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3 SEP 2004 | MAGE- BASED | NSPECTI ON SYSTEM | NCLUDI NG PCSI Tl ONI NG
COVPENSATI ON FOR NON-PLANAR TARGETS 5 BACKGROUND OF THE | N\/El\rl'l’Q\g 'ch(pa?
i mge- based i nspection systens are often enpl oyed for physical inhspec p@)lh
of an object of interest. Such systens typically enploy an optical- or x-
ray- based source at a distance froman object of interest at which an area

of the obj ect 1§/ £ BASKIPHSSPAGIONSRL K IREL SHRGGIGLEIFOSHGENt | ¥

enpl oy a positioning nmechanism stance between the Imagi ng
source and the obj ectCOMPENSASUGIN BOSONOMNPLANAR EARGETRe obj ect to be
i nspected may be brought into proper focus. For exanple, x-ray

| am nogr aphy machi nes that are enployed to inspect 15 printed circuit
boards (PCBs) for manufacturing defects often utilize*such a mechanismto
keep a portion of the board under inspection within a narrow focal plane.

That fogal BHGHERCIIPIERTHBINVENTIONI ce” of the PCB under inspection,
allowing a viewof alimted depth within the PCB. Such a view provides an

advant age over typical transm ssive x-ray inspection systens, which do not

enpl oy a 20 T0c5R) 3y b iff{pf%&irim | e E Un el e@'pi%ygg%%gp;hegfgg aggpect .

i nt erconnecti ons aneous I'ng anal ysi's

of the PCBimdpédtioawftan obfe2t opmsdréstoBueH systend 19piablip@ptyi & diler wrged by the
| ocation of an x-ray source and x-ray  detector, which reside on opposite
si des of t Fe-Pesl spibes af adiglanes Gom anipbiest ehingggsnt whithrecareoaf the olregt one

tinme, ich r L.y t fhel f vi i s roughly. 25 square in
shape, i,\gndgiﬂsﬁ?c’{}%i @thonﬁa@&%gnéchégyﬁﬁ%ﬁ C{lﬁgﬂ&’r %Igplgy atgﬂ?é%i?&@% tsel f.
¢~gonsequent In¢chaniien REBrdby thié @leRecd Betved Ei¥EMaSing$0GideAnd e sig6siiion, | ayer by
“.Vayer, until all areas of interest are inspected. Unfortunately, warping
of the PCBadiasfable sefthas the rer ehthepbiest iotle inprectesonsy bebrougbhings prapemr ea

bei ng inspfo%gd at any one tine nmay renmain out of focus, forcing 30 the

use of an even snaller inspection area. As seen in FIG 1, a warped PCB 100

may For example, x-ray laminography machines that are employed to inspect
15  printed circuit boards (PCBs) for ménufacturing defects often utilize such a -
mechanism to keep a portion of the board under mspection within a narrow focal
plane. That focal plane represents a thin “slice” of the PCB under inspec;tion, ‘
allowing a view of a limited depth within the PCB. Such a view pr-ovides an
advantage over typical transmissive x-ray inspection systetns, which do not employ a
20  focal plane, thus providing a view of all components and interconnections
simultaneously, making analysis of the physical aspects of the PCB difficult. The
:} position of the focal plane is determined by the location of an x-ray source and x-ray
detector, which reside on opposite sides of the PCB under inspection. The area under
inspection at any one time, which is normally termed a field of view, is roughly
25  square in shape, and is typically much smaller than the area of the PCB itself.
- Consequently, the PCB is viewed in increments, section by section, layer by layer,
until all areas of interest are inspected. ‘.
_ Unfortunately, warping of the PCB may be of sufficient severity that some
portion of an area being inspected at any one time may remain out of focus, forcing

3¢ the use of an even smaller inspection area. As seen in FIG. 1, a warped PCB 100 may



3 SE P 2004 -2 cause all but a small area on the top-side of PCB 100 to
resi de outside of a depth of focus 110 of an optical or x-ray inspection
system resulting in a small area, defined by a narrow width 120 ﬁhat may
be inspected at any one tinme. The use of a reduced inspectiof reklP 2004
generally results in nore inspection areas being necessary for each 5 PCB,
thereby resulting in a significantly angpr i nspection tine required for
each PCB and, consequently,, a drastic Teduction in PCB inspection

cause the  PAShANPRER SR s e g Y WP RGN (Y el bR Wl 51 °Chne

PCB under i fizReCl 6Nan SStidABAH 261 iHEdedBort SfsRel, Fesul intal k1]l dres QRfinedue to
unnecessary addititonal testing or 10 di scar di ng of proyperly manufactured

PCBs. Such by abreaw widdal, Hypt sag hamgipaged sioaly adie $inze cEheowssrofairedungdf ace of
bj ect ot limted,.to PCB.x-ray | an. hy i t hi nes.
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obj ects having a is nonplanar structure to be viewed or inspected.
Ther ef ore, #ndeondequénilyegdiastic redupisan infR{R inspentignithropglhmiton syst em t hat

Il f. bj der i tion t i de within_the depth
of Tocus. thus APPURAAD S fog Tphieat PR RER wHPIERR I Al B i ghr
i nspection by uehRYtem Rty RRNBAVANLAGER Sread OF %HW&&E iddfech OVENTI ON

Enbodi nents of the i nventi on, to bé discussed in detail below "allow the 25
rel ati ve poasmandadietingdefeets, robileng intnodie dug rspectessaryadditidna! fesitad opl ane of

i mge- based.inspectiqn systemt altered by way of translation and
thtati o soglf%@lngrﬁggmp(?ﬁyﬂ?éugaﬁ&@fpaﬁ'I reside within the focal plane.
Continuing W th tha REBlef%abP8inkd chitdhg Heal disthh® NRE BRAURER: 468, (from
FIG 1), or the inmaging source/detector pair, is translated and rotated in
a certain wygctans rotdimaid¢edoto RGRxtrgplasundgaemhyofisfeClord B@chiass. Other
- optical- or x-ray-based viewing or inspection machines that employ only a focal
length adjustment likely encounter the same difficulties with objects having a
15  nonplanar structure to be viewed or inspected.
Therefore, from the foregoing, a new image-based inspection system that
allows more area of an object under inspection to reside within the depth of focus,
thus allowing for a greater inspection area and, thus, higher insj)ection throughput,

would be advantageous.

20
SUMMARY OF THE INVENTION

Embodiments of the invention, to be discussed in detail below, allow the
25 relative position between an object under inspection and the focal plane of an image-
based inspection system to be altered by way of translation and rotation so that more
of the object will reside within the focal plane. Continuing with the PCB example in
FIG. 2, if the warped PCB 100 (from FIG. 1), or tl}g imaging source/detector pair, is

franslated and rotated in a certain way, more area of the top surface of PCB 100, as




3 SEP 2004 -3- defined by larger wwdth 200, lies within depth of focus 110.
Since warping or other irregularities in an object under inspection can
occur in any direction along a surface of the object, the abil«3ySEpP }

i mge- based i nspection systemto translate and rotate either the object or
the imagi ng systemto properly align the object with the focal s plane is
desirable. An inmage-based inspection sygﬁqm according to an enbodi nent of
the invention includes, in part, neans for inaging a portion of an object

e invention i inpart, means for i on of an obj
ol ane that SFage R RARR 28 b Nunih DR LR TLAR {107 B R b,

al | ow nore gfegalfhriieedn af objeteindst inspddiion chil @cdl) i@ Bhe Efredtidneons LR thce MEANS
for altering the retative position of the focal plane of *the 1 naging neans

and the obj 8Ethejobjast ¢he dulity ofive ipwse-brerdi ingpeatier pystem retaeslaterand pittat es t he
t | ati onal, | i tational . orientati f th i ect th
rans) ot ook SRART Pk 0 AR R ShALARD Bheb hE B

t he objest, plahbey @Ritalienerating a representation of that part of the
surface of the object. A neans i5 for controlling the operation of the
mani pul at i ng neads imagerbasdd inspestiomheystan feweding ép e smhodiienhofthet hat t he
portion of the O%fl bei.n ected. | i es substanti al hin the focal

bj i \ .
pl ane of t hEVFHE ﬁgf%%ﬁgga&{%g%’ﬁiﬁ WRAZREHBOTIGE © GFB%H ‘\El:rm‘eﬁtef ypspection.

- interpretingshbedi-aREs, éaé%gihgrﬂeﬁﬁgﬁﬂagid’é%%cdlgldn@%Mﬁgws.Mi%ﬁn of
enbodi ment of the invention exists in the formof a nethod of |mageg- 20
based i nspetfigontivé “dicedbf drtobjaett Ko allpenhemerfah ardeeofabiesst withirbthei nspect ed

~Bein requir.ed to lie within focal plane.in order e | ed.. First,
o 1 astt papeched Bpaicuth ntats By PideBratiir Srdute G fobprac of te
represent at it mha{ ardahé pEﬁ_fecttiE"ﬁrcﬁﬁ'ﬂié@eﬁzecﬁosiﬁo%ﬁagoﬁle%ﬁF rh&ngener at ed.

Next, the translational position and rotational orientation of either the
obj ect or 't menpalatesihé tendlatpinahkycatsoradridenotdi opalseriendationhid theiotjacter 2he

representatjon.so that the.porti.on of the object bei i ngpect.ed l.i.es
within the VS5 mﬁ?’é?ne"f‘ls%ﬁﬁfuéﬁ&‘? P5RPSeT E{C’B‘&P&E&"ﬁq‘gﬁ B eioﬂ?g*&e%l?}%r
i nspection ihéfeBS?%@ﬁera@i)gh@é}ﬂédeﬁtaﬂoh@?tﬁa@ﬁhﬂtbf M SuPRECOMMY ob{¥3D RSncans

automatically interpreted to determine the status or

15 for controlling the operation of the manipulating means then utilizes the surface
representation so that the portion of the object being inspected lies substantially
within the focal plane of the imaging means. Optionally, means for automatically
mterpreting the image from the imaging means is included.

Another embodiment of the invention exists in the form of a method of image-

20  based inspection of an object, with a portion of the object to be inspected being

) required to lie within a focal plane in order to be imaged. First, at least part of the
surface of the object is mapped so that a representation of that part of the sﬁrface of
the object is generated. Next, the translational position and rotational orientation of
either the object or the narrow focal plane is altered based on the surface

25  representation so that the portion of the object being inspected lies within the focal
plane. That portion of the object is then imaged for inspection purposes. Optionally,
the ;esulting image may then be automatically interpreted to determine the status or

quality of the object,




qual i t'y oflthe object. 3 SEP 2004 -4- O her aspects and.advantages of the
invention will becone apparent fromthe follow ng detail ed description,

taken in conjunction with the acconpanying drawings, Y f ill UStLastQigiIEg:%qffE
way of exanple the principles of the invention. 5 BRI EF DESCRI PTI

DRAWNGS FIG | is a diagramof a PCB that is warped to such an extent that
the depth of focus associated with an ipgage-based inspection systemfrom
the prior art allows only 10 a small area of the PCB to be inspected at

any one tine. FI i i f R rom.Fl i ed so
that a larger ar g%tﬂlgro si?ﬁ%Qb,@:gﬁﬁd‘%a% Séglpﬁlgﬁec nfgaggapﬁgg%mﬁ E‘ﬁgﬁ%?ﬁtgfﬁ&gttﬁé

i mage- based foiispiag tdediled Ys§eiptioACaRAtih RYnfulctddh WITH aed d&aﬁlpgﬁyiﬁ@sramiégﬂt ion.
FIG 3 is a _block diagramof an | nmage-based inspection systemaccording to
i s an enbodillustrating by Meayioiessmplsribe piigiplas pithe ipsntipect i ve vi ew of a
hexapod that may be used as a manipulator in an inmage-based inspection
system according to an enbodi ment of the invention. FIG 5 is a sinplified
di agram of the operation of.a |aser. di stance sensor systemthat may be
used as part of a surface mapping systemin an i mage-based 20 inspection
syst em accoBRIE§ RESGRIFEHdHD EQRAWENGSvention. FIG 6 is a sinplified
di agram depi cting how information froma surface representation fromthe
surface mappi ng systemnay be utilized by a controller to control a

mani pul ator in amiGNRge: aaag@gh bNSPERIhAs FYTeEM ARGUndxRG: it a1 degﬂpefii ment
of the invention. 25 FIG is a flowhart of a nethod of inage-based

i nspect i on &wwe aekontadovidi an énigedbased inspéctivheystemdiim dre pridEEal 41EDrs only

- SCR PI-LI_ (!'l CNa %:nal %a%ﬁgggg[%o%%%lemgﬂts any one time. _

FIG. 2 is a diagram of the PCB from FIG. 1 that is rotated so that a larger area
of the PCB may be inspected at one time by an image-based inspection system
according to an embodiment of the invention.

| FIG. 3 is a block diagram of an image-based inspection system according to

15  an embodiment of the invention.

FIG. 4 is a perspective view of a hexapod that may be uséd as-a manipulator in
an image-based inspection system according to an embodiment of the invention.

FIG. 5 is a simplified diagram of the operation of.a laser distance sensor
system that may be used as part of a surface mapping system in an image-based '

20  inspection system according to an embodiment of the invention.

) FIG. 6 is a simiplified diagram depicting how information from a surface

representation from the surface mapping system may be utilized by a controller to

control a manipulator in an image-based inspection system according to an
embodiment of the invention.

25 FIG. 7 is a flowchart of a method of image-based inspection according to an

embodiment of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS



3 SEP 2004 5 The enbodi ments of the invention, which are described bel ow, .
are contenplated as a result of devel opnent work involving an % P 2004
| am nography PCB inspection system However, other inspection syStens,
whet her based on optics, s infrared (IR) em ssions, x-rays, gamma rays,
ultraviolet (W radiation, or other inage detection neans, and enpl oyed
for inspection of a variety of itenms, could utilize enbodi nents of the

i nventi on advant ageously. Al so, the follow ng enbodi nents herein disclosed
assunme that the focal plane of the systemis oriented horizontally. Wile
this arrangenent is the nost popular one 10 enployed in inmage-based PCB

i nspecti on syst efisg embdrtementsiod theamversnpfvhihce desstibad belawveagont enpl at ed

within the scope of .the foll ow ng enbodi nents. An i mage-based i nspection
syst em 300 %f@&fgwaﬁ% a%6I‘%?Hhéﬁ%&?q%ﬁ%mdﬁfoqﬁH%Volvlﬁ%éﬂtxrr@ﬁ minegwpRyY e Hr G 3.

A aj or conpaneibn nytsténﬁ]sﬂ%%b&? oﬁ%if&ﬁ%&gg SS’&B 8 whdlRg! Hﬁ?e&&?hﬁ%ﬁ%lo t hat

captures an inmage of a portion’o ] ect”under Tnspecti on. The

por ti on sbei infratedefiE)cenissicied, ermys) edmime @y$, abizdvigkafisy tetianed, Myothée physi cal
characteristics of imaging chain 310, which may be optical or x-ray-based
in nature. M3gydptartion Meakernd epployed foriuspsstioraalfcadvaripiyPhigerehaPRld whi ch ar e

currently ﬁﬁ{?%g%ﬁ%ohﬁlénﬁs %E%nﬁ%rggse %a%ggus utilized for imging chain

300. Two o nor € popul ar "are Xx-rdy | am nography and digital

tonosynt hesi s, halkb, tht folRvingesibodingentehdreil Ridsosed aéduenexhht th&fécay plane
| am nogr aphy\xﬁener ally consists of a scanning x-ray source used in
conj unct i orPfiRg $ysiem 1e-argpteddiosizontally h (hitedpis praggernenttis freenesipgpalaneng he

o ‘ _ _ : i | h h an
(o) oot *Po. e SRt fed Hileadich KBRS B o8 RlBdhEucn EEBHET 2"

sour ce and dletaenémplatadtveitigeche scopt betHedfoRbwRlgantodghestsi ned by the i nmagi ng
chain. The 25 depth of focus of the imaging chain is determned by the
di stance bet weer* HBagSohAsed INsppAioRsy demot00 acherdipgfioansimbadément o thief i ned by

e, Source N AR M, SERPRErk gkl PRELCAL BTSRRI oy,
ei ther a - imaging chain 310 that captures an image of a portion of an object under inspection.
15  The portion being imaged is determined by a focal plane defined by the physical
characteristics of imaging chain 310, which may be optical or x-ray-based in nature.
Several different types of x-ray-based imaging chains which are currently
employed in inspection systems can be utilized for imaging chain 300. Two of the
more popular are based on x-ray laminography and digital tomosynthesis, both of
20  which are well-known in the art. X-ray laminography genérally consists of a
) scanning x-ray source used in conjunction with an x-ray detector that captures
multiple images of the x-rays from the source that are transmitted at various angles
through an object to be inspected: The plane at which the various paths between the
source and detector intersect is the focal plane determined by the imaging chain. The
25 depth of focus of the imaging chain is determined by the distance between the source
and detector, the angle of the line defined by the source and detector with respect to
the focal plane, and other factors. .
X-ray laminography imaging chains may scan the object involved in either a

linear or rotary fashion. With respect to rotary scanning, many x-ray laminography




i near or rotary fashion. Wth respect to rotary scanning, - many’x rggp
| am nography 3 SEP 2004 -6- imaging chains enploy a rotary scanniﬂg r&M4
tube as the x-ray source, and a rotary scintillator, which nornally
rotates in the same rate and direction as the scanning x- ray tube, but is
positioned 180 degrees out of phase with the tube. An x-ray canera then
continuously captures the images through .the scintillator. As a result, the
same 5 general portion of the object under inspection is viewed by the

canera from.a t.ant |y, varyj oi nt_ of |ew Th I f, the_obj ect
under mspeérfl?%ﬂbglﬁaé?se %I '%{aﬁ%%n%lﬁlaxmy aVBh%efl %éur??ie &¢a %I ane.
Al other "kaygnsor, ¥hidtheorafil Qétatcmy&eémﬁ’iétrat‘é\ﬁah@ﬂﬂeéﬁtﬁl dsitBt sea@hingi-ew as a
result of the tube-and scintillator novenent, causing the imges of those -

| ayers to amyetabe |hugtstp0@momadjﬂ8@/dwm1@dfphﬁss athi the e, ofn 1gay hasngiert i on
wi thin the foca t hus Iovvin f agcused. .' ew_of, onl e ortion of
the obj ect HerRPRER RS Seftie thr PR e b MR RSy EREe s el e PR

simlar priBeiepd1PotiorPofRY bbRcXuddRY inspQHoE & vﬂE‘Q‘é@B? khe SRYe@E Fonslh Scr et e
images are captured by either a noving detector or” several stationary

detectors pg@;standme'drsang)pglnt hEvipat Mhefporting of thaghjcstrunder nepensiondhati s t hat

are transmtted t rou h the o i ns . Jhe \/,arlou .di screte
imges ar eI THEN LOIERCH PGP AnTyn S AP AE o s ‘T R IS | mmge
of the portjpge %outwﬁlu@meeﬁéld BRGRY dsSREat b0Re mﬁtanhlseﬁmwafo%{bvteﬁﬁnf ocal
pl ane of inmaging chain 310. Referring again to FIG 3, a manipulator 320 is

utilized tocausmgshatmam@f tlmsaﬂaererstthappetqréght errtdery cnmpa@dltoﬂlﬂma@habf a

ortlon of he object. 109, b ect ed l. i t hi t e narrow cal
e o1 RGeS focpbaBet. tfloingh hsdred bew over

a rrechanl S{Hetdgjagctmﬁgqgéa%@ngr ansl ational novenent of the Ob] ect, as

rotational novenent allows nore of a portion of the object that is of

interest to be oDugmi Gumariynthiesis ek woeg a piratee privipie mﬁafrﬁlewmgtx—aad'j ust nent
mechani sms fromt rior ar be utilized as,, 25, mani r. 320. For
xapl o, " as G YV Gevaral A6 CoH Y, ST S SO RIS Rhown
as a Stewar éeve%aaatfaﬁsﬁaly aBdeckes pddifidnre@dlddd NapatR ¢S ARReA) TR $heldource
.15 that are transmitted through the object under inspection. The various discrete images
are then combined digitally using a computer to generate an image of the portion of
the object under inspection that lies within the focal plane of imaging chain 310.
Referring again to FIG. 3, a manipulator 320 is utilized to translate and rotate
the object under inspection so that a portion of the object to be inspected will lie
20  within the narrow focal plane of imaging chain 310. Use of such a manipulator is
) advantageous over a mechanism that only provides translational movement of the
object, as rotational movement allows more of a porﬁon of the object that is of
interest to be oriented within the focal plane.
Many different adjustment mechanisms from the prior art may be utilized as
25  manipulator 320. For example, as shown in FIG. 4, a hexapod 400, which is also
- comumonly known as a Stewart platform, may be utilized in various embodiments of
the present invention. Hexapod 400 typically consists of a base 430, a retainer 440
that holds the object under inspection (not shown), and six actuators 450 that couple

base 430 with retainer 440. Hexapod 400 is positioned so that the object held by




the present invention. Hexapod 400 typically consists of a base 430, a
retai ner 440 that hol ds the object under i‘nspection (not shomn)u3éﬁg>§m54
actuators 450 that couple base 430 with retainer 440. Hexapod 400 is
positioned so that the object held by - 3 SEP 2004 -7- retainer 440 may lie
wi thin a focal plane 460 defined by inmaging chain 310, described in FIG 4
by i mage source 4.10 and i mage detector .420. As is known fromthe prior

art, actuators 450 can translate retainer 440, and hence the object under

i nspection, . al ong,any .three orthogonal i hr ee- di;nens| space, as
wel | as rorgelier dra i e Bip 2 hat PR o Pkl AR SUISIILO R (7
degrees of i FegdpBY @hagiarRNI) andiRRsd &dtbAbr 4TV eAPRtUmPInatdiRlthd gridrocal

pl ane 460 allows different portions of the object under inspection to be

vi ened by iafagétneforsiOreag tonslatsirteeiner 4 aad honce the ppmatiedsr dspedidocal

pl ane 460 all ows the p?_t?]tionlof t.ﬂgﬁobj ect to ﬁe irraaged 1to bf: br ought into
proper focds? B ST AT TORA Abe e QPP GRONE HEP 2R A G B Ot R ct 10
of i ntecesty4hanbs Akid@MRMAe Whéd) pfodding Rl ANQIARBr&R of BREISRILE nitfvekddft, Ob] ect
may be imaged at any particular tine. Qher nechani sns that cause simlar
nmovenent oflratsdaticabpecmant denllelts fewl plane #6§ aBowo differ¢ntplogmstos dhef or
mani pul ator . 320. Additionally, other versions th r.ovi de wer degrees of
Tovensnt  mepeind eRs R 65 SRR e, M AT 24T rechant sm
that provi degehaRifk & foRMAlane 460 ARNATRO borktidn IR Yhe bt &G kb 88 imASMBlde as
rotational "orientation about two of three orthogonal axes, could be

i npl enent edroughenbodrapenfsuef Thhmtitronehinoesmerfetlows tampdrtion af thectagrtsm t hat

bl f t | at j |t - qi [ I , |
Thtat) o oSBT SPEREUEH I AP ERa S LR TRERAT € BF GOFGLEP Ul ane 400 of

i magi ng Ch%inﬂ%éi]é%,an' Paftitlifar GhRNIOhEr mEOBnRHsRRARILY siSTRPAVERES fhd he 20

present invention. Such rotation is able to conpensate for warping and
ot her anomhjeactendsf inspectiyj ey alss be Implemientet! Her masipulafora32PCB. Al t er nat el vy,
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per pendi culeahidyrdfec@bniplRig 3260 Sﬁ%ﬂbﬂlﬁb@&&ﬁ:ﬂ&h@ﬁaﬂ SvidePtratsdlANah1.
degrees of freedom neceSsary to the align a portion of the object to be
15  movement in any direction, as well as rotational orientation about two of three
orthogonal axes, could be implemented in embodiments of the invention. For
example, a mechanism that 1s capable of any translational three-dimensional
movement, as well as rotation about two orthogonal axes that are parallel to focal
plane 460 of imaging chain 310, is sufficient for the purposes of embodiments of the

20  present invention. Such rotation is able to compensate for warping and other

/ﬁ) anomalies of the object, such as in the case of a PCB. Alternately, a mechanism that

provides three-dimensional translation, and allows rotation about an axis parallel to
focal plane 460 and an axis perpendicular to focal plane 460, would also provide the
“rotational degrees of freedom necessary to the align a portion of the object to be
25  inspected within focal plane 460. Additionally, if the nature of the object under
inspection is such that any warp or other anomaly generally occurs in a specific
direction, a mechanism that allows translation in all three directions, plus provides
rotation about a single axis parallel to ‘focal plane 460, may be sufficient for

inspection of that type of object.




25 inspected within focal plane 460. Additionally, if the nature of the
obj ect under inspection is such that any warp or other anomal y&.ggarg(gmlgb%
occurs in a specific direction, a nechanismthat allows transl'ation i 1‘] I
three directions, plus provides rotagion about a single axis parallel to
focal plane 460, may be sufficient for inspection of that type of object.
~ 3 SEP 200kughepuoerehdepending depibediaigreof théebjeat undeinspbetionhjtendy under
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Returning again to FIG. 3, the information required to determine how
manipulator 320 must be operated by a surface mapping system 330. The primary
purpose of surface mapping system 330 is to generate a representation of at least ‘
part of the surface of the object under inspection in the portion of the object that is to
be inspected. In other words, a “map” describing the topology or shape of the
surface of the object is produced.

) ) Several methods of generating the surface representation of the objéct may be
employed. For example, a laser distance sensor system from the prior art may be
utilized for this purpose. As shown in FIG. 5, a laser light source 520 may be
directed at an angle from a portion 505 of the surface of an object, which in this case
is located at first vertical position 530. Laser light source 520 projects a first spot
550, which is detected by camera 510. The combination of the position of laser light
source 520, the angle of the light from laser light source 520 with respect to camera
510, and the position of first spot 550 determine the height of the portion of the
surface being illuminated. If portion 505 of the surface being mapped is instead
located at second vertical position 540, a second spot 560, at a different position that
that occupied by
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The resulting images from the cameras are then captured and pro-cessed by way of
hardware or software to generate the surface representation required. -

Additionally, the fimctionality of surface mapping system 330 may instead be
provided by a focus mapping system. Under that system, an optical- or x-ray-based
source and detector pair, or analogous structure, is used to view a portion of the
surface of the object. The relative distance between the source/detector pair and the
surface of the object is modified, possibly by operation of manipulator 320, until the
portion of the surface being viewed lies within the focal plane of the source/detector
pair. At that point, the relative height of that portion of the surface is known because
the focal plane of the source-detector pair can be accurately determined. Continuing
this process over all points of interest on the object under inspection thus allows the
generation of the “map” required.

Surface mapping system 330 may also take the form of a physical probing
system. In such a system, each point of interest to be measured is detected by a probe
that makes contact with the point of interest on the object. The distance between the

object and the probe is modified, possibly by movement of the object via manipulator
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Additional Iy, the functionality of surface mapping system 330 may.i nstead
be provided by a focus mapping system Under that system an optical- or
X-ray-based source and detector pair, or anal ogous structure, |as3u§§5'ﬁ atil
view a portion of the surface of the object. The relative distance between
the source/detector pair and the 20 surface of the object is nodified,

possi bly by operation of mani pul at or 32_0,0_until the portion of the surface
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within the focal plane of inmaging chain . Controller 340 perforns this
function bynexsbainsphecd may deemnpgt. e&@enaal pmpo%lgdxmhmns coerleatsech bya

curf 2ce TROELIGEY S S 20 2 ARLST DS C, R el Lranplghfonal posi L on
to next be inspeptigtresit RErdRGRE; co?m%ﬁ@ﬂ@ mgyﬁ%@ SBHEQ ﬂeﬁfé@&rﬁanon
controller, such as a  conputer, or eci al i zed hardwar e, be enpl oyed
for conr 0| ogosigipg the portion of the object to e inspected within the field of v1ew of
imaging chain 310. Controller 340 does this by translating the object in a direction
parallel to the focal plane of imaging chain 310. Also, controller 340 may use the
surface representation to transiate the object under inspection in a direction
perpendicular to the focal plane so that the portion to be inspected lies within the.
20  focal plane.
) Controller 340 also controls the rotational orientation of the object by way of
manipulator 320. The surface representation from surface mapping system 330,
which providés the data that controller 340 utilizes to perform this function, may be
utilized in a multitude of ways to accomplish this task. For example, as shown in
25  FIG. 6, at least three pomts 610 on the surface of the object under inspection, as
identified by surface mapping system 330, could be used to define a plane 620 in
space. Points 610 reside near point of interest 630, representing the portion of the
object to be mspected. Such a task is possible since any three points in space that do

not describe a single line necessarily define auunique plane. Controller 340 then




Wth respect ‘to translation, controller 340 nay use the surface
representation is to position the portion of the object to be inspgghed
within the field of view of imaging chain 310. Controller 340 doesvERi 2004y
translating the object in a direction parallel to the focal plane of

i magi ng chain 310. Also, controller 340 may use the surface representation
to translate the object under inspectiog in a direction perpendicular to
the focal plane so that the portion to~ é'inspected lies within the- 20
focal plan
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i nspect ed MR¥itRRing feedback from manipulator 320 to precisely determine the position and
15  orientation of the object undér inspection. Alternately, such feedback may not be
necessary if manipulator 320 itself positions the object under inspection accurately
based on the control provided by controller 340.
Controller 340 may also control the operation of the remaining portions of
inspection system 300, as centralized control of the various elements shown in FIG. 3
20  may be desirable over a systems'that relies on each of the elements being self-
. controlling.
Returning once more to FIG. 3, the components thus far described (imaging
chain 310, manipulator 320, surface mapping system 330, and controller 340),
provide an image-based inspection system capable of allowing a user to determine the
25  status or quality of the object under inspection, assuming the user can view the
images captured by imaging chain 310, Alternately, an interpreter 350 may be
employed to automatically interpret the images captured by imaging chain 310 to
determine the status or quality of the object under inspection. A general-purpose

algonthmic controiler, such as a computer executing software appropriate to




enpl oyed by controller 340 to properly position the object under

i nspection. In order to control manipul ator 320 accurately, controller 340
may require positioning feedback from mani pul ator 320 to preCL

determ ne the position and 15 orientation of the object under |nspech%%
Al ternately, such feedback may not be necessary if manipul ator 320 itself
positions the object under inspection agfurately based on the control
provi ded by controller 340. Cbntroller 40 nay also control the operation
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the object that lies within the focal plane is imaged (step 730), with the imaging step
15  generating an image of the portion of the object being inspected. In some
embodiments, the image generated by the imaging step may be inspected manually to
determine the status or quality of the portion of the object being inspected. '
Alternately, the method of inspection may interpret the image automatically to
determine the status or guality of that portion of the object (step 740). Furthermore,
20  the position-altering, imaging, and interpreting steps may' be repeated for each
) additional pdr:rion of the object to be inspected.

From the foregoing, the emnbodiments of the invention discussed above have
been shown to provide an image-based inspection system which allows relative
translational and rotational movement between a focal plane of an image-based

25  inspection system and an object under inspection. In addition, other specific systems
and methods embodying the invention are also possible. Thei'efore, the present
invention is not to be limited to the specific forms so described and illustrated; the

invention is limited only by the claims.




10 representation of the part of the surface of the object that was nmapped.
The transl ational position and rotational orientation of the object or the
focal plane is then altered using the surface representation fkof $FR 2004
mappi ng step so that a portion of the object being inspected lies within
the focal plane (step 720). Finally, the portion of the object that lies
wi t hi nYWhat i §&daimesl ishe is i maged (step 730), with the inmging step 15
generating an i mage of the portion of the object being inspected. In sone
enbodi ments, the inmage generated by the inmaging step may be inspected
manual iy t o Andetagerbased inspadtinusystsm dorinspyctig AMBbJRef, tdoPipriting:he obj ect
being inspected. Alternately, the nethod of inspection magl | nt'erpret the
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met hodee éapegiadhiglative tiortbhedecalplanee al so possible. Therefore, the present
i nvention i Limted to th pecific for so descri bed and
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~abject, conprising: neans for inaging a portion of the- ct, the imaging
f&ans def i nNgGNa Pbeantrplling dhe ror@iakon of dhe drasition-altering: megnscusing shebe

N . t . . . . . . .
Cener aePreertaftit 8 tnetbatf of HROSLH M6 of e SUTER QAEE R pohef JrTRE k™ e
t r ans| keingirdpestet es substantallyl witinithé totadplariee obj ect to be inspected

relative to the focal plane. neans for mapping at |east a part of the
surface of the object, the mapping

2. The image-based inspection system of claim 1, wherein the position-altering
means comprises means for manipulating the translational and rotational position of
the object to be inspected.

3. The image-based inspection system of claim 1, wherein the position-altering
means comprises means for manipulating the translational and rotational position of
the imaging means,

4. The image-based inspection system of claim 1, further comprising means for
automatically interpreting the image from the imaging means to determine the status
of the portion of the object being inspected.

5. An image-based inspection system for inspecting an object, comprising:

an imaging chain configured to generate an image of a portion of the object,
the imaging chain defining a focal plane in which the portion of the object must be
positioned in order to be imaged by the imaging chain;

a manipulator configured to alter the translational and rotational position of the
object being inspected relative to the focal plane;

13




- means generating a representation of -the part of the surface of the object;
and neans for controlling the operation of the position-alteri&g ggang[m,t

using the representation of the part of the surface of the object sot

the portion of the object being inspected |ies substantially within the

focal plane. 2. The inmage-based inspection systemof claim1l, wherein the
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conpr i swaceeahthefaljestpangul ati ng the transl ati onal and rotational position
of the inmagi nc& ans. 4. TBe i marge- based i nspection systemof claim1,
further conprd trﬁgehﬁﬁﬂgglfrﬁ o¢RBrRthe-anaration of ghe manjrulator; veing the om t he
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i nspected. 5. An image-based inspection systemfor inspecting an obje€ct,
conpr i BgiAg inspedemhliengulbstantialyomthin thetboabplgeeer at e an i mage of a portion
of the object, the imaging chain defining a focal plane in which the
portion of the object nust be positioned in order to be imged by the

| mging_chaThe imageriasekainepesi sgétentl of eiaii 8 wilttol oS Irfdifg Xnafld
rotational position of the " object being i nspected relative t he Tocal

pl ane; CompAsesan spticalbasedim@gingeiaing system configured to map at | east
part of the surface of the object, the surface mapping system generating a
representation of the part of the surface of the object; and a controller

confi gir ed The dmagediasedeinepectitn eystom bheldmnepwiirein thel Meading chain
-kepresentation of the part. of the surface of the object so that the portion
a t hePPRPIERES arpuity ’qlg"é'ﬁgﬁt@&‘W@ INAHAGAARIBI |y within the focal plane.

6. The i mage-based i nspection systemof claimb5, wherein the inmaging chain
conpri ses an optical -based i magi ng chai n.

' 8. The image-based inspection system of claim 5, wherein the imaging chain

comprises an infrared-based imaging chain.

9. The image-based inspection system of claim 5, wherein the imaging chain
comprises a gamma-ray-based imaging chain.

10.  The image-based inspection system of claim 5, wherein the imaging chain
comprises an x-ray-based imaging chain.

] ) 11. The image-based inspection system of claim 10, wherein the x-ray-based
imaging chain comprises a digital tomosynthesis imaging system.

12. The image-based inspection system of claim 10, wherein the x-ray-based
imaging chain comprises an x-ray laminography imaging chain.

13.  The image-based inspection system of claim 12, wherein the x-ray-
laminography imaging chain scans the object in a linear manner.

14.  The image-based inspection system of claim 12, wherein the x-ray
laminography imaging chain scans the object in a rotational manner.

14




7. The image-based inspection systemof claimb5, wherein the inmaging chain
conprises an ultraviolet-radiation-based imagi ng chain. 8. The inage based

i nspection systemof claimb5, wherein the imaging chain conpgi @U

i nfrared-based i magi ng chain. 9. The imge-based inspection sys en1of gfalm
5, wherein the imaging chain conprises a gamma-ray-based i magi ng chai n.

10. The inage-based inspection systemof claimb5, wherein the inmaging chain

conpri 38s amrhy- lij4y i h T e-based i ection
system of cl ai m'100 6 e Hﬁt ée&)(()ﬁr ?})’ebasegf Q%ﬁ'b gc %eﬁe'l?oﬁé &day,

di gi talamlﬁﬁgE%nﬁWHE@gmg olwajn cgrmypyisesem 12. The i mage- based i nspection system
of claim10 t.he x-r I ng chain conprises an x-ray

| ant nogr aph? %Sﬁ%“yﬂgixﬁay%be ?ﬂ%fdglﬂﬁgggﬁ%'&? thaxpEysi @d syst em of clai m
12, wher el nat hiary- batiliAtM iR caRdYa | ' t bl ect
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the x- ?‘éﬂnmrﬂ&mrﬁb@-ﬂ%hy i magi ng chain scans the object in a rotational

manner. 14 3 SEP 2004 15. The i mage- based i nspection system of claim 14,
wherein the x-ray | am nography inmaging chain conprises: a rotary scanning

x-ray téibe Toafinggedshsedspigpectidr ysteh)od cldfd 52 wHErdhYthaC hid addl?tbgr and
canmera_cqnfi ed to detect the x-rays fromthe scanning Xx-r

The i r%&'—gb’ %ﬁp ﬁ'ﬁ%ﬁ%@@%@@@ﬁ@ﬁme@l aim5, wherein the mani puI at or | s
configured to translate and rotate the object. 17. The image-based

i nspection systemof claimb5, wherein the manipulator is configured to
transl Bf.e ahte ivegedasked nspectivm system ol §laiffhs, wmgnbmeﬁ‘ahmp ii@n

SYSt e Bighled 18 Pandhe Sid oS tﬁg?mgg!n%tc ain.SOTPr 1 ses a hexapod.

18. The image-based inspection system of claim 5, wherein the manipulator
comprises a hexapod.

19.  The image-based inspection system of claim 5, wherein the manipulator
comprises an adjustment mechanism  configured to provide translation of the object
along any of three orthogonal axes, as well as rotation of the object about any two
orthogonal axes parallel to the focal plane.

20. The image-based inspection system of claim 5, wherein the manipuiator
: ) comprises an adjustment mechanism configured to provide translation of the object
' along any of three orthogonal axes, as well as rotation of the object about an axis
parallel to the focal plane, and about an axis normal to the focal plane.

21, The image-based inspection system of claim 5, wherein the manipulator
comprises an adjustment mechanism configured to provide translation of the object
along any of three orthogonala axes, as well as rotation of the object about an axis
parallel to the focal plane.

22.  The image-based inspection system of claim 5, wherein the surface mapping
system comprises a [aser distance sensing system.
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19. The i mage-based inspection systemof claimb5, wherein the mani pul ator
conpri ses an adj ustnent nechani smconfigured to provide translation of the

obj ect along any of three orthogonal axes, as well as rot ati(yﬁaoggpggm_ff_
obj ect about any two orthogonal axes parallel to the focal plane. 20:" The
| mage- based i nspection systemof claimb5, wherein the mani pul at or

conpri ses an adj ustnent nmechani smconfigured to provide translation of the

obj ect23al omBe amugeibasBHaR G&%ﬂé i i Lion of .the
obj ect about an agi S P a?'?éé(fﬂ&?o t em%%mg$h%!etea{ﬁ3hé%yﬁ?cﬁﬁn%‘?ﬁ'gg nor nal
to theSYSHR CHNRIIRES @ photPigeammedry-dystard. | nspection system of claim5,

wherein the mani pul ator conprises an adjustnent nmechani sm configured to
provitde transl ation of the object along any of three orthogonal a axes, as

vel | a24.r ot Biheé irmagé-balsed aspattioalsydterd bf %ﬁiﬁl S,WHQ{%@ lthd %u_{‘fﬁge irﬁzﬁﬁié | ane.

22. The image-based inspection system of aim 5, erein

mappi rY SIP SOBIRTISSEH PR¥Ssica] prakisy systance sensing system 15 3 SEP 2004
23. The inmage-based inspection systemof claim5, wherein the surface
mappi ng system conprises a photogrametry system 16 24. The i mage- based

i nspeds.on Hyss iragebastdiimsgectivh ayeign 0helasir s aﬁﬁer@d’iﬂé‘@urféé’é?ﬁdﬁgﬁ@p” ses
a physj Cfl pr.obi ng %fstem 25. The i mage- based | nspecti on system | ai m
5, whe8IHN CREWLISER &TOCHR FRARRING §Y8IEBM conpri ses a focus mappi ng system
26. The image-based inspection systemof claim5, wherein the controller
conprises a conputer configured to generate a vector normal to the portion

01;] t h&6. objldw im&@aa@pthti?asewst?m Ldfecguimns,dgm@réi,?eﬂ?a%/c@ttrﬁhg,astf
~thr ee poi n the surface of the object identified by the surface
: |;lappi r?g’ Jrs%égné) cgbﬁ)uﬁ%ec?rﬂ%’é@%é‘%&?n?@ﬁe%ﬁ’? r fpsrahte the partiareef theer ei n

the cobjeatideiry inspapicdsRssed 61 MR bRIneCARYcBEE Y APILASNHIEE felrdiPBbiRls NOF Ml

to the pﬁrtilqp of the = .
on'the surface of the object identified by the surface mapping system.

27. The image-based inspection system of claim 5, wherein the controller
comprises a computer configured to generate a vector normal to the portion of the
object being inspected based on a smooth curved surface described by a plurality of
nearbypoints on the surface of the object identified by the surface mapping system.

28. The image-based inspection system of claim 5, further cofnprising an
interpreter configured to automatically interpret the image from the imaging chain to
) determine the status of the object being inspected.

29. The image-based inspection system of claim 28, wherein the interpreter
comprises a computer configured to interpret the image generated by the imaging
chain.

30. A method of image-based inspection of an object, a portion of the object to be
inspected being required to lie within a focal plane in order to be imaged, the method
comprising:

mapping at least a part of the surface of the object, the mapping step
generating a representation of the part of the surface of the object mapped;
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obj ect being inspected based on a snooth .curved surface descri,bed l:é,}é
plurality of nearbypoints on the surface of the object i dentitid yZﬂMe
surface mappi ng system 28. The image-based i nspection system of claimb5,
further conprising an interpreter configured to automatically interpret

t he i mage freﬁm.th irr%ﬂlim; chain to determne the status of the object

bei ng i nspef€dNY Joe UeRsialippglband selgtiohalresiiahhot {ha ehjest beingi mspectedher ei n

th th

Goner oo (€ The fOREL BlahESoAnaE TRy bBfigh the Joffte bRind rShBREY lebowbRon o
ant ﬁbj e focal piane, dheqjoatlmgt @lbqtmrgb step Ibmn% |bafﬁammﬂ]@gem@semubﬁaﬂ the lie
within order, to be, i mage e nethod conprising: mappin
at |ea§$”£?§i"lf PB%&?% Rfe#@m%@é"%? P&, r’%gj ect, the mapping rsr'Pep ggnera!tolongg
a represent maging ahe tpRtiGrRbf tﬁé ob]&t 5WeitfI%%ewﬁlfnnttﬂ% fBBhleﬁI%tFBaﬁt%e aéﬁgg’ SEP

2004 altering the translational and rotational position bei ng
i nspected ge{"@"%ttﬂ'ig/@nt'ﬁagﬁ@fﬂtﬁtml’tlpna}ﬁéh%objentaloemgmmdteabn of the obj ect

being inspected lies within the focal plane, the position-altering step
bei ng based on the representation of the part of the surface of the obj ect

mapped31.andTheagietigod hef (laiti @0, OiNtfeP@nOlﬂh@Céoélt*'tﬂt altelg’fiq V‘éth:)Poﬁﬁ) cal

pl ane, the| in eratln an i mage of i on ject
bei ng TAGIE thgltranﬁ?@ Q%@Pﬁﬁﬁ r@tﬁ n@hnﬁsmn Qfﬂbe@lblﬁctthe position-altering

step corrprl ses manipulating the translational and rotational position of
the object. 32. The nethod of claim 30, wherein the position-altering step

corrplri s thei methad nef ftrlzlagnt][aahlstndmer-nathean?absitmrﬂalt@nmg $16pi b?mpn@é?the
ca 0 0 cla ur er co rosin Interpretin
e eRRia g 0L HarBEBRRLAq FerBlihelos onad The Tl elaneng t he of atus of

the portion of the object being inspected. 17

33. The method of claim 30, further comprising interpreting automatically the

image from the imaging step to determine the status of the portion of the object being
inspected.

A
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ABSTRACT OF THE DI SCLOSURE | MAGE- BASED | NSPECTI ON SYSTEM | NCLUDI NG

PCSI TI ONI NG COMPENSATI ON FOR NON- PLANAR TARGETS A i mage-based system (300)
for inspecting objects utilizes an imaging chain (310) that def 2004
focal plane, a manipulator (320) for translating and rotating either the
obj ect under inspection or the imagi_rlg_chai n (310), a surface mapping
system (330) that generates a representation of the surface of the object

under i nspegtisps er (340) that uses the representation of
t he surface %%ﬁ%grol t he mani pul ator (320) so that a

portion of Mgﬁ w%@%?n Iisg %ﬁln the focal plane of the
ED A ONING .

i magi ng cha -PLANAR TARGETS

A image-based system (300) for inspecting objects utilizes an imaging chain
(310) that defines a focal plane, a manipulator (320) for translating and ro.tating either
5  the object under inspection or the imaging chain (310), a surface mapping system
(330) that generates a representation of the surface of the object under inspection, and
a controller (340) that uses the representation of the surface of the object to control
the manipulator (320) so that a portion of the object under inspection lies within the

“) focal plane of the imaging chain (310).

FIG. 3



