07/ 02/ 2006 TOMOGRAPHY OF CURVED SURFACES TECHNI CAL FI ELD The subject matter
di scl osed here generally relates to reconstruction of 5 curved 3H}659%ﬁ)
vi a tonography, and, nore particularly, via X-ray tom)synthesis0 r 06
| am nogr aphy. BACKGROUND " Tonography,” as used here, is a general term
describing various 10 techniques fro imaging one or nore cross-sectional
"focal plane(s)" through an object. Tonography typically involves formng

proj ections of a region ofTdmgé?xﬁgfépbﬂﬁg%?ggﬁgmgg%of penetrating
parti

radi ati on, such as x-rays, soun waves, ms, or products or
radi oactive decay, that are then conbined with the application of a
reconstruction techni que. Tonography has 15 been applied in diverse fields

to objections ranging in size fromeOHRICASEMRAIDC t 0 astronom cal X-ray
t onography, for exanple, is commonly used to inspect solder joints for
defects formed duri Mge sublect matter aiscioéedphiara igetkraliy rrelaet taesersbrbigties .of | n

"Ianinograpyy,gwgﬁﬁgﬁgggwgtaﬁo}ﬁﬁﬁgﬁg, ,ebgﬂgﬂhgﬁgﬁgﬁ wo or nore of 20 the

source, object, etector a In"a coo d fashion during

exposure to pr@ﬁggﬁﬂ@gshp@@@0$ﬁmﬂhe desired plane on the detector. It is
al so possible to replace nmechanical notion with electronic scanning (e.g., '

of the 07/02/ 2006 Agilent Docket No. 10010361-1 source or detector). The
notion may be in a variety of patterns including, but
BACKGROUND
“Fomography,” as used here, is a general term describing various
J 10 techniques fro imaging one of more cross-sectional “focal plane(s)’ through
an object. Tomography typically involves forming projections of a region of
interest using some type of penetrating radiation, such as x-rays, sound
waves, particle beams, or products or radioactive decay, that are then
combined with the application of a reconstruction technique. Tomography has
15  been applied in diverse fields to objections ranging in size from microscopic to
: astronomiéaf X-ray tomography, for exampie, is commonly used to inspect
solder joints for defects formed during fabrication of printed circuit
| assemblies.
In "iaminog_raphy,;’ also known 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 deéired plane on the detector. Itis also

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




not limted to, linear, circular, helical, elliptical, or random In each
case, the notion is coordinated so that the i nage of the focal
remai ns stationary and in sharp focus on the detector, while p|02}r(2QS£@&}%6
and bel ow the focal s plane nove and are blurred into the background.
Reconstruction takes place in the detector during exposittBodritiociOABRSH-5
sinply of integration. Lam nography can therefore be considered a form of
"dynam c "t onogr aphy” since notion is typically continuous throughout
exposure. Li keSPHRemogetaiion). Toavstiorhasy derisquvaredy obpaitématmdugiogj bitoni ng
of 10 the source, detector and object. In fact, simlar data acquisition
geonetri es mayotiEnitesktd, lineeachcolaschelitamesiptissihesanddind fleach el the
| am nography in that projections are acquired with the notion stopped at
mul tiple, fixegoponhm soordMeRONSHRNSthETMageldithe RR% BlafRGeMaikt Satighdsy,
averagi ng, or otherw se conbining, these projections. 1s Tonosynthesi's can
pe consider ed gndli-lfAh rBER! OXHIRLEQR O nlIA TR ARG arff bdloh U E¥SLal
static tonography,™ since the source ah etector are typically
stationary durj ch projection., . ver, .this dichotony . between dynam c
and static on%%’rg%mvel gncg%ﬁeeé\hgteddggéﬁe%kgg%nﬁ lE—ﬁe&P”Stﬂqt'ﬁgga %ﬁ‘r@ﬁa&és
hybrid schenes are a{es ssi bl e. Tonmosynt hesis,. which 20 can al so be
consi dered a éBz}E‘? fe CI?QfP B9 LRAsURanNt GRBSEEH PP integratiqlas £ r st
described in D. Grant, "Tonpbsynthesis: A Three-Di nensional 07/02/ 2006
Agi | ent Docket-aWnogerhyser-thereiares aphsideratagiforg TecynamietomedEBEN T ans.
Bi oned. Eng: BME-19: 20- 28, (1972), and incorporated by reference here.
since motion is typicaily continuous throughout exposure.

Like laminography, tomosynthesis requires coardinated positioning of

10 the source, detector and object. In fact, similar data acquisition geometries
may be used in each case. Tomosynsthesis differs from laminography in that
projections are acquired with the motion stopped at muitiple, fixed points.
Reconstruction is then performed by digitally averaging, or otherwise
combining, these projections. _

15 Tomosynthesis can be consideredr a digital épproximation to
laminography, or a form of "étatic tomography,” since the source and detector
are ’Lypically stationary during each p.rojection. However, this dichotomy
‘between dynamic and static tohography is somewhat dated and artificial
since numerous hybrid schemes are also possible. Tomosynthesis, which

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

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

8]




‘In typical |amnography, a single, flat focal plane is chosen in advance
for imaging during an acquisition cycle. Wth tonosynt hesis, on,t t.her
hand, a single set of projections may be used repeatedly to rec@r?hsfqgég%.og)
i mges of focal planes at varying heights. This "tonbsynthetic
reconstruction” is typically acconplished by shifting &ied:n308! @ I RGndsh e
projections relative to each other prior to conbining. A comon prob?em
for many types (?:'5 tonography is that the region(s) to of interest may not
lie in a singleRddiegraphigrisiagingTechriged, |EEE TeenairBianeedEAR: BRI 187 ofDr €
arbitrarily conplex surfaces. For exanple, one nmay wi sh to i nage solaer
joints in a regl8n('&72, rd incerbrategiuhyt rdfdaide Wakeh i s warped or the
conplex articular surface of a biological joint in a medical application.
Tonosynt heti ¢ reconstr ypldaPRnhobidphgds of anes j.s.general |y described
inJ. 15 Liu, D. N shinmura, and % ptll\}gb%\s/ssrl??%’ f%(t/essefﬂq%ﬁaaio 83?%%}16‘%@%99
Energy Tonosynidtesiasging dktha £ : )i 9505.95 1987) and in Z. Kolitsi,
G.  Panaylotakis, V. gAr?astagsoﬂgég?%éﬁ&ﬁfyggog{@bé%”Ftl%esf%lolnitkﬁr@i’k@%, "A
Mul tiple Projecti for Di.gital Tompsynthesis,” Med. Phys. 19(4):
1045- 1050 (1992) ,Wm%h%%@%@?ﬁ”éﬁ%%?%@dlw regeatedhcle mevestridvever
20 these ref erqﬂpa%% doﬁ not, onsi der the various problens associated with
curved, or ot hervisss Nérca P nesiyvarying fwights u g hisatomas yrelletir fatbadirgbicnri t
boards. 07/ 02/.%&06 A) i lent Docket No. 10010361-1 In sone cases the
acqui sition gedmfH CpePhahed by shifting ootrphslating the projections relative to

each other prior to combining.
A common problem for many types of tomography is that the region(s)

10 of interest may not lie in 5 singie, flat plane, and, indeed, may be arranged on

one or more arbitrarily complex surfaces. For exémp!e, one n;13y wish to

image solider joints in a region of a printed circuit board which is warped or the

complex articular surface of a biclogical joint in a medicat application.

Tomosynthetic reconstruction of tiited . flat planes is generally described in J.
15 - Liu, D. Nishimura, and A. Macovski, “Vessel maging Uséng Dual Energy

Tomosynthesis”, Med. Phys. 14(6): 950-955 (1987) and in Z. Kolitsi, G.

'Panayiotékié, V. Anaétassopoﬁ[os, A. Scodras, aﬁd N. Pallikarakis, “A
Muitiple Projection Method for Digital Tomdsyntheéis,” Med. Phys. 19(4):
1045-1050 (19G2), 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.
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this for a particular application. For exanple, JP52030395 to Shoichi is

i ncor porated by reference here and, according to an English-Ian %/2006
abstract, discloses a curved tonography canmera for panoram cal |§
phot ographing a specific curved dislocation region in a horizontal patient.

The Shoichi draw ngs appear to illustrate a collimated %3k chﬁg(g_q&ng&q_la
rotating detector noving in arcs that are concentric wi th the hufan ribcage

bei ng i naged. Wiile well-suited for relatively sinple shapes which are

known in advance, dushrmancassthacitqapRrRRr d%edrﬁeﬂrﬁ%)}@@ afjéﬁt’éh% laicwrtnhﬂsh

~adapt to 10 arbitrarily conpl ex surfaces termned at run tine.

regard to dynarfie f(bmﬁmw,adﬂ{i&iﬁ&ﬂt%tﬁ%@%’ﬁ%éﬁ‘]%%g'aﬁ%@ggyrfr‘z{s(eﬁ]sa,: 1g_'gﬂed

at issuance to Hew ett-Packard Co.) disclose

automati c test by PRgRSAL | d is. also incorporated by
ref erence her eﬁ%@?ﬁééﬁp{%% nogr@%%%gigfcé%d{@e ?%'Epaﬁsfgl{angﬁagm i near
detectors and Il i mat X-ray sources. Discrete X-ray inmages,
with different 99?%%%8“%‘%3%5,0%5 Scaﬂ 2Phy cB{nesader pararaieiyand t hen
anal yzed by, a éﬁo"fﬁm er.to generate Z-axis test object warp conpensation
par amet er s bas gEP 2Speaticavngd disicetige reginn ied horizantal patienta. t est
object found in each imge. The discrete X-ray inmages are 20 then conbi ned
usi ng these Waﬂbe %’Bﬁﬁé‘@ﬁi‘maﬁs papaarodtssitaie gecwlimbted xraNEs006 aphiL | Mages
of different planes in the object under test. 07/02/2006 However, the Adans
t echni que usegotaRgutalection mentty of arse testadre coRBEMMNARN H GRS FBCASS e m ne
e

a two-di mensional shift distance for the entire image in .th
correspondi ng tefieglonagehhWhileewé e titd AIte? rEREVEIDSAER hapes which are known

in advance, éuch an approach appears to lack the flexibility to adapt o
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 incorperated 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 différent viewing angles, are generated by each
detector and then anglyzed by a computer to generate Z-axis test object warp
compensation Vpa_rameters 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.

| taminographic images of different planes in the object under test.




produce distorted reconstructions for a variety of reasons discussed in
nore detail below, SUMMARY These and ot her drawbacks of convenhidgﬂ
‘technol ogy are addressed here by providing a device for toanraB %D /2006
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 nethod for

t onmography of curved surfaces including the step of projecting energy

t hrough an object having a carved surface onto a detector having a curved

shape cor r espondiHgyeves, ﬁq@ee\@amw@brﬁﬁd@@@es f%‘étdrag%‘%éﬁ%f%@'{?é’%i”e“t’ a

nmet hod of tonography of a, curved s ace in an object 1s provided that

i ncludes th F}%_cfer 1Y ct. - distortion for_each of a

plurality o%hggi&ﬁ?gﬂhﬁ a prsg})eracét?%gﬂﬁ%%%é&@%ﬂ?@@azﬁﬁ‘ﬁ BANGR{Br Peet ect or,

and, correcting.-. h the pluralit f points_in the projection
snfikntdn fag AeBaridian strdtubiio; e toahoiskis &an Bisviare a-

according to
devi ce- 20 for togagraphy of a curved surface in an object is provided that

i ncl udes reBiRguCs dideried fecanrirustons fs @ eitiely of masoos discusspddn esdieon of
the curved 5 07/02/ 2006 Aail ent Docket No. 10010861-1 surface on a

det ect or3 agrfaikbaiow.f or correcting the projection according to the
expected distortion. BRI EF -DESCRI PTI ON OF THE DRAW NGS Vari ous aspects of

the invention will now be described with reference

N SUMMARY
_)“) These and other drawbacks of conventional technology are addressed
here by providing a device for tomogi'aphy of curved surfaces including a
10 source of penetréﬁﬁg radiation; an object having a curved surface; and a

detector having a curved shape cbrre'sponding to the curved surface. Also

disclosed is a method for tomagraphy of  curved surfaces including the step

of projecting energy through an abject having a curved surface onto @
detector having a cijwe'd-shape carresponding to the curved surface.
15 in another embodiment, a method of tomography of a curved surface

o :) - 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 thé curved surface . |
onto a detector; and‘- correcting each of the pluratity of poinis in the projection
- according to the expected d‘istortionr of that point. Also disclosed is a dévice'
20 for tomography of a curved sutface in én object is provided that includes

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




to the followng figures ("FIGs.") which are not necessarily drawn to
scale, but wuse the sane reference nunerals to designate correspondin

parts throughout each of the several views. FIG | is a cr,oss-Be?cﬁQ%zapOG
schemati c di agram of one enbodi nent of a 10 system for tonography of _
curved surfaces. FIG 2A is atop schematic view of a detiegDofkedtd aynds@f.;use
with the tonography systemshown in FIG 1. FIG 26 is a cross-sectional
view taken along section lines Il1-Il1 in FIG 2B. is FIG 3 is a schematic
i |lustration ofUHaE§ypNcafeiestar; acdmesirtsi foncgeentrty thefmojectgh asedtinggict he

t onography system shown in FIG 1. FIGs. 4A through 4D are schematic

il lustrations #fe pxpiaded dimsrtionde using the data acquisition geonetry
shown in FIG 3. FIG 5 is a flowhart for a tonography nethod using the
principles 20 illustrated in FIG. 4A-4D. FIG 6 is a flowhart show ng
one of the steps in FIG -5 in nore detail. 07/02/2006 Aail ent Docket No.

10010861-1 FIG 7 is a fl owghak j steps in FIG 5
in nore detail. FIGs. 8A gﬂﬁggggg\ﬂéﬁﬁ(ﬁgﬁpﬁﬁﬁB%&%Itlﬁ](gg| DL (interactive
Data Language) fr Resear ch ens. 5 FIG 9 is a nesh representation of
a curved suujrf ace ob 5'?1%%6'?9%91}?5\@&%’6”?’?\’%0‘? WBWOWPP@qSﬁr'W@ﬁhgﬁfeﬁﬁdoﬁB.

to the fdi!owing figures ("FIGs.”) which are nqt necessarily drawn to scale, but
use the same reference numerals to designate corresponding parts
throughout each of the several views.
FIG. 1 is a cross-sectional schematic diagram of one embodiment of a
10 system for tomography of curved surfaces.
' FIG. 2Ais 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 II-li in FIG.
2B,
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 scherﬁatic‘.iiiustl"altions of projections made |
'_using the daté acquisition geometry shown in FIG. 3.
_ F 1G. 5 s é 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.




FIG 10 is a nesh representation of the curved surface in FIG 9 projected
onto a flat surface using the input file shown in FIGs. 8A and 813. FIG
11 is a mesh representation of the image in FIG 10 that has be8d/f2/2006
corrected for distortion using the input file in FIGs. 8A and 8B. DETAILED
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS FIG | is a gfiRg$es8Cld oMabss.;
schemati ¢ di agram of one-enbodi nent of a tonography "system 100 for curved
surfaces. The term "tonpgraphy" is used 15 here to include both static and
dynami ¢ t onogr aphy. Fie? toadignaphst ssstireand®er oReldides selbsligast. 9f{e source
110, an object 120, and a detector assenbly 130. The arrows 102 i1l lustrate
t hat the sourcecka@esnd/ or the detector assenbly 130 are repositioned

bet ween each projection (for static tonography) or noved during inage
acquisition (for dypapd BA aR; VAN at-i,vel r in addition,
the object 120 may al so be ﬁﬁ%ﬁ&%ﬁf} nggp@bféfw&efpﬁﬁé%ﬁge fi sition

cycl es. Hybri dL§,q§5]pd§-é§f} I @Déi n_ogccurs both between and during
i mage acquisition are a|°r§r<‘)w§8§§€ I eYS?%mﬁW 02/ 2006 Agil ent Docket No.

10010861-1 .The sourge. 1910 n?% Re any conventional X-ray, or other suitable
penetrating energy, sourcé For ERESRNIERE P eHvedghTape oblsieed fro20 to the
det ect or assenhl. é%}o.. The illustrated object 120 includes at feast one
curved, or ot H‘égﬂ%ﬁ ’HBHtﬁPd‘f',F'@Eﬁ%@@dl . that is under investigation as
the s desired focal_surface. For exanple, the curved surface of interest
122 may be one si ddCofl Ods aerpshiranresemdtion bé thd clroes duFase EN havi ng

sol der :

projected onto a flat surface uéing the input file shown in FIGs. 8A and 8B.

FIG. 11 is a mesh representation of the image in FIG. 10 that has been

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
tornography system 100 for curved surfaces. The term “tomography” is used

15 here to inciude both static and dynamic tomography. The tomography systen;l

100 includes at least one source 110, an object 120, and a detector assembly

130, The arrows 102 iilustrate thét the sourcé 110 and/dr the‘detec:tor
assembly 130 are repositionedbetween each projection (for sfatic |
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 cycies. Hybrid schemes in which motion occurs

both between and during image acquisition are also possible.




connections that nust be non-destructively inspected. The curved surface of
interest 122 for which a cross-sectional image is desired nay also fi
partly or entirely within the interior of object 120. Curved, (9r7/oQ2|é2\ﬁos(e
non- pl anar, 10 cross-sections of a variety of other planar and/ or

non- pl anar features and/or objects may al so be i maged avildetDdche NbonDGE@PhY
system 100 shown in FIG The detector assenbly 130 shown in FIG 1 includes
a curved, or otherwise non-planar, detector 132 for sensing and/or

recordi ng energy fromMa50Y¥Ike YELNaE belanyaeoiventasaies rah e ughertdigaphy ect
120.- In particul ar the detector 132 has, or may be nmade to take on, a

shape and ori erﬁ’%ﬁf@’ﬁmﬂwrgm@Dnea)f@m@assmgtd?r@r@?mmgﬁthtel’tﬁj}éé'trw osﬂf']%f ace
122 under investigation. For exanple, the detector 132 is preferai)

geonetrical | y slatbttar assembigs! SDheThesmngterer%é’ét'T@@ ihQubioe ﬂérasf‘Sﬁ
interest 122. The term "geonetrically ?0 simflar" 1Is used ere ?efer to

surfaces, or pauienerotnewidssTabayRg. 1901A8500dL A hApse  hal, are

not necessarily the same size. 07/02/2006 or exanpl

of the detegt Orde%ﬁ*gd%@a!%PFffa@l@eFBFexé f) ghSt?urvHé gggéﬁ?ﬁﬁ%%ﬂfﬁgg'ﬁ%ﬁger

to account for the overal magni frca

factor may al s en t di rection and desired focal
surface have dﬁ?fﬁe\e{?{?égﬁor|%Rggtprlgf?g]‘8fc% d aspgmbiyeadng eolsier
illustration, convex curved surfaces 122 and

132. Arbitrari F9“’&%%‘8P§$h%?df‘v%be @%deéf;@cw iispectsd. Jrheviltedd skiduey ef ,
each ray traced fromthe source 110 to the detector 132 should preferably
i ntersect the SFeatEDionviieh asrosspoectionabimygaissdoured rpQY Blso lie partly or

entirely within the interior of object 120. Curved, or otherwise non-planar,
10 'cross-sections of a variety of other planar and/or nan-planar features andfor
objects may aiso 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-planar, detector 132 for sensing and/or recording ener‘gy from
15 the source 110 as it passes through the object 120. In particular the detector
132 hae, or may be mede to take on, a shape and orientation that
corresponds to the shape _of the curved surfaee 122 under investigation. For
exémple, the detector 132 is preferably geometricaily 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 c_Jf surfaces, having

corresponding shapes that are not necessarily the same size.




10 ThHe tonography system 100 shown in FIG 1 corrects in real tine for
maghi fi cati on changes and i mage di stortion caused by the shape %(ety Oé
orientation of the desired focal section 122, permtting both d@ R </ 3096
static tonography of curved (and/or otherw se non-planar) surfaces.
However, changes in brightness may arise fromseveral sources including t5
sone portions of the- detector 132 being closer to the source 1-10 than
other portions of the detector. Variations in. orientation of the
detector, the magnification, and the, path Iength through the- sanple may
al so. cause- vari at{'oné@mpiEpthegifaivessizas oftheidatettor $32 Bnbrsugfaceaxs
distortions may be conpensated by varying 20 the gain associated wth the
det ect or 132 iMgrestip Xal-mpy bei sceledvmrorder teehdduamt fetuhe Ry efgadout or by
post - processing the resulting inages. Variations resulting from

sour ce- t o- detmagrificaticsisasidie costehe 1001 MR &chid $AI8r Rlay@lisSIhRS fch/ 02/ 2006
which are a function of detector pixel height. Variations caused by changes

whi ch are a function or | rons catised by
28 a Tunct fon o T he Lo o Al e e R LA B S o e
f hii h . The |l at ti [
par i cul a1y "aenen e PR¥nRAEC ol T o e, bl Abawa: (PCatic
t hy. h oy bt I lied to d ic t h
el ther by val ks G oR ST eG RS 74678 dde ARG COBRSGRIVES an

approxi mate fashion, by apl}%yi ng averaged correction factors to the final
i mage.  Si ncBTASESIMBY Rlpe: brBeovided. nilewesey encbpay tiasedifrarn thegbivicecat i on

ioysquared, correction to a standard magnification ma~ also be perforned.
e? 110 to the detector 132 should preferably intersect the surface of interest 122

in only a single point.

10 The tomography system 100 shown in FIG. 1 corrects in real time for
magniﬁt:atibn' changes and image distortion caused by the shape and/or
6ﬁerrtation of the desired focal section 122, permitting both dyﬁamic and
étatic 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_' cioser to the-source 110 than other

portions of the detector. Variations in- orientation of the detector, the

-mggniﬁcaﬁon, and the path length through the: sample may aiso cause
variations i brighth ess.
If desired, such brightness distortions may be compensated by varying
zo. the gain associated with the detector 132 in a ;;ixef-by-pixe!‘ manner, either
during readout or by post-processing the resuiﬁng images. Variations

resul’;ing from source-to-detector distarice can be corrected using pixel gains

9




Changes in path Iength through the object causing brightness variations as
a- non-linear function of cos(O and are generally nore difficult to
‘correct for.. Wth nmonochromatic sources, a gain that is depend8dt/ &h/2006

cos(O can be applied after taking the | ogarithmof the fraction of
intensity transmtted. 15 However, such corrections are only approxi nate
for broadband sources such as x-ray tubes. Consequently, in practice,
such- path length corrections are often ignored in tonosynth-esis and

| am nogr apy. wh | ' f rs.discussed above are generally
i ndependent an}g@rr'réf)é ? ﬁgégﬁ{%ﬁ%%bpﬁﬁlpf%g%g@? @53%@\8 8@&'%‘?; BY cgdges in
preferably d > so.that it can be configured to correspond with
curved surf a?féggéﬁg&ﬁea@?%ﬂq 8?'5i3tr9§%f{)]/ %@188@@0@%&“3? gainsevhighveadas ecal

pl anes. ForAgH),(a | e, the detector 132 may include flexible X-ray 10

07/ 02/ 2006 AHRLRN Pk 6psiNG Of te 20gE1Ibetweienithefoca! etealef sunfeds acenar gy

sensor, or an array of inflexible detectors arranged in a flexible
substrate. | A€ @ @ytEgaddiorn ke doumet Ghedatentdryectid® is Paytidigadr t her
provided with optional actuators 134 for shaping the detector "~ 132 to
~correspond waplicabie undieiiusl pfaeetich ot WY S&lticI8kidgRapiipr 5 exanmpl e,
el ectronechani cal servos nay. be used to adjust the relative hei ght of

vari ous por ionstnlest e ris\ 9880k difec! B AR AR LMIUEAIBT

alternative detector array 230 having nunerous sna aced,

detectors 232 iEa%he B 232 may record one or.nore pixels of
the resulting 1 ﬁgge. leﬁt @?ﬁgﬁuﬁﬁbﬁﬁ%ﬁﬁ B iHon, S0l ar approximate

o 7) | fashion, by applying averaged correction factors to the final image.
Since pixel brightness is inversely proportional to magnification

10 | squared, correction to a standard magnification may also be performed.
Changes in path length through the objecf causing brightness variations as a
non-iinear function of cos(6) and are generally more difficult to correct for.
With monochromatic sources, a gain that is dependent on cos(8) can be
applied after taking the legarithm of the fraction of inténsﬁy transmitted.

15 However, such corrections are only approximate for broadband 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 b’é
muitiplied.

20 The detector 132 is pre.ferabfy deformabie so that it can be configured
to correspond with curved surfaées 122 having arbitrary shapes andfor other

curved focal planes. For example, the detector 132 may include flexible X-ray -
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i0 sone, or all, of the detectors 232 may then be evaluated in order to

limt the investigation to particular areas, such as the i medi
vicinity of joints or other features under inspection. As bestb?tf@?/\%/%qos

FIG 28, each planar detector 232 in the detector array 230 may be
provided with a vertical actuator 234. The actuators ﬁétmeta{ﬁsﬁo%ﬁ“
d/ or i

=1

configured to provide additional 15 degrees of translational an
rotational freedomin order to provide further control of their surface

orientation. FfiB oBotteralcfbineshldiciens) S&or! S4ESS infBxi f. many
possi bl e- data acquisition geonetri g@) 300 Ofr’or use %?ﬁfnﬁﬁ)élg[eo@r%g?%ﬁ%y

system 100 shemanged i Sflekibh et RL NGS 101D r@,pt}ﬂé cge}f%tﬁrre%ssa%s@%qtsﬁ'b?ar é’

. the object 20 310 under exam nation (for exanpl e I
assenbly) in thiss bR - metry. 300 i.s held ip a stationary position
with respect .to 2 11 OYFB%%%%?WP%’P” Wﬁ?tof\%%‘&lgﬁﬁﬁ'gé’mf%&ﬂ%@%f

X-rays 320 and = det ector assenbly 330. However, other
confi gurati ons1%ifa(%#rg%s%o@dﬁ‘gé%Fherﬁ‘érvﬁgtséléfﬁﬁ? 183 4i5r {vestigatioy. i Ml ude

various features of the detector assenblies 130 and 230 di scussed above

with regard t EHRE ¢legiameshanicelsrivpa maysbe used toadjost thheeditivanekmr ce
320 and detector 330 about a common axis 340 allows an X-ray imge of the
hori zontal pl die¢agens mpttiens afitbe detgaot 1310 to be formed on the detector

330. In FIG 3, the detector 330 is illustrated as being planar and

horizontal . HoweverF|Gsh2Atardh® duetratiess bitbethtive dbRW A fxhapfgd to
non- pl anar and/ or non-hori zontal detectors.
numerous small, closely-spaced, flat detectors 232, Each of the detectors
| 232 may record one or more pixels of the resulting image. Information from
10 some, or all, of the detectors 232 may then be evaluated in order to limit the
aneSfigation 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 transiational and/or rotational freedom in order to provide further
control of their surface orientation.
FIG. 3 is a three-dimensional representation of one of many possible-
data acquisitién geometries 300 for use with th_e tomography system 100
shown in FIG. 1 and/or other tomagraphy 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




10 FIGS. 4A-4D illustrate several types of distortion that can arise when a

surface is projected onto a ge onetrically dissimlar detector i
a different orientation. FIGS. 4A-4D conpare the results of prﬁ?éﬁf/ngbb%e

hori zontal reference plane 360 on the planar horizontal detector 330

agai nst those obtained by projecting a plane 370 thatdis, bHolikee fo;RR;.
angl e ED about the 15 y-axis onto the sane detector 330. Mre speci ]ll calll Y,

FIG. 4. A-4D illustrate a series of such projections where the di anonds

represent poi nssurce of X-raetFAgsh@En -+4) ActRe a@@éh%ﬁ);ﬁ%?dll.l HERRSeP! ARE, 360,

and the circles represent corresponding points on t ted (no n-

hori zontal ) i ne@&idraishs3AQy aldenespagis shown in FIG 3 runs fromleft to
right in the chartgéM shown i?’[] 20 Flu%%di 4A- 4D, while the y-axis runs from

_ L | . ) YT i th th
contral airore in enindsddtibsaily B0 ) Moo S IeRRRT B thhe x. 1 ay
source, measure unter-éliocﬁﬂ) se fromthe x 12 07/02/2006 Agilent Docket

C
No. 100 108 61 &?9 ¥ Pgsemalief hdl 88930, diseyssedaabayerwith regans to £iGat and

represent ~ = 0, 90, 180, and 27011, respectively. Since rotation of the
tilted plane FCYENEHKUS rokiop ofdhe X-rayosairee BRBranchietetior 30mtane a370
along the y-axis remain in the focal plane and are represented by circles
which are sup&Omifpes&disofr@ alowpan esmmnidiaye sf tiednwizdatadl DlERCHEPMIARCHEON
shown in FIGs. 4A through 4D. However, points on the titled plane 370
whi ch are to tibgedtEflD tofbet formye axi thealete@BPY0 IREFIANY, kHORbRI:1dARR jsP! ane

360, while those to the right of the y-axis are below the focal plane.
lustrated as being planar and horizontal. However, the techniques described
below may be extended to non-planar and/or non-horizontal detectors.

10 FIGS. 4A-4D illustrate several types of distortion that can arise when 2
surface is projected onto a géometricaliy dissimilar detector or one with a
different orientation. FIGS. 4A-4D compafe the results of projecting the
horizontai reference plane 360 on the planar horizontal detector 330 against
those obtained by projecting a plane 370 that is tilted at an angle © about the

15 y-axis onto the same detector 330. More specifically, 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 piahe 370.

The x-axis shown in FIG. 3 runs from left to right in the charts shown in

20-  FlIGs. 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 F IGs. 4A-4D. The

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

12




As illustrated by the circles in FIGs. 4A-4D, the position and 10

magni fication of points in the tilted plane 370 will be distort i
| east three ways. The first type of distortion is shortening b§%{0&({§#8p6
of cos(O in a direction perpendicular to the axis about which the sanple

is rotated. However, since Ois generally snall, this_go called
"shortening distortion" in the x direction is typical ‘yean Hor S0 10010861-1
Consequently, this particular type of is distortion does not appear as a

striking diffegngsce eicneehls [ dj ar j ectiqn.patterns
shown in FIGs. 4A-4D. A secotri\ﬂ(;?]t(g(/'péég%&%pgteg'r%%@I?eﬁ%%@?%k_egs?@n@&
distortion" th HSnE , the difference in vertical height between
cor r espondi ng %t(')? ?’?g %?éﬁ%ﬁg‘@) QFP%ﬁ‘Ptf“ﬁ%”ﬁ Tﬁ’leztﬂ?@ﬁﬂ'aw ane izgbowritie v-
(circles) the tilted plane 370. Since the 20 vertical source to detector
di stance bet we®HSt %“@Jmfeéh%ﬁbecaﬁ@r@eﬂ&af@ng thaes gexisl ren8B80 ini thef foxeldhibae
this exanple, the magnification of the projected imge is determ ned by
the height froHid A eeresasiedby piraies v@66h bre siyserindodedio 82/ ARG pABIRN
Docket No. 1001 0861-i direction of each point on the tilted plane 370.
These magnisfi chizinonds di Bheh pryjesiomsidwast tloTBAlMES, 'hrh@.hPiOQ%\:rSF chiie{ts
trapezoidal outline of the circles formng projections fromthe'tilted

grid 370. " Paral thexitdusiiand BP0 WHiaHSRSIORS Q) 3
hori zontal focal s pl Zjne 360 to appeapgggm%@P?@e%agrgg’r%%gggﬂ%from t he

xploi tod i n Conaant) Gue| PREEREE) Wil inodt ol eh Pt R s s elovwtre of

exploited in conventional | am nograp 0
focus" pl anesfod:a(prp[érrég tilted plane 370 shown

As illustrated by the circles in FIGs. 4A-4D, the position and

10 magnification of points in the tiited plane 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 sarﬁple is rofated.
However, since @ is generally sﬁall, this so called “shortening distortion” in
the x direction is typically minar. 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 fhe 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-




in FIG 3, parallax distortion |eads to various inmage changes dependi ng on
the position of the source as described below. to At =0 shown in FIG, _4A
paral |l ax distortion |eads to stretching of the inage pattern ilq7tr%242006
direction, while at 0 =180 shown in FIG 4C parallax distortion |eads to

conpression in the x direction. Simlarly, at ~ = 90 and. 0. sho in
FIGs. 4B and 4D, respectively, parallax distortion cauér]‘é%ent s eértl?‘ﬁgm(%mtihe
projected inmage. In the forner case, points to the right of the 15 y-axis

are shifted upwifdtiond: ERESBol ohhﬁeltﬁ%!ﬂr[g%l’?e ghhT ﬁgsg%“gmﬁ%@hpaz geval Ues

| atter case, shearing in the opposite tion occurs.

att . shear! di FSE(T B ocldrs.HHIteri at e vl u
Compr ossi on. andlAE SheRry i a e R Nahe SRRl GRePRRL RHEIcH (b

conpr essi on,

Z-direction fr rizontal. plane 360. As a result, in 20 this exanple
of a flat, but %ﬁf}e?%#@f}?é}é@eﬁ*’ ﬁ%ﬁg%gﬁfﬂ@e@w 3f@rtions increase
linearly with dist aane' Ljrom_ the y-axis. Distortions for displacenent along
other axes may al so D¥ESpRLISIRTgNpFaERas Reints helowangeaana thedseizontal focal
di stortions do not 14 07/02/2006 Azilent Docket No. 1001 GS6 1-1 vary
linearly ac? osBlange3Gtiguepanar toraifstovtard medpavesli Bbedthienti®csbids 8ie SBIREr
as discussed below. RGS. 4A-4D illustrate that once the position of the

source 320, surdspestivaly. Thisdeeisé eFE0 thant aliciEddin EIVeatfiSnd oMK N
as the shape and 5 orientation of the surface of interest 370 anci')gﬁpewe

;j(ra; g::; gr aﬁg%rﬁoﬁmes?hﬂurrirngsdﬂthé “@ut%ﬁb@@é"%aﬁé@gpopmé. RECOREAL 398 YWY
in FIG. 3, parallax distortion leads to various image changes depending on
| the position of the source as described below.

10 At ¢ = 0° shown in FIG. 4A, parallax distortion leads to stretching of the
image pattern in the x direction, while at ¢ =180° shown in FIG. 4C parailax
distortion leads to compression in the x direction. Similarly, at ¢ = 90° and ¢ =
270° shown in FiGs. 4B and 4D, respectively, paraliax distortion causes
shearing of the projected imagle. In ;the former case, points to the right ofthe

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 éxémhle of a flat, but tilted object plane 370, these distortions increase
: Einearfy with distance from the y-axis. Distortions for displacement along other

axes may also be sjmi!arly predicted. In the general case, distortions do not
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techni ques. Although ray tracing was used to produce the exanpl es above,

ot her factors, including source spot size, scatter, and/or det e(6t70
resolution may also be included in nore detailed nodels of the iréb?‘ﬁaOOﬁ
system if io desired. In any event, ray tracing will generally provide a
geonetrically undistorted image when the surface of ing

have geonetrically simlar shapes and orientation, an 1%?‘20%8‘5@ ed(%ﬁ)%grét ch
the magnification of the imaging chain. Hence, if the detector has, can
be rmade to tah@rpﬁmeadW@crd%itﬁeeﬁnég%@B@t R8¢ sai b [ted i mges
can 15 be obtained using either static or gsnam‘s@@alkt@a P hﬁgpmag@ﬁésed

above with regardist¢@sEli®eidy Alternatively, in static tom)graphy one can
use any detector shape and orientation and then digitally correct any

resulting distortio n |nd|V| u ections prior to
reconstruction. Fornggn%égﬁ)mﬂgma?ﬂﬁ ﬁ%ﬁg%ﬁ¥f99ﬁ% RO 82 surface
projection to d}s¥32¢ ro ectign is one-to-one and invertible, then
the distortion ngvet%’é 8@ SCHrSSRPrATBEraE: Re Meliasdthershapierage
restored, pixel i xel, to that which would have been obtai ned had 15

07/ 02/ 2006 AgaPE!ﬁ%/ta%eE leéthepurfagmotipereat 7 Q ared ther deteetcasd0gtioechar
possessed a geonetrically simtar shape and orientation. A conputationally
efficient and ESUENG vejantachimiade maydre eikined byde9Ridihg afd/sr BtHidrons i s
described in L. Yaroslavsky, "Advanced |mage Processing Lab," European

Si gnal Pr ocessiengn@uasemmgrﬂ@@qmcmgawagm@ed $o pratRB%he B pids a6RY) and

L. Yarosl.avsky and M Eden, "Fundanental s of
other factors, including source spot size, scatter, and/or detector resolution

may alsro be included in more detailed models of the imaging system, if

10 desired. In any event, ray tracing will generally provide a geometrically
undistorted image when the surface of interest and detector have
~geometrically similar shapes_ and orientation, and are scaled to match the

- magnification of the imaging chain. Hence, if the detector has, or can be
made to take on, the desired shape and orientation, undistortéd images can
be obta_ined using either static or dynamic fomography as discussed above
with regard to FIG. 1,

Alternatively, in static tomography, one can use any detector shape
and orientation anq then digital!y correct any resuiting distortions in the
individual projections prior to reconstruction. For example, when the map

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

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

15




Digital Opticals," (Birkhauser, Boston 1996), -which are-both incorporated
by reference here in their entirety. By zooming in, i.e. incregsji/%}Esos
nunber of pixels, it is possible to obtain an al nost continuou h
approximation to the distorted image. Distortion 10 correction wth good
preservation of image quality can then be achieved by tra rrn '
pi xel values fromthe predicted |ocation in the zooned, = fdso'?%ﬁoégooiﬁ%b'és
to the corresponding location in the corrected inage. Sinc interpolation
is a preferredtmesidacd and Zeesttdgpddtc@Bed BedirsLk Rk §RL but
ot her nethods may al so be used. For exarrplgg, ef%ﬁc%ﬁ?l%%gﬁ%%‘%gfﬁ%ol ation

15 using zero pdaddiafignand i : el tpruned” variants are
described in T. Smith, Mccgﬁgtu ﬁ%tﬁ’g?‘“ ?@Eﬁ?‘i a}‘Ef%ffe&t'gﬁ{”éﬁﬂ%¥?flﬁ?éﬁ08ﬂg
I nt er pol ati on ! s t Padded ta", | EEE Trans. Acoust.
Speech Signal fgg@g{@é@i@ﬂqﬁ%ﬁ%@g%&%hd PEPSIRAVSKH 1AgvaneeEimagaini ng”
| EEE Trans. Augi&egéﬁc%ag)n" AU-19: 305-311, (1971), which are each 20

i ncor por at ed by T8rar et hEHEPPEAN BBRak PraseysingConfesmntietatsn, (Eimpere,

i nt erpol ation F.NE/ b&egerfor med usi ng the nethods described in Yarosl avsky,
"Efficient > Al'GBRAEhREPEA BOYS end LsiViacosiavaypaidiM. ddeh, Appidaeck Bl ¢Fs,
36(2): 460-463 16 07/02/2006 A Q lent Docket No. 100 108 61-1 (1997), which
i s al so i ncor poigieldapiigals (BirkhassencBestand 998 ) audhieh trg 8OUSINEBrpok SEHT,Of
accuracy, flexibility, and conputational conplexity. Once the corrections
have been conpttarencd bereeiadhepraaﬁiaétf/j on, then the corrected projections
can be reconbi ned using conventiona :

By zooming in, i.e. increasing the number of pixels, it is possible to

obtain an almost continuqus approximation to the distorted image. Distortion
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 corrected image. Sinc
interpolation is a preferred method for zooming in on the distorted projections,
but other methods may afso 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
| Ihterpolation Technique For Center Padded Data”, IEEE Trans. Acoust. |
~Speech Signal Proc. 38:1512-1517 (1990) énd in J. Markel, “FFT Pruning”,
IEEE Trans. Audio Electron. AU-19: 305-31 1, (1971}, which are each
220 incorpora-ted by reference here. Alternatively, or in addition, sinc interpoiation
may.be performed using the methods described in Yaroslavéky, ‘Efficient

Algorithm for Discrete Sinc Interpolation,” Applied Optics, 36(2): 460-463
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5 tonosynt hesis or other reconstruction techni ques. Wen using
tonmosynthetic reconstruction, the corrected projections my alﬁg E;/
shifted in order to reconstruct any nenber of a famly of sim / %846
surfaces at differing t- axis heights. However, unlike in conventional
tonosynthesis, surfaces at different heights may al soshen¢RNEEE &fidsRr.;
changes in magnification and/or 1o partially corrected for associ ated,
secondary changes in brightness using the techniques described here.

Various aspect {1887 wsiH @i ncoaimramwat heldrsreh PR HiRY 2Rk isaé@\i/érﬁ%]ﬁ%é%’a n

curved and/or titled surfaces will now be described in nore det
respect  to Fl @msopBthBaddt Akl 0G0 LOR, the source 320
in FIG 3 will 15 be defi n%% teo Bg’%oiﬁédeﬁ%?g%@%%ﬁég&'l arly, the

| ocation of the ide ri . oca | ane Owll be defined at z =
0, and the detector %6} tg? é?%'%gilsé%gaﬁ e‘tgﬂ)%gf)m@geq%%n%q e%q%r@rgte&tlg%th@gn t hen
be descri bed p%?r]egmetri cgl l%j’ or —otherwi se, as a function z = g(x, y).

Typi cal Iy, the YeSPTedC FEIPCURNST GREDS TRForIpINEd Maing eonveationdar z = 0,

al though this is not strictly required. For 20 sinmplicity, the follow ng
descri pti on? al §3NpPEEess Opp%/neécfefa@wtrg@&mtedr@muelsemwrgusiogctmmmynthetic

proj ection magnification, "M)," and common resolutions, wth undistorted
and al i gned i neggiongtro¢tiarhéhéovirzotetgrojectoresmaliaigy be shiftelzin GFi62102006
variety of other simlar methods may be construed from the present ,

di scl osure f orecohbiencteamyf ighibat iop asamigo Bindifs CIRld A fades G diffsrihgsAow t he

architecture, functionality, and operation of a tonography nethod ™00 that
may be inpl eneatiedelyhtd) HBReIEN iLFRkS P¥ShVRtional tomosynthesis, surfaces at
different heights may also be corrected for changes in magnification and/or _
0 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 wil
15 | be defined to be located at z = +z. Similarly, the location of the ideal,
horizontal 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 sfrict!y required. For
20 simplicity, the following description also presumes projection geometries
leading to common projection magnification, “Mp,” and common resolutions,

with undistorted and aligned imagihg of the horizontal planes. However, a
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5 FIG 3, 'and/or other devices, where the desired focal surface 370 may be
tilted, curved, or otherwi se non-flat. Each block in FIGs. 5-7 r%p/es?nts
an activity, step, nodule, segnment, or portion of conputer cod8@ e/ %06
typically conprise. one or nore executable instructions for inplenenting
the specified |logical function(s). However, a variety of other, conputer,
electrical, io electronic, nechanical, and/or nmanual systens nay al so be
simlarly configured to operate in a simlar manner It should al so be
noted that, in various alternative inplenentations, the functions noted in

t he bl ocks wivatietycafusthensiatilap hekthods H@@Eorﬁﬂ%d‘@éﬁ%é%reéér&éﬁi@ osfifd
z

exanple, nultiple functions in different bl ocks may be execute

subst anti al | Yo/cstReHES @Urdtiondadd/BF rent~order, inconpletely, and/or over
an extended period o@@fi me depe/%d%%%[ﬁg{é%ﬁgt'he functionality involved . '

f ,
Various, steps | S nual |y. e _tqnograph t hod 500
begins with the gg?/ %ﬁ?O%%g\?&g%rjgé@%tg%,L%W%%é—,ai& Qf'gﬁp%i%%%i 8pt as
not ed, the processi of, indi vidual views 20 described bel ow may occur in
ool T el o " ESPaRPBY chriaplaetiiithmay senemenied withghe devpechisni A
step 520, t-he expected distortion for each projection of the desired ‘
surface 370 T'&-coApd{@Pthendeyiess twhere the deszed éetal sdrfhoe 870irmap Be02/ 2006
Agi | ent Docket No. 10010861-1 surface 370 relative to the reference surface
360 will typgitedl cyrvedyeor bthenwiser rexri-Bats | Factebleckiim SIG 9r5-7 rkprasethis bAr
exanpl e by I-oas_er surface mapping and/or other techniques. Although,
hori zontal reetieityrstep, snotiales s8Gbehs or portion of computer code that will typically
j) comprise one or more executable instructions for implementing the specified
logical function(é). However, a variety of other: computer, electrical,
10 electronic, mechanical, and/or manual systems may also be similarly
configured to operate in a similar manner.
it should also be noted that, in various altemnative implementations, the
functions noted in the blocks will accur in an order different than noted in
figures. For exafnpie, multipie functions in different blocks may be executed

15 substantially concurrently, in a different order, incompletely, and/or aver an

extended peﬁod of time, depending upon the furictionality involved. Various

-steps may also be completed manuaily.
The tomography methad SdO begins with the collection of projection
~ views at step 510. Except as noted, the processing of individual \fiews '
_ 2_0'. described below-may occur i parallél or may be overlapped with collection of
othgr projections. At step 520, the expected distortion for each projection of

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

18




illustrated in FIG 3; non-horizontal and/or curved reference surfaces my
al so be used, as may curved detector assenblies 130, 230 shown |%{d§ b
and 2. Various aspects of step 520 are shown in nore detail in R /2p06
step 610, a series of hypothetical points, {xi , yi }, corresponding to
each detector pixel are placed in the x-y reference p‘kgfggD’éQQﬂ(»fll(@IOggl_,l
where z = 0. 10 These points are preferably arranged in a regular grid so
that each point projects to the center of the correspondi ng detector pixel
by ray tracing.surfHoR@Verreiztibes tiad FaIo@eRBLS AR 368! 81 thsicaRathve et €p. 620,
t he correspondi ng point on the curved focal plane 370 { zi °~ = g(x1 , yi )}
is found by, ferewxaPHeterRiM i i step
630, the proj e?t ed posi tieorﬁ{”iébcf?;eg]ﬁégﬁ%#’ﬁgg?%é}ﬁg%h%%lgﬂJ‘?ﬁé}’ze @:‘ép&‘%g} in the
di storted i magegni alvaell) UsLng r anple, .r tracing. FEinally,

bri ght ness cor r%gg{%irgjns a[regﬁglg;ar%g‘t ’SHF@%@@E&%@ZHF r‘%éfer@?aﬁ‘rﬁ%@? 'Stio
conparing the Lficatdaon_ in the distort image relative to the ideal

i mage (M MD) @g“%{eeds'i‘fr@d?’f B?“'é‘&&'ﬁo%‘?ﬁ?ngégua/%@c’ﬁf%éa%ﬁw%@eszmay
Returning to FIG 5, a zooned version of the previously-coilected

proj ected i tag@/SPLEYES &§ HRY StRdsiiectphassemblem 3@ RAY shbwonF GRS br
may be chosen based on the high frequency content of the projection. A 19
07/ 02/ 2006 Agi ##HhE- Docket No_ 10010861-1 |inear zoomfactor of 2 - 8 (or 4
- 64X in area) may al so be chosen enpirically or otherw se. At step 540,
the corrected proj ecaiiars aspges obstep 520 are shown in more detail in FIG. 6. At

step 610, a series of hypothetical points, {x, yi}, corresponding to each
defector pixel are placed in the x-y referénce piane 360 (FIG. 3), where z = 0.
10 T_hese points are preferably arranged in a regular grid so that each point
projects to the center of the corresponding detector pixel by ray tracing.
However, other arrangements may also be used. |
At step 620, the corrésponding point on the curved focal plane 370 { z
= g(xi, v )} is found by, for example, projection along the z axis. Then, at
15 step 630, the projected position corresponding to each point {x; vi, zi} in the
distorted image is computed using, for example, ray tracing. Finally,
brightness corrections are computed at step 640. For example, a ratio
.comparing the mragnification in the distorted image relative to the ideal image
(M/Mq) may be stored for each point, as described above.
20 - Returning to FIG. 5, a zoomed version of the previously—collécted
projected image is created at step 530. The minimum required zoom factor

] fnay be chosen based on the high frequency content of the projection. A
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constructed by replacing the pixel value in the original inmge by the pixel
val ue at the corresponding position in the zoonmed projection. i

to  brightness may al so be inposed at this stage. The zooned p?@jfﬁééﬁﬁi@
no longer required after step 540 is conplete, and may therefore be

di scarded. At step 550, the corrected projections are Lommsyn.nel i &abdeY.
conbined to forman image of the selected focal surface. For exanple,
tonosynthesis nmay be carried out using pixel averaging or order statistics
(e.g. nin, nax,linearzbomriabiobof ght 85ér AL g4 iesbatln | pi xel

| ocation). Additional focal surfacgs above or be?ov?/%tﬁ%; %}%%égé\? hetic i mage
may al so be conshfiHesRtodithelisd 56 ho ' e diePeQ are
illustrated in FI% 7%At step 710, %tt%%/%hgh{;h%tés&k?rtéégfoﬁ%%{og,’maigr? '®he x and
y directions thahs@f ' - ac 5 prpjection. in order to achieve
‘the desired changg@ﬁeg?@%bﬁeﬁgﬁ{he;ﬂé} V&é{%’ﬁ,{ﬁh@&*glqaﬂ YRS ﬁ’ééﬁ'e Ph&!

magni fi cation Ry, a%stg be corrcht ed at. st_eﬁﬂ 720 to match that which woul d
have been obtai'fied &t t K& FIRANPGLPIFURRI IR HIe ZReAG] pepinetiamt Eppertenoie.
Typically, a different nunber of pixels than was originally obtained wll
resul t from t hPEIGPERaMBnAISRbRéTHOSed 18 thie staas. nEheksehedimejeiidt 26 mat ch
that at the ideal focal height. Finally, simlar to step 550 (FIG 5), the
corrected i maglS98F eequiirgsyftaristan 640 isycanpleiteeshdisianghétetorelfseisamad.

magni fications fromsteps 710 and 720. 20 07/02/2006 As noted above, the
tomogr aphy net hod 580stehdiit, the Ebrioted projgBYons are tomosynthetically combined

to form an image of the selected focal surface. For example, tomosynthesis

may be carried out using pixel averaging or order statistics (e.g. min, max, or

. 10 nth brightest or darkest at a particular pixe location). Additional focal
surfapes above or beiow the tomosynthetié image may aiso be constructed at
step 560. |

Various details of step 560 are illustrated in FIG. 7. At step 710, the

shifts, or “offsets,” in the x and y directions that are required for each

15 projection in order to achievé the desired change in focal height are
d_etermined. If desired, the magnification may also be corrected at step 720
to match that which would have been obtained at the ic_iéa! focal height using
sinc interpolation. Typiéa”y, a different number of pixels than was originally
abtained will resuit from this operation. However, the resulting pixel size wiil

20 'r_r}atch that at the ideal focal height. F inally, similar to step 550 (FIG. 5), the
corrected images are tomoéynthetical!y combined using the offsets and

‘magnifications from steps 710 and 720.
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be implenmented in a wide variety of electrical, electronic, conputer,
mechani cal, manual, and/or other configurations. However, in a ééﬁﬂﬁ%
‘enbodi nent, the system 500 will be at least partially conputeri g
vari ous aspects of the system being inplenented by software, firnmware,

har dware, or a conbi nation thereof. When the tonography system 500 is at

| east partially inplenented in hardware, the system may be inpl enented
using a variety of technologies including, but not limted to, discrete
logic circuit(s) having |logic gates for inplenenting |ogic functions upon
data i Q signals, éﬁ@m%ﬁ@b@fﬁ-§b@&@mp§ranﬁwge@pécﬁaﬂ sloawn (sf1GS. ABV @aay"
havi ng appropriate conbinational |ogic gates, programmable gate array(s),
"PGAs", and/le inpleitknted ye avidevheetyatf electriesl( sipctrdfeGésmpuidren i npl enent ed
in software, the tonography system 500 may be part of a source program (or
"source codehgchardssCiamblat IS @bl COMRFEIGRICHdWeSEr iPh tyQEa@ny ot her
entity conprising a 15 set of instructions to be perfornmed as described- in

more detai| dhb@imeRitafie SR RbRR IEL PRSI @R, QRLAR 0TI ent ed

programmi ng | anguage havi'ng classes of and S,
Punct i ons. " varods Beffers B E08eu! SRt 2 R hETGAE but ar e
Ada.  Such.  SBRMEReShaF OISR Lot an) HeBpat MO ERIRE B e uoe
by, or in connection with, any conputer-related system or nethod- For 21
07/ 02/ 2006 &gt BaAttiaflip #RBIeMEentrd & havhvarestiersystem may be implemented
j) using a variety of technologies including, but net limited to, discrete {ogic‘
| circuit(s) h-aving._ fogic gates for implementing logic functions upon data
10 signals, application specific integrated circuit(s), "ASIC(s)", having appropriate
combinational logic g_étes, programmable gate array(s), "PGAs", and/or ficld
programmable gate array(s), "FPGAs” W’h'en implemehted in software, the
tomography system SOG- may be part of a source program (or “source code”),
executable program _(“obj'ect code™}, script, 0('an§: other entity comprisiﬁg a

15 setofinstructions to be performed as described in more detail below. Such

software may be writtery ising an object oriented programming language

having classes of data and methodé-, and/or a procedure programming
langdage,. having routines, subroutines, and/or functians. For example,
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 connection with, any computer-related system or method. For
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exanpl e, the conputer readable nmedi um may include any el ectronic,

magnetic, optical, or other physical device or neans that can CBBWf/QBOG
store a conputer programfor use by, or in connection with, a
conputer-related systemor nethod. The conmputer-rel ated system may be any
instruction 5 execution system apparatus, or device, SH&ERPEReRio. 10010861.1
conput er - based system processor-containing system or other systemthat
can fetch the instructions fromthe instruction execution system

apparatus, or deanple, angdcom@atexesititie ndlOeM mMBSLRMUGHA QH_\?] electronic,
Comput er - readabl e nedi um t herefore includes any nmeans that w In’ store,

communi cat e, - PRBAGAS bptRal, dr ARGy sIBPa BIIBY LM HEPc pohBiPhe e

connection with, the instructio cution system appara

For exanple, t I di um may t.ake vari ety of forns

i ncl udi ng, butg?g&@orﬂ?éﬁiﬁépfaggqﬂseea&eqr&?%% FOn é’{?%r,np& irglgited

el ect ronmagnet i%l ti nfrar etg. or.l_ sem conduct or system apparatus, device, or
propagat i on medirut]’ FEPEE e diNG CreRURTHEes SYSIRMB RN B AN¥AURIBIGIons medi um
include, but are not limted to, an electrical connection (electronic)

havi ng one Jor SHSCEUQN E¥steny appafales.orcdning stckiasiatomp(ieagasticystany andom
access nenory ("RAM') (electronic), a read-only nenory ("ROM)

(el ectronic), FAPcessRsEENtaIRINggyaiemsrethenssterhythaecmr fetdh FHRRMrictions
"EEPROM " or Flash nenory) (electronic), an optical fiber (optical), and a
.20 portabl e crmpéut indtractioreageqnioy IyetEwhyagpSrBROVEY d6ABE izpdlthen EREcute
conputer readable nmedi um coul d even be paper or another suitable-nmedium

ggg?ur hi ch t Wense ngractidrs PCoMbebr-radd4ie REAIRARFABrd R RIRS IRNhEahL Y

that will store, communicate, propagate, or transport the program for use by,

10 orin connection with, the instruction execution syéte’m, apparatus, or device.
For exampie, 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 exampies of a computer-readable
medium include, but are not‘iimited to, an electrical connection (electronic)
having one or more wires, a portable computer diskette (magnetic), a random

access memory (“RAM”") (electronic), a read-only memory (';ROM")

(efectronicj, 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 couid even be paper or another suitable medium upon

. which the program is printed, as the program can be electronically captured,
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for i'nstance via optical sensing or scanning of the paper, and then
conpiled, interpreted or otherwi se processed in a suitable man f,ar
being stored in a nmenory. In a typical enbodi ment, once the haﬁ?\ﬁa(fg/%OeOG
and/or software inplenmentation of the tonography systemillustrated in
FIGS 3-7 is accessed, a processor wll typically be configured to- execute
instructions corresponding to the nmethod 500 (FIGS. 5-7) in conjunction
with an operating systemstored wthin a nenory. The processor will also
recei ve and- sexeclt e further instructions and data stored in nmenory or
made avai | abl¥ FrEMceaid 8aECE Senapaorseepoinddiine @epes @l thentdoensitad, ce
and/ or detector assenblies discussed above) so as to generally operate the
“syst em pur suiierRretedner othagyise proasssed i adasitabeombaheeskibre bemgsstbtawar e
and/ or hardware. FIGS. 8-11 refer to a conputer sinulation illustrating
vari ous aspeitt3 ngmotyhe enbodi nents descri bed above. For sinplicity, this
code is'witten using 15 nearest nei ghbor interpolation w thout zoom ng

| nstead. of sync | tpAler@dimbpt ortRAfb ALY afd/CPeofifefiB show an

input fife for. IDL (Interactive Data. Language rom Research Systens..

In FIG 8A, jH i fd | ZES e | S in Fi-Gs. 9-11,
06 Coo MAErnEABE 488 Bcct iyl Mk ATSER APV A B4 BB
ot funct | SPauncl Wiy bibaly 0% cOnadlueddpreciis Daiiiops coraspRsaing
functi ons cguﬁj be .us g éo- i ful at e other curved- surfaces. 23 07/02/ 2006
: Ai_l ff1ent Dotkiie N@,thch P94EH=29. 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 détector assemblies
discussed above) so as to generally operate t_he' 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 of
the embodim-enf.s described above. For simp!icity, 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 F IGs. 8-11, 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. 9is z = sin(r)/r, a variety

of other functions could be used to-simulate other curved surfaces.
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Lines 14-20 in FIG 8A define a reference, rectangular grid of pixel

el ements positioned at x=xo0, y=yo and z=0 with elenent (0,0) at (
of the grid. The pixel values of the reference object, "obj" arojf%gzato(ﬁs
initialized to zero except on a 15x15 set of gridlines which are set to
255. Lines 27-39 then plot a nesh representation of the.I cyr ved, or "war ped"
surface defined at lines 6-10. Lines 41-43 sinilarly aFSHEY<tHe §dpt-!
reference surface defined by obj-" Lines 45-48 in FIG 8A define the

position of a source; bA; S tor ing calcul ations.. Lines
DO of Bl o anel 2D in BHESERRRpe %Péerf-ffreﬁﬁﬁm %&%WQF%&Q{ED S

cal cul ations fq./d ing.: fl.at _reference surface stored in "obj" onto a
flat, rect angu%gardqg}?l@d[{b%ﬁ?ggg F&erVadr R§IGE c\ﬁ'}*h@ﬁea?@téﬁ@)@ﬁm efrEpl ayed, -
resulting in E}jn un(gi ihortecf 8@'@0' Lines 7-14 in FIG 8B per-formsinilar
ray tracing for '© g dOPPEF YEUes N e salrrencarpimecty ‘it aredhendnitidiaesctbor |
The results of those calculations are shown in the distorted i mage 1000
shown in FIG 480 §XGesons 1 18ssqtof pridiineswhahoaretset pe2E6r mnirrsay21-88ci ng
onto a curved detector having a shape and orientation corresponding to the
curved surfacet@ooniaha mashplepresamtatioresithiescuased BOWrbad Fbrradeldefitedd | be
noted that an undi storted inage of the curved surface 900 shown in FIG 9

can be creat edin(dd €101 Linetsd N9 3ai0eh@F HRpIAAME TR fera AR sith@Yhfined by
orientation corresponding to that of the curved surface under

i nvesti gation."ob| GLiA 4828tiRE QL BRI i i Ll S possible
to predict the {:Ii storted i mage 1000 %ﬁ%ﬁhﬁsdolgir{@huc?eadgool‘hgghfgﬁétm det ector by

a 24 07/ 02/ 20Q8nsequent 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 ‘obj” onto a flat,
rectangular grid. These ray tracihg calculations are thén 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
ca!cul_ationé are shown in the distorted image 1000 shown in FIG. 10. Lines
18-28 in FIG. 8B go on to perform ray tracing onto a curved detector having a
shape and oriéntatién corresponding to the curved surface 900 and to piot the
results as shown in FIG. 11.
| It will be noted that an.undistqrted image of the curved surface 800
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 itis possible to

predict the distorted imége 1000 that is produced on a flat detector by a
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Agi | ent Docket No. 10010 861-1 curved surface 900 when the shape of the

curved surface is known. For exanple, the distortion in an im
froma warped printed circuit can be simlarly predicted once gﬁe(%\g?g%%

curvature is neasured or otherwi se determ ned. Furthernore, using the

t echni ques descri bed above with regard 5 to FIGs. 5-7,.,t L SHAQr L mge

shown in FIG 10 can be corrected to the wundistorted %%Lr}lg?tgélkoth\%'sﬁg\?%k?ﬁ :

FIG 11. It should be enphasized that the enbodi nents described above, and.

particul arly apyreBlgHacEeds & ' =18 f i ous
ROPMLBNR: oRhE VA X faamplien o Haf

I
i npl ementations that have been set fort ere to provide a clear

under st andi ng i . invention. One of ordinary skill
Wil be able C&iPELPEARERECh iy dh ihale SRR IR ABates e e y
departing fron}aSﬁope ?f rotection d%fi ned sol el bg/ t he proper .
construction of2TRe ¥ BIBWRTEGCIEY NRe e wWRBR CYrvanie és measered awotierwisaevi ce
for tonography, of at |east one curved surface of an object, the device.
conprising: a SYEFEEeS BEHErmere ngingthaischniquen desceabeeberowithasgan a
curved shape corresponding to the curved surface. 2. The device recited in
claim1, wherdorfi&s 8-ddnedidtorted irdedoshabhdn FES. Thead dei ceractsd teeithel n
claim1, wherein said detector further conprises a 10 plurality of spaced,
flat detector widisteried coAditibheshdewn inemiGedifted in claim 2, further
conprising at | east one actuator for

It should be emphasized that the embodiments described above, and
particularly any “preferred" embodiments, are merely éxamples 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 aiter many of these embodiments without substantially departing from

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

claims.




shapi ng the deformabl e detector. 15 5. The device recited in claim 3,
further conmprising a plurality of actuators wherein each actua i-tio
at | east one of the detectors according to the shape of the cub&&gﬁgizooél
surface: 6. A nethod for tonography of curved surfaces, Conprising.the step
of 20 projecting energy through an object having a curved surface onto a
detector having a curved shape corresponding to the curved surface. .7.

The net hod re0|hﬁd n claimé6, further conprising the step of formng the
detector into t Ted shape. 25 8. The nethod recited in claim6,

further conprisjng t etected ener vels for
bri ght ness di st ort| Oﬁ?e&%%%ﬁéma%@ﬁ%&ﬂ% T%Em%fegdm PHY OF .
CURVED SURFACESYI®iGg&omersingyr tom)graphy of curved surfaces is disclosed -

including a source, _an 0Q¥ect aV|n8 a curved surface, and a .detector. .
having a curved shap&4srd BEMIRMNGTENtgn30d curved surface. Al so disclosed

are a et hods and aPDRKALLS kg b AT ARYCLe S MSel Sibage.Ln an obj ect,

t hat |ncludes determ ning an xpec 3 pIurallty
of points in a projection of the curved surface, and correcting-each of -

the plurality of points in the projection according to the expected
di stortion of that prHerdevice recited in claim 1, wherein said detector is deformable.

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

10 plurality of spaced, flat detector elements.

C 4, The device recited in claim 2, further comprising at Ieast one actuator for

shaping the deformable detector.

15 5. The device recited in claim 3, further comprising a plurality of actuators
wherein each actuator position at least one of the detectors according to the shape

of the curved surface.

6. - A method for tomography of curved surfaces, comprising the step of
20 projecting energy through an object having a curved surface onto a detector having

a curved shape corresponding to the curved surface.

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

detector into the curved shape.
25

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

detected energy levels for brightness distortions.

30

26




FIG 1 | |
07/02/2006

ABSTRACT OF THE DISCLOSURE

TOMOGRAPHY OF CURVED SURFACES

A device for tomography of curved surfaces is disclosed including a
source, an object having a curved surface, and a detector having a curved
shape corresponding fo the curved surface. Also disclosed are a method and
apparatus for tc;mqgraphy-of a curved surface in an object, that includes
determining an expected distortion for each of a plurality of poinis in a
projection of the curved surface, and oorrecﬁng each of the plurality of points

in the projection according to the expected distortion of that point.

FIG. 1
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