﬁ ¥y figfLtheo e

achi eved QyrfBeH-MhAGined and als@Ré31o Iﬁkeg‘ure?thb %C%tld)ﬁ Qﬁthg%ﬁ‘a"bﬂ&:tw |”I‘1‘1§t1£s@¥ I'ng an
exanpl e system for machining a surface. [0024] 8A-B are |ine draw ngs

i |1 ust ratspn@eamyeﬂampia@ tﬂmd:asr:mnar@t omthe, hnkage and, by MES]loIFItﬁ se@sors Thef | ow

di agram Iclolrnlil)S %el} (’g‘;[lstenrg may ly storea reprefen%(t: 57 of ];1 (s)ﬁaprér%g IP)Ie chthqgve Syur{lac%lmng The

computer may receive the end effector location and orientation measurements and generate
commands for the actuators based on the end effector location and orientation and the
machining shape.

[0015] Various implementations may have one or more features. For example, the
process by which the computer receives the machining shape is performed in an automated
manner. Thus, the vast majority of the data is stored in the computer, and the human errors
related to handling that information and trying to adjust components (e.g., a laser source to
generate the machining shape) are avoided. Additionally, the position of the end effector
can be determined with sensors located near the end effector. Thus, errors due to deflection
of machining cart components (¢.g., actuating arms) by the machining process may be
reduced.

[0016] The details of one or more implementations are set forth in the
accompanying drawings and the description below. Other features will be apparent from

the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0017] FIG. 1 is a line drawing illustrating an example system for measuring a
surface to be machined.

[0018] FIG. 2 is a graph illustrating the measurements for an example surface to be
machined.

[0019] FIG. 3 is a line drawing illustrating an example measurement cart.

[0020] FIG. 4 is a block diagram illustrating an example computer.

[0021] FIG. 5 is a flow diagram illustrating an example process for measuring a
surface to be machined.

[0022] FIG. 6 is a flow diagram illustrating an example process for selecting a
surface to be achieved by machining.

[0023] FIG. 7 is a line drawing illustrating an example system for machining a
surface.

[0024] FIGs. 8A-B are line drawings illustrating an example machining cart.



[ 0026] Like reference synbols in the various drawi ngs indicate |ike

el ements. DETAI LED DESCRI PTI ON Systens, processes, articles of

manuf act we,20armd43cechni ques for measuring, selecting, amrdTABCHI0O5I2G4
surfaces are described. In particular inplenentations, the systens,
processes, arti f manyfacture, .and techni ques use | aser targeting and
conput er cont r[B&Sj'rSTF&%a%éﬁ ay@?‘g dhegprass i isating W i PYBCﬁé?mmMggee. g., a
bearing r@eg)o determi ne an appropriate surface to be achi eved by

machi ni ng, and machi ne the appropriate surface. The |l aser targeting and
conput er cont rl8026ddkaredérgsicssymbplsao thevesious drawings iedigate dike elesrenfsor
surfaces that have great expanses (e.g., 150 feet in dianeter). As

described in nore detail below, the systens, processes, articles of
manuf acture, and techni ques h®ETARBD dESCREPHEHON f eat ures. O her

i npl ementations are al so possi bl e. 002 |G 1.illustrates an
exampl o Syst emvEBoT BRORE alftwffa O PSS AO4 TR REEERR R P e
in FIG JandthRhivss §MabdO0irk A BB InNarii BarSHblata@bnd tRedisicng, race 10. A
bearing race is typically an annular surface, and in industrial

appl i cat inseeesgeanarielegobmaingfpeitiesy at teolpniquss V5O aperdargeringamshednzrugescontTole
e e RO RT 13 TRER YRR nC Bbnifd e iR 23] AAF0

measur ement Sy<tam TSy ahd'a 80?7%%%? S s(Eegr‘r‘n AGrne %f 028F he

measur emepbropaiatc shifded B RARRICEE bPmbtianal, a\dahachind e aspbEridtdeuFte! ase to
be machined, which is a surface of the bearing race 10 in the current

exanpl e. lpser pagatingng comppice peHtod epdaralysityaay. aghicvetmhitajerpiges qern 061 | er s
(e.qg., i % -t f q .

ot udes ege bt Elicpbndel (TR BOHEn Aipald], A8 BucHBfa BbbdL
beari ng ratev,1c syblvenss procases, arasesrod neanufaeyst,emd idchnitmys easwang debdlssur f ace
by a variety of techniques. For exanple, the surface neasurenent system 112
may i ncl (e Teptyigs ePtheg Applemeptations arg alsa possiiesensor) that scans the surface
to measure sevgpg) g4 | ARRRRL B Sxdhfle Ly RERT 06 forRh@R@ind ASRFADY B¢ €ach

| ocation of the cart 110. As another exanple, the surface neasurenent

syst em 1iRadmnedi Acliligeragden ¢l Gnip tle syisteot Fi0caimeasmuigahé siaface of a bearing

o moasuried b ADrFREdcrRo iy da aCFbstre By BNFa ey Pa gl

neasur emaiys a AlanetERflub e ds0 Rt bOGRAIAPS. AhekPfemiand iddiid hayekscRsl the
surface of the bearing race 10. Thus, a profile of the surface around the
entire beartildg, ¢ agde $Gtammy2he meapeicopatisystem 130, pod 2 9pmpwtepsirstant d Gir

i npl ementatio surface neas nen tem 112 may, neasure a nunber of
surf ace poi nt 40 et E R B LY RS R R PRAD e e o,
for instapsdemdch@csuriiok & IRaRos eNBBbesitiiace I(ld thayumaaskitpla. inber of

points in the radial direction of the bearing race 10 at each cart

| ocat i on.Pattfaydar implepeatagigps, thegrt Faasingiude Frllerhe exhacky theagdow 0 t  may
make nea %n?arg t v i f i [ 0030]
The gui d(sa[Héys e%ﬁ]fz‘ggrflgge' ac}%%tagdﬁp glfldé%(?eég t ﬁg&é%h&?@ﬁ%ﬁ%&ﬂ lzlt%t over the
surface afhedstues dessurfiage ofrhe bdddinglracd He THd susthcaimeaburanudne sesndmtl i Dmayt he

gui de system 120 i es a .central alignment station 122 and a rotatable

g i ncl ug
arm 124 EREBHIG! GHTHF BY PORTICTING (SIS ey et (e SUTRGIaR IR e
posi ti oneds@h f1RenGLRLRHe QflasEpt&a{?@&r(é.Q.g lars@tca%djs_gmso?)lqﬂatts}&nsathgk&%e@@y coupl e

to the caft 110 to “encourage i o0 nove in a circular path (in the

di r ect i omaofsu@rscvaallR8pcap@ondint lneacemnilamir fashiognaesuch sacatiomof th2 2art dh@l over

the surfagce. The guide stem 120 may al so ingcl.ude a port structure 126
for the dSTinpdT SHIBNE Bh SITrerheTare i ya iy 2408 GeRih DREERPR ar m 124
al i gned. didtial trh&hitall S EARMNBEHANRSE) schbdts PRIV oS¢ tHE buERc W46 tABY act
as a bearing for the boom [ 0031] The neasurenent system 130 is
adapt ed tcarttldRéo mease thesntfaca N surfa¢cmessuraneenpagstan dh2 pay ¢gke | ocat i on
and/or orjientatiaon). of the surface neasure system 112 as th
measur endhrou el md 0 GaS UL RO B FHTIO PR BT AF iR b B ber0. he
measur emeshrisy sice 10 13Qudrapréfile offiel saifa¢dursutiythoeasidibeiiing fee POSiakiven of the
measurenent cart 110, fromwhich the position of the surface nmeasurenent
systen1lf@Vﬁﬁ9ﬂbe determ ned, or neasuring the position of the surface
measur enent system 112 directly.
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[0032] In the illustrated inplenentations, the neasurenent system 130
includes a centrally located | aser source 132. An appropriate |aser source
may, for weamlwegssebe the T3 | aser tracker from Aut onat e@CPUSeI19i052204 NC.
(API') of Rockville, Maryland. The | aser tracking systemtypically does not

have to be lo wi th a hi ree of precision relative t he surface
to be machi neﬁg@g In pagicylar ."31?116 cllgtishednd SHrféceplag%sw%%Fnaﬁnghﬁ MeYi s
rel ativelyeat@bl Rinfih 8F ltfack 90ﬁ1rfkeat%%ﬂ @&€location, In HROAR tralREinl ASRENt SR CE

132 may illumnate one or nore |aser targets 138 (e.g., passive, active, or
smart t arfgemstpnon thehamrfreamananengnt sypstem 112 nay necabars emubdenofiints Tinthel aser

R iicTtte e R S S e A S Rt A L A

| aser souirgghdkBe béRindl B 102 aehMEmhREMbASRIMEPAN db3dop hPraTat b el catire
i npl enentations, the sensor(s) 136 may be |ocated basically at the same

poi nt as SUHecd-aser source 132. Thus, the |laser beam 134 may basically

h 136
PR i RN e S N e
optical euebenéthé beuringheca EC dh\thdiglupedted mﬁ@eﬁﬁﬁaﬁ@ﬂﬂwglﬁde k3zm 120 ch coul d

be | ocated at other points in the nmeasurenent system 130, The sensor(s) 136
may prod ue‘éu@%rae@naalrﬁé#%n@ﬂfaatatmfl&ﬂr?ﬁfiladﬁtaw@&ﬁrm K¢ QXFF‘éldF%Q?rnegﬁmofThtehe
surface r %‘}H‘?ﬂcﬁ? of
flight tg%tﬁﬁé{ al%g@g%mf%a?%g?ﬁ%? 0@9 oh%‘&’ﬁn%ﬂ/&%ﬁt) uce the t ?%Ctgn |Ir1r%¢1@$onal
coor di nataes. 12¥meayt doupke-tdithneecusi Kb enmwz{gmt foanowain abgrcular Gatht(asthan

coor di nat i ndr cal coordi.nates (i.e.,. r, 0, z) , or
ooy ot hordpibharmt | er bl eet i SRt MRUTELER abd o5 i Bie hhor (o)
136 may 3§u§c¥b VBRAU X &Eseal% in%ﬁfd@ta' sﬁgp&f sthi¥eurBB a5 Wreheitin SYA A shpport
[0034] The conputer system 140 is adapted to receive and collate the

i nf or mat i somctuey b tdinagassie inslaepmgarmddd ahigmshtls parigutah enplesisutatomntis of t he
surface neasu errent gtemt produce .a file of the surface. The

conput er 3{}%? WE‘HG may §¢ aésxaatﬁcﬁflgg f?rﬁg?ﬁ%oénrrermry for storing the

nmeasur enent s goo3 g THAR&86Rchosys&@l | 3 isRbajtbetoeRStE&iedhdhts hddinticenal |y,
the conputer system 140 may determine an estinated shape for the surface.

I n the iltheBesiEane@. 4. rptasiesrnaior gﬂent@tltml)gﬁtheé@éfa@ﬁrmm@rmt pypéer ALeag We
pl anar; Iﬁ%laiureh{%ﬁ% ﬁ%iﬂﬂ%&ﬁ%ls otl{frei @%% IP%% racleri OOLI%% measurement
|nplenenta ons e surface € nac |ne may Rave of her appropriate
shapes (&ygtem lcsyolmaydatdccmbhslsnhmdjy ®e&dsurip@thaiokition of the. meat@menncgene, al , may
have any tvvo . three dinmepsion shape. The estimated surface y be
model ed t&Pm Ry e 8@%“%% e sy C@é?qaévrﬁmeﬁwymgh%m@hée detRENIBY Gt er
system 1 e to which the
surface g?% %fﬁ%%ﬁgggﬁ?gg%%ﬁﬁ%xgg%ﬁggﬁg:tgﬂgﬁglrg%?%g’nts t he act ual
surf ace. (003 Hﬁ]thd Muarf&emmntéeméntanpxmsaﬁm acasirbacctaypiael3Osydtdemnal40 nmay
receive the u nts en t he surface neasurenent syst 12
ind the rFEASUPAREHELTHEREEdd bg tWEIPASE KT SORPG Lyet BHMD Iye 13
appr opri gh&r LeaRPULR ulothated Pr@@lgﬁh e (Apl)wm%b@aﬁé MM@%dr qeeilakng t he
measurenents, the conputer nmay collate them so t hé measurenents taken
by the s drdcking spetamdyriealbt dosy soihave lczbfatocaﬁqé Wlﬂjlc@alnlgb degree ohpregigiohace
neasurenen associ e surface
reasur endnpisy O Edtgs By FRERHG aSfonhaidih RGLH T ERPTEE0 Sbhich gy ° ' or
exanpl e, reﬁtlaaygmpld@nﬁdeh,ythggml ng time stanps associated with the
measurenents or by examining their arrival tinmes. The association allows
the surface prl8P33leThedasse sepaol Hpoway HBmnatg ene or mAee lp%ﬁéé%rg@tﬁéé&(%@ system
130. system
140 mmy A5V aarDysyEh gt B DR Wt e RO b haec B SVE HRE P13
shape maylasree m@a@mﬂmnﬁg dt l@qaterdcax amahpmnprm‘te tooeticausif the @art The. ©at bhaloed
shape may, for ex u ted with varjous techniques. In particular
i mpl ementS&RIosHL30 %&hee‘%%fﬁg? ﬁ@%&@.lmff‘@dfv@h@ﬁéaﬁ?ﬁw%@ e teralsorfesrivhy
per form nge As&tiRbST4Cah %@hwh]gpléﬁe&amﬂse@l%tse&gk@i?ﬁs ARAbY Rlcdkd O her
i npl enentati ons may use ea s and val l eys anal ysis or other techniques. The
est i mat ecasicalpeatrthy sdmee aitimstthe Bser susee 1(5% dhys, therlasegbeam dB4 plagybasicalpr i nt
out) and/or stored in nmenory for |ater access.
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[0037] In certain inplenentations, an operator may adjust the estinmated
shape to determ ne the nmachi ning shape. For exanple, the conputer system
140 may awbowiidzeséeper ator to adjust the | ocation of thecCediSeomiosz2oshape
(e.g., up or domn) the size of the estinmated shape (e.qg., larger of

snaller) or t orlenta ion of the estiat horlzontally,
vertical IfAVelsF t erﬁf‘meﬁ’é Omﬁlée FregsF 1 ‘SW&B %Rﬁ(’@[]‘%@r BECTR t he
adj ust ed g{@?&&n@aﬁlohﬁ'ﬁh@ﬁgé}‘%hﬁglﬁhﬁ‘ﬁ% I%ﬁteﬁ'(é gussad oBﬁ&éP\é’lerﬂeﬂt)%rﬁ ffen

i npl enent ati ons, the conputer system nmay al so provi de feedback regarding
t he machiméargngpematd thaserser(s). |36nwhisbreonld hedssds) attOdlea@hm@me thdre

oper at or eci fied sha 0 FIG 2 illustrates.t asurenent s
o o RERE Ll SRR B s Ga T3¢ frag b AR bt SRR T o
i s pl anarregdiginpaise 1@c&twmﬁrth@iurﬁ@ahﬁ:aswah&ﬁx?ste@l 1abed@img tRldidAgle chbslent s.
The measurenent granularity used t he surface neasurenent system 112,

however , digddhdiémp offight toothi deset ﬁafgﬁt tipleeramphe mytreeduse ithesthreprimeasie enent
granularlt h t ed on
The type PR a R {8 T F L o S8 PR B RE s A
esti mat ed:)sdydiperia cgordmatep l(B£n, 61 )gtor Bap otheeippi@iraurdiddoedinitos. Thelaswr f ace.

As di scussed previously, the estimted shape is based on the neasurenents
of the sUMESER.!3¥rud/or pensorsl I3RanatrlshmEesUEHE O%F At ok the MCAECHENT ace t o
be machi ny §§1n112 [0040] FIG 2 additionally illustrates a machining shape
for the s Face.'The machi ni ng shape, which will be discussed in nore

det ai | belom/[ﬂébﬂéﬁenmsthﬂsgmapé40®sMhpebtmhﬁeﬂﬁ@hdﬂ&h@eﬁkhﬁ%hamkm
performed. Thu t he. machi ned surfa | ook sim.lar to the surface cut
by the mdEH ’inﬁéhesﬂ’é%ée MCASIEEP U} ﬁnqc | WF@F?%HE} hesHH AP YEE¥ S hape may
be the sg eﬁﬁogﬁﬁmﬁ@ﬁBhﬁHQGfﬁﬁ%ﬁﬁhuJﬁ?@%ﬁﬁ?u&%@&ﬁ&ﬁ@h@hﬁ?ﬂ%reﬁﬂn perator
and/ or au nate process may specify alterations to the esti mated shape to
achi eve tlhéuqthmmhmm}n@)rsil@alpg the measurenje@@and a progdsenrifdr ¢dlatiog ¢ t hat FIG 2

cur race AronySBRtS: AR ad Rl SR Rl YR TR coul £

in a nor gopgeuidi®. hide CosRitdCaiRénedtaing SRuALEOST thelbéRme race is planh§042]
System 100 has a variety of features. For exanple, as opposed to neasuring

the surf dbes, thquuglﬁteﬁéa@?@ﬁeerﬁ@nbe pianage Ve ptier Warjementationsi the suecsindca radi us

of the b , e t Q nts
RO R e S G R I R iy S el
manner . Tdadsin @y&hgmayﬂﬁvgemefvai @stheee i enstsnalsiape. Tﬁmhtltmmd afrfaseiffagce,
especiallly versus taki a limted nunber of neasurenents .g., three
(spaced d%e@%?%ﬁ%f‘ewgaa? shapgr I spbebENRiEM oty B8 S Pater %}ﬁ?eém b PRYy set
st t e B Rl sl A i e s TRGed St POA A, i 2 and
Mor eover ,estimeted ahaje represdnbethoreatsalrsanfect. s does not reqU|re hi gh precision
th | at i iti b det d with.the |
Eracki ng. syst A0 Pnene e ercaRtr dis ruu SV udBm Y ahits ral 1y
system 199%@,@1%{56@8%&&@1&6%&% fipeRe h{éaﬁlﬂ@méﬁ%ﬁbmdﬂlﬁﬁﬁé HRMmédsOrdnft@tcase of
pl anar circul ar surtaces epth (in the case of cylindrical surfaces), or
ful | wi dtgen¢ratedtiiydhe kser ttﬁfckmtgrmtemdﬁﬂévwet@pmpmht@stech@ymee(ﬁ 2.00irelare generate a
t hr ee-di nen representation of t urfac t ed ure of
the” measdy Eent cUBHERFR Bt iR Fanbl. FpfoRiBerat e Al BB SR ATYY o For
i N havi ngn¢8utientéRakdndehe futhct @EALEcHBRASYERAEND St Bhe RcidIEthOfurRRENt S
around the bearing race. A better rendition of the surface can lead to a
nore accupeasereaspf stean 1 haip assesiatd wiEhibe scagurements 9é thesurfaecemeagyresesper , i t
can Iead i n
esul ¢ i Y GEREARANE RAE CERRIT OB £, Fhif RRs QupBLe Beaontiibed 67
oper at i ormmpaﬁngupieatamqﬂ associaédew i tia rhedﬁﬂ@ﬁnts&;t%t;z&@rhﬁﬁng:&ﬂnhﬁri% ed for

nmeasuri ng. pl anar surfaces_( orizoptal, vertic or. at angle in
bet ween) gﬂt&%ﬁr i g rpsogiatieyy ﬁ#l%%%e sgracgRrolere be dgyql rﬁ@%&%@ t ?Y%rr i ous
shapes. ﬁﬁwﬁm%é%&&%ﬁS@xa”p|e because the | aser tracking system can

conti nuously sure the distance fromthe | aser source to the surface
nmeasur enment system and the distance is pre-determned (e.g., by the fixed
| ength of the boomor otherwise), if this distance is found to vary, it may
indicate that the | aser beam has encounyered an atnospheric variation
(e.g., a density variation) and, therefore, that its position neasurenents
may be affected. Corrective neasures can then be applied to ensure that the
| aser measures as expected. [0043] Although FIG 1 illustrates an
exanpl e i npl enentation of a surface neasurenent system ot her
|nplenentat|ons of a surface neasurenent systen1nay |nclude femer

1* rr o o b o I 1



(e.g., the support structure 126) of the guide system 120 is not required
inall inplenmentations. In particular inplenentations, for instance, the
measur enewo 20ari44380 coul d be sel f-power and sel f-gui di RGT/USRE0/0MR20€rt ai N
i npl ementations, the cart 100 is not required. For i nstance, the surface

ver the. sur { ADLAI i drREpRedhe SHiee ProfUY dBstheneny-eysraeisng w t h

its s Upp%e%érﬁ%%%ﬁﬂﬁféﬁ%ha&%? tH%%rfE'@eV erHeQstiRbeh sheﬁ% mdf Ifeﬁf‘e%eﬁt‘a Rt
machi ned. In general, the neasurenent system nay be positioned at any

di st ance aaprogfratipn of tlpfr sutrces Thhestmeded shepe a@E,LfDaegade¢, btewenmuteﬂazaél

neasur enent.s nt .s ste coul Sl tl aboye

inder © natopuBRRgSe tn PortE R R boyERcEs "B P aite dfe BBt B0 BRE R ve 10
a surfac %et@mhedr@%kfaeﬁm@raogtﬁweal QUEsit (Cg SKhtaGRarad arARisIPOKIRP! | at e

rel ationshi above, under, next to, or inside of). [ 0044] As

an addi t|lm§ﬁm@m@’ps gay ashpeaks gpdyalisys leﬂiés ewtlerrfgck(neq@s The sfinkatsd be
used. X- |l ul ar
i rect  oniPGHELBe biBLER kel RAE bR P AT R RIS ah 08 BB b0 PR,
(e.g., Cabiksdraoce®s. cylindrical). Mreover, the surface to be ITB.ChI ned does
not have to be circular. As another exanple, the | aser source 132 does not

have to | ocat d803tl Inigertandmplegishtaipny fn oReralos gayigiushids catomated shapedaij n

i mpl enent of the
contor " ARSERT e Alach B IER, 1o LAHHE, BE LABEEEforl S8 BRY SO "t he
central sipatatcomo acoiyuseﬂ&rlomlbelocﬂdletdsemstedfshm (b(g lup omaovinpelak: 51il'd1<nfsthet he

system can _.acc i tuat ich obstacles exist. in between the
S7at§on aatig SR Ead kR TR b R 4B B BB oul d be
| ocat ed %rﬁz@ﬁaﬁﬁ%r‘cfc@ﬂ? or ifcPHB)e T hE @pElfor %%55&@@56@%&5 &8 theaBfhstche
| aser target away fromthe cart.” Moreover, a nunber of |aser sources and
| aser tarsgepfsasdb@mclmemlgehme s di@isseddwetbv, in potan teplaintnthédwthcAs an

ot or oy T BTy Mty B o rigt KRB e Ring PRk SBr Bl Bl i n the

system ( &ugnber 6fpdshsd) FRAHIVE MRS peeabi-spbddicd@hagehe central | ocation, or in
t he | aser tracklgsé system 140) or off the system [0045] FIG 3

il lustrates arl0eXddpice2 fhutatcsthsrmcasuicmesoE! arramiplg suifesedn be exechingdo nay,
for exa body
520, “h t R PRl JUS SR R b AR R PRl o S G Oy s
t ar get 34ﬂhp§ ar}dl denlﬁaﬁﬁ]méﬁh&rebﬁdygr?tmﬂa@ﬂymsb(ﬁbﬁtlﬁ bsilffamgamrdrﬂmt mge;aaqulr enent
cart 300 and allo t e nt cart 300 to be nove In particular

i npl enentdei Ve ﬁw fpthesoefprasderisgcan e measyr F gieRglagym
exerts a /

moversnt Gy STos° %%ﬁ%‘é&? é%%%*a%&l% LA e e e o TR i e,

t he traveheasmetdani sm 320 i ncludes rollers for novi ng the cart 300 relative

to the bearin 0, In.other inplene i ons chani sm 320
rmy. 1ol ude od@0BATHEr 2 elBiBiEtienad Burbhed Hoag (ot PERCURTIN T The t ravel
mechani Sfetermined fol @@4ddfacEN @ sHihiaes m&u{ﬁ%@stmeaeﬁap%%ms%deﬁm ed to
the body 310 and includes the device(s) for measuring the surface. In this
parti cul ancdswisimentsmmf shd smface. hBhusutht gsemated shanempproxgyaeethe it auifagsede be
scanner th(%» gans a | aser beam 332 to neasure a nunber of surface points
that are TH"FAl to the cart's direction of travel. The laser scanner may,
for exanple, HO040] RIGSE aaditibilglillist@eds a3h&hirdhg Wh}fpb CorlthgRirfdcds&he f r om

Aut omat ed PreC|5|on Inc. (APl) of Rockville, and. Thus, the surface
measur emehtchayag ehpgophighyikbadiseesed wunererdesal belpw, denesssisihe shape éach

I t t
oyst em 300 ek 1R Fihinitip Sl be peympymcdl ity SRURICRMCH BulthS B LBE SnfTRARETES
by a Il as esnurfhcmklbpghesmsﬂemmgnhhﬁeedm c&@edin (rﬁplgmentaeéﬂseﬂie)esmrheteﬂals@re fwamto a

sensor | qcated away fromthe neasurenent cart 300. The reflection may all ow
the sensdict %Saé]%ﬁwﬁ}?%m@ﬁ@n’c%rs@ép%Iﬁﬁﬂﬁf&ﬁa}lemﬁ%"?l?%ﬁn 8perpioE 28¢{P¥ ace

measur enefitoSusd ngr’& Lo mgz"??k& IRYatRfs GPHRIOGat § tp% he a&H?Jeatﬁéf nﬁ@fi’iﬁﬁfge ment s

of the surtace stem 330 to generate the surtace profil
shape.



[ 0049] The | aser target 340 may generally be any device for receiving a

| aser beam In certain inplenentations, the | aser target nay be an active
target, wiDchiw@E4ae that may orient itself to maintai npalriuseemens22e4 t h t he
| aser source. In particular inplenentations, the laser target 340 may be a

t t t, t th det t tati . 0.,
For s piton, M Gdayion bt e el Ple, 33 SRR dosiRutal SRR Gl opr | at e
smart t ar@fcuds, § Bty SEREentARHSSrAlct AR O TRIRY RUAG! SRR nlBGurcrh AR dvilef

Rockvi | I e, Maryl and e orientation may be conb
t hr ee- di rtﬁmalbnlasulpmsa mpreracofirateh butsienfpdic &t cdre aisnasamtegion sslgfsqeem and t he

surface neasur t rate the rface profi A smart, target. may
5o or i ontt100E el RDEHES Sl ablbhRRe iR Rt et BBt ad el Sinn

[0050] Althbaughe e@blgBCaduferhdnt U5 §dvetagdisastcRihtd drdul |aQ£cﬁu§(210ch@ 8karli@Vvi ng
the cart over the surface to be machined, in other inplenentations, the

cart rray raese] Gysyidem (100 Benciiesa Fediydd of measpisorants(a @. UBHIEHS POMOYeR OWer
track t |
comput er o0 EsEIChs Fhhodp pauipdOpiofd Sradh bt DR R SERER, 200

i ncl udes aacmmﬁﬂlﬁai byurfadé,espaattlydttkus mﬂftgra/hrﬁa@d nﬁﬂﬁﬂe@f@ﬂi@@mﬁﬁﬁﬁﬁt5430
[ 0052] Commnl cation interface 410 may send information ., data and

comands)(¢€e thikel (spaess afd 29 degesrmor Bwrﬁpa?ﬁdt %Qorééa@m)émar@ 2ty s£pof and t he
measur e”%tmé od ﬁ%ré&gnng%rﬂ&b%eﬁa&vhf&ﬂ rhapt Blsk AGFoRY dath Qhd RXARML & be a
net wor k |nter ace ess tr

a nodem a wre nscelver, or any ot her
devi ce fmstlmetedlshamghanhb/emnotseswlhh@thlemﬁm:mMel Moreémrmhmsctap if@rthé nt er f ace

410 nayoerateb wireline | EEE 8 3) or wrel ess

505, 11 orRisnepls ey BorabduilcHifh bresbinn o FAtee MSIEnS By % piiately
communi Ca&e’té?ﬂnﬂe'atvﬁm ﬁ%%séll{?adﬁi/g Q@teﬁi Oflﬁﬂ ﬁlﬂnlﬁm%‘taﬁd BRb6fsiafrededof menory
420. Menory 4 may, for exanple, include random access nenory, read-only

menory, dbdfba@taﬂdl Sylsterme B cml ryeatmmhqlsurﬁaﬁdlmnhe amaldﬂemcwns §in thercase off i n g

el udes TG EEra e ooy ERMATEIE ST PRI SR b R 1

appl i cat igshcf S@:factkle THUS! ek m@scaﬁ%énéf&ﬁé abﬁre@&ﬁﬂelﬁ){oﬂahﬁbppé’s@ﬁ@ﬁ&%f tha0 in
perform ng the operations of the conmputer system 400. [ 0054] The

pr ocessorsutfaer.  Bhecaitpnated nyuieeidhemaporarmts tnse demnsientiaspion als er f ace 410
and is op %ggeitgs {i}ﬁ’ereﬁS{ &g&gh htgﬁnggege% tgiﬁ?,gﬁd E&%r&%%ﬂ%a?ﬁen%so& SRR The

processor rocessor

M Cr opr OqRIe Hl)ouﬁdi tl&rueaﬂﬁ@ﬁrce davbetier Ifeﬁdltlﬂﬁ of fhigl satthergeatidéal tor rork agiurate
manner . [0 The conputer system 400 al so. i nc] ugles a user input
devi ce 4£@t1@ﬁ@déh%p§é}elweﬁa&a cddor ths sutece. TRRreqLdy it Lafplsed PP CAUE Say

al | ow an &P&&%a%nb?a H’ﬁl@ﬂlin §h é"’vJH?éJl QR réﬁllt‘?m lesg‘ﬁﬁa%}fwﬁﬂ% aqlgramq cto the

conmput er system 400. The user put device 420 may, for exanple, e a
keyboar d,dukiey placdactist yﬂauhmutgmp@i'atmus @erxplomed nymotdrmtaltﬂmlowe Syheﬂn 180Icams a
user to indic EInfOI’ITB.tIOI’l t]g nput er. The user oqut dev ce40may

0]
) ow corfBuUEs g g LA SUOHED (Lt B oRr rorSery BLelB i HESTBe may.
for examiy@ndf@l surdiceRlor¥ny athef §uMaRE need dNYartfRBha eV IAGR fhARY: RhPMS a
user to recelve IﬂfOfﬂHthﬂ roma COﬂpU er.
because the laser tracking system can continuously measure the distance from the laser
source to the surface measurement system, and the distance is pre-determined (e.g., by the
fixed length of the boom or otherwise), if this distance is found to vary, it may indicate that
the laser beam has encountered an atmospheric variation (e.g., a density variation) and,
therefore, that its position measurements may be affected. Corrective measures can then be
applied to ensure that the laser measures as expected.
[0043] Although FIG. 1 illustrates an example implementation of a surface

measurement system, other implementations of a surface measurement system may include

fewer, additional, and/or a different arrangement of components. For example, all or part
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[ 0056] In one node of operation, the conmputer system 400 may record and
collate the neasurenents nade by the neasurenent cart 110 and the |aser
tracki ng wo20em4d86. For i nstance, the conmunicati on i nPerfisec@&oAIRBY

i ndependent|ly receive the nmeasurenments fromthe neasurenent cart 110 and

the | aser tracking system . e conputer stem 400 tore these
measur endfs Hasp %ﬁa%%%{urﬁﬁig? @ma@wd&ﬁymﬂ? 154%;@%@331{ essor 430 nmay
then col |iﬁ1§3ferﬁéﬁ@atﬁ'ﬁ§51i{ﬁa?§éﬁlé§f iﬁ@lérﬁb?ﬁtatfoﬁ@, fOERSHA& TR ReRfirchat S fREE
measur enent system 112 ‘at one | ocation are associated with the surface

measur emeotldsyestefmavae and saif-gwidingp reslancattiio implemchatigus, thecertnid)) ibeotout put
to an operat.or tPhrou h tZﬁ usgﬁr outﬁgt devi ce 21@2 b 6‘[0057{1 After
storing and&sh IFef f“r?gd“f% HRLEGE DA e TS P Jd & S8 OABH T READ

det er m neypRAAEITBY SdnSPRe Rl safBcdd PRt LAinche TR, IRt @easiRASME SyRM,s. The
estimated shape may be output to an operator thr ou%g t he user output device

450, and aleng wih ithreurpartsrgempengnthaloss aetddve i toneh dasarfacede b maghmeds

menory 4230.concr, il QORBlecll RACH] L AL SLURLEIERLAS LohRce HBLERIRMIEESYSt em

400 may co e neasurenen novenen e neasu cart

110. For thxaslred addneace domibit elirfsy ShicaRurdenivn W odkERomEddaredddht sjseenirove t o
particul ar | ocations of the surface to be nmachi ned and to take neasurenents
when t he SPekkheRasiioncd abavequmsier.diext tog Waidg 9fhas 3t 1t EheTaRIAPERE PPEEIOBoNp UL er

system 400,18y o {erfaic@&} Gehifl&l SldThER d%?ﬂletsﬂﬁaé&ﬁ?g%ﬁﬁﬁgﬁﬁiﬁ@” 110 is at

t he appropriate |ocation by recelving nmeasurenent aser targeting
syst em 136lationship (e[ HbBY e, FinGer, besitltd,ustimsddcast).an exanpl e process 500 for

measuring a suyr e, to be.machi ned. Process 500 . , for ex e,
st rate t hdUBBAra fLptifor SHSilsmodiie ks SoRUE Msts: 2. XN\t
Process 3004 CRLY Sydt@hs BPRIally BN A IIRBAHSIRL thad YAV T RERXIrRketidhe
surface to be mac%l ned "(operati on 504 For exanple, a neasurenent cart

such as tHuascthe surfa® maybdrsephireddn anncodidingigrsysicm (£ @, Sartesiempnedindriealdt her
i npl ementgti ons, .however, .a neasurenent cart and/or, nmeasur nt system does
not have V85T HCoHA SuP PR BT A dORa Rt o 8 o ra sl enBi® B
and/ or sygdceRaedl 3 frs ausReRde thcbedat PRRct chite SEMBE Bbaring rAGARUINGNENt cart
and/ or system may be positioned at any distance at which the measurenent

syst em nesgripingapeamantpions doi insgnegs espnldyberloeatede fosmpigeeofrehdig certent s.

Mor eover, . r E It ve,

under, ne&&lﬁg@ﬁ?ﬁg&l@ggée %%trg’masﬁﬂ n@é’ 18? %é(? a‘g%ﬁrg%l?‘ﬁ%? ée%ﬁllﬁg)gtlg@cl%g r??rgg Tative to
a sur f acenitsdddoe smdhdene de machined.[ OB] fheRystemsan 206dnahsdute€ sitdasiofigin which
positioning and activating a | aser tracking system (operatjon 508). The

| aser trORIBAGS SY8TIBITCHAFN e fiontad tht caahyApdSithicorrammRle helasensqticiel y
stabl e relatdug ﬁeqofd%@d e RG8 (& . E&W'tﬂ@ﬁeaﬁ%ﬂliﬂ% . ahd %ﬁagege\m' ch

the surface is annular, for exa | aser tracking system nmay
| ocat ed atrgthevayeindmethodarc Uvlvabuerea oimbéreofdmaubaurcesand dser: tafgees doakkle

MBI TN R R R S S
funct i oniygaeh dWoRBRE Y arm 124, the computer system 140 could be located at any of a number of
positions in the system (e.g., on the measurement cart 112, at the central location, or in the
laser tracking system 140) or off the system.
[0045] FIG. 3 illustrates an example measurement cart 300. The measurement cart
300 may, for example, be used in system 100. Measurement cart 300 includes a body 310, a
travel mechanism 320, a surface measurement system 330, and a laser target 340.
[0046] The body 310 provides a frame for the measurement cart 300 and allows the
measurement cart 300 to be moved. In particular implementations, the body 310 may be
coupled to an arm so that the arm exerts a force on the body 310 to guide it and/or cause it

to move. The movement may also cause the travel mechanism 320 to move. As illustrated,

10



[ 0062] Process 500 calls for the neasurenent of nultiple surface points at
the current neasurenent system |l ocation (operation 512). The neasurenents
may, for weamlmessébe made with a | aser scanni ng syst em IPoTaiSedoom20he
measurenent cart. Additionally, the position (e.g., |ocation and

orientatipn) of the surface surement system may_pe neasured with the

| aser tr 4@%%;»&1%5%@32@ F‘Eﬁ@ﬁ@%ﬁ% for gijine thp ga é@%{qladwgt%ﬁleth%ﬂ%r face
poi nts rehat | entephdr HRpleAR@tatibh &Gk (Y BYSLIEM FRT PRaf §lcRId R dr more

[ 0063] Process 500 then determ nes whether nore nmeasurenents of the surface

to be nmachétnednstothedody 3h@dw diopw the irevcl 5&Bhanism. cert ai n i npl enent ati ons,

nmeasur enent s e until|l the nmeasurene cart h e r the entire
oo aeer 1t D TTREE s s e BT ML 2o Sl o R 3 YT hnd ' car on
of the MEASUIGTREHe BEHE)E0 MmSastbinp Scedhrfabp enahis PartRAfht impleehchfaBos Uhd ace
measur enent system nmeasures multiple surface points at 1ts new | ocation

(oper at | ohrfgameasurement pyoBa |s adases seannephat yeensy laprdwameBS e a1pesis ahave

been mad I f ter ?: NG ' d he
surface ﬁi o} eeP%ﬁ%ﬁlfa?lggoﬁgsﬁlé%aatr?%ﬁeq@ég)tﬁg e éﬁ#%lﬁ@?%%%ﬁaﬁ@.ﬁg%éi@g% on the
surface measfsrexemnpk, bd iel-8sdn, Mt ikidcant B0 comnWiiite Laght €xsMitoen Ab@ndedder m ned
using a |l east, squares_anal ysis on the surface neasurenents. The esti mated

shape and’'eHgo (hBhenReckletMwiland. dtby.dbe (Bper BCPBHCBIL PYSIIRS08t or age
of this daf @@%r%%@é&%@‘@ rg‘%ceﬁaﬁiﬂ@a BRIARIREH hE AETBsY (e.g., a hard

drive or conpact-dis So t i't can be retrieved and used during a |ater
oper ati onal pH&a84y.Coupled to[tROGHfacAhtchougherls@Gterd 300 iustasattagea34ir ddess f or

measuring a surf t o _be machi ned, other process fo asurin urface
to be madhichBHESay0 PHeItSABUPEELed T laser Grg g SERiam AROFRNECF EargeOHS of
oper at i oNgser 5&Im B R5Rs6r lob & FRAPHERNBO R aQethdIf cBYBHACELPRINRE SRy t he
measur enment system may occur in‘any order. As another exanple, the

measur englow thayerser otcompateabe thyesrdismensionalenosition i theddifacomatsuestaanl e, a

process nay, _n call . for .adjusting the cart |ocation. Fagr.instance, the
reasar oretieRard” Rairhpbe hrt Rt i bt RERU S s B he sur T ace
to be machéReRmedndsiRe33ERIUHEARNKS sufbicepofilade as the cart noves.

Mor eover, sone Ii%l ementati ons may use an operator to nove the nmeasurenent

system over t HBO&UrFhedeser msed da0 ey aspenally b anhec\iesalon Fasaivies? lgpertbgam.
surface . peent g%y need.. collate

determ nﬁﬁgeﬁ%léﬁlg§¥e?%n§fdﬁ8gs haplg.ge\{%cfg{ql ntéel aﬁly%tlggﬁagg%’e‘?hlgﬁﬁﬁ(ﬁ]gqg%glﬁéii ons
may be peasrfeat fiwdf tb mantedNlgnpehttangothe et bsaircs i Impattines s plkarnationd; dic
exanpl e, neasuri nggt he surface points and | ocation of the neasurenent

syst em ma§SehETERESAE MRy Pednintast st cdreh rgvegeihal cap detesgieds oricpatigh ot her
exanpl e, e r r : L In
Pl eront S aE Aieh SFRLS,) Wh Ahoet QfutErthet Seorl AnTBffopriats smart (HREAL

t he out sitble SoartiTagicd omf Awtomypted Pdargion tdve (A3l pfRbdd/ildd) deyand/ dhe machi ni ng

shape are generally not flat. For exanple, they may general conformto
the. Shap@ BAREHE e EmbyRE g s Qi bainsionel IR AT AIALTEYE || st r at oo, an
exanpl e RpheLERMAOY sl arkthe St rRcaSUChRAR td RerRBatd Bt @vRe: PfirachimiRg The
operations of process 600 may, for exanple, bé inplenented by a conputer

syst em sUelgcamay alyp atient is9ld temampon alignment WiheB3 laPerooess. 600 cal | s for

retrieving sur asure .f.ar a surface to, be hi ned peration
604y These  ned0ilERTE S35 Sh8 o Bt RSRratnds s BB yet om
such as sygt 8idshce t8bePiRERSE, inDUEN iBplcAAREsSs, HIGart The WRashyrement s nmay

be located in local or renote storage and retrieved therefromby the use of
one or nOERNHBICHBICRES 9K sumpertnnd peepulsion (e.g., tracks, a boom arm, etc.).

[0051] FIG. 4 illustrates an example computer 400 system that may be used for
system 100. Computer system 400 includes a communication interface 410, memory 420,
and a processor 430.

[0052] Communication interface 410 may send information (e.g., data and

commands) to and receive information from the measurement cart 120 and the measurement
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[ 0069] Process 600 uses the surface neasurenents to determ ne a nachining
shape for the surface to be machi ned (operation 608). The determ ned
machi ni ngwehapa4uwswg be based on reduci ng the anount andfPom/usevens1294 of
inperfections in the surface. For exanple, after repeated uses, surfaces

may be cone rpe cracked, .dented, a d/o ed. But r.enov a |layer
of surface¥s Wa]eZB %Ontfﬁm}i%b?ﬂlda‘i%ftéc%nt% aﬁlé’iﬁhi’ﬁﬁﬁlﬁtv@ﬁéb‘éer t“}’?é?%{]%

i mper f eCtrh&{b'%n erélé‘ssrn%ﬁkt“c%r o‘r"ahﬁbfh%% Séinceaf&gt&éwh{%{nw&%ndmg machi ni ng
shape may be planar (e.g., the surface to ined i s supposed to be

flat), cyhfonnmtlmal Commluetcamat intqutcaBb0 mey operatrly wirtler (agpdBBEi’EE8) shape.

| n gener al a e any appropriate two or three
dlnen5|oﬁ%¢dg% EﬁgESQ%IforﬂﬁDﬂF%ﬁg ﬂu%&nDV|ng a large | ayer of surface
material (e.g. [00513]fﬁw daRCREesSVed BN \eBRmunScatiyR imeifdcd 440ink# RRaBsive and
time consum ng, because a |arge nunber of passes have to be nade with a

machi ni ngiaéwmrté@n 42hekmeneted b AYlemomy Orradh faticgmplea e uda yandareadeasso
account 't Ii%ﬁé} %ﬁn%h{‘c&gﬁafcw sk 3GH- c?:ﬂgn{eﬂl%rfﬁﬁg/% %Ldé@éegsé r@lo to be

renoved. or |hs anc |ons

conpl et elsyorétig infonabech. Msmeey md Mso fncludeyaraimetrindgtida pemdnamg wtaaldmﬁnies
i nper fections only need to be addressed if they are too

wi de. Adcﬁneowaﬁfggt%emé%(%ép YJQH% Linpye Wiada o ais-iaRd pRlicatipnss . nfdyf, f or
exanpl e, 19&@35?@%3\9 Bé"ustela%grtﬁ%%ss&f h?ﬁfﬁb‘mng thei 0 %R)?lg'h ficocess 600

al so calls eterm™ning th ace t the
machi ni ngostpae sygerdfdi on 612). For exanple the |nperfect|ons expected to

remain in the e after hi ni ng based on e chinin ha e may be
et or i ned.  PrOlebe oot OO AP Rer PETI 480 cad Te AR OHE R nber  of
machi ni nQnﬁ?ﬁ@@@ldﬁldquﬁérﬁ‘bIE '&?pét%rﬁ{ tﬁb B?&aﬁéﬁsfté% &%%E&Mb@ @?st@ril@)rhe The
nunber of passes nmay be determ ned or exanple, estimating how nuch

mat er i al raoceesnd 48 et or esmplcebﬂw@gd@imrh@swr;ﬁags a anidoprochearruehy ntheer i al
an end eﬂ%ec%gr can re v§ bef o e.hgviﬂg?to be replaced. Various factors,
such as t4RHALEPPUPUAINHIER L B HEM3 ¥ ace and the area of the surface,
may have to bgodsKerhd ddhpuaspuieth 400 aRY Ghrees arugemiapitaRsicc Addiahd 90drl y, the
amount of material that may be renoved during a pass may be dependent on

the i rrperCfuamt devise #50.t Hee war avedeying 4t4ﬁénatyOqé HpoBerEer oureuda tifergnadiont ace

ar eas. loBlg )0 t.

deternin %é%al |s%§ cep éﬁ%g%%X% |on Eggfggﬁ@@gbﬂfg?géf&ﬁé%ﬁer t he

determn &ﬁlaﬁlpl’ef be & kiygboand; épyradl| ﬁylmwoudmcrc&npmﬂn@ othicaldevicaithat albsauniiset he

use of the surface. For instance, if the surface is_used ﬁs a bearlna%race,
é

the bear i'AgRIIeRS Nbrmativg fo ¢ AEIPWEE SLNStUSPTO Rt dleMicR A Man el AwCoPpYist FE%t i ons
wi Il mat %bﬂtdlg e AthRab aLl& qmstléér'oa u?tiextlp@mgﬁ%ti Dsple. be a did %Z?h“h%t he

determ ned surface Is acceptable ocess 600" ca dete m iet her
t he nunber aof otiec hencanthapabsas: ussr mcremm‘tesahfc&n(auple frat ocorGBtdr. For exanpl e,

ncoeptable.  andoSdachruti 8 Bpaiadn s ks 00 g, therging Falac
requi r ed.th BN BEmed t@fd8e BY REheRfircFRENE M NG PAIREBsdrBrakin 9%&%%01 han
ten) are typically only perforned in extreme cases. If the

number ofFararstinetrthe persmesichsormimtefacal @may hiedegendsnity mdlvmlmml ni ng shape is

BN S A Y R R T e S

not accepjosdputer spitera @88 nfGtdraktiese fRhsudl@h@itsinthagata poanRCHfMdghrs Bage
(operatlon 08). This new determ nation may take into account that t he

nunber of Ihsauetessards0mmy then enllaiibpmerscspripeo asthe sursguiements of the
unaccept astahﬁce measurement system 112 at one location are associated with the surface

measurement system location. A representation of the surface may be output to an operator
through the user output device 450.
[0057] After storing and collating the measurements, the processor 430 may then

determine an estimated shape plane based on the collated measurements. The estimated
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[0075] If the determ ned surface is not found to be acceptable in operation
620, process 600 calls for determ ning whether the nunber of nachining
passes t ovachileMessbhe determ ned surface is acceptabl e poparsarionm2682). |f
t he nunber of machi ning passes is acceptable, which indicates that further

machi ni ng, may be avail abl e, process 60Q calls for, det 1 Ni a_.new
machi ni nghARABEY boBEPYL PR oBbRor tﬁﬁo}lghﬁ_ BrOURH éemﬁgé& aBfl “%a%veg@tqu. not
accept abl@apPhE 68 SoRU0n @R data §REioS 4T bfiGehBR 4MChi ni ng shape (operation

628). This machini ng shape may have to be i nSpect ed and/ or adjusted by an
operator to ddfertilnganivetanenplamdniationso thetcomiputar systern HE0 meyttionfrelgths hape.
[0076] As illustrate rocess 6 can det erm ne the, machi ni shape a
nunber o RE0 s e RRRa O P o bR EC Lt Foprotntt Bo g rBlshes a
bal ance hgteemoanay2smeRiaPihe catdtd Meee B hriifiBarnbediehs 6f thBBGIARItHGe Passes or
cannot find an acceptabl e surface. [0077] Upon storing a machining
shape (opwachinedringd2@iake preosueycBewhen thesmeaspreaenpeart 1 19gs ghtha appigarideng t he
surface [.a i [ i - ( i 6 [ ata may
be. o spl apagonp e diblish 4RI BP0 SR QRSN SRl dR mens il o

r egar di ngatthie 0 postithé sppromidtecationdn,; resaivdihnassemand fided aetisser targdidg

determ ned surface. The data may al so include information regarding the
amount ofSY8FMI30. t 0 be expended to obtain the surface (e.g., nunmber of
machi ni ng pas arreustRf L eELAhnl r EfeaddHAPE P80 ef fectors
to be used, aﬁgé?rlnuntg]oygtr?ﬂr%eg t% acqné g{/oggstshsgeggt e?ansiﬂng% ssﬂr%caecggg.e The data
may al | ownahimede Padaess 300 mek dorecxdeipés, nlusabtc oine oegarati afg swhtembsach ahe

machi ni ng shape and/ or anount of effort is appropriate. [ 0078]
Process 69Y° inues with deternining whether a command to revise the
machi ni ng shapgodRPB&RY 566G 6QIsMBHApdsARRRA 4 ARaBEDhent Ay G bR thevi se the

machi ni ng shape may, for exanple, specify adjusting the location, size,
and/ or orsugfaccatoi tsrmashined dopraiatiinniOdy Edragrempld, aaneunyemadt dag suelv psibe chig

hi ni ng, shape, h ived . 600 j an end. | f
novever | 4O dBRrarieed et SERERES e ERr RN Erlie RbTsBsHoR BENGSE ¢ pr ocess

600 cont imeRErewichiNctedrRlVdF rdal@remchtiykRELIdRabt Y Y ®uak Mcayedcavottt t he
revi sed machi ni ng shape (operation 644). This determ nation may be simlar

to the denedhiicddegotharaersuiomespedrhandr sgitom oyl ba sisadndgd bppdeews BOO cal | s

¢ dot i S ‘ : .
sur f ace (BDSEaA AR uTHIRE Gl TR N B NETR o B A Gardc 0 i SEE
det er m nah¢atremdesyistenomay atddade thtGequired acclr@&/7@} tHersaefassmb&Ardniaits. out put s

data regarding the revised surface (operation 652). The output process and
the act uaylo¥are: ﬁﬁva%e@?%sv%?mﬁag/pﬁa%ﬂ fQHd 3%@?%&1@614 a8a¥e, URHGTSNFAE% out put

may al | O3t G at.o Ott&rrgﬁé?gﬁgggﬁ)%ﬁﬁﬁﬁtiﬁ% B%Gﬁé&itﬁ%e%%hfﬂ??,ot he

machi ni ng shape 1s approp er the anount of e rt is

appropriate. [0061] BroG@80P0Palec edls fHOMost thremngletdeachivatey alastr eckinpsysteuwi sed

surface i s acce I eration 656). This may, for exanple, .be .

2cconp! | SRR I ThG PG BT B A Yo R BRI B SCB AR 1 om
an oper at@fple fdathBe HR%LIREL B WeAkRined. HEGSNEABEHoMRRGRRH RO FRLI$ for
substituting the revised nachi ni ng shape for the stored nachi ni ng shape.

The revi sadulanddi axangls Hepesartipckiag systcno may detlecatddyat thwergnicn ofewkatniorf t he
surface, till\'g' iar(l:nrhla\lll\r'i slullrfacpe(.a "ﬁl)é%saeir pI‘ng(iIilgn s;%{e(%?‘}s%%ti\gaﬁ%(ﬁ ialnd l13nelliaavflheasurernent of the
surface measurement system’s position may be made, to ensure that the system is
functioning properly.
[0062] Process 500 calls for the measurement of multiple surface points at the
current measurement system location (operation 512). The measurements may, for
example, be made with a laser scanning system located on the measurement cart.

Additionally, the position (e.g., location and orientation) of the surface measurement system
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[0081] If, however, the revised surface is not acceptable, process 600
calls for again waiting to receive a command to revise the machi ning shape
(oper at i omo@dnyo443860cess 600 can cycl e through the oper &Cirarsgolofszecei vi ng
a command to revise the machi ni ng shape and checki ng whet her the revised
machi ni ng shape results i.n an acceptable surface n er_or tines, but
event ual %2y & PF#HAGEEEH AR TR Shap i pslfaapeé.%)r NS MCATio UiBpe may
be used fyr& PERERIALDES @Ql?@fa@érlﬁ%cf(iﬂggﬁét@rh%ﬂge b&gropisd.ti on of an end
effector (e.g., a grinder or other nmachining tool) that generates the final
sur f ace. [0pE]Fapcd®s 60@ Hen @OBThmss whethet mpie oéashisatentsed thdorfaex tmpl e,

th f . det er i, ni t hi nj h i f d by dat
i but arteone bR Mk SRR SRR R L T R RERBR of an
appropr i ak€nBe hhtlli tRYmShAREncR SR BhdhbYe BSveP BRASEE: Siefagst immdrkng it by

sight. Thus, a machi ning shape that achieves certain objectives (e.qg.,
r educi ng reeastigimentset dhanurfaes argriel be magt.rthe jasation elche mgasireme|syste@risvi ng a

. o g s o o
cort 1 L O TRRECLA) BB I6L SRS O L GORL b e m

machi ni ngpodie hteitd ramsloasttbnt (bpertesub 12)ng machi ned surface may be provided to
the operator. Thus, an gperator nmay investigate adjusting the_pachinin

shape whi | e r 8894 Qpeallniies sustice Beesrement hai beeyarde goes Sehelgder 19 0

the mRchi Qg ARELALL ARl G FESHELL RobIRSDi ARG FULigeers Margover, the

adj ust nrents may justing a few (i. vari s (e.g.,
| ocat i on,essmaeed shapat/io based ioenhagturfng meatirahers.oVhdessinlagsisshepamey foor

operator error..  Additi.onally, the finally determ ned nmachi ni ng shape may be
oPor ad | P eoRsbb A aaR) bt « feerudSeetelh O e Oadi AT BBl dnce

|11 ustr at@gmateBsRERSHA R mSRBGhnRIMAy ﬁiéhfb@%%ré@%oﬁé@raﬁﬁﬁB%eq"hlé)étd@gémfni ng,
ot her processes for selecting a surface to be achieved by 'machi ni ng may
i ncl ude fthiaalata ragdifericaambple, beay onoravelatilt encamry 4¢.g anderdehtvesh coppadidigns.

For exanpl a process. may not include an iterativ rocess to try to
arrive aror e dEiRRst parhisnt AEhLE cprEioTA PRt der er m ned’ machi ni ng
shape may be qabe3)l Alkieshgh FIGNEilRaSges £proceX FoPheasutife a 8SifAd¥ab BE nRbRAEd, MYy
be the machi ni ng shape. The operator may, however, still be allowed to
speci fy rashdrdrensss fop megeurpgehivpfapgytostvapechinaddnayhiachyde tess gnergyandiria f or

assi stingy: oper i e L. S1.QnS, B! of
machi ni ngghl%éz}glslteagﬂF ng&gtg:rﬁ;%efbgm{aﬁg&defiog\ré%%n@ ’tgaﬁgg%%élﬁn&@g h%‘ihetbgg&a e't@?lﬁ‘lg ned.
As anot heindekaiipisarengend K@D snayay clntia latigd erdeel dAL hastatr cxpepht thlens to stop the
iterative process. For instance, the process .be stopped after a nunber
of att enphaspismgnts manye Hergs 3 they ves mada- yAs %%ﬂ%ﬁxw&%ﬁ%&mﬁ% gayy o
bei ng medey o)) Ihedpdid AHE: i1 £ S hstERRAMML SncalREAER dakHayt B ace to
be achi e\c/He%(tijl1 td?h gﬁgn%ciﬁﬁicﬁlgﬁcﬁg{))e aﬂﬁ %tﬁ%e%hulrerbeerag% Fracd%hglﬁag g‘éihsl%dfse to
achi eve tieovdepereriané dostuol foaciethrayrfize tpbe frachindd,iand #inymeastemenfsmaybe

may be StBHE AR BDRL: MRS S BBS R R ORSSREH RV
accept ablRediRhichi {tcPNGRS th\RERBY EAs afothHEREMpRS thehfcaQReMRhis@RthdTRY be
performed in a contenporaneous and/or sinultaneous manner. For exanpl e,

out put t i riyridea andrafghe oicaryranent sY e naxyncbé toply dodlered et Hetcrmiotrgethe sur f ace
is determ r%d. d O£§i61)084h,?,l n ce%tai &i rgpl imentat' ons. ot er criteria (in
addi ti on 8K §E?P§rft HOHY t e eﬁt% CSPHECRT Y eBsz%Igée) Pnily be al so be
used 10 dghifPoRtebiMCaniBaRimiRGcshaRSncFOFor%ampl g mchiiRingaEOLURE F@iﬂﬁ-}pe may
be determ ned, at |east in part, based on m nim zi r]%tthe anount of materi al
renoved. anddesationaf thg meagerchgehivsicHyman hpaerfrincy avidlsttbe parhmgyeseaver 8igst i n

part, ba i e i i J‘% pe (e.g.,
o DA, SOLTREL DR S A0 0 NG, RETUDN 18 00 (00,
data about thg0oes]dnimpReheatitibac. which the surface to be machined is not planar (e.g.,

the outside or inside of a cylinder), the estimated shape and/or machining shape are

generally not flat. For example, they may generally conform to the shape of the surface

being measured.
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[0085] FIG 7 illustrates an exanple system 700 for machining a surface 20.
Surface 20 may, for exanple, be the surface of a bearing race. System 700

i ncl udes worrathismieag cart 710, a measurement system 720pCans$2@ooszput er
system 730. [ 0086] The nmachining cart 710 is adapted to travel over

and nmachi ne t rface.20. The cart 710 i nc] udes travel chani sm 712
(e.g., wheel o 0pF ol géﬁl&}rfte@ ﬁaﬁxmlsm%sst@%r@%&w@g atSHFefg‘!saeJPiﬁcg 20. The
cart 710 TR vUP By AHAYhif F@h@%}a@raﬁ&%’fcﬁfﬁr&&s%oo &@ﬁ,tﬁﬁéﬁ&&ﬁ%fb%%?%?{eh&@ ) to

performits novenents. The cart 710 al'so includes an en 714
(e.g., a bysctnmputer shetah)sutihas cargpitérestem®Osur f ace 20. The end effector 714

may, for exa i nd 1| an or polish the surface. The end

Tt ector 7ia moafosdhans o s 87 e PR Mt TR B s R 8 or sy
be used irﬂadﬂﬂiﬂeﬂ%ﬁ?&ﬁcﬁﬁ@ﬂﬁs TAYRMdR@rcmidhis e hawge@ﬂpbrw‘rﬁl@@bﬂﬁnﬁay be hel d
in contact wwth the surface during machining due to the weight of the cart.

[ 0087] TH@pPra@eRicriyplgme siroh a3 pstemnd 80, ardirenses sagh asatreress 746 Ty posi tioni ng
t he end 4 | C r i ti . t 6 may
o1+ neanr i HealdapldioPREd LAt IR ETRM A W95 kel A AERURI e fe® o
bal | scr edf®nt or pR& hdt@drkshadentugéd ect or 714. Appropriate ball screws are

available from E-Drive of West Hartford, Connecticut, Nook Industries, |Inc.

of O evel and, [BP0Y RiAgessRRO niss ithssuridehmsrageaantnio dsgrminremactpeing s)ancani a.
Th t ' , t
€ ac Ugfgp{h% sHﬁXceO[B%%%a}‘:chln@d g&%@ﬁﬁ%o%? ﬁmn&ﬁg%&g@#lﬁgﬁ%eéﬁp onmput er

system 7 to position the en ector’ 714. ed to
t he machitkeborcadticid® thei anaunt aisHor seacnggtof Hiperfashohinfteesurfacat Ber datoplayi ni ng

the orientation of the end effector 714. In rticular inpplenentations, the
| aser  artet P EHOk P T BRI P BF SR s bt St e SRS BB on o
the end E‘r%ﬁlﬁ‘éihgra-la3l'é? of StrkRk Mt &Rl %ﬂ@dgbﬁfah&”\%ith Ttlf&emé&%ﬁﬁ%%lgarpg%es%w may be

coupl ed between the actuators 716 and the end effector 714. Thus, any
di scr epangyctiettivne maytbe rediicedtchimingicd fandloe inaprdved. f Bt machiisg slrepe iy be

actuators 716, may. be reduced. [0089]. .Iln partjcul i npl enent at,i ons, a set
o pasel AIPE(CRY TR NERLE Fibe RodR: Dl Sutlact “THEFRRL AR i Sy can
be used igargbolierdrian Behet BHpropri L8 Sialpk OMn @Endrhie RN BIdiRE §iRpe mhldbe ah thi s
case, the information regarding the orientation of the end effector is

det er ni ne@piprisisiyers tiise dineansignelropfiguiatiger source. The fol | ow ng
conbi nati ons c[687 dﬂeRelfﬁo%%g a large layer of surface material (e.g., a few inches), however, is

typically quite expensive and time consuming, because a large number of passes have to be
made with a machining system. Thus, determining the machining shape may take into
account the imperfections in the surface and the amount of material to be removed. For
instance some imperfections (e.g., cracks) may need to be completely eliminated, especially
if they are wide or long, and some imperfections (e.g., pits) may only need to be addressed
if they are too wide. Addressing the less-serious imperfections in the surface may, for
example, be balanced with the removal of material.

[0071] Process 600 also calls for determining the surface that may be achieved with
the machining shape (operation 612). For example, the imperfections expected to remain in
the surface after machining based on the machining shape may be determined. Process 600
additionally calls for determining the number of machining passes to obtain the determined
surface (operations 616). The number of passes may be determined by, for example,
estimating how much material an end effector can remove during a pass and/or how much
material an end effector can remove before having to be replaced. Various factors, such as

the material hardness of the surface and the area of the surface, may have to be taken into
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account in such determinations. Additionally, the amount of material that may be removed
during a pass may be dependent on the imperfections in the surface and the topography of
surrounding surface areas.

[0072] Process 600 then analyzes the determined surface to determine whether it is
acceptable (operation 620). Determining whether the determined surface is acceptable may,
for example, take into account the use of the surface. For instance, if the surface is used as
a bearing race, the bearings may be taken into account in determining whether
imperfections will materially affect the operation of the bearings.

[0073] If the determined surface is acceptable, process 600 calls for determining
whether the number of machining passes is acceptable (operation 624). For example,
having to execute a few machining passes (e.g., 2-3) is typically acceptable, and sometimes
several machining passes (e.g., 5-6) are required. However, large number of machining
passes (e.g., greater than ten) are typically only performed in extreme cases.

[0074] If the number of machining passes is acceptable, the determined machining
shape is stored (operation 628). This machining shape may be the one actually used in
machining the surface. If, however, the number of machining passes is not acceptable,
process 600 calls for determining a new machining shape (operation 608). This new
determination may take into account that the number of passes for the prior machining
shape was found to be unacceptable.

[0075] If the determined surface is not found to be acceptable in operation 620,
process 600 calls for determining whether the number of machining passes to achieve the
determined surface is acceptable (operation 632). If the number of machining passes is
acceptable, which indicates that further machining may be available, process 600 calls for
determining a new machining shape (operation 608). If, however, the number of passes is
not acceptable, process 600 calls for storing the machining shape (operation 628). This
machining shape may have to be inspected and/or adjusted by an operator to determine
whether and/or how to improve the machining shape.

[0076] As illustrated, process 600 can determine the machining shape a number of
times. The determination process ends once process 600 reaches a balance between an
acceptable surface and the number of machining passes or cannot find an acceptable
surface.

[0077] Upon storing a machining shape (operation 628), process 600 calls for

outputting data regarding the surface associated with the machining shape (operation 636).
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This data may be displayed, printed, and/or sent to an operator and include information
regarding the position, orientation, smoothness, and defects in the determined surface. The
data may also include information regarding the amount of effort to be expended to obtain
the surface (e.g., number of machining passes, amount of material to be removed, number
of end effectors to be used, and amount of time to achieve the determined surface). The
data may allow an operator to make a determination regarding whether the machining shape
and/or amount of effort is appropriate.

[0078] Process 600 continues with determining whether a command to revise the
machining shape has been received (operation 640). A command to revise the machining
shape may, for example, specify adjusting the location, size, and/or orientation of the
machining shape. If a command to revise the machining shape has not been received,
process 600 is at an end. If, however, a command to revise the machining shape has been
received, process 600 continues with determining a surface that may be achieved with the
revised machining shape (operation 644). This determination may be similar to the
determination made in operation 612. Additionally, process 600 calls for determining the
number of machining passes to achieve the revised surface (operation 648). This
determination may be similar to the determination made in operation 616.

[0079] Process 600 then outputs data regarding the revised surface (operation 652).
The output process and the actual data may be similar to that for operation 636. This data
output may allow an operator to make a determination regarding whether the machining
shape is appropriate and/or whether the amount of effort is appropriate.

[0080] Process 600 then determines whether the revised surface is acceptable
(operation 656). This may, for example, be accomplished by waiting to receive an
acceptance or rejection command from an operator. If the revised surface is acceptable,
process 600 calls for substituting the revised machining shape for the stored machining
shape. The revised machining shape may be the one actually used in machining the surface,
which will be explained in greater detail below.

[0081] If, however, the revised surface is not acceptable, process 600 calls for again
waiting to receive a command to revise the machining shape (operation 640). Process 600
can cycle through the operations of receiving a command to revise the machining shape and
checking whether the revised machining shape results in an acceptable surface a number or

times, but eventually, a finalized machining shape is stored. This machining shape may be
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When two targets are used, they can be positioned along the normal on the
useful plane of the end effector, parallel to the surface to be nachi ned,
or at anywothawo4aiegl e. [ 0090] The neasurenent sysPemuUR2@oi0s2284lapt ed
to take neasurenents that indicate the |ocation of the end effector 714 as
t he machi ni cart. 710 travels over the surface 20. The neasurenent, system
720 may d@&@ﬁwﬁwhtnmgsap@@r%ée GFICHBINE e PasHinn; Q5anspd eRetpaedr Gyt~ 718,

from whi cf hil® @Rl B0 thak BeEneREs BbfiRaE Qfradd4 may be determ ned.
[0091] In the illustrated inplenentation, the neasurenent system 720

i ncl udes a cer0&]IRrotwe 40&bad aswictyseiuiceercg2 Por Thenpladler prooess o€ 722 may
illum nate, one .or .nore.laser, targets on,fhe machini art.710..1f the
target | orfct R HBE ATty B thapdbrietpaed by G PRI Elike 7555 rmy have
one or NHrevides 4 AeA RAUSRE&MrHinalbEDE af BPHOpSatEBacRnRBUGhEpd, RERe Ay ABNSI onal
information regarding the orientation of the end effector 714, which may be

sent to tapposcdripgstanatingst byrpigB0. Thas, appeloping shapc|thy achieyesciertaig objestisen i s
the T3 fr APl . . . [0092]. . T . incl.udes one
or Crore. SSmsordicing cepgin iRl IR TRARME AT P XRHEL (2 0nBIR0 . RS 0
produce tdnice@t oif meRsh)naly Herfetumaicdo A dde@anidy, fig: ddianlingiahidciniaf slidpe neiyd
effector 714. [ 0093] The conputer system 730 is adapted to receive
t he i nf orbipediwstedryparaperidor: #d the shangehtothe gachingearcEHiorh#n iy s3sukingon) of

the end eff&&t-Q" suff & &5 ¢ 739 Nols i-Ag simlar
to comput er&lé%g.suT%Céerg rrg%@g’?ﬁf?% élr%h%?%%%r%y ggﬁfg?{y é toﬁe gg{’]et%lnéngof t he
end ef f ectdprstidd theanathcong sirape iwthile oedehaengraahinaiice dsteap@atordfogardidpethact ual

surface to be achieved.to correct the position qf. the end effector, for
Socurat e DBSS DT R s g Ar oo ing Gaduned SirBes  Jorgover te

| mpl enent@isehshts fnla§bea{maem@d%m§mewgemyl(ﬁlvﬁﬁamése(etg),qomh,t iign of the
end effector to determ ne et’her 1o continue machining the surface. The

machi ni ngindfapacatadon)hehizb truaidesdessabandedobepeaapi evad Additionelly, deafinably may,
for exanp e, bedstohed iﬂgnermrty? o{ the co ter s stfe 730. If further
machi ni nd T& T GREN g HEPE Sy IE S0 sy Lt e A oWt HE" machi ning cart
710 to conti nyeogHECAIiHuRE FAOWH Dius@ROLL flotesd fEORTRAR b Qlirfidao BEhetadRUDY7 16
to adjust the orientation of the end effector 714, during or after which

machi ni ngn#nies wihas peocewse forsplsciérmpinrBace &y/be eahicrzd byl anashiwingasay gtude

e T N A
not include an iterative process to try to arrive at the (ieterrnined machining shape. That is,
the determined machining shape may be calculated in one pass. For example, the estimated
shape may be the machining shape. The operator may, however, still be allowed to specify
revisions to the machining shape, and the process may call for assisting the operator with
these revisions. Additionally, the number of machining passes to achieve the determined
surface may not be determined. As another example, a process may include additional
operations to stop the iterative process. For instance, the process may be stopped after a
number of attempts (e.g., ten) and/or after only incremental improvements are being made
in the surface. As a further example, determining the surface to be achieved with a
machining shape and the number of machining passes to achieve the determined surface
may be performed in any order. As an additional example, data regarding all of the
determined machining shapes may be stored and output. This may assist an operator in
assessing an acceptable machining shape. Moreover, a number of the operations may be

performed in a contemporaneous and/or simultancous manner. For example, outputting

data regarding a surface may be performed while another surface is determined.
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[ 0095] The conputer system may, for exanple, determ ne that sufficient
machi ni ng has occurred at a location if sufficient nmaterial has been
renoved owotzha/mxesski ni ng shape has been achi eved. Suffi ecerus2omis2oal may
have been renoved at a | ocati on for instance, if continuing on with the

current end eff r i s .not fectlve [ a different type of end
effector is néQgg‘gci%Fﬁ?lHH@H meaﬁgpla%. Efﬂ@FlaﬁE}ra@H@Pnﬁ‘éeh REEe Fomthe

result i rhu%ﬁie%? ﬁlaé}{ml@lg][pfaés Whiese é(l’k&ﬁ'e fiha t@@étgﬁﬁ’i% HRORitihe Xsapef Fhhe
surface 20 In particular 1 nplenentations, the corrput er system
730 may ixeinpliethe madireng dfapcumpdmeiuetsrmﬁmd zéias‘pina)artab@yétoemmmwhg\t@ one

conputer for otrollln ra kln m_and ther. c ter for
control 1 ideRet HagH g v AR B R ROBEy B R RRE PSRRI
conput er i, krt CURE Oh Ldri@tihh endl Afefatioh @@ menﬁa&lﬁﬁﬁggﬁawe bewah Ir@d@teémo
conputer, and the conputer for controlling the machining may be

pr ogr anmeisriEontal)i &hessreritesia ey also be uselgn geﬂortgsgsdaémbm@th%dgtearnmmsmf@ceof
features. For W ti n eto
t he conputer t[§6 OIEB”%IFEU {19&% Iﬁ%?%}% car ?O %yﬁﬁﬁce Sﬁa%p

the vast 20ahey, iféryexamptdhbe drtsarfase @ﬂmeadng mcthystenﬁm@t)&ﬂicluc&@d rhzhﬁnﬁmgran
errors related to handling that information and t%l ng to adjust conponents
(e.g., a9eHIEP: %@G?WW%“@%%@F&?% g %W%Smjerg Be) are avoi ded.

Addi ti onal | Yy,

sensors | ocat gbgﬂar t élec(Pi(Eahr%gé eﬁzlc(ffcg)gdgﬂr% t?%]er %cgﬁ%ﬁﬁgghgr}a%ﬁﬁﬁ%%f%art
conmponentBhe(cartd.10) iadtdeatai tragrebmmm)anhm ’i]ﬁe(elmozbhenlsn‘gaq:hsp@@ thatrelowb & to educed.

These reductions e urce rovide ti,ght tol er nce for
et PG eurtai o SO GE % DDt S ettt e artpRign Pp ot

di amet er sc)yhn&%n)ttbq)@ﬁthﬂ its hﬂ)%l%&%t% eMhéadit Py 9168 lﬂeﬁldwamfr&t&lm (e.g.,
surfaces, "circular or non-circular surfaces, as well as surfaces at any
angl e frcﬂmadmmh@hﬁ?zcbmluaamaclmes e stidagecdh %@hdn&eciytﬂ?dmay;efbr sunpéces or

h f f ib h d eff 14
Fun on PR ¥ bRl bR o B sk FERYGHT 4ime LGP EE el ceaca

[ 0098] Aldlff@t@ghyﬁésaf efd leffbétﬁltsrrﬁdﬂ& @Bd exdiffietcdt pasRtLRptRIsufcOfTH: wur f ace
machi ni ng nmeasurement system other inplenmentations of a surface nmachining

syst em nejferios may deteldein, confdeli witlo el surfageadusinganaghitieg dys todhe waigbhefhe of
conponent ., For exanple, a surface machining system may include a guide
system for quiding the machining cart over the surface. Additionally, a
machi ni ng car t[00%3] TI&Iﬁﬁjhﬁﬂﬂ@bi&d7Hyal§m1mhﬂéﬁﬁ@lﬁatéle 796 foﬂpbshﬁ»lﬁdl)g thyeid t he
surface to.be machjned. As anﬁt her exa a machl ning cart (except for

certain &ngcer bt Blr%aﬁéﬁ}‘rl?rdﬁlp atioRgy )t %%%at%ﬂ ﬁaw feding e B f ace
to be mq{i&t@ﬁfé thEREARE 1'@ Iﬁgy & etxaﬁﬁgl/e, ubOBal EXATR! 6 po Rﬁle%n@re@é&tﬁﬁt e the
surface to machi ne oom or an X-Y system \']/\jln ﬂ may al so nove the
machi ni ng/ léampprdpmagadmﬂrsaqustdneavmkahierfrqmgEelaritze axﬁaWehé{qntﬁsndt Conedtiatt, any

Nor cover , PRI rec B € KB GBS BB P OB LB IESIoHRREr Dplsetiny o -

i nsi de ofpenﬁgylaetm@nyheogchﬁarfor@ %éﬂa@élﬁ rBPdhid BRomBhAkY g&leﬁr&e(ﬁb§ﬂfef ace to be
machi ned and 'nove over the surface at any appropriate relationship (e.g.,

above, urv@mputem@xstemdwmpwsmtmmréeonc}effector714[ 0099] As an additional
exanpl e, the | ource oes ,not hav cat at . th

contor of the BONHAE8 CHpIEER BF fieBnaddira Pup Bt R THS hpld iR
be | ocat ef¢tmirfiug tRleicatadbh odihclche cHABAROLT140n PYRtubY ifhIdMchiafoy edggr

Mor eover, the | aser source does not have to be |ocated horizontal with the
target. Asreat Fhirmpebe %ﬁlaﬁ% rasgetavhish dgtsrminey Sierosice@tian obdicsgd eBegrednbet ween
t he neas stem
730 coul depan meHyHlonS @it i e AR BBl bbRecr P aRRIRAL B!

on the | akeend éfﬁ@l@rrvg4ssrat1@ﬁn57 a&cmpaﬁdyéemlmtm tigertation of 1Y) ermlreffefcforﬂﬂle
system Moreover, the conputer system 730 does not have to be coupled to
any ot herand dhpaietiers 71@@%&’8trﬁ@r°e‘ixanpl e, the laser source 722 (and the
associ at ed Sengos ABMichAR ibACMISLALLCH (AbAGIEAGHIAIBY. GAELs fHp, whil e
the laser target 718 can be installed at another location’(e’g., the center
of the workpitelee}t their orienaGd)@hn ba upalinidetekmmingrihk enemtaen ofthe cad effector
measurenent cart, such as the nmeasurenent cart 110, may be convertible into
a machining cart, such as the machiningogcart 710. For instance, the surface
measur enent system 112 of the nmeasurenent cart 110 may be deactivated or
renoved after the neasurenent operations are conplete, and the | aser
targeting systemmay be synched with the target associated with the end
effector(s). The end effector(s) may be left on the cart during nmeasurenent
oper at| ons_or |nstal I ed on the cart when the measur errent _oper at| ons are

o, o o, ..



[0103] The notors 830 and the end effectors 820 are coupled to a frane 840
(e.g., aplate). The frame 840 is at |east partially detached fromthe body
810 to prwoi2da/dsede6r el ati ve notion of the end effectorsP8ZASkoIeNsr204 The
relative notion is provided by the actuators 850, which are coupled to the
frame 840 and the body 810. The actuatars 850 nove the frame 840, and,
hence, t ﬂé?‘egla {5 g e gljf%%a,twrléf%@{&v%%@&rtqq@tlsaagtf@f@d_eﬂ?ear sslpragto the
frame 84008/' fnérl RR8%d WahIRE 186 ource. The [f&%h%b&ngiﬂ%@ﬁs'cgﬂbeh%:l aser
target 860 is illumnated by a | aser source that is renote fromthe
machi ning cart 800 (i.e., at the center of the workpiece). If the |aser
target 860 is a snmart targets—++—tayconpute—the—ear+entation of the frane
840, which, in turn, transl/dt&eb§ LTy | ‘tlrﬁ'??rdﬁ of|l the end effectors
820. If the laser target |9 paddfGkers ¢ hg BRISHRtLHRSH Inay be det ernined by
an external sensor. The lager tarbet also reflkcts tHe |aser beamto one or
nore external sensors that [nay det erm ng theothoee- dijmensi onal | ocation of
the target, which may be trlansl at®2d to tlhe pos2tion gf the end effectors
820, with our without the hel p of2other [sengefsmor8asgd on the | ocation and
orientation of the end effectors,za conguter ngy gengrate conmmands for the
820, rel ative to the body Aro—ro MOyl e 550 may &l S0 oper at e
y 1U. [ VIUJ] Irc 1Mot Ul
under the control of the conputer. For instance, the notors 830 nmay receive
commands weeRfwl et a8 ubd, Bedichn BPB6AME 283HE MO RGN0 of HIRPuCRE PR BY.  The
not or s ma%/ al so recei ve commands regardi ng how fast they are noving. Thus,
the te_nd etd¢ et offest@nraiia) tc?é@isnf,\f’hwetpé?@im mémr:ahé?fy ather ?}gﬂﬁropri at el yt )
positioned an oper.ation n y .ar osition or when e
achi ni g car (0600 ThedBEFsnBl: Ho6Ry 15 ahler el pEREHAAR R HEfe
Al t hough tht gatidhfofBhé bhdisffdcdred 408 ¢hd MRdheRRAtat 7 0ntrefel Sovered saifage 2@rt 800,
o angen Tpsopareme Gy ket 5 Naskinsing Gl rap he o
arrange ! : i e any
Cont ol 111D e b A B R P e mef bR 20, & 11
addi ti onal exd0pd,Inahmidlobirnedgngemntntatgn, thchedearcnivat $yaset 720 mckidoga syst em

and not include the | aser target ich could _be | ocated at anot her
| ocat | on.ceaagaﬂgy fogsted, ere%@&%ﬁﬂg?- gh\é\rhlféﬁfi UG 73&#% P ‘ﬂi‘t?eoré]b‘ﬁﬁiaé?ﬁses
(e.g., r%ﬂfg%{s%h th@nﬁbﬂiﬁl‘ﬂgtcgﬁ 7881 §f th@ta&é&%ﬁ'th@%@éhiﬁiﬂg calf Wfl@?sepa"sﬁvé%e

machi ned. The apparatuseS may, for exahple, be driven by notors on the
machi ni ndassaseurcdg22amap talvct dnooa imax apqbdcetedtshiesoast t Thaso sensomynaydjraditcet he
orientatipn of the entire nachini art.to .adjust the.positjon.(e.q.,
Cocati on ‘SRERGPeBoEh RS S Hige sl b peyehd ePSR 2t iy

i mpl ementiRtseRNS thdlcomihuidt sesteROTBOI %ﬂ'ﬁ@%priak@la?&&ﬂé@l&iﬁ% Sydie i9@k Ustfrdhe
orientation of the cart relative to the boom 0107] In particul ar
i npl ement&kl ons, the end effectors may be used to add material to the
surface being Bﬁé‘ﬁi ed. For | ernd fit cr Vi s, .0f
vall eys in the[ surf%@ce%?eagﬁrreg{ﬁgts‘&é% &ecz%dril?r%@%[%@e?{;%t%ﬁ ?Jég?m&ggp@i lf) 6s)ated
mat eri al Wit tetlesouréceT?. THase SEALES ndly pidducb ehrdedisddsd@alyfepdtioer i ng,
sol dering, brazing, or welding techniques. Thus, nmachining a surface may
i ncl ude regddingdhadecetanaf the eid festpr’dde (e.g., grinding, milling, sanding,
or polishing), i i . : I . i.ng,
br aving. or vaPAE g SRSk 730 ShPER 6 fective EPHERBLOR AR EHL
[ 0108] FIpGsitidni(¢.gLsdcnadresndooriantaiop) ef the ond sBed@(7 1Mo rTheroipnicngyséens @30 ace.

Process 900 y, fo xa e, be inpl ed by a systemsimlar to system
700. may, @@fmp@oﬁ%ggm%@ cogpilregp Eﬂa& o WF%@VSE?%@WIHY ALy the

proxi mat &qkien DA HRBE7 IREYH fRthatORES AeirRRhIRA) shabOhn BEAHP hEua@

machi ning cart such as cart 710 may be placed on the surface to be

machi ned.suffacotoberachiepédivmottatt thepositiwweitbe cndacfientdrifor snyueiér pos{teuowpt f or
parti cul a(gl machi Ei n%eheads during machi ni ng) does not have to touch the
surface t9"Be ™M Hed (e.g., the machining cart coul d be suspended by a

boom) . I n genqueds] ThRertiBGRpRIRAtEBARS, (NBbNRtRAFEEMINOBLal@NNscdhSt ance at
whi ch the nmachi ni ng heads can appropriately nmake contact with the surface

to be madiestied of lisradvicctontondaidimunyhethertto confiniceachding the vedaceb dihe,
under, next to, inside of, or at any otfeer appropriate position relative to
a surface to be machi ned.
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[0110] Process 900 also calls for activating a |aser tracking system
(operation 908). The |l aser tracking system nay have been previously | ocated
at a posiwpanittdaaiesi s rel atively stable relative to thePsunfSacie/obzing
measured. In inplenentations in which the surface is annular, the |aser
tracking systemnmay be | ocated al the center of curvature of the annul ar
surface. "MHEUIBEEDE Pa%meﬁ@t%ﬁwéﬁ? FSPGRAISYST Btthe praUiommeyder F-eXfent  of
the end es“tcfr@&hﬁ&ler'nﬁd SYGRE Ep sy s%féﬁl f3par ﬁfrth‘éf‘m%é@)lingt@toe&%ﬂﬂ gt hat the
systemis functioning properly and to determ ne the end effector 's

| ocat i on.cobgutar sy$iém 30 heyeldwehé srtloiningsattdd 8ttd oontmay nizehmogomdldrshed by

directly neasuring the lLogcation, of nd. effector. or asur | some ot her
ocat ! on BRCHHG Gappa fof R 4oBia 7 4G G By Fh Bhie®on IRERY ShRgpSPE

| ocat i on.during or aft@IHith Rraekiams MBOc@nhe Whkn ERL donftkdrgysitth f780 @etermines
measurenents and a machi ning shape for the surface to be machi ned

(oper at i chatguficientmachiniglias wesireedaun therdeet lpgedininik myy shrdyet thaynachigmessasinyl e,
be StOre%leo%okz@?«ﬂLnQ&léc%ﬁBﬁe conput er menory. The nachi ni ng shape may be
pl anar (e.g., It the surface to be machined is supposed to be flat),
cylindrical, 9po®3)iTalconpatalglttra mayt forryaraplbedctappnopai aiffcicamhdohiniag i on.
[0112] Process 900 also calls for determ ning whether the end effector is
in an applRepesutcd af adogetignifsafficisat mafrisghisdisen samersdes dhe megdyining shaphice, t he
end effe o] DOSILL j L Nicno: 40
Rt e L A e A L L B LU
posi ti on doatinurag b miithghe ewrrait andleffetdrss et diectian(ithe deffierentafpaofmak) .

[0113] If the end effector, is not |ocated at an appropriate. |l ocation, the
Cart b | LB Thagbr SJES PRUUpLPaLT R Badyni g R enst MG 1 or
exanpl e, &iﬁi&_ﬁltie%@thacﬁ&ﬁé{?ﬁbotrﬁ% pReRdnslo? @Rl dufcd fp.machi ne a feature. Process
900 then again neasures the |ocation of the end effector (operation 912)

and det er m ned00#fdtihgarticular smplemantatipis; disrdoatpatdr spsie GA0 fiwry indude @i ng

ti 20 114 t d effect i i at
oo Pon P s BPtteeDTSGovHn ek Bve SRt Shmhdettos SniBe¢ BE: o ©
wi th the |1g4¢f tragiend HBRINREADMANZS LoRPOteFRASUAIrAUnE IR Radidih®mh Ofystcheliend

effector (operation 932). In particular inplenentations, neasuring the end
ef f ect or 'systgBsiOl; &ier Halanpe theewnpiterdhaeerniiolling the lasersteackingay kemgnayes em A
| aser tar f.or ffe a9,

ot veen An g Eugrart pud By for BAROA: DA B E R Be bR
accur at e logiasuntesitsnt of the end effector 's orientation (e.g., roll, pitch,

and yaw). In certain inplenentations, the target nmay be Iocategl away from
the end ef f ectl8P968uonteihA0 hase \3Esinafdrrtercs s B xgtmts: thsdirpeesyAl t he cart s

measur ed, o, Iﬁ&%ﬂg&gﬁngaﬁ%@g gﬁ'ap%fto &ﬂ%?coﬁib%t&ft@ﬁ%&;olg edBAchUBEL cart is

[0115] Process 900°c eterm ni ng whether a position adjustnent is
requi r ed doae by kemenidr. eTHuscthe vagtopgomatyi od thcdB8) is sforpdsi the oompaey shdrért may,
for exanple, be re%ra}tr d to,ens nd effector is ad at el

594 re %hatt.the@g y

engaged WIUPHIRRISTFISES hapdling hadntaration i HBA{o F4UY SeRIPPRRIT (§ifodess 900
call's fora@disigtd R%GchBaRS blab PRI shhhs afil otfdie Aldattidn@PE R pRRicR 4 ke
Adj usting the position of the end effector nmay, for exanple, be
acconpl i siddfliogtos esndbardgtemined with sensors located near the end effector. Thus, deflection

of machining cart components (¢.g., actuating arms) by the machining process may be

reduced. These reductions in error sources can provide tight tolerances for machining even

large surfaces (e.g., thousandths of an inch at 150 foot diameters). Additionally, the system

can be set up to machine flat surfaces, circular or non-circular surfaces, as well as surfaces

at any angle from the horizontal. The system can machine cylindrical surfaces or any other

surface physically feasible. Moreover, the end effector 714 can run on the surface to be

machined or can run on other surfaces as needed.
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command to one or nore actuators for the end effector. Process 900 then
calls for again neasuring the position of the end effector (operation 932)
and det erwDrzonigp4wdeet her a position adjustnent is requiredT(uspenwasizon 936) .
[0116] Once the end effector is determned to be in an appropriate

position, pro 900 ca machi nin rface (operatjon 944).

Machi ni ng theﬁgﬁggl bfi@o?ﬂg§§ﬁ$?%ne$%%ﬁf GPPHH?ng i ng.

Process %ﬁ&h%%gnféaéulréné& 3 Q&h%tﬁéﬂhﬁ%rﬂ@?@&l&%ﬁ oﬁygﬁﬂf&b%hfm@gy@teﬁmﬁs
occurred (operation 948 %’ his determ nation may, for exanpl e, ‘be nade
based on in¢led¢ fermr,talddttloaalnamﬁorm di@fetqneamngamehm;f cloamoncms;chun enzgnmlre the

posi tion of the nd ef f or .m@jgh nqﬁ be ba? @ P} (%Plnlqg%shap

suf fi ci et “Fi‘&g ﬁ%@efﬂ&a*fﬁg BESHEITHG SYSSR QT UAE HCPLEHNS bt Qvd
especi al ltjfe Wﬁﬁi&e mAlditiRhelly, xénﬁ&hﬁfmgre&hmay B8 nRBRSIEd OB Sarh@peeatbioche, wyer f or ned
on the surface. Thus, a variet i ntermedi ate machini ng sha&}}s may be

achi eved.hang) esisr theoiugfage foehstn ¥ﬁ@dhé‘§ agethepexamne ¢, mpnhgues saroGgcAd s f or
cont i nui t ffac ),
pert or m g R LAk G ARGt S RSB S R T FhRnitEe

machi ni ngFHehﬁacSlmlﬁ@(‘:a&T mapebatiaplO4B)held proximdtOht Shrfedecae bs uidchiice bl a
machi ni ng has occurred at the current |ocation, process 900 caIIs for

det er m n| M HeRerY Sisnhayhigympyalso Wﬁtﬂil%lﬁa%%wg ced. HaeerliBe (oper ati on
952). r ich
typi caI I y hﬂﬁ ﬁfag %ﬁﬁ%d%?ﬁg}pgr%?ﬂ?émtr@ﬂ glléﬁh% y agﬂerrétlc gg)s%%r al passes
over the @prdpauae)y aﬂfdfmetlmrsucfesss Mobfover, amaa}mnmgd;artldouldl‘tm)\mmne@aimm;ar
surface lo atlon re machi ni n éPgrrocess 900 calls for us ing the

re
ot T ocH o ey Sr O SRRy D BIOR i R ARB (T a6 St TS RORE f ot he
end ef f eGhhidcd ah8 Ave@Yel AR SHRdeQR aBBMpropilie RIAiRIHiIFEL OF abR¥,; urldeF,

exanple, require an adjustment if it has been used to refpbve a gi ven anount
of nateru@kt@em@nﬁd@hé end effector is dull or worn out) or if another type

f end effectaqp,i d for th t surf ti
vercus mi 11 ngpod) AT Phrte I beditbEE P FRGnol B’ Peradinl
ef fector ,th@émeg@t&(w tieAdulrfacd. Ol o%ﬁ@inﬂm?[dﬂﬁb@wtﬂ&ﬁs beinkRedd, Ricagldarr1bedtt
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nachlnlnghée g., sure the end fector is in the proper |ocation
(oper at i ewzwtersevrf@@@gﬁgerttwe)r@ﬁal edtpide thersupfaet Maecoxers thedaser spradewsn

928), an 0 ation
036)) . 1 VRS 45 P BB BN A RshnekE Al RIeBERRRc BRRLLPMPREL BT 00
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for machining at the neM/Ioig 0119] Although FIG 9 illustrates
a procesSOPHUtSHIRHeR7Af cauld fl%@éed b emept %P‘HB@%@@O%?H%‘#P SYSHYMAC-Eur f ace
may i ncl ygdent ﬁl‘é@lrtracﬁqg ka0 R ﬂﬁclﬂmﬁ%fcgﬁﬁ Lor JEf tﬁ@gfﬂ@ﬂt Mireover,
operations. For exa a process may In canni ng the surface during
and/ or afthe comp]tacﬂﬂyﬂienm 100da§tehe1rha'vaeao bheowpladrtenany sthat eoroportehts. Furdnather

Mor eover rr of the ations nma nmed.in a nt eyrpor aneous
and/ or m%ﬁW%%d%seﬁﬁ%%er ?%Pé Céay ‘gseﬁg &gé) Gpe %%ﬁ%lr ﬁ&a measur e
the posi thahifhg &Jiﬁﬁﬁ@vlﬁ’[%fﬂ@&lta%r t&lYEi NG dﬁﬁ%@hﬂb‘ta{lﬁd%ﬂm&ﬂh&m@dahm (é@r el aser

sources may be Used wi'th one or nore targets, or one |aser may be used with
one or rrmeetetaf@ét\@rkplece) [0120] As anot her exarrpl e, determ ni ng whet her

sufficient ma cecurre ocation rnlnln an

i ustment fort0) O s BE TP e liaR “ RS M SReREnr e oS AéhuBfbment
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power . | ANgaIaci basaiaGerpraswismeat ssivE ¥t thx eprussmentcaidd Amaylbevel may be
determn f r ) e cart may
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During this travel, the sition orientation) of the e ector
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occur as GLAgyikarthe ALYARGRS og%tlﬁﬁkearé PGiaplctd tﬂu%h&ﬁleﬁﬁﬁerﬁ@ﬂttcaltt"r@a ¢S _over
the surface may be dictated e anount of material that the en effector
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slower the cart will travel). The nachining pass nay, for exanple, end when
t he machi ning cart has nade one pass over the surface. O her nachining
passes may then be made (e.g., with different levels or end effectors), if
required. The various levels and end effectors may al so be based on the
machi ni ng shape and nay represent one or nore internedi ate nmachi ni ng
shapes.



[0121] A nunber of inplenentations have been described, and several others
have been nentioned or suggested. Additionally, those skilled in the art
will recoyoizas/ilesst a vari ety of additions, deletions, ®abaSeewszas, and
nodi fications may be nmade will still achieving surface neasurenent,

sel ection, an l.hi n hys, the protected subject er . shoul d_be
j udged based JATE P ﬁg%h lffﬂglsté%tsm%a chhlﬁylgéﬁ&%g:i‘@ac H0B A hE
aspects %a}p&eus%ﬁlrﬁ?ﬁ SydteR L BIRA k3L sRe 700 WiAdhih g ChASYER diRles a body 8f9,Syst em

for machini'ng a surface, the system conpri sing: a cart novable over
a surf acentefibetorseifi methrs 8Hb adeante ¥hpnd sitwgora¥5énd ef f ect or for machi ni ng

the surface a ctuat or .for .adjusting.the positio f the end .effector;
a | aser trackﬂﬂb@i@}ee%%y %AQ p%’é@%ragén{l ﬁ%thﬁéga[cﬁ%rhg %ap%@eangﬁap%qr?sé tor; and
a conput 8faris¥$tanpdnentsS BRlodwthedoli ¢ Bl @ aRtndlceftof 828, ShrRendyomb@imchi eved by
machi ni ng and adaﬁt ed to receive the end effector position, the conputer

oper abl e sutfageter Hiceendmiieatonsd X0gnax brerearvablese thyh duterem tynes ob eyl effdcéas or
0ost 100 A SRS RBAUER e AR R Wl S B AL
t o be macdiviggdthe end effectors 820. The motors 830 may, for example, be electrically powered,

but could be powered hydraulically or by any other appropriate technique.

[0103] The motors 830 and the end effectors 820 are coupled to a frame 840 (e.g., a
plate). The frame 840 is at least partially detached from the body 810 to provide for relative
motion of the end effectors 820 thereto. The relative motion is provided by the actuators
850, which are coupled to the frame 840 and the body 810. The actuators 850 move the
frame 840, and, hence, the end effectors 820, relative to the body 810. Also coupled to the
frame 840 is a laser target 860.

[0104] In operation, the laser target 860 is illuminated by a laser source that is
remote from the machining cart 800 (i.e., at the center of the workpiece). If the laser target
860 is a smart target, it may compute the orientation of the frame 840, which, in turn,
translates to the orientation of the end effectors 820. If the laser target is passive, the
orientation may be determined by an external sensor. The laser target also reflects the laser
beam to one or more external sensors that may determine the three-dimensional location of
the target, which may be translated to the position of the end effectors 820, with our without
the help of other sensors. Based on the location and orientation of the end effectors, a
computer may generate commands for the actuators 850, which may move the frame 8§40,
and, hence, the end effectors 820, relative to the body &810.

[0105] The motors 830 may also operate under the control of the computer. For
instance, the motors 830 may receive commands regarding when to start operating and
when to stop operating. The motors may also receive commands regarding how fast they
are moving. Thus, the end effectors 820 may begin operation when they are appropriately
positioned and cease operation when they are out of position or when the machining cart
800 needs to be moved to a new location.

[0106] Although Figs. 8 A-B illustrates one implementation of a machining cart 800,

other implementations may include fewer, additional, and/or a different arrangement of
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3. The systemof claim2, wherein the travel nmechanism conprises: rollers
adapted to contact and nove the cart over the surface to be machined; and a
not or t o wWoi20e/Wiiwser ol | ers. 4. The system of clai m 1pCrRiuSe@ionsi2he cart

i s novabl e over the surface to be machined in an automated manner. 5

The systemof claim 1, further conprising a central station and an m
r ot ababl yOEBGPFEY 1?33 lflﬁ%ncee%fmalvmg%@mﬁgya}ﬁ&lu % EBHRHTARET 6 ele%#%ca?rﬁ .895 6.

The syst euR ablufofd 0. WISHBINAr %{h‘%n £ Thé &rﬁ%ﬁﬁifg%g)rﬂﬁ&t&%%l% He?ﬁcea?&f dn the nove

around the central station. . The systemo laim1, fur

conpr i si myachaningcdranhsal additndrad exdngtloveenachiveng cartmiap incudt thé&sertoackfnizect or ;
and a | ass%te}naarng%ot ﬁl%Hl%le %ge ltager aprget[m ﬁl@ﬁ %ioﬁfalbel liocnal%eacpaﬁ ‘another location. As a

further example, a machining cart may include apparatuses (e.g., rollers) to allow the cart to

travel over the surface to be machined. The apparatuses may, for example, be driven by

motors on the machining cart. As an additional example, the actuators may adjust the

orientation of the entire machining cart to adjust the position (e.g., location and/or

orientation) of the end effector(s). For instance, in implementations in which a boom is

used, the actuators may adjust the orientation of the cart relative to the boom.

[0107] In particular implementations, the end effectors may be used to add material
to the surface being machined. For instance, if there are cracks, voids, or valleys in the
surface, an end effector may be fitted that deposits material into these areas. The material
may be deposited by sputtering, soldering, brazing, or welding techniques. Thus, machining
a surface may include removing material from a surface (e.g., grinding, milling, sanding, or
polishing), adding material to a surface (e.g., sputtering, soldering, brazing, or welding), or
any other technique for modifying the surface.

[0108] FIG. 9 illustrates an example process 900 for machining a surface. Process
900 may, for example, be implemented by a system similar to system 700.

[0109] Process 900 calls for positioning a machining cart proximate the surface to
be machined (operation 904). For example, a machining cart such as cart 710 may be
placed on the surface to be machined. In other implementations, however, a machining cart
(except for particular machining heads during machining) does not have to touch the surface
to be machined (e.g., the machining cart could be suspended by a boom). In general, the
machining cart may be positioned at any distance at which the machining heads can
appropriately make contact with the surface to be machined. Moreover, a machining cart
could be positioned above, under, next to, inside of, or at any other appropriate position
relative to a surface to be machined.

[0110] Process 900 also calls for activating a laser tracking system (operation 908).
The laser tracking system may have been previously located at a position that is relatively
stable relative to the surface being measured. In implementations in which the surface is
annular, the laser tracking system may be located at the center of curvature of the annular

surface. The laser tracking system is activated, and initial measurement of the end
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WO 2011/ 044566PCT/ US2010/ 052204 8. The systemof claim7, wherein the

| aser target is adapted to determne the orientation of the end effector.

9. The sywbDemigi4sbai m 1, wherein the cart conprises a pCurzskops2h4

actuators for adjusting the orientation of the end effector. 10. The
m conpri ses. a | aser

systemof claim 1, wherei he | as tracki ng syste

sour ce | ke S avyoR rw$%épgav?$§@>t@ eaéurﬁg%?ﬁﬁgﬁstem IS JUnClieREE HYAER of

cl ai m 10, WM& &k AnihB ehd @A RS kB0 YBLRIMRAIhL SEPefeckiSIBatioRGRlyed Wi th
the | aser source and adapted to neasure the |ocation of the end effeéctor.

12. The destceomplishedl by dirgstlywheassiing thedocatiop of dre eyl sfieotoi er measuhieg saper abl e

to determipe if .sufficient hi ni.ng _has curre t a first surface

| ocat i on ot 1acpidtpn i G IR VP bF Bt SR QREREERE effee Bindilibn "oy stem i s
operabl e to stiolE |aPrBbdds b EMIsTbr @HidvAGSsuIRAS te@iRihStand amatMERgkhee
surface neasurenents to determne if sufficient machining has occurred at a

first surfPate shdecsitpda machined (opprasionyd b Tl megsaramenss angtibe siaphinimg sbensput er
Py | Sy BBy, A SR RO L SR
surface |mgabd glanar (c.g., if the surface to be machined is supposed to be flat), cylindrical,

spherical, parabolic, or any other appropriate configuration.

[0112] Process 900 also calls for determining whether the end effector is in an
appropriate location for machining (operation 920). For instance, the end effector may be
located at a position at which no machining needs to occur. As another example, the end
effector may not be located at the best position for machining certain defects (e.g., on the
edge of a peak).

[0113] If the end effector is not located at an appropriate location, the cart’s location
may be adjusted (operation 924). The adjustment may, for example, take into account the
best location to machine a feature. Process 900 then again measures the location of the end
effector (operation 912) and determines whether it is at an appropriate location for
machining (operation 920).

[0114] Once the end effector is at an appropriate location for machining, process
900 calls for engaging the end effector with the surface (operation 928) and measuring the
position of the end effector (operation 932). In particular implementations, measuring the
end effector’s position may be accomplished with the laser tracking system. A laser target
may, for example, be located near the end effector (e.g., between an actuator for the end
effector and the end effector) to give an accurate measurement of the end effector’s
orientation (e.g., roll, pitch, and yaw). In certain implementations, the target may be located
away from the end effector such that the position of some other point on the cart is
measured, and then the position of the end effector is derived.

[0115] Process 900 calls for determining whether a position adjustment is required
for the end effector (operation 936). A position adjustment may, for example, be required to
ensure that the end effector is adequately engaged with the surface. If a position adjustment
is required, process 900 calls for adjusting the position of the end effector (operation 940).

Adjusting the position of the end effector may, for example, be accomplished by sending a
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15. A method for machining a surface, the nethod conprising: retrieving a
stored representation of a shape to be achi eved by machi ni ng; machi ni ng a
first surweceilwmewmtbi on with an end effector, the end ef Pettuseopasi2oof a
cart that is novable over the surface and conprises an actuator for

adjusting the position of the end effector; asuri he position of the
end ef f eCPBIMAdIA OB PLBIGFS 4SFUNS g@ tgi/%‘iﬂt?#ecéﬂﬁgg ﬂ@ﬁ%“ﬁg)git gt ¥ or t he

act uat or }0ahiRoskHboRen bhtcend eﬁ*‘eétsﬁgogépaﬁ&b@32«)%%%@%&%@%&3& Dased on

the position of the end effector and e machi ni ng shape.
2011/ 044566PCT /28301t 352@0%d (opdastionTd)nmet hod of claim 15, further

corp 11 10 o, SR RYBR A% SUERERR SRR 850 ap ot e
the end efpheall9for GRIFRINiHEHc RRETE(bGatide9449C BlacRinidNde QirfRB0all 5 of the
end eff ecetxgrrni)le, include grinding or milling. Process 900 also calls for determining whether
sufficient machining has occurred (operation 948). This determination may, for example, be
made based on the time that a machining operation has been occurring or the position of the
end effector, which may be based on the machining shape. Sufficient machining may not
necessarily result in a finished surface, especially when multiple types of machining
operations have to be performed on the surface. Thus, a variety of intermediate machining
shapes may be achieved. If sufficient machining has not occurred, process 900 calls for
continuing to measure the position of the end effector (operation 932), perform position
adjustments if needed (operations 936 and 940), and machining the surface (operation 948).
[0117] Once sufficient machining has occurred at the current location, process 900
calls for determining whether another surface location requires machining (operation 952).
If another surface location does not require machining (which typically does not happen
until the machining cart has made several passes over the surface), the process 900 is at an
end. If, however, another surface location requires machining, process 900 calls for
adjusting the cart location (operation 956) and determining whether an adjustment for the
end effector is required (operation 960). The end effector may, for example, require an
adjustment if it has been used to remove a given amount of material (e.g., the end effector is
dull or worn out) or if another type of end effector is required for the next surface location
(e.g., grinding versus milling).
[0118] If no adjustment is required for the end effector, process 900 calls for again
preparing the machining cart for machining (e.g., making sure the end effector is in the
proper location (operation 920), engaging the end effector with the surface (operation 928),
and making sure the end effector is in the proper position (operation 936)). If, however, an
adjustment for the end effector is required, the end effector is adjusted (operation 964). The
machining cart is then prepared for machining at the new location.
[0119] Although FIG. 9 illustrates a process for machining a surface, other processes
for machining a surface may include fewer, additional, and/or a different arrangement of

operations. For example, a process may include scanning the surface during and/or after
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18. The method of claim15, wherein neasuring the position of the end

effector conprises: illumnating a | aser target coupled to the end effector
with a | awenosiadezse; and detecting the reflected | aser IpeIESMIOSRISENSOr
co-located with the | aser source. 19. The nmet hod of claim 18, wherein

the | aser target i‘iq | ocat ed bet ween tfhﬁ act uat and the end (feffector.
20. The reidhglnso datriRerge chyenisfate of the surface; MojRpyesd HENRK LT fhser t ar get

coupl ed tRctdenehdy 8E HETHAMedAh A CoARmMPbIA ALY fRIAR LI taRbodshRarRe &f:f ector;
and detecting the reflected laser beamw th the sensor co-I|ocated

wi t h t he dxample, 8 pracess paypwintiesaltyhacisorathe ppsitén phiec end cdédtecduymg 21. The
et hod of clahim 18, fUrther. conprl oing detarm ok 0 f. SULLkSlosts TRSH i ng
laser may be used with one or more targets.

[0120] As another example, determining whether sufficient machining has occurred
at a location and determining an adjustment for the location of the cart may not occur in all
implementations. For instance, the cart may have a motive power that moves it over the
surface, and the cart may travel over the surface based on this power. In particular
implementations, for example, a constant level may be determined for the end effector (e.g.,
grinder or cutter), and the cart may be allowed to travel over the surface. The level may, for
example, be based on the machining shape and may represent an intermediate machining
shape. During this travel, the position (e.g., orientation) of the end effector may be tracked
and adjusted to maintain the level. Thus, machining may occur as the cart advances, and
the speed with which the cart travels over the surface may be dictated by the amount of
material that the end effector is removing at any one location (e.g., the more material being
removed, the slower the cart will travel). The machining pass may, for example, end when
the machining cart has made one pass over the surface. Other machining passes may then
be made (e.g., with different levels or end effectors), if required. The various levels and end
effectors may also be based on the machining shape and may represent one or more
intermediate machining shapes.

[0121] A number of implementations have been described, and several others have
been mentioned or suggested. Additionally, those skilled in the art will recognize that a
variety of additions, deletions, substitutions, and modifications may be made will still
achieving surface measurement, selection, and machining. Thus, the protected subject
matter should be judged based on the following claims, which may encompass one or more

aspects of one or more implementations.
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22. The nethod of claim 21, further conprising adjusting the |ocation of
the cart when sufficient machi ning has occurred at the first surface

| ocat i on wO@oiwmi4eiéat i ng nachi ning at a second surface | @C&ULSIM0/05220£3. The
met hod of claim 21, further conprising retrieving a plurality of surface

measur e n ' t he surface neasurenents to determne if
sufficigﬁgﬁﬁﬁﬁﬂgﬁﬁﬁggﬁébqgécurred at the first surface location. WO
2011/ 044566PCT/ US2010/ 052204 24. A systemfor machining a surface, the
system conpri si ng: AB@ARSn FmahHindd s@fdcePhe SPMmtbAprifhga shape to be
achi eved by machini ng; neans for nmachining a surface at a first surface
| ocation; |aser meangrifropvabbaever fngriadedo posiachinad.ghe cdrecorapriing ayendeans:
and means.f or gener.ating co nds, for .a .positi.oning, means for. the
Techi ni ng nEANeHELRE  HRTERAS TOELT FRheLre T L At RESH oL b R0
machi ni ng s b@@Lor; 25. The systemof claim 24, further conprising neans
for noving the nachinin% neans over the surface to be machined in an
aut omat ed nmanner . @ lasertracking system that measures the position of the end effector; and
a computer system for storing a representation of a shape to be achieved by
machining and adapted to receive the end effector position, the computer operable to
generate commands for the actuator based on the end effector position and the

machining shape.

2. The system of claim 1, wherein the cart comprises a travel mechanism

adapted to move the cart over the surface to be machined.

3. The system of claim 2, wherein the travel mechanism comprises:
rollers adapted to contact and move the cart over the surface to be machined;
and

a motor to drive the rollers.

4. The system of claim 1, wherein the cart is movable over the surface to be

machined in an automated manner.

5. The system of claim 1, further comprising a central station and an arm

rotabably coupled to the central station and extending to the cart.

6. The system of claim 5, wherein the arm is adapted to cause the cart to move

around the central station.
7. The system of claim 1, further comprising:

a mechanical linkage between the actuator and the end effector; and

a laser target coupled to the mechanical linkage.
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26. The systemof claim24, wherein the | aser neans neasures the |ocation
and orientation of the machining neans to neasure the position of the
machi ni ngwoean#445687. The system of clai m 24, wherein tIRETIESI@0/0828NS
conprises: a laser source neans; a |laser target nmeans coupled to the

machi ni ng nmeans; and a | aser. sensor _nmean o-located wth the | aser, source
means. - 28, Fhe Qﬂw@ﬁﬁe@fof&h@rﬁ? ST e diT (AFEA Wapﬁeﬁéo IfiemRacHr” ar get
means provi ggsnthile SMheMptFLlm0of the machini ng means and detecting the

| aser beam at the |aser sensor neans provides the |ocation of the machining

means. 29. The systemof claim 27, wherein the | aser target neans is

| ocat ed betwe t he.,machi ni nmeans ,and the orient.atio ns 30. The
System of cl ai 24 THQY RO AR SR i ra P HSE e TG, 4l fo8i ont
machi ni ng hagu@fieuhs 6demitidnht th &t cfidtdrace | ocati on. 31. The system of

claim 30, further conprising nmeans for adjusting the surface |ocation of
t he machi ni ng neans when sufficient machining has occurred at the first

surface |ocati A anﬂlei s%t%ﬁlaotf4 c?ﬁm@wﬂemitpgleEﬂlse?trgcq((ﬁ?é]gls’?e% éoal’ﬁfrislegg%siep n.

source located away from the surface to be machined.

11. The system of claim 10, wherein the laser tracking system comprises a
sensor located with the laser source and adapted to measure the location of the end

effector.

12.  The system of claim 1, wherein the computer system is further operable to

determine if sufficient machining has occurred at a first surface location.

13.  The system of claim 12, wherein the computer system is operable to store a
plurality of surface measurements and analyze the surface measurements to determine if

sufficient machining has occurred at a first surface location.

14.  The system of claim 12, wherein the computer system is operable to adjust
the cart location when sufficient machining has occurred at a first surface location and

initiate machining at a second surface location.

15. A method for machining a surface, the method comprising:

retrieving a stored representation of a shape to be achieved by machining;

machining a first surface location with an end effector, the end effector part of a cart
that is movable over the surface and comprises an actuator for adjusting the position of
the end effector;

measuring the position of the end effector with a laser tracking system; and

generating commands for the actuator that positions the end effector, the commands

generated based on the position of the end effector and the machining shape.
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WO 2011/ 044566PCT/ US2010/ 052204 32. The system of claim 30, wherein the
storage neans is further operable to store a plurality of surface

measur enewo0armd4icie machi ni ng determ nati on nmeans i s f@ecrhiseolopseebl e to
anal yze the surface neasurenents to determne if sufficient machining has

occurred at the first surface |ocation. 33.. An apparatus for chi.ning a
surface, the afpar stGSTEEREPT @ﬁlﬂgfg,éu%%mﬂwealpgw%& P Fa aVedBp FEEE o
recei ve posidhORadBRSULeRBNIeneld R pd effector at a first surface

| ocat i on; menory storing instructions for machining a surface and for

storing a representation of a shape to be achi eved by nmachining; and a
processor coupled tQ th ry. angd, .according.tq,the.instructi

bperable 1o geror at eCBTHEROR YT S e At arTriedet PEUETenbe e T

ef fect or bag@dp®es hitasiig the RRa@dn dddorRAthtieh beelcahdamdctbhe machi ni ng shape.
34. The apparatus of claim 33, wherein the position neasurenents of the end

ef fector conprise neasurenents of the |ocation and orientation of the end
ef fector. . T - |_ai.m. rej - '
Further operaite t o tarared hecr LR hea e thTpo Mo PO RRESRPU S ¢ e
first surfaeempati on. 36. The apparatus of claim 35, wherein the
processor is further operable to adjust the Jocation of the end effector

when sufficient macHPRItgnBadaset@EcF eRHPid forke end-affects priticelaps caticsrndnd
initiate machining c%iecﬁng BRAPH M h8GDhASGRI £&nsor co-located with the laser

source.

19. The method of claim 18, wherein the laser target is located between the

actuator and the end effector.

20. The method of claim 18, wherein:
illuminating the laser target coupled to the end effector provides the
orientation of the end effector; and
detecting the reflected laser beam with the sensor co-located with the laser

source provides the location of the end effector.

21.  The method of claim 15, further comprising determining if sufficient

machining has occurred at the first surface location.

22.  The method of claim 21, further comprising adjusting the location of the cart
when sufficient machining has occurred at the first surface location and initiating

machining at a second surface location.
23.  The method of claim 21, further comprising retrieving a plurality of surface

measurements and analyzing the surface measurements to determine if sufficient

machining has occurred at the first surface location.
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37. The apparatus of claim 35, wherein the nenory is operable to store a
plurality of surface neasurenents, and the processor is operable to analyze
t he surf awe npaauieenents to determne if sufficient nachlkcmiusgoloas220€curred
at the first surface | ocation. 38. An article of manufacture conprising

a conputer dable medi um storing ins ruc ions for machining a surface,
t he |nstruct| oﬁ%?%%ﬁ%g%ﬁn%éﬂg HAE PESIGTREATMRBENE perform t he

fol I owi ng Operrﬁédng@& stdrﬁ{gr d 1%}6Feséht§tic91rcﬁql §h§19er %%%ﬁfeb@d‘b&ﬁlaé‘hlﬁ pe to be
achi eved by nachi ni ng; detect position neasurenents of an end effector at

a first surfacreednecfmm@nlmmag\dsurfaceataﬁg@rsenf@cteéowlmands for an actuat or

that positions the end.effector Qased gﬂenp sition of the end effector
and the machi ﬁlf‘sﬁ’ megd %sp@r rneasurlngt eposmono the a Ining means; an

means for generating commands for a positioning means for the machining means

based on the position of the machining means and the machining shape.

25.  The system of claim 24, further comprising means for moving the machining

means over the surface to be machined in an automated manner.

26. The system of claim 24, wherein the laser means measures the location and

orientation of the machining means to measure the position of the machining means.

27.  The system of claim 24, wherein the laser means comprises:
a laser source means;
a laser target means coupled to the machining means; and

a laser sensor means co-located with the laser source means.

28.  The system of claim 27, wherein illuminating the laser target means provides
the orientation of the machining means and detecting the laser beam at the laser sensor

means provides the location of the machining means.

29.  The system of claim 27, wherein the laser target means is located between

the machining means and the orientation means.

30.  The system of claim 24, further comprising means for determining if

sufficient machining has occurred at the first surface location.
31.  The system of claim 30, further comprising means for adjusting the surface

location of the machining means when sufficient machining has occurred at the first

surface location and initiating machining at a second surface location.

31



39. The article of claim38, wherein the position neasurenents of the end
ef fector conprise neasurenents of the |ocation and orientation of the end
ef f ect or .wO 20tQ4456khe article of claim 38, wherein the i RETASCHVONR0AT €
further operable to cause the one or nore nmachines to determne if
sufficient machini has occurred at the first surface |ocation. 41. The
articie of ohatm 4331%@?@% i Ongvpﬁli?&ﬁhsa@r%aﬁén?aaﬁf%f@ﬁﬁﬁf&w%ﬂ%toto cause
the one or pBfe&, ﬁ[ﬁ% ﬁ&ﬁsufrﬁcgﬁfé%@érﬁerﬁQMHaﬂB@%laEQin ddrmliRioh @%@kt gn of the
end effector when sufficient nmachining has occurred at the first surface

| ocati on an@uriher bpatde hmahilyrche arfage swepmements foadsterhopaif isefficient 42, The
apparatus of cl.aim40, whereipn the instructions are further operable to
cause the OH]@C@PI%WéOﬁcé%ﬁfiﬁ%@et%“r%‘%?lfeewga%?npI urality of stored surface
measur enents and anal yze the surface nmeasurenents to determne if
sufficient machining has occurred at the first surface |ocation. 43. A
system for macki ni My aprstRtEEEE machiaing assusticre diprigrategs comprigingart novabl e in
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end effector for m surtrace, a p ators tor
adj usti ng t bffc@ér £atfattisarfaaf lotdtnend ef fector, a nechani cal |inkage between
the actuators and the end effector, o ] ]
memory storing instructions for machining a surface and for storing a representation
of a shape to be achieved by machining; and
a processor coupled to the memory and, according to the instructions, operable to
generate commands for an actuator that positions the end effector based on the position

of the end effector and the machining shape.

34, The apparatus of claim 33, wherein the position measurements of the end

effector comprise measurements of the location and orientation of the end effector.

35.  The apparatus of claim 33, wherein the processor is further operable to

determine if sufficient machining has occurred at the first surface location.

36.  The apparatus of claim 35, wherein the processor is further operable to adjust
the location of the end effector when sufficient machining has occurred at the first

surface location and initiate machining at a second surface location.

37.  The apparatus of claim 35, wherein the memory is operable to store a
plurality of surface measurements, and the processor is operable to analyze the surface
measurements to determine if sufficient machining has occurred at the first surface

location.

38.  An article of manufacture comprising a computer readable medium storing
instructions for machining a surface, the instructions operable to cause one or more
machines to perform the following operations:

retrieve a stored representation of a shape to be achieved by machining;
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a laser target coupled to the nechanical |inkage, the | aser target adapted
to determne the orientation of the end effector when illum nated by a

| aser souwwoepiwwahicer s adapted to contact and nove the cacto/use@w/osize4 surface
to be nachined, and a motor to drive the roIIers; a central station with an
arm rotatably couph&p t hereto and exten the s atIOF F t he cart,
the arm adapt ed to CHIEROLHRN REFSUramy é‘nﬁn GHACtPhY aciunt Ysiac [ogptiohy . a
| aser trackifp systemthat nmeasures the |ocation and orientation of the end
effector, the |aser tracking systemconprising a | aser source | ocated away
fromthe surface tcgebefatmmm@mlsécntchnaacs@trs@hatmosittelasshhﬁencﬂ higcdterdatédon of t he

end effecto [ SQUES I natjng the Iaser target on the |inkage
and, by ref st oin 3f s SAHTEF 0" e Wchfithe sipe

39.  The article of claim 38, wherein the position measurements of the end

effector comprise measurements of the location and orientation of the end effector.

40.  The article of claim 38, wherein the instructions are further operable to cause
the one or more machines to determine if sufficient machining has occurred at the first

surface location.

41.  The article of claim 40, wherein the instructions are further operable to cause
the one or more machines to generate commands to adjust the location of the end
effector when sufficient machining has occurred at the first surface location and initiate

machining at a second surface location.

42.  The apparatus of claim 40, wherein the instructions are further operable to
cause the one or more machines to retrieve a plurality of stored surface measurements
and analyze the surface measurements to determine if sufficient machining has occurred

at the first surface location.

43. A system for machining a surface, the system comprising:
a cart movable in an automated manner over a surface to be machined, the cart
comprising:
an end effector for machining the surface,
a plurality of actuators for adjusting the orientation of the end effector,
a mechanical linkage between the actuators and the end effector,
a laser target coupled to the mechanical linkage, the laser target adapted to
determine the orientation of the end effector when illuminated by a laser source,
rollers adapted to contact and move the cart over the surface to be machined,
and

a motor to drive the rollers;
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a conputer systemfor storing a representation of a shape to be achi eved by
machi ni ng and adapted to receive the end effector | ocation and orientation,
t he conpuwenosyEsmm operabl e to generate conmands for tireTASRUANS2284 based
on the end effector |ocation and orientation and the machi ni ng shape.

a central station with an arm rotatably coupled thereto and extending from the
station to the cart, the arm adapted to cause the cart to move around the central station;

a laser tracking system that measures the location and orientation of the end effector,
the laser tracking system comprising a laser source located away from the surface to be
machined and a sensor to measure the location of the end effector, the laser source
illuminating the laser target on the linkage and, by reflection, the sensor; and

a computer system for storing a representation of a shape to be achieved by
machining and adapted to receive the end effector location and orientation, the computer
system operable to generate commands for the actuators based on the end effector

location and orientation and the machining shape.

34



