METHOD AND APPARATUS FOR FI NDI NG ANOVALI ES I N
FI Nl SHED PARTS AND/ OR ASSEMBLI ES BACKGROUND OF THE
I NVENTI ON This invention relates generally to
i nspection of parts, and nore particularly to the
detection of anomalies in finished nmanufactured
parts. During the manufacturing of conplex 3D
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may be difficult, to detect the exact point of
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drilled to form cooling holes. Sometimes these holes converge, and it may be difficult
to detect the exact point of convergence. In addition, pipes and parts may suffer
corrosion or erosion in use, and it is not easy to determine how much good material

remains.

Non-destructive examination of parts can be performed by one or more known
techniques, which include, for example, radiography, ultrasonics, and acoustic
emission. For the most exact location of problems inside parts it has been found that

computed tomography showing cross sections is most helpful.

BRIEF DESCRIPTION OF THE INVENTION



One aspect of the present invention provides a nethod

for non-destructive examnation of parts, said

nmet hod conprising: generating a 3-D image of a sanple

of a part using a conputed tonographic imging

system extracting a point cloud of the inmage of the

sanple of the part fromthe 3-D i mage; registering
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rnstructions configured to instruct the conputer
prigtet.ract a point cloud froma 3-D imge of a sanple
of a part; register the point cloud to a CAD
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part utilizing the same CAD coordi nate system
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points in the point cloud of the inmage that are
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CAD 3-D nodel of the part utilizing the sanme CAD

A BRMeHIBRE 0B YR BfBsetlinkit#font PRvEARE @ Mhafsk-RAHAKIS hdBim or
me?iiraehaving recorded thereon instructions configured to instruct a computer to:
extract a point cloud from a 3-D image of a sample of a part; register the point cloud
to a CAD coordinate system; determine points in the point cloud of the image that are
greater than a selected distance from surfaces on a CAD 3-D model of the part
utilizing the same CAD coordinate system; utilize the determined points that are
greater than the selected distance to determine the presence of anomalies; and output

an image of anomalies in the sample of the part to at least one of a display and a

printer.



greater than the selected distance to determ ne the

presence of anonulies; and output an inmage of

anomalies in the sanple of the part to at |east one

of a display and a printer. 2 Configurations of the

present invention can be used to find anonmalies in

finished parts. It will be appreciated that

configurations of the present invention can be used
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ssenblies (i.e., parts). BRI EF DESCRI PTI ON OF

parf-Ht pRAbe mse@ia@d that eonficurations of rrgteahingentipn can be used to
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the pr esent |nvent|on. 2a Figure 3 is a flow chart
BRIGBWERCRIPTEONOCF fTOIE PRAWEINGBg a poi nt cloud used in

some configurations of the present invention.
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aircraft part at different orientations. Figures 5,
- Figre ghds 23 flave chat et &1 methodnaepiguestionaef de fpreseni3 ipyention.
i mges of a sanple of the part in the CAD draw ng.
This sanple has no flawin it. Figures 6, 10, and 14
are point cloud i mages extracted from 3-D i mages of
another sanple of that part. This sanple contains a
flaw. Figures 7, 11, and 15 are point clouds of the
flaw in the sanple part. Figure 16 illustrates a
met hod for creating a point cloud in two dinensions.
DETAI LED DESCRI PTI ON OF THE | NVENTION I n sone
configurations of the present invention, a point
cloud is extracted froma conputed tonography 3D
nodel showi ng all boundaries inside and outside a
part, including boundaries of features that are not
there by design. Wth a CAD nodel of

2a



the part there is the opportunity to use this nodel

for subtracting that point data from the CAD nodel

of the part in question |eaving any anomaly in

i sol ation. Manual selection of thresholds and

tol erances can be perforned for point cloud creation.
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e present i1nvention include the creation of an

confimyationk ofthegmeneat vemginde a fi ni shed part. Anot her

technical effect of sonme configurations of the
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cavity. Thus, in so configyrations and referring to
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non-destructive exam nation of parts. The apparatus

Fitted BdesSad comeWostt clohids bateThwainths Mndple dért.(Whi ch
may be any electronic display or a printer) and
menory 16. Conputer 12 al so may include gne or nore
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screen, |light pen, etc., and one or nore nedia
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ata, and/o a representing i1 nages, such as a hard
di sk, CO- ROM floppy disk drive, CD-RW DVD ROV
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configurations, conputer 12 is connected to a.network
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repreésenting i mges. Referring to Figures 1 and 2,

the pap theee islthe opporomiivgamee this oodelaior syhteacting thay peinpAata from
r ded. on diumor nedia.22, t xir .10 .
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system determne 104 points in the point cloud of
Thisetechuige affeats efrarispy eonfigagmatipns of the present mvention mclude the

creation of an image of an anomaly inside & finished part. Another technical effect of
some configurations of the present invention is the recognition and determination of
such anomalies. More particularly, a complete point set of data from an x-ray
computed tomography system (for example) is obtained. The point cloud is registered
to a2 CAD model. The point cloud is reduced by removing points within a specified
distance to any CAD surface. The remaining poinis are anomaiies. In the case of
aircraft parts (at least), the anomalies may be, for example, machining chips (foreign

material} in an internal cavity.
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sel ected di stance from surfaces on a CAD 3-D nodel of

the part using the sane CAD coordinate system and

utilize the determ ned points to determ ne the

presence of anomalies or present 106 an i nage of

anomalies in the sanple of the part. Also in sone
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to term ne the pr esence of anonal i es or present

syst&B, éertemnmeg é%fpoa:rheo ratlicepoinhcliohé of dhp imeagsf thpharepapre, than a

‘ confi atlons 1 t
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coSk@irAtd SRERS efld ﬂighz\éaﬂiea@it&nhﬁé@ﬁbﬁksdﬁ) fi@brnEixé Hac tdﬁﬁlce of
the point clouds and tolerances for selecting t

ansrealeqstced)r@ﬁegt Hofcan inpeoof arpreglios 4e e sgepipol éhreo%t Also in

instructi S ur, i.ncl
SOIinﬁs?? F198, c%ﬂ??ﬁ%‘? egwtslo %@%uc@ﬁ@gﬁpu@er yr%gt (8 da
e}&b@ﬁﬁh@'ﬂ%@lé itfeshopBr (feneiapplarvighi icbyboardr 8) fagextraatink the

determne 112 points of the point cloud using
poinit dewdsc a9 felerghegsr for Fql?@@gmn%@hseé%%dr gistansey nééﬁor gy some

cogﬁgur%ﬂs% referring to Figure 3, to exiract a point cloud, apparatus 10 1s

further configured to superimposing 110 a perpendicular grid on an image, and
determine 112 points of the point ¢loud using intersections of grid lines with contrast

boundaries of an 1mage.

in some configurations and referring to Figures 1, 2, and 3, a machine-rcadable
médium or media 22 is provided having recorded thereon instructions configured to
instract a computer 12 to regisier 103 the point cloud to a. CAD coordinate system,
determine 104 points in the point cloud of the image that are more than a selected
distance from surfaces on a CAD 3-D model of the part using the same CAD
coordinate system, and utilize the determined points to determine the presence of
anomalies or present 106 an image of anomalies in the sample of the part. In some

configurations, the instructions are further configured to instruct computer 12 to
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Sone configurations of the present invention provide
a conputer-inplenented nethod for non-destructive
exam nation of parts. Referring to Figures 2 and 3,
the nethod includes producing 114 a 3-D i mage of a
sanple of a part, extracting 102 a point cloud of
e - } and
mee e R e D ol T o mokit®
toletikep dbmbaledtingt the gplicted] dibock. ofAlsdetoi eriget & mintagleud, the
. nmore than a sel ected di st.anﬁlg fromsurfaces. on .a CADtmt
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etermne the " presence of anonulies or present 106 =
poian dfriegpoinf cland mainiz @steisactiche of gmd] lenes fwithheonrasitboungdgries of
sone configurations, producing a 3-D image of a
WG e of the part conprises producing a conputed
tonographic (CT) image of the sanple of the part. The
Sofed cdnf@gfitiols JfOtheeyRREltCinvanti@l ipeatiliy = campetr-implemented
vol unetric i mage. Furthernore, sonme configurations
mefhod| fot sosdestiuslva GRAGRATAH PE PRI o BRETRRS foFigures 2 and 3, the
xt.r-agt in NoJo]! R t 0 e 107
- aRhIE Tkt 10t a3 P20 < RPBIOFE Pl g 102 2
poiROLidhd i @htdinapesainie canplegifitat ipansregistee 1B tthodoint cloud to a
i ncl udes superinposing.110 = a perpendicul ar &ri.d on
CAThCRQdigate SAam BPERHIR] 5 POIESS BonhPeISh SoRg of the image that are
mo'rr?{h% ISELERRA %1,'1_59511{:6 SohPsdriRESoh TIATS 9116 hRAEI AINOFRE hflg the
of an inage. Figures 4, 8, and 12, are CAD draw ngs
sarnd CAIR @opidinatakysteraf indpetilizing tidi ddtemened points to determine the
orientations. Figures 5, 9, and.13 are point cl.ou
PIESFREG O 2BRPRISOS @9%?%03-&5 1{age ek anagpaligs BRI 0? Hig part.
part in the CAD drawi ng. This sanple has no flaw in
In ksbme 'Z‘%ﬁﬁgﬁﬁtionsfgj%ﬂu%ﬁlgﬁa 300, inABE of4 SheiPF Mie Br0WEmprises
I mages extracted from 3-D i anges of another sanple
prsiucingat cpapited Thegreplip(€TE dnesd Aty emplg olfperpart. The CT

. _poi.nts less .than.a I MReg; ] nce from any
lmg%ﬁ'lfz{%}éeﬁ@flﬁ’eaa%&ﬁa%f Féc\%vgﬁégdegr e rgglr(r:oqi\}%gg t he remai ni ng
poi nts, shown in Figures 7, 11, and 15, illustrate

Futthenfdrawsbiet benfsangtlons pehide Bétgug e11H varabist tlatewids for
nmet hod for creating a point _cloud.in two1 di nensi ons.
extypeiing the point clonds and tolerances for seiecting the selected distance.  Also, to
extract a point clond in some configurations, the method includes superimposing 110
a perpendicular grid on an image, and determining 112 points using intersections of

grid lines with contrast boundaries of an image.

Figures 4, 8, and 12, are CAD drawings of a complex aircraft part at different
orientations. Figures 3, 9, and 13 are point cloud images extracted from 3-D images
of a sample of the part in the CAD drawing. This sample has no {law in it. However,
Figures 6, 10, and 14 are point cloud images extracted from 3-D iamges of another
sample of that part. This sample contains a flaw. When points less than a

predetermined distance from any surface in the CAD drawing are removed, the



met hod can be extended in a third, perpendicul ar

di nensi on to accommobdate 3-D inages, but is

illustrated in 2-D for sinplicity. A perpendicul ar

grid 160 representing x and y directions (in 3-D, a

z-direction is also used) is superinposed on an i nage
rerpBRin@l pAnt AHown WAl KiBured 7 NiLS afX ABPilRistrits t6OAWR i@Stharsample

irrng?arIy shaped I mage. The point cloud is
padeterm ned as a set of points 164 that correspond to

i ntersections of boundaries of contrasting regions

.166,. . 168 w ' : ' [ f - present
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n@héd eaf be patdnded imelthingerpbadicuiat dinamkioedotagcommvidate 3-D

bl ades. Al t hough nethods and a paratgf dlsc%?éigﬁg?“mﬁﬂg
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x Innie#r rdhléét?cﬁxs]‘ftﬁle}@?ta z~|d§rg&t%c§1dist st & fupAfbo@idon an image

vart ous con |gurét| ons of the present 1 nvention g:an
16bevfusedt, wiitthinothizeexamppe ss showmns kadtregudatiypshaped ithege. The

w || be appreciated that.caonfigurations of ,1he .
PoBH ekt 15 JRERRREriSci et TRIBH 1 BrotUBarIGgl Tismrscrigns of
- pRGH ﬂ@% gheIFsSvamgrdseeblies (i.e.,
]M%g§?g§§thilg t ggﬁﬁggnfion hasg%een described in

terms of various specific enbodinments, those skilled
Configitesions tof Wi¢ present dgmentiont ermt be maed i e jaamakies Pe finished

.practiced wit.h di ficati it hi Spi
B ot e PR a il Rl pihEE, oRltfden Bnods and
app@RnEeBididied h¥Rireata Bhiztiladly softaifiafbrsaircs#i parapthiethses are not
conprising: generating a 3-D inmage of a sanple, of a
limyed touaticralt RATCEWAIONS COHHPEREAMAIOE HTRIgIHEIY F{@gan be used

RS | of ' ied MGt tions of
AR LA 8 TR U SRRt
thp OprBiene | i0udhtiod canCHD wedr ti maddncs yistknquatiet eomiprexngachined
points in_the goint cloug of the image that are nore
comppements and assembhies (1.e., parts).
While the invention has been described in terms of various specific embodiments,

those skilled in the art will recognize that the invention can be practiced with

modification within the spirit and scope of the claims.



CLAMSY

. partb%mS;

sel ected distance fromsurfaces on a CAD 3-D nodel of
the part utilizing the sane CAD coordi nate system
utilizing the determ ned points that are greater than
the selected distance to determ ne the presence of
anomal i es; and outputting an image of anomalies
i e or outside the sanple of the part to at | east
one of a display and a printer. 2. A nmethod in
accordance with claiml wherein said generating a 3-D
i mage of a sanple of the part conprises generating a
conmputed taonographic (CT) inmage f the sanple of the

o RFRAESITHOREARTRDET A DA Faifl Mg OPBIring:
said CT i S aar kel I nege i mcBo
ot hod | BRI 2l ER o o SEEPECSE WRHE wthe 4§ computed
i mgemographiv ohagimeg systemshel i cal |y scanned i nage. 5. A
nmet hod in _accordance wt aim1l further coppri sSi
Setting Sbicnea bkl Gh it aftie Bemic SLBe gt Hom the
poi Rip ghaids and tol erances for selecting distance.
6. A nethod in accordance with claim| wherein to
extract sgoénng dkpat choaiddo a ket oebrilimeieuisism;

superi npgsi ng. a per.pendi,cul ar, gri an i e, and
het er panehto R R BEIE MR ep M BlestPe Al irg e than o
|'i ngsiedted Bis@Bd Fragd saresah h&AD3-DafoddId@ehe fart Ailizing the
met hod i n _accordance with claim1l wherein said part

i s &amp¢ hiddheaprdinpiersystem; part. 8. A nethod in

accor dancgg;: w | ai A rej ig.p IS
t ur bi ne %ﬁ%%ﬁelé h%“g’ %%%5%41 }togﬂstyfttﬁ;? %rg n -g{c? tggi rtl}}c it\}}% selected
exadistte @deddmiing {he,pr&ehéct dpamhakiess and

outputting an image of anomalies inside or outside the sample of the

part to at least one of a display and a printer.

A method in accordance with claim 1 wherein said generating a 3-D image of
a sample of the part comprises generating a computed tomographic (CT)
image of the sample of the part.

A method in accordance with claim 2 wherein said CT image is a helically

scanned image.

A method in accordance with claim 3 wherein said CT image is a volumetric

helically scanned image.

A method in accordance with claim 1 further comprising setting variable
thresholds for extracting said point clouds and tolerances for selecting

distance.

A method in accordance with claim 1 wherein to extract a point cloud, said

method includes superimposing a perpendicular grid on an image, and
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10.

11.

12.

conprising: a conputer having a display and nenory,

and a conputer-readable nedium having recorded

thereon instructions configured to instruct the

conmputer to: extract a point cloud froma 3-D i nage

of a sanple of a part; register the point cloud to a
CADdciponuhinyatcents yising npteciet¢temmion grig dinext with nonthest baindaries of
cloud.of the image that are greater than a selected

di sPANEE% rom surfaces on a CAD 3-D nodel of the part
utilizing the same CAD coordi nate system utilize

the determ ned points that are greater than the

. sel écmethodiistaaerodanceovidle chuimi Inwheraim gpide pant dea dinished aircraft

anonal i es; and output an inmage of anomalies in the
sanﬁﬁ%‘of the part. 10. An apparatus in accordance
wth claim9 further configured to accept data
representing variable thresholds for extracting said

- poi At methed dsacganianet withistada 7 wherclspidqartig aguibine blade.

sel ected distance. 11. An apparatus in accordance
wWth claim9 wherein to extract a point cloud, said

. appamatapparhiust er noodbstgisied éxandhpRni BPopEtsa said apparatus

per pendicul ar grid on an image, and determ ne points
of FHEPPEPHt cl oud using intersections of grid Iines

with cogt L &fsrfd ' At a Romputer-readabl
nachine-?é%%ggng%§§§%%1o?ﬂa%ggﬁ avi g re%opggg{xrala ©
t hemrediunh risvingc récnded domréorg unghctionsi wetfigiced do instruct the

conputer to: 8 extract a point cloud froma 3-D inage
of SOWEWSTI© of a part; register the point cloud to a

CAD coor dinak & peds bR it 850D RBaRAMH Smiple SMepRLI Nt
cloud of the inmage that are greater than a
register the point cloud to a CAD coordinate system;
determine points in the point cloud of the image that are greater than a
selected distance from surfaces on a CAD 3-D model of the part utilizing the
same CAD coordinate system;
utilize the determined points that are gréater than the selected distance
to determine the presence of anomalies; and

output an image of anomalies in the sample of the part.

An apparatus in accordance with claim 9 further configured to accept data
representing variable thresholds for extracting said point clouds and tolerances

for selecting said selected distance.

An apparatus in accordance with claim 9 wherein to extract a point cloud, said
apparatus further configured to superimpose a perpendicular grid on an image,
and determine points of the point cloud using intersections of grid lines with

contrast boundaries of an image.

A machine-readable medium or media having recorded thereon instructions

configured to instruct a computer to:
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13.

14.

15.

16.

17.

sel ected di stance from surfaces on a CAD 3-D nodel of
the part utilizing the sane CAD coordi nate system
utilize the determ ned points that are greater than

the selected distance to determ ne the presence of
anomal i es; and output an inmage of anonmalies in the

sanpl e ofextring apeaitt clawddrorh e sl image ofaf sampdid effd payrt;and

a printer .1.A_CO ut r-r e mediumin

accor dan&%gléﬂthe PP gt%gﬁsg?ﬁ(’(ggﬁn e Syﬁ]grlnr ucti ons

are furt lieferie fpod Afithe ol TdudCdf thdBne@ TRH LS erfeBter than a
accept data representing variable t hreshol ds for

ext sele¢tpd gistae fpol sirfaskood s GAR 3-Bl medal oé she past utilizing the
sel %%%]é%% q%‘ﬁ%{ ected distance. 14. A

conputer-rea er‘?gaﬁeum in accordance with claim12

wher ei n tugligxthe aRterminedQioiits Chad Wek, gro@bcithion Siel défdctedndistance
i nclude instructions configured to instruct the

confy @?ﬂﬁl@eﬁﬁmﬁeﬁﬁo@‘eﬂ@%ﬁa@n icular grid on an
i mage, ang Q?&?Exﬂ‘%ék%f@-ﬂrﬁgli%s tgf%gﬁ.ﬁsf’é 8 th€! %qo%ﬂéa&one

intersections o Ines w rast - boundar i &s
of afiaidivplag.and b pribteret hod i n accordance with claim1l
wherein the determined points that are greater than
the selected distance illustrate the anomal i es inside

or  QUicSiy gﬁteff Pe‘%dalﬁ@r%le@iuﬁf it NRchALAce Hh H@agvg%f&h said

in accordance with claim9 wherein the determ n
poi mssructhats ararfertgere adrdigurdvh o tuirwus’etmcccadpldﬂstcampt data

T T T

cl aifgp shcihiesRd se1éded did@h&s.m ned points that are
greater than the selected distance illustrate the

anomalies in the sanple of the part. 9

A computer—readabile medium in accordance with claim 12 wherein to extract
a point cloud, said instructions include instructions configured to instruct the
computer to superimpose a perpendicular grid on an image, and determine
points of the poiﬁt cloud using intersections of grid lines with contrast

boundaries of an image.

A method in accordance with claim 1 wherein the determined points that are
greater than the selected distance illustrate the anomalies inside or outside the

sample of the part.

An apparatus in accordance with claim 9 wherein the determined points that
are greater than the selected distance illustrate the anomalies in the sample of

the part.

A computer-readable medium 1n accordance with claim 12 wherein the
determined points that are greater than the selected distance illustrate the

anomalies in the sample of the part.



