; e3eTT|d 66Tgzt f TOMOGRAPHY OF CURVED SURFACES TECHNI CAL FI e
subject matter disclosed here generally relates to reconstruct :ﬁmﬁlmmmmmjmﬂm
curved surfaces, via tonography, and, nore particularly, via X-

tonosynt hesi s or | am nography. BACKGROUND " Tonobgraphy, " as used heGeoonzts a
general term describing various ~o techniques for inmaging one or nore
cross-sectional "focal plane(s)" through an object. Tonography typically

i nvol ves form ng projections of a region of interest using sone type of
penetrating radiation, su iHd €l e beans, or
products of radioactive dg*(g?,@(%(ﬁg?@ ﬁﬁgﬁ@m@nggﬁﬁﬁ t he application
of a reconstruction technigue. Tonography has is been applied in diverse
fields to objects ranging in size frommcroscopic to astronom cal. X-ray
t omography, for exanple) is commnI\E/ used to inspect solder joints for
defects formed during fabrication & CMNlﬂlﬁdFlﬁklguit assenmblies. In

"l am nography,” al so know as "cl assi cal tonography,” two or nore of 'o the
source, object) amdedribpedtonaeredistivedd iherageneraynaiates foasdtonatdidtiondof
exposure to produce an image of the desired plane on the detector. It is
al so possj bl gud/adreptzes, Wacbaiigrabhyindd avet gar8b@aHYy ORh X-fHANNI ng (e. g.,
of the 1 r source or detector). The notion may be in a variety of
patterns in i Wl to, linear, circular, helical,

el liptical 1048%%&%&&.9@%25: dgé%@‘é" the motion is coordinated so that the
i mage of the focal plane remains stationary and in sharp focus on the
detector, while planes above and bel ow the focal s plane nove and are
blurred into the background. Reconstruction takes place in the detector
during exposure and consists sinpl ybd’tc'l(ﬁ‘&%lr@ﬁ on. Lam nography can
therefore be considered a formof "dynam c tonography" since notion is
typi cal | y conti nuduxnegnaphiylicis usedbeis, és aldepgraldarmaetpsapbing vasiossy nt hesi s
requires coordinated positioning of io the source) detector and object. In
fact, simi| aecdaigaeadquinsagingrongeommbreé exossesedieonakddcalplaak) daseugh
Tonosynst hesis differs from | am nography in that projections are acquired
wi th the notarpebricophsdogiaphyl typidatly ifvokass fpanirigsproRetions tof uctdgion o$ t hen
performed by digitally averagi ng, or otherw se conbining, these

proj ect i ons.jnfefedionmny RbRes typeCopdifetRing re@iationAsGtbs &lragdPssuridat i on to
| am nography, or a formof "static tonography," since the source and

detect or ar g4y GRlHidle Heabhh® B prodUES R rEd6AciNOIBESY, WMat dTRVBKAT . this
di chot ony between dynam ¢ and static tonmography is somewhat dated and

chot ony et _ eunat da .
ani ch * o canh e DR, BROR I REOR UAGHRRRELE: TomalaarasRs" o

"CT " v figeeh 455 RefvbRe et B bojelRRHA RS o RiGBsBbIRTS! onal

astronomical. X-ray tomography, for example, is commonly used to inspect

solder joints for defects formed during fabrication of printed circuit
assemblies.
in “laminography,” alsc know as “classical tomography,” two or more of
20 the source, object, and detector are moved in a coordinated fashion during
exposure to produce an image of the desired plane on the detector. It is also

possible to replace mechanical motion with electronic scanning (e.g., of the



Radi‘ogr aphi ¢ |1 magi ng Techni que", |EEE Trans. Biomed. Eng: BME-19: 2028,
(1972), and incorporated by reference here. In typical |am nography, a
single, flat focal plane is chosen in advance for inmaging during an
acquisition cycle. Wth tonosynthesis, on the other s hand) a single set of
projections may be used repeatedly to reconstruct inmages of focal planes at
varyi ng heights. This "tonosynthetic reconstruction"” is typically
acconpl i shed by shifting or translating the projections relative to each

ot her prior il A r far f. [ y is
Chat the oot e S g or THETBHeN sk SFL AvaPaBL o REEmR inpBRREL B
i ndeed, may be arrapged on one or e arhitrarily conplex surfaces. For
exanpl e, onen%W'\;/ﬁcgﬂ)’ﬂBe?hﬁgu&ﬂ E‘épcﬁlo‘?!ﬂf’técq nord%f“gﬁggr‘”(?fac Feentled
circuit board which is warped or the conplex articular surface of a

bi ol ogi cal j@RHeNimceowEtatedIsoahpt thatmage oftheopat plenedsemainnstatiararpn of
tilted, flat planes is generally described in J. i~ 1t _iu, D. Nshinmura, and
A. Macovski )arid/essierplfoags ng thieidege fos| wititeeplgye$ abosy rarideiselsiv, thigefdcaPhy s.
14(6): 950-955 (1987) and in Z Koiitsi, 6. Panayiotakis, V.

Anast assgpoat_blajﬁé reveSsAd aas biafst Mto e bakrgraking, R"eéo%t'rtﬁét@rﬁta'?éggﬁﬁéé on
Met hod for gital Tonosynthesis," Med. Phys. 19(4): 1045-1050 (1992),

uhi ch are Dahin RERIASE 8k Bxobslir snPeohsce sibENEhiegtaubRese ref er ences

do not consider the vari ous ens associated w'th curved, or otherw se

non-flat, f . nl npe : ' j . - | n sone
Cases the addnEPeraR TSR CoRihBleta kbl BBRE Somparans
particul ar application. For exanple, JP52030395 to Shoichi is incorporated
by refer encéﬁ)'ﬁceer E‘Oé‘ﬁa,'%%%?'@‘. %‘?fﬂm%ﬁ tg%qqq‘?}‘l'?leé%ﬂé{&e abstract, discloses
a curved tonogr aphz canera for panoram caI_I'y s. phot ogr.aphi ng a specific
curved di sl ocat i ddKe EINERIFFPRY. HemosyRthesiBGuires copriinales: RPsitieniagiaigs
appear to illustrate a collimted x-ray source and a rotating detector

movi ng 1A artbe sphsge. sletectonapdabjectwin tact.imilandatar aemugjion geagatiiaged.
VWhile well-suited for relatively sinple shapes which are known in advance,
such an approaygbeasedan<sach ¢assk Tomosyasthiesisidifersdremidaminagraphuirbtiatari | y
conpl ex surfaces determned at run time. Wth regard to dynam c tonography,
U. S. Pat ent projechiof$ Zre2@8qniced\ddthstheansiigm stbppiedi stsbaltipke, figedigwolirett - Packar d
Co.) discloses a | am nography systemw th automatic test object warp
conpensat i oOrR&yhstiticBOR & tHEeOpEFE R EE! bbkﬁiﬁﬁiﬁll?@&@%@ih@!@r othaeviégdans

| am nography systemuses t s two or nore [inear detectors and one or nore
col I'i mated Xorinh@uifed® prlajsdtionlse X-ray inmges) with different view ng
angl es, are generafed by each detector and then anal yzed by a conputer to
generat g5 Z-axi s t oShitRESis WRIPHE eBRSIREAd Q' l%HBFc%(iﬁ;ahéﬁ?@ upon the

| ocation of a pre-detem~rined feature in a test object found in each inage.
The di scret - j ‘ ' »USi
compensat | o SCARb T8 R oP R CRRNEpAY, UHcBE te 3hA detector
pl anes in the o¢bj.e nder_test. 4 However . t Adansg, t e i.gque uses
features i naé%&#"égﬂyséeg?ré?ws(im@?‘é'bqujﬁébd@s 9§‘”8¥F@Wﬁ%ﬁaﬂ°‘8my
t wo- di mensi gnal shift distance for the entire imge. in the correspondi ng
shadowgr aph Def#gen é’é’ﬂﬁ\"ﬂfi@r‘aéﬁatﬂ%@’@@?@ Mﬁ%ﬁﬁ@@%fj@ﬁ‘{;a"ﬁ?@lﬁg@r uctions
for a variety of reasons discussed in nore s detail_ bel ow X .

since numerous hybrid schemes are also possible. Tomaosynthesis, which

20 can also be considered a specific form of computed tomography, or “CT,” was

first described in D. Grant, “Tomosynthesis: A Three-Dimensional

138}



SUMVARY: These and ot her drawbacks of conventional technol ogy are addressed
here by providing a device for tornography of curved surfaces including a
to source of penetrating radiation; an object having a curved surface; and
a detector having a curved shape corresponding to the curved surface. Al so
di sclosed is a nethod for tonography of a curved surfaces including the
step of projecting energy through an object having a curved surface onto a
detector having a eelrved shape corresponding to the curved surface. is in

o provi ded ¢ RABCORAIRLESBNG SeEMUGRr HEEE: 17RP g R R, A6 gL bn

for each of a plurality of points in a projection of the curved surface
onto a det ect®®,;(184d) 1 sprrayateschy safefansegiaieal ity of points in the

proj ection according to the expected distortion of that point. Al so

di scl osed i s a devinctgphal fasninograyaphsingie, Batdfocalkeplasarié abesem imadobhest i s
provi ded that includes neans for detenm~ining an expected distortion of a

proj ection offof Aagimgvstirky an smgpm@;rp@cm.olmm%mmymsr@j@h&h%%ther
correcting the projection according to the expected distortion. BRIEF

DESCRI PTI GN- Gl SR NG rYRICHBHS nﬁpﬁéhée@freé%@gpgﬁﬂ;ek\%ﬁls%lﬂ now be

described with referefice to the follow ng figures are not
desi gnat e Lor MESS 2 RER Hene® o i R s IS uHFs; Rorliuctie” 4
tomoar aphy oS Gl StrraBieckh Eh R o Bt theaietrd elate 1o
detector array for use with the tonography systemshow in FIG 1. FIG 2B
i s a cross- seRAGNoPIBer Prienta eRERIMMGng section lines I1-11 in FIG 2B. is
FIG 3 is a schematic illustration of a typical data acquisition geonetry
for inplementing tAsonunogPaphlgnsiosireanyypes dftomiography is that the region(s)
10 of interest may not lie in a single, flat plane, and, indeed, may be arranged on
one or more arbitrarily complex surfaces. For example, one may wish to
image solder joints in a region of a printed circuit board which is warped or the
complex articular surface of a biological joint in a medical application.
Tomosynthetic reconstruction of tilted, flat planes is generally described in J.
15 Liu, D. Nishimura, and A. Macovski, "Vessel Imaging Using Dual Energy
Tomosynthesis”, Med. Phys. 14(6): 850-855 (1987) and in Z. Kolitsi, G.
Panayiotakis, V. Anastassopoulos, A. Scodras, and N. Pallikarakis, "A
Muiltiple Projection Method for Digital Tomosynthesis,” Med. Phys. 19(4):
1045-1050 (1992), which are both incorporated by reference here. However,
20 these references do not consider the various problems associated with

curved, or otherwise non-flat, focal planes such as warped printed circuit

boards.

[8]



FI Gs. 4A through 4D are schematic.illustrations of projections made using
the data acquisition geonetry shown in FIG 3. FIG 5 is a flowhart for a
t onmography nmethod using the principles 20 illustrated in FIGs. 4A-4D. FIG
6 is a flomhart showi ng one of the steps in FIG ~5in nore detail. 6
FIG 7 is a flowhart showi ng another one of the steps in FIG 5 in nore
detail. FIGs. 8A and 8B are an input file for the IDL (Interactive Data
Language) from Research Systens. 5 FIG 9 is a nmesh representation of a
curved surface obtained fromusing the input file in FIGs. 8A and 8B. FIG
10 is a nesh reprdsanmae cepedthe hequiaitivedenmeta ednberdapeditcogectmgiisht o
a flat surface using the input file shown in FIG. 8A and 8B. F1G 11 is a
mesh represenhatiooa partitdiar appigeation. FbGexampid)atPI 8 03960l Dhaiekr ect ed f or
distortion using the input file in FIGs. SA and SB. DETAI LED DESCRI PT10N OF

THE PREFERRE%%ZE%tE@WeFér@ncé HeFe @ngll 88oreifify IPARIErRSRB diaght agr am of

one enbodi nent a tonography system 100 for curved surfaces. e term

tomgr aphy” | elisef disyhELeo Lol deloiisa ot Al ESoP BngMIRILy L oTo0r 20hy.

di !

The t onography system I AicTu one sour an obj ect
120) and a detector assenmbly .130. The arro 102 illustrate that the source
170  andl os ¢ REOIRATERLED ASDERBESUIRS dRIBPLRBLPSIon G bRtansh Gauent
projection (for static tonography) or noved durjing imge acquisition (for
dynani ¢ t omodn&pphgichhdranings ARPEIEIQ JugiFatep gallimates x-rensoypeand®0 may
al so be noved during or between nmulti EI e acquisition cycles. Hybrid schemes
i n whi ch not retatiog clatectobmoving Weaiesdnat ae ¢onpantugwithdhaigimamnbaageal so
possi ble. 7

being imaged. While well-suited for relatively simple shapes which are known

in advance, such an approach appears to lack the flexibility to adapt to

10  arbitrarily complex surfaces determined at run time.
With regard to dynamic tomography, U.S. Patent No. 5,687,209 to

Adams (assigned at issuance to Hewlett-Packard Co.) discloses a

laminography system with automatic test object warp compensation and is

also incorporated by reference here. The Adams laminography system uses

15 two or more linear detectors and one or more collimated X-ray sources.

Discrete X-ray images, with different viewing angles, are generated by each

detector and then analyzed by a computer to generate Z-axis test object warp

compensation parameters based upon the location of a pre-determined

feature in a test object found in each image. The discrete X-ray images are

20 then combined using these warp compensation parameters to generate

laminographic images of different planes in the object under test.



The: source 110 may be any conventional X-ray, or other suitable penetrating
energy, source for passing energy through the object 120 to the detector
assenbly 130. The illustrated object 120 includes at |east one curved, or
ot herwi se non-flat, surface 122 that is under investigation as the s ~
desired focal surface. For exanple) the curved surface of interest 122 may
be one side of a warped printed circuit board assenbly havi ng sol der
connections that nmust be non-destructively inspected. The curved surface of
interest 122 for which a cross-sectional inmage is desired may also lie
partly or entirel yvEHeh thaddameiachnice viisieatures.in egeh&d sayerak her wi se
non-planar) to cross-sections of a variety of other planar and/or

non- pl anar f esitadiorsyrapiliroagedjte determaye altwo-disnansiyed shift distdrecd forageaphy
system 100 shown in FIG 1. The detector assenbly 130 shown in FIG 1

i ncludes a curtiedlimage o bres vbsespomding ahadowdeiett Dhe 18chriQue sanshBgefRd/ Or
recording energy fromzs the source 110 as it passes through the object

120. | ti 7 h
e A W R S o e SR, Ui ol W ngghve

and orientation at correspon ved ace

under investi 4 Rn..For exanmple, the detector 132 is preferably
geonetri cal | f%g%'mglaoyfand has the sane orientation to the surface of

interest 122. The term "geonetrically "o simlar"” is used here to refer to
surfaces, or portions of surfaces) having correspondi ng shapes that are not
necessarily the sane size. 8 For exanple) the relative sizes of the
detector 132 and surface of interest t3N ﬁﬁy be scaled in order to
account for the overall magnifications of the system 100. This scale factor
rnay al so vary, fdheseans ethandsawbaeksioh emtvientionaltedbsologyt drecaldreasédce
have different
here by providing a device for tomography of curved surfaces including a
10  source of penetrating radiation; an object having a curved surface; and a
detector having a curved shape corresponding to the curved surface. Also
disclosed is a method for tomography of a curved surfaces including the step
of projecting energy through an abject having a curved surface onto a
detector having a curved shape corresponding to the curved surface.
15 In another embodiment, a method of tomography of a curved surface
in an object is provided that includes the steps of determining an expected
distortion for each of a plurality of points in a projection of the curved surface
onto a detector; and correcting each of the plurality of points in the projection
according to the expected distortion of that point. Also disclosed is a device

20 for tomography of a curved surface in an object is provided that includes

means for determining an expected distortion of a projection of the curved



S orientations or shapes. For the sake of illustration, FIG 1 shows a only
sinple, convex curved surfaces 122 and 132. Arbitrarily conplex curved
surfaces may al so be provided. However, each ray traced fromthe source 110
to the detector 132 should preferably intersect the surface of interest 122
inonly a single point. io The tonography system 100 shown in FIG 1
corrects in real time for magnifrcati on changes and i nage di stortion caused
by the shape and/or orientation of the desired focal section 122,

pem-itting b t.at rmnse
non- pl anar) %&BF%%ggfégkmevgféﬁ1 @ﬁéggqgﬁﬁgﬂﬁﬁﬁptgg §g§ aﬁ?@% Qevera
sources including i rtions of the detector 132 being closer to the
source 110 tﬁ@%egpﬁgpdd§?¥’ of the detector. Variations in orientation
of the detector) the magnification, and the path I ength through the sanple
may al so cause variations in brightness. if desired) such brightness
distortions may be conpensated by varying zo the gain associated with the
detector 132 in a pixel - NBREKDESERIBTIONI ORGHE DRAWINGSIout or by
post-processing the resulting inages. Variations resulting from

sour ce- t 0s det ect Ofy Aictls U cEABf B IFVBRESH Al KGN BB dbstPbedalilts rétereril Ch
are a function of detector p| xel height. Variations caused by changes in

detector ori j Eeis rectef ry @S a
function of ﬁ{er?écg@pn % ! gﬁgqs ka§/‘é|?'\%fe’en {nﬁ n?%éc%ag@e? v{/\tg#&gﬁ{lg acgfl
normal and a r I n1th &l correctio
particul arly agéh (‘?’%ﬁle rﬁfg'%ir\?& @H'ﬁ%’gg‘? 8;-%?{1% ré%ﬁpgqqér&p 9\?&?1 static
t onogr aphy. Nonet hel ess 0 .be applled in to dynam c tornography
either by vaFWPHgﬂ?Wee?ﬁWQ{”\j’ag?l‘?rﬁ LY®WS i nage acquisition, or, in an
approxi mat e fashio by appl yi ng averaged correction factors to the final
i mge. Since pi xeF @rl dh arrEasssscliona sebpnaiicshiegrerp AbPne emhasintent &f icon ro
squared, correction to a standard magnification may also be perforned.
Changes it paystehefayttbmograpiphot tervedjseciaceausi ng bri ght ness vari ations as
a non-linear function of cos(8} and are generally nore difficult to correct
for. FIG. 2A is a top schematic view of a detector array for use with the
tomography system shown in FIG. 1.
FIG. 2B is a cross-sectional view taken along section lines lI-ll in FIG.
2B.
15 FIG. 3 is a schematic illustration of a typical data acquisition geometry
for implementing the tomography system shown in FIG. 1.
FIGs. 4A through 4D are schematic illustrations of projections made
using the data acquisition geometry shown in FIG. 3.
FIG. 5 is a flowchart for a tomography method using the principles
20 illustrated in FIGs. 4A-4D.

FIG. 6 is a flowchart showing one of the steps in FIG. 5 in more detail.



Wth nonmochromatic sources, a gain that is dependent on cos(8) can be
applied after taking the logarithmof the fraction of intensity
transmtted. However) such corrections are only approxi mte for broadband
sources such as x-ray tubes. Consequently, in practice, such path Iength
corrections are often ignored in tonosynthesis and | am nograpy. The vari ous
correction factors di scussed above are generally independent and nmay
therefore be multiplied. ?0 The detector 132 is preferably deformable so

ar'ni trary Shapes it or ot Bl SERUPR AN PR R el SRR E o

detector 132 may include flexible X-ray 10 filmor other deformable
ener gy sensor"’j‘or@rdeéﬁ"-array of inflexible detectors arranged in a flexible
substrate. In this regard, the detector assenbly 130 may be further

provi ded with optiFé@al 8AcndadBrase E3uinput filsHaptheylRlhEntraeiiteoball2 t o
correspond with the curved surface 122 under investigation. For exanple,

el ect r omechanienglbagey rom Regedreh®atetns. adj ust the rel ative hei ght of
various portions of the detector 132. FIGs. 2A and 2B illustrate an

al ternatiye detectos. 8rig 8¥masN résdsBatIORESHSuEERIdurackasfibeiPRery. fl at
detectors 232. Each of the detectors 232 may record one or nore pixels of

the resulti ngSf.”gﬁg?g@iﬂ’&ff%W%i'@?-oé'f\%ﬁig?som’ or all, of the detectors 232

may then be eva in order he investigation to particul ar
diate vicinit of her feat S. under

areas, such as the i f. joi.nts or r

i nspection. As be {égﬂg\}%airﬂeﬁ Epr@g%n%&gh Qalt'&?'ngPNc? %Lff'lf%cre e ZIC?e'ngthe
detector array 230 nmay be provided with a vertjcal actu r 234. The
actuators 238 %’i}egl%’%" B’eﬂ% F&rene g‘eplrkﬁ’\‘/‘? %il? Q&fm”i‘ i”bﬁkgs-ié\é‘é‘ﬁr%%s of
transl ational andlor rotational freedomin order to provide further control
of their surface b5IPehi i adoneshrrepresentatigniafthe irnpae is Fifaal O thglr ke heani on

of one of many possible
10 corrected for distortion using the input file in FIGs. 8A and 8B.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
FIG. 1 is a cross-sectional schematic diagram of one embodiment of a
tomography system 100 for curved surfaces. The term “tomography” is used
15 here to include both static and dynamic tomography. The tomography system
100 includes at least one source 110, an object 120, and a detector assembly
130. The arrows 102 illustrate that the source 110 and/or the detector
assembly 130 are repositioned between each projection (for static
tomography) or moved during image acquisition (for dynamic tomography).
20  Alternatively, or in addition, the object 120 may also be moved during or
between multiple acquisition cycles. Hybrid schemes in which motion occurs

both between and during image acquisition are also possible.



dat.-a acquisition geonetries 300 for use with the tonography system 100
shown in FIG 1 and/or other tonography systens. As in FIG 1) the object
zo 310 under exami nation (for exanple) a printed circuit board assenbly) in
this particular geonetry 300 is held in a stationary position with respect
to a 11 source of X-rays 320 and an X-ray detector assenbly 330. However,
ot her configurations may al so be used. The detector assenbly 330 nay

i nclude various features of the detector assenblies 130 and 230 di scussed
above with regard o Fl nchr qnou otatio t.h -ray
source 320 and det ?Lﬁggo a@%\ﬁysoe EB%BHV%F&IO? ﬁ%'agr PBR& L‘%%%é‘?/ i mage
of the horizontal Iane 360 within the object 310 to be fornmed on the

det ect or 330. Pel”ﬁ”ﬁl“ﬁﬂ eé‘er%esod‘é‘t’%éqr&a%m gaeqdyIthsucht B8 ehiedle] 2@ tothaar
and horizontal. However, the techniques described bel ow may be extended to

non- pl anar amst@testonasseoblyzbi. all e diustrated objest FREGMCIUdes B Idastoneat e
several types of distortion that can arise when a surface is projected onto

a geonet ri calcuyvetl, ssiothéravisel ebedtady swofacent2hat imuddéf mvestigatioreat aheon.
FI GS. 4A-4D conpare the results of projecting the horizontal reference

pl ane 360;0n delRed fedk suRRICEZ Fradxafeile cther cLdved aamhoes bf ihersstaltizaimgd by
projecting a plane 370 that is fitted at an angle O about the is y-axis

onto the Sa”%ed&%eeguhgrof%g@a\w Brlr?tﬁgcdlrfc'u?taddg)‘d agl;%beyﬁlﬁé\ﬂipgnt st rate a

series of such prolectlons di anonds repres s i1n a
rectangul ar qrid on t n the circl
represent corPespd cﬂs tg‘ Eﬁ?qﬁ%?% 'ﬁgr{'ﬂg&?ﬁ?@gﬁ' %ﬁﬁ%g%grl ShEdvEdi %Hgaec%%me
370. The x-axi,s sh runsfro left to,ri in the charts shown
"1 20 FiGa. KRGS WATPEMTI 9 SIBA%SecHR0a) Far i SRS e g o
(and axis of rotatign) is coincident with the central circle in each of
FI Gs. 4A-4D. emﬂ@hawgmraweaaﬁrtqrm objeat HeOx -¢aRyedoff elberyiseipreglanar,
counter-clockwi se fromthe x 1? axis, is denoted as in FIG 3 so that
FI Gs. 4AlaD crnseseaiionsipfa variedp of gggm,r planar and/or non-planar features and/or
objects may also be imaged with the tomography system 100 shown in FIG.
1.
The detector assembly 130 shown in FIG. 1 includes a curved, or
otherwise non-pianar, detector 132 for sensing and/or recording energy from
15 the source 110 as it passes through the object 120. In particular the detector
132 has, or may be made to take on, a shape and orientation that
corresponds to the shape of the curved surface 122 under investigation. For
example, the detector 132 is preferably geometrically similar and has the
same orientation to the surface of interest 122. The term “"geometrically

20 similar” is used here to refer to surfaces, or portions of surfaces, having

corresponding shapes that are not necessarily the same size.



and 270; respectively. Since rotation of the tilted plane 370 is about the
y axis, points fromthe tilted plane 370 along the y-axis remain in the
focal plane and are represented by circles which are superinposed on the
correspondi ng s dianonds in each projection shown in FIGS. 4A through 4D.
However, points on the titled plane 370 which are to the left of the y-axis
are above the horizontal focal plane 360) while those to the right of the
y-axis are below the focal plane. As illustrated by the circles in FlIGs.
4A-4D, the position and io magnification of points in the tilted plane 370
will be distorted Farexamplsthe Relativavaizes of tiee tietaston {2 and sdirfscerafi on i s
shortening by a factor of cos(O in a direction perpendicular to the axis
about whi ch tiheersanol 22 smayobeteadedhiowederto sdocovet fritee@eeeslal |y smal |)
this so called "shortening distortion” in the x direction is typically

m nor. Consequaphifitatibhé 8f B §ykehal0d Y PRisticdle faclbsialidighvERes N0t appear
as a striking difference between the circle and di anond projection patterns

h in Fl Gs = 4D, : f o i i N
i stortion rre o’ e dHEAalisR S aclitkicbnPiltdnd ifve BRELATE veen
di i di d f t hor, i t al 360 d ircl
Che ti1ted prodiidbend & SIRRCS) FOLAR SR QONLAEMD diblmnivn Stante  © o)
bet ween the squrce 320 and detector a nmbly 330 is fixed for this exanple,
the magnifi catTeR JOTVRYE CHNg E‘f’é%c‘?sfriégaf‘g TRt efrBitRRIY ISP MMeX REvgst from

t he horizontal plane 360 in the z |J direction of each point on the
tilted plane CETHBaY alfayhe Prevudedn HaWever er@sraydradasstrorhégswiures i n
the generally trapezoidal outline of the circles formng projections from
the tilted grild ®nbe ddactr/18? shiaidpreferdbly misesecpthenssfdmd ofintardsabpze
the horizontal focal s plane 360 to appear to shift toward and away from
the directionnehiy Seimpepoint. respectively. This is the effect that is
exploited in conventional |am nography to cause blurring of the "out of

focus” plignes. ForTRdrhbgizpthyRhatin3I 00 ShwWin PG GeodectBah #hime for
distortion |l eads to various image changes depending on the position of the
source as desgrdBReafst BManges and image distortion caused by the shape and/or
orientation of the desired focal section 122, permitting both dynamic and
static tomography of curved (and/or otherwise non-planar) surfaces.
However, changes in brightness may arise from several sources including
15 some portions of the detector 132 being closer to the source 110 than other
portions of the detector. Variations in orientation of the detector, the
magnification, and the path length through the sample may aiso cause
variations in brightness.
If desired, such brightness distortions may be compensated by varying
20 the gain associated with the detector 132 in a pixel-by-pixel manner, either

during readout or by post-processing the resulting images. Variations

resulting from source-to-detector distance can be corrected using pixel gains



to At ~= 0 shown in FIG 4A, parallax distortion |eads to stretching of

the inmage pattern in the x direction, while at ~ =180 shown in FIG 4C
paral |l ax distortion | eads to conpression in the x direction. Simlarly, at
~ =90 and ~ _ 270 shown in FIGs. 4B and 4D, respectively) parall ax

di stortion causes shearing of the projected inmage. In the fornmer case,
points to the right of the is y-axis are shifted upward and those to the
|l eft are shifted downward. In the latter case, shearing in the opposite

di rection occur.s, I nt i | yes .of, .~ .(not,,sh i el d additional.
combi nat i ons%‘c’) Bg ﬁ(Se?? 3@%5%80,”61@??%@Sﬁ‘?eﬁ%?e'c’h%%&es‘@bﬁ%“’%?n%%hbﬁﬁdsﬁ%&b?ﬂge&sfna
function of 'tsc{]ﬂe di spl.acenent in the Z-direction fromthe horizontal plane
360. As a re t@f;torﬁr'%faflﬂpsca@x%wﬂﬁay&ﬁ GPITacied Wi 93ins MUCH¥RBERS @ ane
370, these distortions increase linearly with distance fromthe y-axis.
Di stortions flenctifircgi thecssiite ai Gegargladetuses thalpcel detastorssuiface nprmal

predicted. In the general case) distortions do not | -1 vary linearly
across the i mngea bayt trawed Sonf thebsoyrcedT be éatterrcorestionliapanicuteny as
di scussed below. FIGs. ~A-4D illustrate that once the position of the

source 329, swbligssiedd indiiguapsrofedliondsbtdipeaclith s&die tarfodrapm, as wel | as
the shape and orientation of the surface of interest 370 and the detector

330, then th L ] i : i r naci ng
and/ or ot her ﬂ({eﬁﬁé%ﬁggt mﬂ?tﬁ%%% érigy t% r'gg?lr? ﬁﬁggé gﬂsrgggia?ﬁgr%u%e&fhe
exanpl es above, .ot her f o bnel.udi e sSpo ize, atter, and/or
det ect or resgsmti?%ﬂj%'gggé%égtgém?@c'ﬁ%(%ga(is@%?% %ei%??@%’pﬁ%’gmasteof t he

i magi ng syst if io desired. In any event, ray traci will generally
brovi de a geGHRV9TCA FRPVIRGIRYes e CPIEGIOTFRSIORHE tBE TRk NBge nt or est and
detector have geonetrically sim|ar shapes and orientation, and are scal ed
to match the magniFPeaPrEhPUBNPRES iRYPREY RERericRslde Magnifipatiort ect or
has, or can be made to take on, the desired shape and orientation)

undi st or ted bauges, cafrecionpto aistandard rmagnifcationeaysalapibe perfayned c

t onography as di scussed above with regard to FIG 1. Alternatively) in
stati c t onogChginges impatalengtetraoyghl ¢éhe object shagisgdmidghtmessnvartat@onsaas at hen
digitally correct any resulting distortions in the individual projections

prior to recpsaliineal itittioh®T co%fINER) alhgendraty Fire WfiCLR MG icberedhetrst or t ed
projection to the distorted projection is one-to-one and invertible, then

e 1 10Tt MAorbEnRaARELSlhckt, 825 BAleBEhORedoh Ligc) g o3t o o0,
oD e et o BOTAPERE aRrRERAThGaR Vel el BN AT,
distorti Iojns g—lcsawde%%(r:,rgu%%dcoirrne |'ong %rrg Soln?}y %E{rox'i}@é’t‘éaf'&? %QOA(EEBQC},% sources such

as x-ray tubes. Consequently, in practice, such path length corrections are

often ignored in tomosynthesis and laminograpy. The various correction

factors discussed above are generally independent and may therefore be

multiplied.

20 The detector 132 is preferably deformable so that it can be configured

to correspond with curved surfaces 122 having arbitrary shapes and/or other

curved focal planes. For example, the detector 132 may include flexible X-ray
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Processing Lab," European Signal Processing Conference 2000, (Tanpere,

Finl and, Sept. 4, 2000) and L. Yarosiavsky and M Eden, "Fundanental s of
Digital Opticals," (Birkhauser, Boston 1996}, which are both incorporated
by reference here in their entirety. By zooming in, i.e. increasing the
nunber of pixels, it is possible to obtain an al nost conti nuous
approximation to the distorted inage. Distortion io correction with good
preservation of image quality can then be achieved by transferring the

pi xel values fromthe predicted |ocation in the zooned, distorted i mages to
t he correspdiidi agother atsfemabie energyserstredr anegey @iinflexibleetqietadrson is a
preferred nethod for zoomng in on the distorted projections, but other
net hods nmay @rsegdeirisedxibosusstpael an thikfreghRNthe dBfdidt ASRehial,i 18D 2~
using zero padding and FFT algorithnms or their "pruned"” variants are
descri bed i oY ] i 1 it =ff 4G ' '

I nt er pol ati gﬁg¥eb?r?%ﬁé%lﬁ%\r§8écgmtg§o %amﬁgh%'g%flﬁﬂ%??gﬁg tﬁ%@%&?’? .{brSpeech
Si gna! Proc. 1 -1517 i ) - i ng-,. | EEE
Trane. Audi ol EEPaR PR hbR A OBk SyfucA 722 Gpber FipaladtliT Soor
incorporated by reference here. Alternatively, or in_additiop,. sinc

i nt er pol ati of¢ Q‘Qb@[%%?cﬁl?d"%iSEQVQ%@a%&%w @e%@l"?‘%& rie%wgr"(‘)%'ga@s ky,
"Efficient Algorithmfor Discrete Sinc Interpolation," Applied Optics,
36(2}: 460- 48¥ar®us gordory of i eeteictoral3Fo i ncorporated by reference here
and is advantageous in ternms of accuracy, flexibility, and conputati onal

conpl exity. Once Flizs. &# ard tZBoillgsthatecar edernativg ldetendof aray 286 havingct i on,
then the corrected projections can be reconbi ned usi ng conventi onal

t omosynt hesirfyrperciishehall egossiispaceanflitaiationea32 Wiheth gsiheoddtearsynt heti c
reconstruction, the corrected projections may al so be shifted in order to

reconstruct 2 {HHeebrPbna of MbreYpiRbisdf thé Aésuting/ Reage!! rAe@satin fofkd eri ng
z axi s heights. However, unlike in conventional tonobsynthesis, surfaces at
10 some, or all, of the detectors 232 may then be evaluated in crder ta limit the
investigation to particular areas, such as the immediate vicinity of joints or
other features under inspection. As best shown in FIG. 2B, each planar
detector 232 in the detector array 230 may be provided with a vertical
actuator 234. The actuators 234 may also be configured to provide additional
15 degrees of translational and/or rotational freedom in order to provide further
controi of their surface orientation.
FIG. 3 is a three-dimensiconal representation of one of many possible
data acquisition geometries 300 for use with the tomography system 100
shown in FIG. 1 and/or other tomography systems. As in FIG. 1, the object

20 310 under examination (for example, a printed circuit board assembly) in this

particular geometry 300 is held in a stationary position with respect to a

11



different heights rnay also be corrected for changes in magnification
and/or to partially corrected far associ ated, secondary changes in

bri ght ness using the techni ques descri bed here. Various aspects of a system
for tonosynthetic inmaging of arbitrarily curved andlor titled surfaces wll
now be described in nore detail wth respect to FIGs. 3 and 5-11. tn the
follow ng discussion, the source 320 in FIG 3 w |l rs be defined to be

| ocated at z = +z. Simlarly, the location of the ideal, horizontal focal
pl ane 360 will be defined at z = 0, and the detector 330 at z = -zo. The
desired focaPouiGerdEram3eaRndsh yaydietestrpaasemphndlli Elawsneropther
otherwi se, as a function z = g(x, y). Typically) the desired focal surface
370 wi | | haveorfigieatiome arayzalso ®e wddachough this is not strictly required.
For ~o sinplicity, the follow ng description also presunes projection

geonetries | eadi NghkQlt6MGPBsHEPDBCII® MATBIBRIUdeOAIrINR, feallres FHeCcONMDN
resolutions, with undistorted and aligned i maging of the horizontal planes.

et df soleecid s ifiles ot dtPand 0! At BNUtbVEN i) Fol RS HRAL 11 M D

present disclosure tor other configurations andlor assu ions

how t h [ t .' ity d [ f t h t hod
200 that my2 bR TP Bent SRR e wR T ROE Bk M e er s SR SBRU 61 ot ner
ot her v e nHITITN SECHORISE 7R mase/ot B Fieae con wohinihep,
modul e, segnent, or portion of conputer code that will typically conprise
one or nore %@dééh@b@)?%bﬁrf@'fm%f?ﬂd% dedectorgPEntht i3 tthe ageetor i38@ isogi cal

function(s). However, a variety of other of conputer, electrical, , t o

el ectroni c) ilesthated s beingdilanamandihorizgriak iowaewer atheotelcbnigjuss dedgribed
configured to operate in a simlar manner. It should al so be noted that, in
vari ous al t dieleiv may ibepdxterdedto ops-plahar Anadior nonshorizoathlidetétterdl ocks wil |
occur in an order different than noted in figures. For exanple) multiple

functiong in differgHi4Rlaesissiaie S6vR%PGHbE &f idistotidithlt tah latise when a
concurrently) in a different order, inconpletely) andlor over an extended
period of tigipfacdsingidicdted'BRid 4 BRoMEREAIRNASSIMIar RS or JAE WA
different orientation. FIGS. 4A-4D compare the results of projecting the
horizontal reference plane 360 on the planar horizontal detector 330 against
those obtained by projecting a plane 370 that is tited at an angle ® about the
15 y-axis onto the same detector 330. More speciiically, FIGs. 4A-4D illustrate a
series of such projections where the diamonds represent points in a
rectangular grid on the horizontal image plane 360, and the circles represent
corresponding points on the tilted (non-horizontal) image plane 370.
The x-axis shown in FIG. 3 runs from left to right in the charts shown in
20 FIGs. 4A-4D, while the y-axis runs from bottom to top. The origin (and axis of

rotation) is coincident with the central circle in each of FIGs. 4A-4D. The

angular position of the x-ray source, measured counter-clockwise from the x-

12



steps may al so be conpl eted manual | y. The tonography nmethod 500 begins with
the collection of projection views at step 510. Except as noted, the
processi ng of individual views ?0 described bel ow may occur in parallel or
may be overl apped with collection of other projections. At step 520, the
expected distortion for each projection of the desired surface 370 is
conputed. The position of the desired focal 18 surface 370 relative to
the reference surface 360 will typically have been previously determ ned or
inferred, for exanple by | aser surface mappi ng and/ or ot her techniques.

Al t hough, hogiisors dénotefleaseindd Gs i $@twt F6Gsi 4Ai4D tepireatridd Fr0, GG 183),

non- hori zontal andl or curved reference surfaces nay al so be used, as rnay

curved det echaf Z8PeRRJREvdi30.5iR3D rtBRNM of thetidd plhind™F (2is a6Ut9He Aspect s
of step 520 are shown in noré detail in FIG 6. At step 610, a series of

hypot het i cal i X . rr LN 0. each det.ector. pixel are
pl aced in th39§1 @E’ﬁ‘é? i@@néhegw}%%gﬁ%gﬁ%éggéﬁg g’vﬁ%‘isf galn '6%?50%@306
points are preferably arranged jn a reqgular grid so that each point
projects to eAg %@ﬁ?é@%ﬂ‘?‘ﬂ@yEHF‘Féé’HBg‘Ei?ﬁ%58%%’8?6?%9%?‘9Wrrﬁépoﬂﬂm ng.
| -towever) other arrangenents nmay al so be_used. At step 620, the

cor r espondi ngigpaends neactepmiectisn shaye Il brre 48vihrough 4B. gdaweyer,:pdipts s
found by) for exanple, projection along the z axis. Then, at is step 63D)
t he proj ect edn plosititled plaor 86€6 pdnch Bee toothedeti ghtheny-axis dreyabowrs the n t he

di storted image is conputed using) for exanple, ray tracing. Finally,

bri ght ness cherigsritapfosabplne@al] viticahost eptHetghtiaiitheyaams are deldl kife
conparing the nmagnification in the distorted image relative to the ideal

i mge (M Mo)fsJEaypk@estored for each point, as described above. ?0 Returning
to FIG 5, a zoonmed version of the previously-collected projected inage is

created at step SAQ. it bYTHE SRR ih $9GEC2MAF ¢h8 position and

10 magnification of points in the tilted piane 370 will be distorted in at least three
ways. The first type of distortion is shortening by a factor of cos(©) in a
direction perpendicular to the axis about which the sample is rotated.
However, since @ is generally srr;all, this so called “shortening distortion” in
the x direction is typically minor. Consequently, this particular type of

15 distortion does not appear as a striking difference between the circle and
diamond projection patterns shown in FiGs. 4A-4D.

A second type of distortion is the "keystone distortion” that is caused
by the difference in vertical height between corresponding points (diamonds)
from the horizontal plane 360 and (circles) the tilted plane 370. Since the

20  vertical source to detector distance between the source 320 and detector
assembly 330 is fixed for this example, the magnification of the projected

image is determined by the height from the horizontal plane 360 in the z-

-
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may be chosen based on the high frequency content of the projection. A 19

| inear zoom factor of 2 - 8 (or 4 - 64X in area) may al so be chosen
enpirically or otherwise. At step 540, the corrected projection inmage is
constructed by replacing the pixel value in the original inmage by the pixel
val ue at the corresponding position in the zoonmed projection. Corrections
to s brightness may al so be inposed at this stage. The zooned projection is
no longer required after step 540 is conplete, and may therefore be

di scarded. At step 550, the corrected projections are tonosynthetically
combi ned to fdiestian of gage R@ﬂnttqmtf@illﬁﬁfé@ﬂﬁoﬂsﬂ $hesacragriicatioanyl e,
tonobsynthesis nay be carried out using pixel averaging or order statistics
(e.g. min, maifferences rmardifdst tightesivesiin tor kestratly taappadidat vLdingpbiele

| ocation). Additional focal surfaces above or bel ow the tonosynthetic inmge

may al so be %Qﬂ@tsrféﬁh% p?\bjéctti%lﬁsﬁﬁﬂ'n tfh(értllt@lel%rﬁ‘i‘?@»'ﬁ@IS of step 560 are
illustrated in FIG 7. At Sstep 710, the shifts, or "offsets, in the x and

Ine desi red change TiF %%E“é%*ﬁ“ AR DRSSO, el Py
nave boen’ obPEHoIoRS FRECPHE ?h'ﬁgey@?%sﬁaﬁﬂzv?%%ﬁﬂ%fnq;r%cﬁuo@“%ﬁ%%'cg

Typically, a different nunber of xel s. t han wa or| inally obtained wll
result from [$FREENEWat YR IS ﬂ‘llﬁl\%@g “ﬁ?h@ ?’%Pé‘ﬂﬂeiqs tiogalblaminpgranhyat ch
that at the ideal focal height. Finally, simlar to step 550 (FIG 5), the
corrected i niyesuse Blurong sy mewtcsélfoyus:mi@n%dngthﬁgtlltmpm%msanvyn
magni fi cations fromsteps 710 and 720. 20 As not ed above, the tonography
met hod 500 shoWG. 3, gereliax Bistontiap leads pleneud Enbgmchamg@tedeaeh@hg@f

el ectrical) electronic, conputer, nechanical, manual, andlor other

confi gurat i ofife pblsivien &f theé Boardeyfs Bakcrhtrdbbelsant , the system 500 wi |l be at
feast partially conmputerized with s various aspects of the system being

| mpl emenged by sofAttgw B9 shbWAVRTFIG. AT, SRS IRax azétoan&méad%'&fét&mﬁ; fthe\hen
t he tonography syst m 500 1s at least partially inplenented in hardware,

“but not b P et RS ik ghish i o €4 180 KEOVRT: B FeS TRl "

i mpl ementing |ogic functions upon data io signals, application specific
i ntegrated ceistartippdgads KQS‘F‘EE{‘EPSS'%W the xEBesian- aBEMiasibidh 47 8RARNHdyFC

gates, progranmmable gate array(s), "PGAs", and/or field programmble gate
arr ay( s), " FPESshakein H@heﬁBmDnr&aﬁwvmw, paiaiak disiodioapdausegst em 500
may be part of a source program (or "source code"), executable program
(" obj ect codghdarisEi e projeidd ibhbBe! 18Mhé Fomedtises pbihidto the right of the
15  y-axis are shifted upward and those to the left are shifted downward. In the
latter case, shearing in the opposite direction occurs.

Intermediate values of ¢ (not shown) yield additional combinations of
shortening, stretching, compression, and/or shearing as a function of the
displacement in the Z-direction from the horizontal plane 360. As a result, in

20  this example of a flat, but tilted object plane 370, these distortions increase

linearly with distance from the y-axis. Distortions for displacement along other

axes may also be similarly predicted. In the general case, distortions do not
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is set of instructions to be performed as described in nore detail below.
Such software may be witten using an object oriented programm ng | anguage
havi ng cl asses of data and nethods, andl or a procedure progranm ng

| anguage, having routines, subroutlnes) andl or functions. For exanple,
sui t abl e progranmm ng Ianguages i nclude) but are not limted to) C, C+ +, 20
Pascal , Basic, Fortran, Cobol, Perl, Java, and Ada. Such software nay be
stored on any conputer readable nediumfor use by, or in connection wth,
any conputer-rel ated system or nethod. For ?I exanpl e, the conputer
readabl e mediv@ Hagainacess tanymape but s cstineg pediced dpe Halilar onaonaer
physi cal device or neans that can contain or store a conputer programfor
use by, or i rascihroestddorelamt h) a conputer-rel ated systemor nethod. The
conputer-related system may be any instruction s execution system

apparatus) or devimes. 8A@Dams@raﬁ@tﬁmtcﬁfcehﬁé%sﬁmtcﬁﬁhe&69%320 §QALRENI Ng
system or other systemthat can fetch the instructions fromthe

| NSTTUCti O G AU RT79Y ShE MerdRBRA3D UPe KROWHEHL %na#dmteeg@%ﬁ%xs fyte those

instructions nput er-rea um t hererore includ means t hat

or i n conectlBRATR PRE r%g?ﬂfafeﬁea#tgz@”%ﬁ%é%s% Bo g o ' °

devi ce. For exa t he conputer a e%)l e i um ma take a varl ety of ’
forms incl udifagH 'BQ:P“?@Ctﬁgt' 9 ’F@M tawegﬁév BYJFRLNY RRGISISIRET opt i cal |

el ectromagnetic, infrared, or sem conduct or system apparatus, device, or

pr opagat i on ﬁ%qmweqvtﬁl@oysedavﬂ@%maﬁ%eeﬁo@r%mmexaéaagm abave,medi um

i nclude, but are not limted to, an electrical connection (eiectronic)

havi ng one opthmrfecwr$.eis¢luaiqgoscwbe@pobaipat@crattﬁrsarwoed(etmgmreneiso)gticm random
access nmenory ("RAM') (electronic)) a read-only nenory ("ROM)

(el ect roni c) manakbadssibckideddg moradétailed atbdeid gf henpaging EAReM,"if " EEPROM "
or Flash menory) (electronic)) an optical fiber (optical)) and a ?0 -

port abl e;gonpasfredi #¢ ahgadent) ¥y WaERgWIl JeRBRAMY) provilel £ gbdmelthiGalgonput er
readabl e nedi um coul d even be paper or another “suitabl e nmedi um upon which

the program {34 e finade whih tREU R nibfedt LRRldBEGR hbye capt ur ed.

for instance via optical sensing or scanning of the paper, and then

Eg.”ﬁb' ggor dbsame?ﬁ&dly%mﬁsha%éseam BREASAEN! Sndt ard!stABH . TRARAHREf or e

magnification of the imaging chain. Hence, if the detector has, or can be
made to take on, the desired shape and orientation, undistorted images can

15  be obtained using either static or dynamic tomography as discussed above
with regard to FIG. 1.

Alternatively, in static tomography, one can use any detector shape
and orientation and then digitally correct any resulting distortions in the
individual projections prior to reconstruction. For example, when the map

20  from the undistorted projection to the distorted projection is one-to-one and
invertible, then the distortion may be corrected in each projection, and the

image restored, pixel-by-pixel, to that which would have been obtained had

15



ina menory. In a typical enbodi nent, once the hardware and/or software

i npl enrentation of the tonography systemillustrated in FIGS 3-7 is
accessed) a processor will typically be configured to execute instructions
corresponding to the nethod 500 (FIGS. 5-7) in conjunction with an
operating systemstored wthin a nmenory. The processor will also receive
and execute further instructions and data stored in nenory or made

avai l abl e fromvarious io input/output devices (such as the source and/or
detector assenblies di scussed above) so as to generally operate the system
pursuant to thesiriste aotidaisctangodasssabatgaonedricaliy similsotbape @nandl or
hardware. FIGs. 8-11 refer to a conputer sinmulation illustrating various
aspects the embatitisentAs cdegutaiisthighsicientand siffeptive intathot fbsceegetin
witten using ~ s nearest neighbor interpolation w thout zoom ng instead of

sync i nt er polabiric MRt&tioR8Gs eaktibedinGs. Y SRR sRYOUARNCBR YA € for 1DL
(Interactive Data Language) from Research Systens. In FIG 8A) fine 4

specifies th i he- | j (8.~ 9- i xel in
thi's case.  Lrrakeidlabe ik yEBAER T ose bt Golithne T Ae B 45
shown in FIG_ 9. Al though the pargticylar, "Mexi Hat," function shown in
frao sy Einfand, Somt 4a2080] 2Ry Rof astslerSiated M e bor un i reskls
simul ate other curved surfaces. 23 Lines 14-20 in FIG 8A define a
reference, rBigitgh§intisalsgr (Rirkgrausexdbodpe @6, whishtaremhedh dtcotpemteg Hya and
z=0 with elenent (0,0) at the center of the grid. The pixel values of the
r ef er ence objafetgncedigre iartkeir leatirégtyi ti al i zed to zero except on a 15x15 set
of gridlines which are set to 255. Lines 27-39 s then plot a nesh
representation of Bylmotninged, g, itwassed'theundrmber depixalditad pbssike o 10.
Lines 41-43 simlarly display the flat reference surface defined by "obj."

Li nes 45-48 ppidin &n SodeEbRgnidis Besiokingatich tatheodistftedSitthde) HstdsasH ent
ray tracing cal cul ati ons. '
10  correction with good preservation of image quality can then be achieved by
transferring the pixel values from the predicted location in the zoomed,
distorted images to the corresponding location in the comrected image. Sinc
interpolation is a preferred method for zooming in on the distorted projections,
but other methods may also be used. For example, efficient sinc interpolation
15  using zero padding and FFT algorithms or their “pruned” variants are
described in T. Smith, M. Smith, S. Nichols “Efficient Sinc Function
Interpolation Technique For Center Padded Data”, IEEE Trans. Acoust.
Speech Signal Proc. 38:1512-1517 (1990) and in J. Markel, “FFT Pruning”,
IEEE Trans. Audio Electron. AU-19: 305-311, (1971), which are each
20 incorporated by reference here. Alternatively, or in addition, sinc interpolation

may be performed using the methods described in Yaroslavsky, "Efficient

Algorithm for Discrete Sinc Interpolation,” Applied Optics, 36(2). 460-463
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Lines 50-57 of FIG 8A and lines 1-3 in FIG 8B performray tracing io
calculations for imaging the flat reference surface stored in "obi" onto a
fiat, rectangular grid. These ray tracing calcul ations ace then displ ayed,
resulting in an undistorted grid. Lines 7-14 in FIG 8B performsimlar ray
tracing for the curved surface shown in FIG 9 onto a flat detector. The
results of those calculations are shown in the distorted i mage 1000 shown
in FIG 10. Lines is 18-28 in FIG 8B go on to perform ray tracing onto a
curved detector having a shape and orientation corresponding to the curved

surface 900 aphgn, whizh it keso esutperatsl bhesterdritedpe drld islddvaritagbeuaas ed
that an undistorted i mage of the curved surface 900 shown in FIG 9 can be

created (FIG te}ﬁns)%%d‘ufga@y,@I%R%Ftﬁrarﬁlﬁ&’érﬂ%u?&tﬂﬂﬁpéor%%lé%ﬂ? orientation

corresponding to that of t'he curved surface under investigation. FIG 10,

on the other hand, ]| r : LE WS P I redict t.h istorted
i mage 1000 t hat isdﬂcggﬁge%tr%%“én?bg%éggtagcct%ﬁbIgﬁf%aftogf%c;ﬁ%&%:&oguﬂ?%e 900
when the shape of the &urv.ed.surfac is kn%vvn. For exanple, the distortion
'n an i mage pRSRREREIE RPRCIRRDER HFiTREQADHISLUS DO ERAVBEIATN | ar | y

predi cted once the warp curvature is nmeasured or otherw se determ ned.

Furt her nore, ‘@sesynthesis oF BHiejUesoBRisuGtiopdachmayes vithenr usjag domespntkstics- 7,
the distorted i mage shown in FIG 10 can be corrected to the undistorted
condi ti on shomsmonetrétiian, e cbtrestasuprb)damiomsphag elsed e haiftetiie cedboth nent s
descri bed above, and particularly any "preferred" enbodi nents, are nerely

exanpl es of vachagtuttghementedn afresfanhigt othsirdlabeenvesiedurfaeeshathiffering z-
provi de a clear io understanding of various aspects of the invention. One

of ordinary skiikheWHts. PRvidle?, iRikel ih@onvaRtorRdl tbRessndeBrdisiFaESs Wit hout
substantially departing fromscope of protection defined solely by the

proper const ryghbLan HiightlendPhlsB b 8ofbAkB%or changes in magnification and/or

10 partially corrected for associated, secondary changes in brightness using the
techniques described here.

Various aspects of a system for tomosynthetic imaging of arbitrarily
curved and/or titled surfaces will now be described in more detail with respect
to FIGs. 3 and 5-11. In the following discussion, the source 320 in FIG. 3 will

15 be defined to be located at z = +z. Similarly, the location of the ideal,
harizontal focal plane 360 will be defined at z = 0, and the detector 330 at z =
-Zp. The desired focal surface 370 can then be described parametrically, or
otherwise, as a function z = g(x, y). Typically, the desired focal surface 370
will have a mean near z = 0, although this is not strictly required. For

20  simplicity, the following description also presumes projection geometries
leading to common projection magnification, "Mg,” and common resolutions,

with undistorted and aligned imaging of the horizontal planes. However, a
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?5 CLAIMS: 1. 2 3 4 5 surface. 2. 2 deformable. A device for tonography
of curved surfaces conprising: a source of penetrating radiation; an object
having a curved surface; and a detector having a curved shape correspondi ng
to the curved The device recited in claim1, wherein said detector is i 3.
The device recited in claim1l) wherein said detector further 2 conprises a
plurality of spaced, flat detector elenents. 4 The device recited in claim
2) further conprising at |east one 2 actuator for shaping the defommabl e

detector. 1 ~. The device recited in claim3) further conprising a
plurality of \araty vabtires sihdaeinetieatshmagtitatarstnesi roonbegirebeastisers 0k
'he detectors 3 according to the shape of the curved surface. 26 i 6. A

net hod for tgaP8fHRROnBGurtion8thfdiel 2ERmmptieHer i sing the 2 step of
proj ecting energy through an object having a curved surface onto a 3

detector having a f@svwghagﬁhg%&ﬁﬁ@an@ iR, GHEY raycsg%gornj o the

The nmethod recited in'claim conprising th

Comr i i ng 1 H8TREED Vedt@eﬁB@Qtthﬂﬁm@fﬂﬂeﬁ@%‘%&aﬁ%ﬁ téﬁh{e&?&nc%' Fgpanin "

bri ght ness di stort | ons. i thod for tonpgra~y of a curved surface in
an obj ecty 2 Fd&nps ﬁ@ﬁfﬂj qthgr @‘?‘éﬁ%s ovherg theidasiediiagtlareesettbman seorti on
for each of a plurality of a points in a projecEion of the curved surface
onto a det ecttitteyl, antyed, dr ntheswise odn-flat bhah dldakyin¢tlGsobnt eprasehts an
projection 6 according to the expelled distortion of that point. 27
activity, step, module, segment, or portion of computer code that will typically
comprise one or more executable instructions for implementing the specified
logical function(s). However, a variety of other of computer, electrical,
10  electronic, mechanical, and/or manual systems may also be similarly
configured to operate in a similar manner.
It shouid also be noted that, in various alternative implementations, the
functions noted in the blocks will occur in an order different than noted in
figures. For exémple, multiple functions in different blocks may be executed
15  substantially concurrently, in a different order, incompletely, and/or over an
extended period of time, depending upon the functionality involved. Various
steps may also be completed manually.
The tomography method 500 begins with the collection of projection
views at step 510. Except as noted, the processing of individual views
20 described below may occur in parallel or may be overlapped with collection of

other projections. At step 520, the expected distortion for each projection of

the desired surface 370 is computed. The position of the desired focal

18




10. The'nmethod recited in claim9, wherein said determining step 2 further
conprises the steps of: 3 for each of the points in the projection,

| ocating a corresponding a reference point on a reference surface of the
object; s for each of the reference points on the reference surface) 6
finding a corresponding point on the curved surface of the object; and 7
determ ning an expected distortion in the projection for each s point on
the curved surtace. i 11. The nmethod recited in claim9, wherein the
correcting step 2 includes the ste repl aci ng pixel values in the
uncorrect ed pusjasetddhraiptive @ T@@rrﬁg%'ﬁﬁﬁﬂrshg‘apﬁt Opoilldyeidaliy keve belemes at
the expected positions. z 92. The nethod recited in claim9, further
conpri si ng t heresbaply deterrRinedpmabienged, lier ebetraple by lRgeandrfsos medping St eps
for a plurality of 3 projections and 4 reconstructively conbining the

corrected preiregdd ther tdchhigueNeammb ] Hrigbhedl réferéhdd suPacerdengin the
detector is curved. i 14. The nethod recited in claim9) wherein the

reference sunjagiddird Rﬁ'ry%n ﬁ@nzor‘rtaﬂénd/ﬁrg@(}e@ereﬁ‘&*en 2ERgLRBAYY g

curved surface in an object, 2 conprising means for determning

cxpect ed 9f LA boD<Bh, 3Pl AU ¥heoPSb B Aplls %ﬁhéﬁﬁr@f@ﬁ?om

according to F’ expected s distortion of at |east two of the points.

The device r&fted in cl aim 15) wherein the determ ning neans 2 further
conprises: 3 neans for designating a reference surface in the object, said
a reference surfac@rieapiarpes!sabpercAt axpeinmiy mere detait inde Gof tAe
detector; s neans for determning a deviation fromthe reference surface 6
for each of atgy Gt@la sgries opbypetbetioal prntsuix ed }s oofrasponding tz emeans f or
determ ning an expected distortion in the projection a for each of the

poi nt s baseddefemtor piredateepincee th theyvxgtreferehcomidrie3s@{RIGRB)ewsieré aceO. |

17. The device recited in claim15) wherein the correcting nmeans 2 includes

nmeans fofip r eghasé p@irts ek p}(@ﬁelrl@tSiyldﬁréﬁ@%dﬂﬁ@fég@ﬂérﬁghcpé@m%ltédm hibh 3
correspondi ng pixel values at corrected positions. 29 i he devi ce

recited in Cb?dg&t%@o théIceRfdr cﬁQH‘é’%bﬁ'e@ﬁonalnﬁ‘%%éctt)?’blfe‘?w%i' ﬂgcirﬁs@f and a

det er mi ni ng correcting steps for a 3 plurality of projectio

means for Wd&hby%bgnéﬁg}ryg?énﬁ%gﬁgo%g &gt ed projections. i 19. The

device recit alm conbi ning neans 2 further

conprises: 3 meany Lo, 85 S UrpdRaild S8ht bRthE /GRS rotafpiGRE"$4d £9, 2

proj ec#i ons; and
= g(% , vi )} is found by, for exampie, projection along the z axis. Then, at

15 step 630, the projected position corresponding to each point {x; yi, z} in the
distorted image is computed using, for examplie, ray tracing. Finally,
brightness corrections are computed at step 640. For example, a ratio
comparing the magnification in the distorted image relative to the ideal image
(M/Mp) may be stored for each point, as described above.

20 Returning to FIG. 5, a zoomed version of the previously-collected
projected image is created at step 530. The mirnimum required zoom factor

may be chosen based on the high frequency content of the projection. A
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s nmeans: for tonosynthetically conbining the adjusted and 6 corrected
projections using the detemined offsets. i 20. The device recited in claim
15, wherein the reference surface is 2 curved. . t 21. The device as
nsciied in daim19) wherein said conbining 2 further conprise neans for
adjusting a brightness of each connected 3 projection. 30 .A&Y9. A

. AsH. A&H. ALH. Ay% A% A9y% AL. A&y% AU. A. A. A9H. A9. A. As& A95. A9. A9. A A. A&. A&y.
A.AIl A5 . AAaAs;2 %~.}?u
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109% & () - 0! 1§f& $ntetpolad®s C\;b&:a » al Bfteferdt) numB&RSSHI%¥than was originally
& ()-' | DS#10%koko& () T18#10% ' & ()- 6B &#10% 0] 0& ()- S&#10%070& ()- 9

MLO% o0& %
595,20 st WL B OB St s il
I SF(" 10%
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0, | 0,
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magnifications from steps 710 and 720.
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hardware, or a combination thereof. When the tomography system 500 is at
least partially implemented in hardware, the system may be implemented
using a variety of technologies including, but not limited to, discrete logic
circuit(s) having logic gates for implementing logic functions upon data

10 signals, application specific integrated circuit(s), "ASIC(s)”, having appropriate
combinational logic gates, programmable gate array(s), "PGAs", and/or field
programmable gate array(s), "FPGAs. When implemented in software, the
tomography system 500 may be part of a source program (or “source code”),
executable program (*object code”), script, or an)} other entity comprising a

15 set of instructions to be performed as described in more detail below. Such
software may be written using an object oriented programming language
having classes of data and methads, and/or a procedure programming
language, having routines, subroutines, and/or functions. For exampie,
suitable programming languages include, but are not limited to, C, C+ +,

20 Pascal, Basic, Fortran, Cobol, Perl, Java, and Ada.

Such software may be stored on any computer readable medium for

use by, or in cannection with, any computer-related system or method. For

21
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- XxmbC 10
y system or method. The computer-related system may be any instruction

execution system, apparatus, or device, such as a computer-based system,

U

processor-containing system, or other system that can fetch the instructions
from the instruction execution system, apparatus, or device and then execute
those instructions. Computer-readable medium therefore includes any means
that will store, communicate, propagate, or transport the program for use by,

10 orin connection with, the instruction execution system, apparatus, or device.

For example, the computer readable medium may take a variety of

forms including, but is not limited to, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, apparatus, device, or
propagation medium. More specific examples of a computer-readable

15 medium include, but are not limited to, an electrical connection (electronic)
having one or more wires, a partable computer diskette (magnetic), a random
access memory ("RAM”) (electronic), a read-only memory (*‘ROM”)
(electronic), an erasable programmable read-only memory ("EPROM,”
"EEPROM,” or Flash memory) (electronic), an optical fiber (optical), and a

20 portable compact disc read-only memory ("CDROM?”) (optical). The computer
readable medium could even be paper or another suitabie medium upon

which the program is printed, as the program can be electronically captured,

[£8]
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5 implementation of the tomography system illustrated in FIGS 3-7 is accessed,
a processor will typically be configured to execute instructions corresponding
to the method 500 (FIGS. 5-7) in conjunction with an operating system stored
within @ memory. The processor will also receive and execute further
instructions and data stored in memory or made available from various

10 input/output devices (such as the source and/or detector assemblies
discussed above) so as to generally operate the system pursuant to the
instructions and data contained in the software and/or hardware.

FiGs. 8-11 refer to a computer simulation illustrating various aspects
the embodiments described above. For simplicity, this code is written using

15 nearest neighbor interpolation without zooming instead of sync interpolation.
More specifically, FIGs. 8A-8B show an input file for IDL (Interactive Data
Language) from Research Systems. In FIG. 8A, line 4 specifies the sizes of
the images shown in FIGs. 9-11, 256 x 256 pixel in this case. Lines 6-10
provide height values for the curved surface 900 shown in FIG. 9. Although

20 the particular "Mexican Hat” function shown in FIG. 9 is z = sin(r)/r, a variety

of other functions could be used to simulate other curved surfaces.
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105/~ 1056 () TIOR8 ) 4&515%/5&- B B e 0 Qbehis segter of
%Lgi/go&@é‘) ( % ] OQ%OQM%EJ{ ’_ﬁjo ?’t% ?f% 8: _’biecﬁ@%ﬁz}rﬁw?n initialized to
zero except on a 15x15 set of gridlines which are set to 255. Lines 27-39
5 then plot a mesh representation of the curved or "warped” surface defined at
lines 6-10. Lines 41-43 similarly display the flat reference surface defined by
“obj.” Lines 45-48 in FIG. 8A define the position of a source used in
subsequent ray tracing calculations.
Lines 50-57 of FIG. 8A and lines 1-3 in FIG. 8B perform ray tracing
10 calculations for imaging the flat reference surface stored in “oby” onto a flat,
rectangular grid. These ray tracing calculations are then displayed, resulting
in an undistorted grid. Lines 7-14 in FIG. 8B perform similar ray tracing for
the curved surface shown in FIG. 9 onto a flat detector. The results of those
calculations are shown in the distorted image 1000 shown in FIG. 10. Lines
15 18-28 in FIG. 8B go on to perform ray tracing onto a curved detector having a
shape and orientation corresponding to the curved surface 900 and to plot the
results as shown in FIG. 11.
It will be noted that an undistorted image of the curved surface 900
shown in FIG. 9 can be created (FIG. 11) using a detector having a shape
20 and orientation corresponding to that of the curved surface under
investigation. FIG. 10, on the other hand, illustrates that it is possible to

predict the distorted image 1000 that is produced on a flat detector by a
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example, the distortion in an image produced from a warped printed circuit

can be similarly predicted once the warp curvature is measured or otherwise
determined. Furthermore, using the techniques described above with regard

to FIGs. 5-7, the distorted image shown in FiG. 10 can be corrected to the

n

undistorted condition shown in FIG. 11.

It should be emphasized that the embodiments described above, and
particularly any “preferred” embodiments, are merely examples of various
implementations that have been set forth here to provide a clear

10 understanding of various aspects of the invention. One of ordinary skill will be
able to alter many of these embodiments without substantially departing from

scope of protection defined solely by the proper construction of the following

claims.
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1 1. A device for tomography of curved surfaces comprising:

2 a source of penetrating radiation;

3 an object having a curved surface; and

4 a detector having a curved shape corresponding to the curved
5 surface.

1 2. The device recited in claim 1, wherein said detector is

2  deformable.

1 3. The device recited in claim 1, wherein said detector further

2 comprises a plurality of spaced, flat detector elements.

1 4 The device recited in claim 2, further comprising at least one

2 actuator for shaping the deformabie detector.

1 5. The device recited in claim 3, further comprising a plurality of

2 actuators wherein each actuator positions at least one of the detectors

3 according to the shape of the curved surface.
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2 step of projecting energy through an object having a curved surface onto a

3 detector having a curved shape corresponding to the curved surface.

1 7. The method recited in claim 6, further comprising the step of

2 forming the detector into the curved shape.

1 8. The method recited in claim 6, further comprising the step of

2 correcting the detected energy levels for brightness distortions.

1 9. A method for tomography of a curved surface in an object,
2 comprising the steps of:

3 determining an expected distortion for each of a plurality of
4  points in a projection of the curved surface onto a detector; and

5 correcting each of the plurality of points in the projection

6 according to the expected distortion of that point.
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3 for each of the points in the projection, locating a corresponding
4 reference point on a reference surface of the object;
5 for each of the reference points on the reference surface,
6 finding a corresponding point on the curved surface of the object; and
7 determining an expected distortion in the projection for each

8 point on the curved surface.

1 11.  The method recited in claim 9, wherein the correcting step
2 includes the step of replacing pixe) values in the uncorrected projection with

3 corresponding interpolated pixel values at the expected positions.

1 12. The method recited in claim 9, further comprising the steps of:
2 repeating the determining and correcting steps for a plurality of

3  projections; and

4 reconstructively combining the corrected projections.

1 13.  The method recited in Claim 9, wherein the detector is curved.
1 14.  The method recited in claim 9, wherein the reference surface is
2 curved.
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2 comprising:

3 means for determining an expected distortion of a plurality of
4 points in a projection of the curved surface on a detector; and
5 means for correcting the projection according to the expected

6 distortion of at least two of the points.

1 16.  The device recited in claim 15, wherein the determining means

2 further comprises:

3 means for designating a reference surface in the object, said

4 reference surface having a shape corresponding to a surface of the detector;
5 means for determining a deviation from the reference surface

¢ for each of a plurality of points on the curved surface; and

7 means for determining an expected distortion in the projection

g8 for each of the points based upon the determined deviation from the

9 reference surface.

1 17.  The device recited in claim 15, wherein the correcting means
2 includes means for replacing pixel values in the uncorrected projection with

3 corresponding pixel values at corrected positions.
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2 means for repeating the determining and correcting steps for a

3 plurality of projections; and

4 means for reconstructively combining the corrected projections.

1 19. The device recited in claim 18, wherein said combining means

2 further comprises:

3 means for determining an offset for each of the corrected
4  projections; and
5 means for tomosynthetically combining the adjusted and

6 corrected projections using the determined offsets.

1 20. The device recited in claim 15, wherein the reference surface is
2 curved.
1 241. The device as recited in claim 19, wherein said combining

2 further comprise means for adjusting a brightness of each corrected

3 projeclion.
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