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The field of the invention relates Wlﬁeﬁ B:gg'r"e\l%hy aﬂfj nor e
particularly to x-ray nmedi cal conputer tonography. - o5
Comput er tonography (CT) using cone-beam projec iﬁnF t echnol og(/)
typically enploys-an x-ray source to for mrd ver Ge &BM shape of a

cone. A scanning orbit of the x-ray source is a curve along 10 which the
vertex of the cone beam noves during a scan. A set of detectors are

di sposed at a fixegFFIGIENT CONBBEAM RECONSTRUCTION SYSTEMMISINGS

currently exist which have estafhCpRECAND-LINEOREITTDATAEt Ween
cone- beam projections and a first derivative of the three di nensional

(3D) Radon transfornms of such projections. Theoretically, each source 15
position "S" can deliver Radon data positioned on a sphere, the Radon

shell of "S." ThBAGKGROUNDIQE THENVENIAON circul ar orbit sweep out
t he Radon space of the object, referred to as a torus. Regions inside

cal 1 od the stiatow sono.  Than@ e Sk Eventpi ke@ieel dimbfeh mo8fiunc .

Radon data ism sghddgndrePartié\Hafly t& kiray niédical computer tomography.

Computer tomography (CT) using cone-beam projection
technology typically employs an x-ray source to form a vertex in the
shape of a cone. A scanning orbit of the x-ray source is a curve along

10 which the vertex of the cone beam moves during a scan. A set of
detectors are disposed at a fixed distance from the cone-beam source.
Methods currently exist which have established a relationship between
cone-beam projections and a first derivative of the three dimensional
(3D) Radon transforms of such projections. Theoreticaily, each source

15 position “S” can deliver Radon data positioned on a sphere, the Radon
shell of “S.” The corresponding spheres on a circular orbit sweep out
the Radon space of the object, referred to as a torus. Regions inside
the smallest sphere containing the object, but exterior to the torus, is
called the shadow zone. The shadow zone characterize the region

20 where Radon data is'missing from:-the circular-orbit.-

When using a:circle-and-line orbit, the line-orbit: data is
typically used for filling in the shadow zone. Even though the shadow
zone is very small, as compared ta the volume of the: entire valid
Radon data‘ delivered by the’ circular: orbit-‘-.%:--'cuﬁent-: cone-beam-

25  projection techniques are computationally intensive. Accordingly, a
need exists for simplifying image reconstruction based on the circle-
and-line orbit.



‘When using a circle-and-line orbit, the line-orbit data is typically
pised for-filling in the shadow zone. Even though the shadow zone is
very snmall, as conpared to the volune of the entire valid Radon dat a
delivered by the circular orbit, current cone-beam 25 projection

techni ques are conputationally intensive. Accordingly, a need exists for
sinplifying i mage reconstruction based on The circle- and-line orbit.
- 2- BRI EF SUMVARY OF THE | NVENTI ON A systemis

provi ded for rec tin - r | | mages based upon the
circle-and-Iline §ﬁiﬂ’@W@§¥t@H@@?ﬁ&%@&' steps of conmbining, in
the frequency domain, inages reconstructed 5 separately fromthe circular

and |inear orbit data. Spegj ér?*'eﬁ?'ﬁii%"’é‘smed fgrh%hm@%}ﬁgr?%@hﬁps of

(1) converting the shadow zo w cone guency

domai n, (2) mappimages baséddpondhecircle-andHingorbitur The systeneinoiudesatheet  of
2D Fouri er pl anes

the projection oft g‘)%lr‘ig%ig ng"a&'ge ff?‘lﬂﬁl’%gafg ﬁaﬁn@mé&%ﬁ%ﬁ%gd =
o1 il e oy PoBRRll U0 ofber anc WGk LI e SpueIray B 01,
respective 2D i ngthod dnvolves the Steps of (¢)pconverting theeshadow Zoapeiito @ une
back Lo 8 0rld VoMY e the fodudrey Sbmain (5] Mabiind the 5A3abidara? O
in 3D Fourier space onto a set of 2D Fourier planes, (3) removing data
lying within the region marked as the projection of the shadow cone
10 from the Fourier transform of the circular orbit data and patching the
same from the Fourier transform of the line orbit data, (4) transforming
each 2D Fourier plane into a respective 2D image plane, and (5)
converting the hom-shaped volume back to a grid volume.  An
interpolation technique is also provided for reconstructing the line orbit
1s data using a Direct Fourier Method (DFM).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an x-ray tomography' imaging system of
the present invention;

FIG. 2 de'picts'f a cross-section of the circular orbit formed
20. by the system of FIG. 1;

FIG. 3 depicts a shadow zone of FIG. 2 and
corresponding shadow cone;. '

FIGs. 4a and 4b illustrate a cross-section of the shadow
cone of FIG. 2 projected onto a plane;

25 FIG. 5 depicts incremental. processing: steps performed-in-
the z-direction by the system of FIG. 1;



15 data using a Direct Fourier Method (DFM. BRI EF DESCRI PTI ON OF
THE DRAW NGS FIG 1 depicts an x-ray tonography imaging
syst em of the present invention; FIG 2 depicts a
cross-section of the circular orbit formed 20 by the systemof FIG 1;
FIG 3 depicts a shadow zone of FIG 2 anga correspondi ng shadow cone;
FIGs. 4a and 4b illustrate a cross-sectiofifof the shadow cone of FIG
2 projected onto a plane; 25 ' FIG 5 depicts increnental
processi ng steps perforned in- the z-direction by the systemof FIG
1; - FIG. 6 deplcts a set of parallel pfojection data at the Oy,

FIG 6 depicts a s t of a ction data at the Of[err .angl e
(obt ai nedpf rom tqﬂg Q‘ﬁtfp ﬁ%&ﬂg@‘@&r}dheeﬁﬂﬁ‘}“’é@%ﬁ% igted in
FIG 5); FIG. 5).

FIG. 7 depicts a set of parallel projection data at the 6,

5 angle (obtained from the first row of the detector array as depicted in
FiG. 5); and

FIG. 8 depicts inverse bilinear interpolation of the system
of FIG. 1.

DETAILED DESCRIPTION OF THE INVENTION

10 FIG. 1 depicts a CT imaging system 10, generally, in
accordance with an illustrated embodiment of the invention. Included
within the system 10 is a central processing unit (CPU) 16, a sampling
device 12, and other image support and processing subsystems 14,
18, 20, 22. The sampling device 12 includes an x-ray source 34 and

15 an image detecting array 32 along with actuating devices. The image
support devices 14, 18, 22 include a Fast Fourier processor 14, an
interpolator 18, a memory 20, and a display 22.

In two dimensional (2D) tomographic reconstruction” one-
alternative to Filtered Back Projection (FBP) is. Direct Fourier Method
20 (DFM) back projection. Direct Fourier Method back: projection is-based
on the projection slice theorem, which postulates that a one
dimensional: (1D) Fourier Transform:(FT)-of a: projection: at: a. specific
angle corresponds to the cross section’ of the 2D FT of the object at
the same angle. 'DFM shall be used as an alternative to the

25  conventional back-projection reconstruction involving the line orbit.

In a CT system 10, (FIG. 1) using circular orbit data and- -
alternatively the circle and line orbit data which is to be reconstructed,



FIG 7 depicts a set of parallel projection data at the [err] 5 angle
(fobtained fromthe first row of the detector array as depicted in FI G
5); and.’ FIG 8 depicts inverse bilinear interpolation of
t he system of FIG 1. DETAI LED DESCRI PTI ON OF THE | NVENTI ON 10
FIG 1 depicts a CT inmaging system 10, gengrally, in accordance with
an illustrated enbodi nent of the invention:” |Included within the system
10 is a central processing unit (CPU) 16, a sanpling device 12, and

ot her image support and processing subsystens 14, 18, 20, 22. The

sanpl i ng devi ce rbRrddutitedas the fundtitn GERHEEbP4r @) cah be expresdaed byethect i ng
array 32 along with actuating devices. The imge support devices 14,

18, 22 include oollewingequation:pr ocessor 14, an interpolator 18, a
menory 20, and a di splay 22. In two dinmensional (2D)

t onogr aphi ¢ reconstructi on ope . alternatjve to Filtered Back Projection
(FBP) is Direct Fourier Metfiied=ZQ(r)¢OG%)bACK .proj ection. Direct Fourier

Met hod back projection is based on the projection slice theorem which
postul ates that a one di rensional (1D) Fourier Transform (FT) of a

projection at as specific The firshtwe Méﬂwoﬂﬁ)tmd he, @', e @eftated of
the 2D FT of the object at the sane angl e. DFMshal | be used as an

al ternative ts0 tisingScireuladpstanmed datak -andojtechniques e(engst ascgiven by
involving the line orbit. I n CT system 10, (FIG 1)
using circul ar orejdkamp et @nand Hu). & Q"e@ﬁﬁmp%‘:?ﬁm@é“%ﬁ? al. hag-publishedor bi t
data which is to. e hESHNSigortihS in a paper entited, PRACTICAL CONE-BEAM
ALGORITHM, published in the Journal of the Optical Society of
America, Vol. 1. No. 6, June 1984, pages 612 - 619, herein
10 incorporated by reference. The second element is needed only when
the third term is evaluated in the Radon space. Since we will evaluate
the third term in the Fourier space, thus the second term will be

ignored.

The third element, 1,(7), is evaluated from the linear orbit

15 data. It is iypically used for filling in a shadow zone 28 defined by a
torus 24, which is swept out by the circular orbit about the axis of
rotation, and the smallest sphere containing the object 40 (FIG. 2).
Even though this shadow zone 28, which is defined in Radon space, is
small as compared to the torus 24, the current back-projection process

20 is computationally intensive, as is  apparent from the complexity. of:
f,(?) as defined, for example in a paper by Hui Hu, entited, CONE
BEAM . RECONSTRUCTION:  ALGORITHM FOR'- THE' CIRCULAR
ORBIT AND A CIRCLE-AND-LINE ORBIT, published' by the Applied
Science Laboratoryy, GE Medical Systems, 1/31/97, herein

25  incorporated by reference, in equation 1 listed below.

=) 1 .
ﬂ(")“ ,4”2(d+;.§') Idz" LdeH(--'e'l):-r,sinmz,me ' (M



-4- _ represented in the function defined by [err], can be expressed by
t he . follew ng equation: [err] ) . The first two el enents,
[err] and [err], are evaluated 5 wusing circularly-scanned data and

techni ques (e.g., as given by Fel dkanp et al. and Hu). For exanple,

Fel dkamp et al. has published cone-besm al gorithnms in a paper entitled,
PRACTI CAL CONE- BEAM ALGORI THM published in the Journal of the Optical
Soci ety of Anerica, Vol. 1, No. 6, June 1984, pages 612 - 619, herein
10 i ncorporated by reference. The second el enent is needed only when

the third termis evaluated in the Radon space. Since we will evaluate

the third termin the Fourier space, thus the second termw || be

i gnor ed. wheré hird elenment, [err], is evaluated fromthe

| inear orbit 15 data. It is typicglly used for filling in a shadow zone 28
defined by a (téfru?) 24, whj CR%i déwbﬁzﬁy(I,Q)/ QhéEg%l;@)J ar orbit about
the axis of H3::8:{)sreos @z 60! . ‘b:pf g the object 40
(FIG 2). Even though this shadow zone , which iS defined in Radon
space, is smal|l as conpared to the torus 24, the current

back- proj ecti on_proges 0 .is conputatiognally intensive, as is apparent
from the conpl eﬁLE’@(jﬁf F, 7,2p(Fsin6 + Zow® - ¥ az

1

; w(zo’e’l)={:)::f:riliz;cos@+zzcoszG—dzs{nze>0
and where H(z,,e,z) is the weighted secpnd derivative of
Radon data computed from a snapshot_ incurred at z=z,. For each
point in the object space, r, the point is associated with a point (¥,,2,)
on the detector plane. If a circle is drawn on the detector plane using
10 the origin (0, 0) and (¥,,Z,) as two ends of a diameter, then all the valid
Radon data, H(z,, ©, 1), intercepted by the circle satisfy the constraint:
I=Y,sin®+Z,cosd. For each point (¥,,2,), there is a corresponding

set of Radon data, #(z,,8,/), to be summed and then back-projected |

. onto the object space. The computational complexity of this process is
15 thus close ta O(N°).

The present invention: describes a method  for
determining a computational efficient CT reconstruction using data
obtained.from a line orbit scan.of the. object 40 (.illustrated.in FIG. 2).
First, the: shadow. zone - 28. in::Radon - space: is: augmented: and:

20 converted into a shadow cone 30 in frequency space (FIG. 3).
Secondly, the patching process performed by CPU 16 is simplified
from the' original three-dimensional frequency spéce into multiple 2D
frequency slices.



'[erf] as defined, for exanple in a paper by Hui Hu, entitled, CONE

RECONSTRUCTI ON ALGORI THM FOR THE CI RCULAR

BEAM

ORBI T AND A Cl RCLE- AND- LI NE

ORBI T, published by the. Applied Sci ence Laboratory, GE Medical Systens,
herein 25 incorporated by reference, in equation 1 |isted bel ow.

1/ 31/ 97,
[err]

10
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25

where glerr] -

The first step is based on the fact that the Fourier
transform of a radial line in 3D Radon space is equivalent to the same
radial line in 3D Fourier space. If a radial line in 3D Radon space
intercepts the shadow zone 28, then its counterpart in the 3D Fourier
space is “contaminated” because some Radon data in the radial
Radon line has been missing. Since all the radial lines intercepting the
shadow zone 28 form a shadow cone 30, the collection of their
counterparts in the 3D Fourier space also form a frequency-
insufficient cone. The frequency-insufficient cone (or the contaminated
cone) of the first term of equation (1), which is defined in Fourier
space, will be replaced by that of the third term of equation (1).

The second step is to show that the linear orbit supports
enough frequency data to replace the contaminated cone (which is

due to the circular orbit), followed by a procedure for replacing the

contaminated cone in 2D Fourier space.

FIG. 5 shows that the linear scanning orbit may be
implemented by holding an x-ray source 34 and a detector panel 32
stationary, while moving object 40 along the z-axis 36 (which is also
the rotational axis of the circular orbit). The object 40 is shown to move

in the “z direction” in discrete increments identified at “z_step™ 36.

increments. Each vertical column of detectors 32 together with the

source. 34 defines a plane through the object 40. Within each vertical-

plane, every detector position defines a specific angle and the data

collected by that detector corresponds- to a-parallel projection of the .
object sampled by intervals of z-step: 36. FIG. 6 shows a number of

parallel projections of object 40 at angle 0n=6max and FIG. 7 shows
parallel projections of object 40 at angle 8m=6min- These parallel

projections are used to: fill. in. the corresponding missing angular

segment in the 2D FT plane. 6max and 6min are angles selected so that



‘and where [err] is the weighted second derivative of Radon dat a
conputed-fronra snapshot incurred at z=z[err]. For each point in the
obj ect space, [err], the point is associated with a point [err] on the
detector plane. If a circle is drawn on the detector plane using 10 the
origin (0, 0) and (Y[err],Z[err]) as two gnds of a diameter, then all the
valid Radon dat a, H(z[err] [err], I? I ntercepted by the circle
satisfy the constraint: [err] For each point ([err]), there is a
correspondi ng set of Radon data, [err] to be sumed and then

back- proj ect ed the datavelume: farthecshadew sonetdd (IGn ) aiseshta replage thety of

| nventi on descr Padol Hind, 28" fiale” vohMhe dnichmaasses the, shadew Felie” dBiF o7l

CT reconstructi ggjunte. ”g'hi &éndltlon @&éﬂéﬁ‘i‘l whemeg=b4, rh’s MubiratedCiAFIES 2t he

object 40 ( illustrate First, the 'shadow zone 28 in Radon
space i s augmenwheérend 20 converted into a shadom/cone 30 in frequency
space (FIG 3). Secondly, the patching process perforned by CPU 16 is
sinplified fromthe original,three-di nensional frequency space into
multiple 2D g frequencwoslsindggl , wherein “R” is the radius of the sifallekt r st
step is based on the fact that #é Fourier transformof a radial |ine

'n 3D Radon spaggpls ESithinigBhietPab HhdS%Whs the radius of the circular orbit.

- The shadow cone 30 (FIG. 3) in 3D Fourier space may

be projected as a 2D shadow cone onto a set of 2D Fourier planes.

The inverse transform of each of these 2D Fourier planes corresponds

10 toan image plane defined by the x-ray source and a column “N” of
detectors 32 (FIG. 5). |

First, let F(u,v) be the Fourier transform of a 2D function
f(x,y). The 1D Fourier data on x = x, is derived as follows:

F % (y’)= J.F(u,v)e'z";" du= I{ j If("’ y)e‘fz"(’"""")dxa);}gnﬂo" du
15 = ”f (x,y)e s {je‘f"““")" du}dxdy

- [t Ple-s) ay= [16 . @

Similarly, for the Fourier transform of a 3D: function: f(x, y,
z), the 2D Faurier transform of the object slice at x = x, is identified as

follows:
20 F, @w)= [Flu,v,wl"™" du= j{”f(x. y, ) st z""abcdydz}z”""*“ du

= [[f(x,y,z)e~20m {_[e'.fz*‘*- “ Jdu \dxdvds



radial line in 3D Fourier space. If a radial line in 3D Radon space

I‘'nt er cepts. t he shadow zone 28, then its counterpart in the 3D Fourier 5
space i s "contam nated" because sone Radon data in the radial Radon

| ine has been mssing. Since all the radial lines intercepting the

shadow zone 28 form a shadow cone 30, thegcollection of their

counterparts in the 3D Fourier space also forma frequency-

i nsufficient cone. The frequency-insufficient cone (or the contam nated 10

cone) of the firstetermaqf ,equati L), which is defiined in Fourier
space, will be Fe;d'égba,zggf(xhaf)eo’ Q’f’ﬁéc&dﬁdwgﬁmm;)@ ’ughbab«(n).@)
The second step is to show that the linear orbit supports ~enough

frequency data to replace the contam nated cone (whi g,:h_i s due to the
circular orbit), followed FRgr thepeaseihen the desited cnhglimepsional Fourieni nat ed

cone in 2D Fouri o thF| 5.sho that the. linear
scanni ng orbit ﬁgé%gg flot oﬂn?)ggr'ﬂnt[oeg'em(n'hp! dpﬁ@e%‘g&ﬁﬁ@esaﬂgww and a
detector panel 3@+1)" dimémdibRaEFpuriehsp&caOVFEE exBhipté, #0tha! eegré@elrﬁ-am s
36 (which is also | the rotatjonal axis of the circular orbit). The

obj ect 40 isSshb@urep tmnsforn iliest hen A dilinect defined nbyi stheet equatiorenent s

dont1 {120, " % By 20."W W Moo T8 NS 2, ¢ e
oblect 40, V1 BRI o new B RatgEy . YALH) S ORI ARRA! 1o

to a paral | el pbejthet Fourier trahsforn obfikty). Thaw Flslv) isndles \cbitainell By st ep
36. FIG 6 shows a nunber of paral l el projections of object 40 “at

angl e [err] andretatingF(yndviy the angle @i | The Frasyries transforon alang: the dideat
I Th Ll gl . ' ' .used to fill inth
cor espondi 1y gt as JamAr£=0. FidBoHfied 88FoRE 20 1 pl ane. [err] and
[err] are angles selected so that
F,_ ()= IF (@', v')e’™ au'. . (4)

Similarly, the 2D Fourier transform along the plane
definedby xcoso + ysingp-p =0is giVen by

F, ,(v.w)= jF(u', Vv, wel™ dy' . (5)

15 Again, F(u',v,w) is obtained by rotating the (u,v)
coordinates by an angle ¢, as illustrated in FIG. 4a, while keeping the
w-coordinate unchanged. The rotated coordinate system is graphically
illustrated. in FIGs. 4a and 4b, where the new coordinates, (u',v',w), are
chosen such that v’ is parallel to the normal of the plane of interest

20 (shown as.the SO’ Iine).f.- As:such, the shadow disc 26 (which.is a-
cross-section of shadow: cone-30: (F1G." 4a); intersecting--a horizontat: -
plane 27 (FIG. 4b), is projected onto SO’ as a line segment centered at
“O™ and having end points “f" and “e.” The length of the line segment

fe equals.the diameter of.the. shadow cone: 30 centered at “O.”

25 In summary, shadow cone 30 (FIG. 4a), defining the area



_— the data volune for the shadow cone 30 (FIG 3) used to repl ace

the, shadow Z
vol ume. ‘Thi's” con
where 5

sphere contai nin
The shadow cone
2D shadow cone o
of each of these

one 28 data vol une enconpasses the shadow zone data

dition is satisfied when [err], as illustrated in FIG 2,

[err] , Wherein "R' is the radi us of the snall est

g object 40 and [err] is tRe radius of the circular orbit.
30 (FIG 3) in 3D Fourier 8pace may be projected as a
nto a set of 2D Fourier planes. The inverse transform

2D Fourier planes corresponds 10 to an inmage pl ane

defined by the xin Radanuspacaria 3DcGounier spacefis proxa@edc@@tnsz@szuna 5) .

First, let F(u,v
1D Fouri er data

10

15

20

25

e the Four er tr sform f f
SBspack i APyt Acft? ek Fouftief fieRéirl. T other Words
rather than by replacing the shadow cone in 3D Fourier space, the

scanned object 40 is represented in a series of 2D Fourier planes, and
replaces the projected 2D shadow disc 26 in all the individual planes.

in applying the principle described above, the following
array and scanner parameters will be assumed. Detector array 32
(Figure 5) will be referred to by the expression, D(M x N), where the
detector array 32 has “M" rows and “N” columns. Projection data of
circular orbit will be referred to by the expression Pg(M x N x Vg),

where Vg is the total number of views. Projection data of the line orbit

will be referred to by the expression P.(M X N x V), where V, is also the
total number of views. An image reconstructed from circular orbit data
will have the form, I (K x K x K) or I (K x N x K); the former is a

cubic volume, while the latter is a “horn-shaped” volume defined by the
x-ray source and the detector panel. An image reconstructed from line
orbit data will have the form, I, (Kx Kx K) or I (K'x N x K);

likewise, the former is a cubic volume and the latter is a “horn-shaped”
volume. '

The image is reconstructed from the line-orbit data. As a
first step, the: line-orbit projection: data is' maodified: to accommodate the -
effect of divergence as a plurality of rays passes from source 34 to
detector array 32, as graphically- illustrated:in-FiGs.-5, 6, and-7. The"
divergent ray detected on the detector:panel’is modified by multiplying -
the detec;or values with a weighting function as follows:

D

JD? +(m-m,Ya* +(n—n, 5>

W(m, n) =

where “D” in this case is the source-to-detector distance

The



-Simlarly, for the Fourier transformof a 3D function f(x, vy, z), the
:2D Fouri-er transformof the object slice at x =-x[err] is identified as
fol | ows: [err] - 8- [err]

For the case when the desired "n" dinmensional Fourier space i s not
orthogonal to the (n+1)th dinension of thd40augnmented (n+1)[err]

di mensi onal Fourier space. For exanple, if the desired 1D 5 Fourier
transform lies on a line defined by the equation

cooster L) 215" 1 B bR A el A il

F(u'v) be tghet@2. EFhet Vaﬂﬂéé ogMaAd bl are Mhé deTé@tar pitehed 'in thé réJ/vSO

obt ai ned by rotating. F(u by the angle 0. The Fourier transform

along the line, aed coluran @mpnynns[ sespeqtively, Deteqignpltclngsiaae standayds :
Lerr] definitions defining the distance between the centers of two adjacent

5 detectors.

The n® angular vertical plane is reconstructed next. To
reconstruct the n™ angular vertical plane, the projection data,
P, (M xV,), is extracted from the n™ column of the P, array, where the

m™ row corresponds to a fixed beam angle of 6.

10 The row elements of Py, are shifted such that the object

center of this vertical slice is realigned at v = L/

—Zl. Let P, be the

realigned projection array.

To return to object space, either one of two methods may
be taken. As a first option, apply a 1D FFT to each row of P,. Place
15 each set of FFT data on a radial line at an angle 8, for m = 1 ... M.

An inverse FFT is utilized to convert the Fourier data set to object
space.

As a second option the filtered p; for all “N” columns are

back-projected-to. obtain-a horn-shape volume comprising “N” vertical

20 planes defined by the x-ray source 34 and “N" detector columns “N.”

Let fy(x,y) be the reconstructed image based.on the:n™ column, and Q,
the:filtered:projection-array; then: -

(x,y)—L—aLZQ,,_(xcose +ysiné, ). (6)

The results of applying the above equation to the shifted



Sinmilarly, the 2D Fourier transform al ong the plane defined by x cos

lerr] +y sinferr] - p=0is given by [err] 15 Agai n,

F(u ,v'w) is obtained by rotating the (uv) coordi nates by an angl e
[err], as illustrated in FIG 4a, while keeping the w- coor di nat e
unchanged. The rotated coordi nate syst em_iﬁ_graphi cally illustrated in
FI Gs. 4a and 4b,- where the new coordi nates, (u' ,v',w, are chosen such
that u" is parallel to the nornmal of the plane of interest 20 (shown as
the so' line). As such, the shadow disc 28 (which is a cross-section of
shadow cone 30 (memcelemgntsi arecidentified as: anvelumettiararray | bawngrzahara,  4b) ,
IS projected ontg so' as a |ine segnent centered at "Q' and having end
points "f" and »ghaperhe | ength of the |ine segnent [err] equals the

di aneter of the shadow cone 30 centered at "O " 25 In sumary,
shadow cone 30 (FIG 4a), | fM : ' space
in 3D Fourier space, is pr‘g'ﬁ%c@e Qg%étb(;% g‘ﬁobl?r ir%(FonStmctesdut?gpg@gRgg%ngl yi ng

a 1D i nver se Fouypassible methibdsm First, theashadowdone 30 maybeeaepldcad iny3D

' i D Fqur h
replacing t h% S@gt?r\l’ércs%naecel. nA erna #élly,e {heS Eﬁacgéwtoo%e 30 may be repiaced in
2D Fourier spaces and then interpolated from the horn shape volume

back to cubic volume.

The replacement of the shadow cone 30 in 3D space is
presented first. As a first step, the Feldkamp algorithm is used to
10 reconstruct the image, lg, associated with torus 24, from the circular

orbit data. Next, a 3D Fourier transform, F(lc), is obtained from lg.

The horn shaped volume, lig, is interpolated to obtain a

corresponding cubic volume, I, A 3D Fourier transform, F(l) is
obtained from |,
15 . The shadow cone portion of F(Ic) is replaced with its

counterpart from F(l) to provide a repaired Fourier data array. An
inverse Fourier transform is then applied to the repaired Fourier data
~ array to-return to cubic space.

Replacing the shadow cone in 2D Fourier spaces is
20. presented next. As a first step, the Feldkamp algorithm is again used
to reconstruct image | from the circular orbit data. Next, I is .
interpolated. to- Ies, in.-which: Iy defines .a- plurality of ‘angular vertical”
planes. |5 is obtained from the line orbit data, as described above.

The Fourier transform F(lcs) and F(lig) is obtained from
25 s and lg. The shadow cone is substituted-into each-2D plane of F(ls),

with its counterpart defined in F(is). An inverse Fourier transform is



- scanned object 40 is represented in a series of 2D Fourier planes, and 5
.replaces the projected 2D shadow disc 26 in all the individual planes.
In applying the principle described above, the foll ow ng array and
scanner paraneters wll be assuned. Detector array 32 (Figure 5) wll
be referred to by the expression, DM x N4_ where the detector array
32 has "M rows and "N' columns. Projection data of 10 circular orbit
will be referred to by the expression Plerr](Mx N x V[err]), wher e
Vlerr] is the total, nunber of views. Projection dﬁft)a,of the Line orbit

wi |1 be ref err e@ppliedhjoqacheqh the; terairad 2P; setm of Rouriey datay ) F('jﬂﬂfnb!r theerr]
[ | h Y ' t
s a0 (b uod el ned BB 20 (1o

X Nx K); the forner is a 15 cubic volunme, while the latter is a
“hor n-shaped" vol une defi M DFM heethod describgd abave equities iirstedrilatdror

panel . An image_reconstructed fromline orhit, data will have the form
I[err] (K x K x RP"!)POW&PPH‘R@@SI@F%?PQUIWWPVCB%& the former is a
cubic volunme and the latter is a "horn-shaped” volume. 20

The image isgreconstruct edps QdRd Bgagj @gggﬁb&iszc,ﬁ,}daab%\ée isf ba X st ep,

the line-orbit projection data 1s nodi 0 accommobdate t fect
of divergence asnecidieandiline ofbitsawhichareqeires that theumissiig shadow zonket ect or

Tz 2, BB St e S BB FoylcRomain e Reeosaiy hening ng 25
Wﬁl ﬁ;ﬂt:ect or V%bﬁ?dmébhF?re pﬁ 8 ofsit bHEAtatIBA imfstfﬂgééé HEIQ. 5, the object
t he source-to- dd0eis showrsttanmove in the “z direction” in discrete increments
10 identified as “z_step” 36 increments. Each vertical column of detectors
32 together with the source 34 defines a plane through the object 40.
Within each vertical plane, every detector position defines a specific
angle and the data collected by that detector corresponds to a parallel
projection of the object sampled by intervais of z-step (FIGs. 5, 6, and
15 7). FIG. 6 shows a number of parallel projections of object 40 at angle
Om=8max and FIG. 7 shows parallel projections of object 40 at angle
Om=0min. These parallel projections are used to fill in the corresponding
missing angular segment in the 2D FT plane. Omax and Omin are angles
selected so that the data volume for the shadow cone 30 (FIG. 3) used
200 toreplace the shadow zone 28 data volume encompasses the shadow
zone data volume. This condition is satisfied when 6¢=06y,as illustrated-
inFiG2.

One approach is to reconstruct the - filtered - back-

projection” (FBP)" image'i--for:; each angular plane using the parailel

25 projections from the set of limited angular views and then to compute
the 2D FT and use it to replace the missing angular segment.

Another. alternative 1s to convert the: polar grid data: from
1D FT of parallel projections to rectangular grid directly in 2D FT



-10- (FIG 5), and wherein I1SOis projected onto (nferr],n[err]) of
{ he detector panel 32. The values "a" and "b" are the detector pitches
in the row and col um di nmensi ons, respectively. Detector pitches are
standard definitions defining the distance between the centers of two
adjacent 5 detectors. The n[err] angul ar verti cal

pl ane is reconstructed next. To rec'gﬁétruct the n[err] angular
vertical plane, the projection data, Plerr](Mx V[err]), is extracted
fromthe n[err] colum of the Plerr] array, where the merr] row
corresponds to domaired mmmethgdes mlar td the inderpolation required inTBFeebw

el emrents of Pm are. s;w‘ ed t hat ..t he obj ect center of this
vertical slice gup%r PQ?P&d \prg]efgql)] Let P[err], be the

real i gned projection array. To return to object space,

ei ther one of two methodsiihe line orﬁi? fofleagh plané, &irumbeémof pfb]e@tmﬁsy a 1D
FFT to each row of P[err],. Place each set of FFT data on radial |ine

at an angl e [ er(equabito fMZ’ d_etectqns lﬂ eaChAVﬁftlﬁQleﬁglé"Fﬁ'lafﬁsaQﬂUlﬁdzefﬂf CU

convert the Four' el.rllalg %ﬁgg Efmm min Jtoe max. |nterp8|gﬁgn techniques for the line

data provide the methodology for developing the below described
interpolation techniques that are useful for calculating the cone beam
reconstruction methods. '

First, let p,(x, y) be the image in a fixed coordinate
10 system x -y and p,(% ¢) represent the object.in a coordinate
system % — ¥ rotated from x — y by an'angle ¢. The projection of the

object ata view angle ¢ is
P(%)= [u,z.5)® . @)

The 1D FT of p,(2) is given as

15 B,(u) = J'p.(i)e"m*“ du. (8)

if u,(p, $) denotes-the:2D FT of u,(x,y) in polar

coordinates, then based on the Projection slice theorem,
M, ¢) = B,(p), where
p>0,0 < ¢p<2 (9)

20 Assuming that M(p, ¢) is known, this FT data on polar

coordinates may be converted to Cartesian coordinates by the -
expression, M(p' cos-¢, psin ¢} = Mp, ¢). The object is

reconstructed by 2D inverse FT using the expression,



As’ a second option the filtered P[err], for all "N' colums are

. back-projected to obtain a horn-shape volune conprising "N' vertical 20

pl anes defined by the x-ray source 34 and "N' detector colums "N."

Let f[err](x,y) be the reconstructed i mage based on the n[err] colum, and

Qerr] the filtered projection arrayld4then [err]
The results of applying the above equation to the shifted
"row elenments are identified as a volunetric array I[err],

havi ng a horn

shape. he yfin ,,,be constructed by, gne of
t wo possi bl e net hods. P¥y et T ?Ns ‘é’h‘ggow co "5§§"may be repl aéé® i n 3D
5. Fourier space. Alternatively, the shadom/cone 30 may be replaced in

2D Fourier spaces and the inter olated.from t he hor sh
back to cubic vol une. "However, M $jj' 9{%"9‘@5@2@@

g RO atow

cone 30 in 3D Sgﬁnﬁos& of disBHeis “PoiRs f(p %.). ASrife TorbBlent 'thBn bOSomas dka™

algorithmis us

interpolating from the known values of polar points to the values
requires over a rectangular Cartesian grid.

An existing theorem is utilized to soive this problem.
First, let x(t) be a periodic function in time space “t” with period “T." If

x(t) is angularly band-limited to a value (c-zl-,) where “c” is a constant,

and “K" is an lnteger relating to the number of samples of x(t), then x(t)

10 can be written as:

sin[ (t - ns)]

x(t) = ) x(11)

1=0 (x + 1) Sln[ (t - 1Ts.)]

.
K+ 1

where T, = 3

(1

The proof follows from Shannon's sampling theorem. as

follows:

15 | x(t) = _gx(nT )Sln‘{- (t - n‘rs)]

n=

1=0

O x(lTs)SJ.nc[— (c - 1T, ]

1w

(12)

.+ Z x((1 - N, )51nc[— t-@-nNr )]



10 reconstruct the inmage, I[err], associated wth torus 24, fromthe

.Ci rcul ar - -~orbit data. Next, a 3D Fourier transform F(I[err]), is
obtained fromlferr]. The horn shaped volune, I[err],
is interpolated to obtain a correspondi ng cubic volune, I[err]. A 3D
Fourier transform F(lI[err]) is obtdiSaed fromif[err]. 15

The shadow cone -portion of F(I[err]) is replaced with its count er part
fromF(l[err]) to provide a repaired Fourier data array. An i nverse
Fourier transformis then applied to the r riaired Fouri erqdat a array
to return to cubic space. + éx«l + N)rs)sinA{_ (Be_pl(ﬁcgi mgrxt)}e;. shadow cone in
2D Fourier spaces is 20 prgsented next. Ta first step, Jthe Fel dkanmp

al gorithmis again used to reconstruct image I[err] fromthe circular
orbit data. Next, I[err] is interpolated to I[err] in which I[err]

defines a plurality of angugr vergical 1 | anes. \J|[[err] is obtained
fromthe line orbit data, “ag,ddddpba ?o(r«/gﬁTs + kT)i 83$he
Fourier transformF(I[err])*®&nd F(I[er¥]®) is obtained¥rom25 I[err] and
I[err]. The shadow cone is substituted into each 2D plane of F(l[err]),

ith it t t defi | | ' f [
N O onl Tad to calRie i flbgl Bf date oy KGR 2REy 7 T2 0T S

Finally, the
Angular interpolation employs the function M(p, ¢)

s wherein variable ¢ has a period of 2n. Since M(p, ¢) is angularly band-
limted to “K* (i.e., Fourier series coefficients satisfy

c, = 0 for |n| > K), then
_ 2K+1 k?t * k’t

Mlp, 9) = - ' 1

6. 4) = Do oo - ] (14)
si n(ZK +1 ¢)
where o{¢) = 2 . (15)
@K + 1) sin{E ¢)
10 Radial interpolation is described next. If the object is

space limited to diameter 2A, where “A” is equivalent to.radius “R”,
identified previously as the radius of the smallest sphere containing the -
object 40, its projections are also limited to diameter 2A and therefore
the FT of the projection P$(u) can be reconstructed as -

15 p,(u) = ngp,(—;z)smc[zz\(u -~ —;T)] (16)

using Shannon's sampling theorem.

Combining angular and radial interpolation:-



: hofn-shape volume is interpol ated back to cubic vol une.

.The DFM net hod descri bed above requires interpolation from pol ar

coordi nates to rectangul ar coordi nates. 5 The cone beam
reconstruction descri bed above is based on circle and line orbits

whi ch requires that the m ssing shadow zofl6- 28 of circle orbit data in
the Fourier domarn to be replaced by the |ine orbit data. For the line
orbit orientation illustrated in FIG 5, the object 40 is shown to

nove in the "Z direction"s iagdisscrete i ncremgnts 10 _ i tifi "z _step”
36 increments. Bafph ¢g)estiXa I-inm—%l%é%ﬁagfb{ - _n_) @eqe%-&a @Hh the
source 34 defines a pland=<tfboidh tKetdb ect\4 2A hi nKetidt verti cal
pl ane, every detector position defines a specific angl e and the data

col l ected by that detector, corresponds t paral | el . rojection of the
obj ect sanpl ed by interval MG@’F-stéﬁ E?)'“PF?@?V%&G,C?%'Q’BS& >88{ G 6 shows
a nunber of parallel projections of object 40 at angle [err] and FIG
7 shows parallel projections, of ofject gle ulerr]. These

paral l el projections are uM@(illt o f)i £l Mifnit hevhocoe’s‘p??#. m @8) ng
angul ar segnment in the 2D FT plane. [err] and [err] §Ua &n‘gﬁ.es
sel ected so that the data volune for the shadow cone 30 (FIG 3) used 20

to replace the shadow zone_28 data_vol une_enconpasses the shadow zone
data vol ume. This conditi ohoiredueg infefralatigNogrrpe @ pumber of slepsieay be

s a2 s SR AT v i RBRHE bl i e oo

proj ection (I§BP) I e angul ar pl ane usi

proj ections fronyillitbe cansidéredifirst.ed angul ar views and then to conpute
the 2D FT and use it.to replace the m ssing angul ar segnent.

DRvel et pr e Bk o, o eBBARGubnel e! S Bl Balel oidbion aak &
sampled in intervals of a predetermined z-step 36. As the projections
are space limited they will not be band-imited. Sampling the

10 projections over a predetermined z-step window (for example 2A) wiil
effectively reduce the bandwidth and introduce aliasing artifacts into
the 2D FT domain. Consequently, the “z_step” 36 is selected to be
small  enough such that the  effective bandwidth,

B =m[pomtslcycle], will substantially include thé frequency

15 content of the projections.

Another source of error is inadequate sampling in a radial

1
2% 4"
projections will alsa be space. limited to 2A, as such, the FT is sampled.

frequency. ‘ If the object:is: space limited in diameter: ta- its
uniformly at intervals of at'least, 2—:- -[points/cycle], in order to avoid""
20 aliasing. |

For the line 'data,' the effective bandwidth is defined as
“B.” The number of radial samples “N” are chosen such that



-13- domain. This nmethod is simlar to the interpolation required in

Direct Fouri er Method back-projection. - In the line
orbit, for each plane, a nunber of projections (equal to "M detectors
in each vertical colum) are acquired, for an 5 angular range fromJ[err] to
[err] Interpolation techniques for the lipe data provide the

met hodol ogy for devel opi ng the bel ow descri bed I nt erpol ation techni ques
that are useful for calculating the cone beam reconstruction nmet hods.
First, let [err](xB y) bz t he |rr§ge in a fixed coordinate system x -
y and [err] (X, epresént _the bbje t. temz -
rotated fromx - N bymﬂz agq;giegr]ﬁspn@epgrﬁ)gég#@a 'ﬁfthFl‘?é)ﬁsdom%ct at
a view angle [err] is The 1D FT of [err] is given as

is at most E% [points/cycle].

Another source of error is an insufficient number of

views. Non-isotropic and off-centered objects will not be angularly

s band-limited. So, the number of projections may be very large.
However, in practice the number of projections is chosen such that in

the 2D FT domain the sampling between two neighboring radial lines

will be approximately equal to the maximum grid spacing of

1 .
I [points/cycle].

10 Interpolation in the 2D FT domain is described next. For
the line orbit data, a rectangular grid spacing of % [points/cycle], is

used in the 2D FT domain. In a computer implementation, typically,
the Fast Fourier Transform (FFT) is used for computing the 1D FT of
each projection. In order to improve radial sampling, zero padding of
15 the projection data is performed before abplying FFT. In this
specification zero padding. invoives the steps of adding zeros to the
data set to minimize artifacts after an FFT is performed. Once a radial
sampling has been obtained, Nearest neighbor interpolation or. Linear:
interpolation is used to compute the values between the new sample-
20 _points.

As mentioned previously, for the line orbit a plurality -of
projections are required for a small angular segment (i.e., angular
direction is over-sampled compared to radial sampling). One concern
is how to use this data:-efﬁciently. “A-simple- interpolation:scheme such

25 as nearest neighbor will not use all of the available data. One
' alternative approach is to decimate the number of views by grouping



[efr] If [err] denotes the 2D FT of [err](x, y) in pol a'r
.coordi nates, then based on the Proj ection slice theorem

[err] = [err] where [err] 20 Assum ng t hat

Merr] is known, this FT data on pol ar coordi nates nmay be converted to
Cartesi an coordi nates by the expressi,on, Mp cos [err], p sin [err])

= M([err]). The- object is reconstructed by 2D inverse FT using the

expressi on, -14- [err]

However, MJ[err]) is not known at all positions but only at finite set

of discrete pointhe Fews]andHbepr sumaminghthe sewsnisam each group so as to
increase the signal to noise ratio (SNR) utilizing an inverse bilinear
interpolation technique, as further described below.

In the present invention, an inverse bilinear interpolation

s technique is used on data in the polar grid format. For optimal

interpolation in the azimuthal direction, o(¢) the function defined in

equation (13) may be used. However, this function is computationally

impractical. For a computer implementation, vaiues in the interpolation
function must be truncated which causes artifacts.

10 From a computational standpoint, the simplest

interpolation algorithm to implement is the Nearest neighbor (NN)

-algorithm, wherein each pixel is given the value of the sample which is

closest to the pixel. NN is equivalent to convolving the sampled data

. by a rectangular function. Convolution with a rectangle function in the

15 spatial domain is equivalent to muiltiplying the signal in frequency

domain by a sinc(. ) function, which is a poor low pass filter since it has
prominent side lobes. )

Linear interpolation amounts to convolution of the

sampled data by a triangle window. This function corresponds in-

20 frequency domain to a sinc¥(. ) function which has a better low pass
filtering property than NN. | |

The NN method interpolates on the basis of a single
point.- The’ linear: interpolation- algorithm: interpolates: on: the: basis: of- -
two nearest points. Using three points for interpolation would result in

25  two points on one side and only one on the other side. The B-spline
method enables interpolation over the two nearest points in each
direction. The Cubic B-spline method comprises four convolutions of
the rectangular function of the NN method. Since Cubic B-splines are



interpol ating fromthe known val ues of polar points to the values 5

_requires over a rectangular Cartesian grid. An existing
"theoremis utilized to solve this problent Flrst l et x(t) be a periodic
function in tinme space "t" with period "T.' x(t) is angul arly
band-limted to a value [err] where "c" |s1% constant and "K" is an
I nteger relating to the nunber of sanples of x(t), then x(t) 10 can be
witten as: [err] where [err] The proof

fol I ows from Shasymmetrisantieynoniyhewedintasbe défihedvin: thé eintérval (0, 2).
Mathematically, the B-splines can be written as:

f(x) = x* - x +% x e (0,1)

3

£f(x) = ——-+x—2x+§ x e (1,2

5 The Cubic B-splines equations defined above may be
adapted to fit a smooth third-order polynomial through the available
set of shadow cone 30 data.

Another interpolation function involves the truncation of ¢
(9). ‘ As mentioned previously, it is desirable to find the ideal
10 interpolation function in the angular direction of the o($) function.
However, the o(¢) function has considerable energy and, as such,
does not decay fast over an extended distance, and therefore cannot
be easily implemented as a space domain convolution. It is natural to
truncate the function over a small distance, but truncation disregards
15 much of the above said energy. Moreover, truncation in the space
domain will produce ringing artifacts when the object is converted from

the space domain to the signal domain.

Bilinear interpolation is a 2D. interpolation method. In this
interpolation’ method f(x,y) is evaluated by a linear combination of
20 f(ny,n) at the four closest points for n,T < x < (n, + 1)T and

n,T € y < (n, + Yr. The interpolated: value:fix.y) in-the bilinear
method is:

£(x, y) = @- A,.Xl = A-y)f(n:' n.)+ (- Ax)Ayf(nl’ n, + 1) +

AL - AJER, + 1 n)+ AAfn, + 1,10, +1)



- [err] were the nunber of data array colums N = 2K + 1.
_Angul ar interpol ation enploys the function Mp, -[err]) 5 wherein variable
[err] has a period of 2[err]. Since Mp, [err]) is angularly band-

limted to "K' (i.e., Fourier series coefficients satisfy [err]
10 Radi al interpolation is descpgbed next. If the object is
space limted to-dianeter 2A, where "A" is equivalent to. radius "R",
identified previously as the radius of the snallest sphere containing the

where A, = (i:—r-lﬁz and A, = LTDZQ

Inverse bilinear interpolation converts polar-grid data into
rectangular-grid data via inverse bilinear weighting. That is, each
polar-grid element is redistributed to its four nearest rectangular grids

5  using the four sub-areas as normalized weights. The method is robust
in the sense that the original data does not have to be regularly
distributed, as long as the data has at least one element in each
rectangular square. As such, undeéirable data elements caused by
defects or seams in detector array 32 (FIG. 5) may be ignored.

10 Another benefit of this process is that all the good data are fully
utilized, which, consequently, provides a better signal-to-noise ratio
(SNR).

A linear orbit datum value “x" and associated grid points

used in inverse bilinear interpolation are graphically illustrated in FIG.

15 8. The data value “X" is distributed to its four nearest grid points as
follows:

- By =8y tayx 8 = 8y TaAnX
811 =8iju T X 81 vt = Bl jor T QX

Each grid point has: an' accumulated value, g which

20 identifies the accumulated weighted “x” values from the four adjacent

squares. To normalize the accumulated: value:at-each grid: point, it is

necessary to maintain another variable, wy, which identified the

accumulated weights (a;) associated with the bilinear distribution of

pixel (1j). In fact, this is a normalization step at the end of the

25 interpolation procedure because each grid value is divided by-
accumulated weight, wy.



. object 40, its projections are also linmted to diameter 2A and therefore
the FT of the projection P[err](u) can be reconstructed as [err]

usi ng Shannon's sanpling theorem Combi ni ng angul ar and
radi al interpolation: [err] Merr](Uerr],
Vlerr]) is conputed over the Cartesian spage as: [err] To
reduce interpolation error, a nunber of steps may be 5 taken; as described
bel ow. Error frominadequate sanpling in space wi |l be considered

fi : . . .
Tt Six sets of simulations were conducted using the

described interpolation methods for the 2D FT domain and the image
domain. The simulation results illustrate Inverse bilinear interpolation
as compared to Nearest neighbor (NN), Linear, Cubic B-Spline, and

5 Filtered back projection (FBP) interpolation methods. Results are
presented in Tables [ through VI.

For the first three simulations, Linear interpolation was

used in the radial direction. Nearest neighbor, Linear and Cubic B-

spline intei'polation techﬁiques were used in the azimuthal direction.

10 The reconstruction of an angular segment in the 2D FT domain was

simulated using the line orbit data. The slice of interest was the central

slice through the object in FIG. 5. The object consisted of three
horizontal disks so that it had sharp edges in z (vertical) direction.

The Truncated o($) interpolation method was also used
15 in the azimuthal direction (including 8 neighboring points). Linear
interpolation was used in the radial direction. Nearest neighbor
interpolation and Linear interpolation generated bettér performance
results than Cubic B-spline interpolation. However, Cubic B-spline
uses only 4 points as opposed to 8 points in Truncated o($)
20 interpolation. So, Cubic B-spline is computationally more attractive: .
than the 8 points Truncated o(¢) interpolation, as such, Truncated o(¢)
interpolation was not included in the comparison.

Polar points based: bilinear interpolation was: also: .

evaluated. . The 2D FT-of the slice  of interest was computed and used”
25 as the base reference for of comparing the above identified methods.
The 2D FT of the FBP reconstruction was also included in the
comparison. FBP reconstruction requires the reconstruction of the 2D
FMP image and then computation of the 2D FT. However, Polar
bilinear interpolation does not require conversion back to the image



During the line orbit, the parallel projection data are sanpled in
interval s of a predeterm ned z-step 36. As the projections are space
limted they will not be band-limted. Sanpling the 10 -+ projections over
a predeterm ned z-step wi ndow (for exanple 2A) wll effectively reduce
t he bandwi dth and i ntroduce aliasing artifacts into the 2D FT donai n.
Consequently, the "z step"” 36 is select et®4 0 be smal |  enough such
that the effective bandw dt h, B ={[err] [points/cycle], wll
substantially include the frequency 15 content of the projections.

Anot her source démain.or This resultsqiratee commitatignal nadvardaigenl over thef F8fuency.

I f the object iatezﬁaéelimtedin dianeter to [err] its proj ections
will also be sp P¥nited to 2A, as such, the FT is sanpled uni formy
at intervals of at least, [err] [points/cycle], in order to avoid 20

al i asi ng. t ' ' ] IS
defined as "B." The n&ﬁgerg?%%ﬁﬁqgg%@gﬁ ﬁﬁr&égghgﬁéﬁgﬁgghgté]t hat
-17- interpolated rectangular grid values were computed using the above

5 methods for different numbers of views and radial samples. The error
was computed with the true 2D FT as follows: Norm1 (total absolute
difference, Table 1); Norm2 (square root of the total squared distance,
Table II); and Normeo (maitimum absolute difference, Table lll). Note,
that terms Norm1, Norm2, and Normeo are standard terms used in

10 statistical analysis.

Table |

% NORM1 ERROR in 2D FT DOMAIN

# of views 256 256 64 16

# of radial 1280 | 256 256 | 256
samples

Near. Neigh. 58.4 58.0 609 |75.2
Linear 49.7 49.5 516 |67.1

Cubic B-Spline 45.7 45.6 47.9 | 64.9

Inverse bilinear 41.2 40.7 433 | 60.9

F8P 776 776 778 | 778




“[err] . Also the grid spacing in the 2D FT donain I s at nost

ferr] [points/cycle]. Anot her source of error is an
~insufficient nunber of views. Non-isotropic and of f-centered objects
will not be angularly 5 band-limted. So, the nunber of projections may
be very | arge. However, in practicepghe nunber of projections is
chosen such that “in the 2D FT domai n"t he sanpling between two
nei ghboring radial |ines will be approxinmately equal to the nmaxi num
grid spacing of [err] [points/cycle]. 10
I nterpolation in the 2D Frablgthi n i s described next. For the line
orbit data, a rectangular agrid spacing of [err] [points/cycle], is
used in the 20 FT domain. |8 RoRMSEH R,hgglpqrmjm@w gn, typically, t he
Fast Fourier Transform (FFJ) is used for conputing the 1D FT of each
projection. | Order toO IMprove radr at sarrpllng, Zer ¢ padding of 15 the
proj ecti on dat)# Plyiewsr f or mp@Shef pLEP aiﬂli nd ¥FT. 19 this
Specification 70r.0 p:.\drang avioldes .t ot eds of——addi ng zeros to the

data set to m r#éfira@a(artif heos0 al 2sg anzs?sFT izsper forflned. Once a radi al
sanpl i ng has Heen gebt ai ned|{ Near est nej ghbor} i nterpollati on or Linear

i nterpolation i B8 to cpnput e{ t he vl ues {bet ween tthe new sanpl e 20
poi nt s.

Near. Neigh. 316 31.6 33.0 38.9

Linear 26.5 26.5 26.3 33.8

Cubic B-Spline 24.4 24.5 248 329

Inverse bilinear 21.8 21.3 224 31.9

FBP ' 54.5 54.5 54.5 54.5

Table Il

% NORMee ERROR in 2D FT DOMAIN

# of views 256 256 64 16
#of radial 1280 |256 256|256
samples

Near. Neigh. 8.88 |8.88 888 |8.88

Linear 8.87 8.87 7.82 6.78 .

Cubic B-Spline 8.61 8.61 7.70 6.77

Inverse bilinear 7.58 6.08 6.08 7.26

FBP 8025 |8025 |8025 |80.25




~As .rrentioned previously, for the line orbit a plurality of proj ections

are‘required for a small angul ar segnent (i.e., ~angul ar direction is
. over-sanpl ed conpared to radial sanpling). One concern is how to use
this data efficiently. A sinple interpol ation schene such 25 as nearest
nei ghbor will not use all of the avail abbg data. One alternative
approach is to decimate the nunber of views by grouping t he
rows and then sumring the rows fromeach group so as to i ncrease the
signal to noise ratio (SNE% utilizing,an inverse bilinear
i nterpol ati on techni que, &3&f GPfrﬁ§P°'g@§9r i"B?!t?dzeY‘SW. images were also I n

t he present in\@aﬁ?' | S IQidd Lot | Di LAUEe S
used on data int %&%gl Q‘;hﬂé%’g\vlﬁg? Q@ﬁ@‘?@?ﬁ&%p@ﬂ%&rﬂnﬂ}e&n&% olatk.alaon in
t he azinut hal dectangutar, gfids.r | Thecerrorscweve cbompared im the reconstmicted (13)

may be used. However, this function ig co t.ationall . I .npr.actical .
For a conput er Mages uith the e %ﬁgﬁes?hﬁ 'fnﬁé Mager & %‘PPdHC'Uded 'Ptfhét i on

nmust be trugcat i c ket | i : N @ g
cComput at i ongl - SrUpch.RURPTheR W MG Rel impldinentation for the ne BFER B
i mpl ement i s t lrotNescessany o gotonstiudithe imagesgbeforéapatetingcthe 2BcRTpi xel
Is given the valye.of th | e Lch is closest to the pixel. NNis
equival ent to ?M@ithsm%ﬂﬁwﬁd&tﬁ- by a rectangul ar function.
Convolution with a rectangle function in the

~ Table IV

% NORM1 ERROR in IMAGE DOMAIN

# of views 256 |256 |64 16

# of radial 1280 [256 |256 |26
samples

Near. Neigh. 241 |240 242 |274
Linear 194 [191 |184 |212

Cubic B-Spline 16.1 | 16.1 15.7 | 18.9

Inverse bilinear 12.5 11.8 12.5 22.3

FBP 385 |385 [385 [385-




15. spatial domain is equivalent to nultiplying the signal in frequency
.domain'by a sinc(. ) function, which is a poor |low pass filter since it has

prom nent side | obes. Li near interpolation anounts to
convol ution of the sanpl ed data by a triangle window This function
corresponds in 20 frequency domain to aqgginc[err](.) function which has a
better | ow pass ~ filtering property ?Ean NN. The NN
nmet hod i nterpolates on the basis of a single poi nt The li near

interpol ation algorithminterpol ates on the basis of two near est

poi nts. Using three poi ntfab@r interpolation would result in 25 two points
on one side and only one on the other side, The B-spline met hod

enabl es intergol ati on over | s \GORMO ERRORES IMASE BHRMAIN Fach di rection.
The Cubic B-sdline nethod ¢onpri ses four convol uti ons| of t he

rectangul ar function of the NN fqernod] St ncg CObi c B-pplines are
-19- syniftefvViews t hey L.3§ﬁy r?éédi be de®i ned in{the interval (0, 2).
Mat hemat i cal | —-he—B-sp-i-hes—eadh—be—it-t-ed—as—ert

# of radial 1280 | 256 256 256

samples

Near. Neigh. 93.3 | 93.1 875 108.4

Linear 528 526 |501 776

Cubic B-Spline 508 |[50.7 |44 75.7

inverse bilinear 40.0 | 403 45.8 8_9.9

FBP 845 |845 |845 84.5

Table VI

% NORMco ERROR in IMAGE DOMAIN -

# of views . | 256 |256 64 16
#of radial- 1280 | 256~ [266 [ 256 -
samples

Near. Neigh. 820 |817 |(938 133.5
Linear - 678 |67.5 |784 1215

Cubic B-Spline 665 (662 777 117.0 .

Inverse bilinear 618 |[61.8 68.0 89.3

FBP 978 |97.8 97.8 97.8




5 The Cubic B-splines equations defined above may be
. adapted to fit a snooth third-order polynom al through the avail abl e

set of shadow cone 30 dat a. Anot her interpolation function
i nvol ves the truncation of [err] ([err]). As nentioned previously, it
Is desirable to find the ideal 10 i nter@ ation function in the angul ar
direction of the [err] function. However, the [err] function has .
consi der abl e energy and, as such, does not decay fast over an extended

di stance, and therefore cqp éy be {JB&I’?@? *‘%Sﬁ u‘i@e g@gtﬁ.g Asdidl §3ﬁ\§398°m n

convolution. It is natural runc on over a s

di stance, but trdma’cotqaddt:é ftﬁ@@l’ﬂﬁ' iA thewnagefdomainabidewever, diwneaﬂu?
Mor eover, truncation in the space domain will produce ringing artifacts

when the object the r%@absamahneﬂ@aes introduce eparsbgeansantheoractengylangrid

method. 1n t hi s SPacing freic |GRERE e IhEIeRinG bl decrell SelHifial et .,

conbi nation ef ZRe Maluke oftheatz step” 36U fﬁdedswé?éamldﬂlsaﬁdwdﬂﬁ&bihstﬁidts
[err]. The interpol ated value f(xy) in the bilinear nmethod is: [err]
us, “N" samples are available for each projection such that N

multiplied by “z_step” = 2A.

In each case the inverse bilinear interpolation has less

error both in the 2D FT domain and in the image domain compared to

10 the other listed interpolation methods. The number of views in the 2D

FT domain and the image domain may also be reduced from 256

without significantly increasing the image error as, for example, can be
observed by the data in Table VI.

Specific embodiments of various methods and
15 apparatuses of reconstructing CT images according to the present
invention has been described for the purpose of illustrating the manner
in which the invention is made and used. It should be understood that
the implementation of other variations and modifications of the
invention and its various aspects will be apparent to one skilled in the
20 art, and that the invention.is not:limited: by the specific embodiments
described. Therefore, it is contemplated to cover the present invention
any and all modifications, yariations, or equivalents that: fall: within the .
true spirit and scope of the basic underlying principles disclosed and
claimed-herein.



-20- [err] I nverse bilinear interpolation converts
_polar-grid data into rectangul ar-grid data via inverse bilinear
wei ghting. That is, each polar-grid elenent is redistributed to its
- four nearest rectangular grids 5 using the four sub-areas as normalized
wei ghts. The nmethod is robust in the-2Zbnse that the original data does
not have to be regularly distributed, as long as the data has at | east
one el enment in each rectangul ar square. As such, undesirable data
el enents caused by defects or seans in detector array 32 (FIG 5) may

be ignored. 10  Anot her ocess is that all the good data
are fully utilized, W?ﬁ@ﬁf @)ﬁL@WEﬁ‘% provi des a better
signal -to-noise ratio (SNR). A | i near orbit datum

value "x" and associated grig ,ﬁﬂﬁ@,ﬁsof recg %&ﬁ‘%ﬁa"'ﬁgﬁ?&?

interpolation are graphically 1 ustrate | n FI
is distributed comprisingdatarfesmes cirguiadonbiti andsdata from d hmeawerblt[ baséd

Each grid point has n accumul at ed ,val ue, t| fi.es the

accunul ated wei Qﬁt% SQOW\Rgf@e@meQrR}{ H@ﬁ%&ﬂg géﬂaa‘\éﬂhﬁ cnrculag e§ Chg

normal i ze the aggat 'ﬁ%mﬁ%\ﬁﬁ @h grid point, it is necessary to
iC

mai nt ai n anot her varlab h identified the

5 representing the image obtained from the circular orbit in
a circular horn-shaped volume;

representing the image obtained from the linear orbit in a
corresponding linear horn-shaped volume;

converting 2D images in the vertical planes of each said
10 circular horn-shaped volume and each said linear horn-shaped volume
into a plurality of 2D Fourier planes;

removing projections of a 3D shadow cone in each of
said 2D Fourier planes from the circuiar orbit data and replacing said
projections with the corresponding projections obtained from the linear
15  orbit data, so as to generate a plurality of repaired 2D Fourier planes;

conducting an inverse. 2D. Fourier Transform on said -
plurality of repaired 2D Fourier planes to obtain a respective plurality of
2D image planes, representing a.resulting hom-shaped volume; and

converting said resulting horn-shaped volume back to the
20 x-ray tomographicimage..

2. The method as recited in claim 1, wherein said step of
representing the image obtained from the circular orbit further
comprises the step of selecting a <-:adow cone having a subtended
angle of 26,, wherein said angle 0,. is defined as the angle which

AR A




accunul ated weights (a[err]) associated with the bilinear distribution of
In fact, this is a nornalization step at the end of the
i nterpol ati on procedure because each grid value is divided by
accunul ated wei ght, wWerr].

_pixel [err].

Six sets of sinulations were conducted uggng the descri bed
I nterpol ati on méthods for the 2D FT domain and the i mge donmai n.
sinmulation results illustrate Inverse bilinear interpolation as

conpared to Nearest nei ghbor (NN), Linear, Cubic B-Spline, and 5 Fi

back projectio
Tables | throu

The slice of

5. The object consis

gﬁé{%ﬁﬁés {1 R O 8hic ShaBRW\268e jrRtoN dpaties or esent

25
- 21_
The

| tered
ed in

Irst three sinulations,
Li near interpolation was used in the radial direction. Nearest
nei ghbor, Linear and Cubi3. fhe methathas recifedtiarqglainadj wheteain isaidistep ofer e

segnent i n-t he BBIESETHG i012ge dotaingA TrinEBa 1Herh GrhriheR SoRfHSERda o
i ; ' ' in FIG
Che!s8b ofigEnbltingtablutaty of veftied fmg b 68 o e figar "

ad sharp

‘edges in z (verorbitadatado ferm said linear horn-shaped volumé&he Truncated [err]
I nterpol ation method was al so used 15 in the azinmuthal direction

(1ncl uding & nel ghbor i 1g. POLt)euld 8 ecited in' Gt BOWAbHSH 47 stbd S

generating a plurality of vertical image slices further comprises the step
of reconstructing a plurality of parallel beams generated from a
projection of the linear orbit data.

5. The method as recited in claim 4, further comprising
the step of using a filtered back-projection method to reconstruct said
plurality of vertical image slices.

8. The method as recited in claim 4, further comprising
the step of using a Direct Fourier Method to reconstruct said plurality of
vertical image slices.

7. The method as recited in claim 6, wherein said step of
using a Direct Fourier Method, further comprises the step of using
inverse bilinear interpolatior to convert: data from the polar grid to the
rectangular grid.

8. The method as recited in claim 7, wherein said step of
performing inverse bilinear interpolation: further oompriées the step of
performing inverse bifinear’ interpofation on each line -orbit” Fourier
datum value “x” with respect to the four nearest grid locations, Oy Gpt+1;:

gi]+1 and 9i+1; +1-

9. The method as recited in claim 8, wherein said step of
performing inverse bilinear interpolation on each said line orbit datum

—

LN

in the



I nterpol ati on and Li near interpolation generated better perfornmance
results than Cubic B-spline interpol ation. However, Cubic B-spline

uses only 4 points as opposed to 8 points in Truncated [err] 20

i nterpol ation. So, Cubic B-spline is conputationally nore attractive

than the 8 points Truncated [err] interpgﬁégtion, as such, Truncated [err]
I nterpol ati on was not included in the conparison. Pol ar
poi nts based bilinear interpolation was al so eval uated. The 2D FT of
the slice of interest was conputed and used 25 as the base reference for
of conparing the aboye,identified. nethods. The .2D FT of the F
reconstruction Y& ea%&o%q "lFG’QEPrﬁ?sttP?@ siep of dgterayiniag a n%'?@?oﬁ&ﬁ? uction
requires the regpasty u%{)%p'og”g BEE&I%I |n a locdii¥R & respetils&id et at i on

of the 2D FT. However®? T near 1 nterpolationh does not require
conversi on back oisit §8%im FBRR “x,” and each of the said four nearest grid locations,

-22- domain. This results in a conputational advanfage over the FBP
net hod. 9y 9+1; gy+1 anchgpnpen. to nmeasure the perfornmance of each

nmet hod, the i nterpol ated rectangul ar grid val ues were conputed using
the above 5 nmethods for different nunbers_of views and radial sanples.
The error was conput 4@- wWhe mathod agdeoited-in ¢laim §, further qAmPRSING ot al
absol ute

the step of collecting for each grid point, g;;, adjacent to a respective
said line orbit datum value, “x” and assigning a weight, W,

11. The method as recited in claim 10, wherein said step
of determining a normalized sub-area further comprises the step of
updating each said grid location according to the following equalities:

8y =8, +ayx : 8t = &y ta0*

5 8ijst =81 jm T 3% Bietjet = 8in jut T 00X

12. The method as recited in claim 11, further
comprising the step of normalizing each grid data, g, by dividing a’

respective g, by W,

13. An apparatus for reconstructing x-ray tomographic
images comprising data from a circular orbit and data from a linear
orbit, based on a shadow zone formed by projecting data of the circular -
orbit, such apparatus comprising:

5 means for representing - the image obtained from- the
circular orbit in a circular horn-shaped volume;

means for representing the image obtained from the
linear orbit in a corresponding linear horn-shaped volume;

R
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- difference, Table I); NornR (square root of the total squared distance,

Table I1); and Nornferr] (maxinum absolute difference, Table [11). Note,
that terns Norml, Norn2, and Nornferr] are standard termnms used in 10
statistical analysis. Tabl e | %
NORML ERROR in 2D FT DOMALN # of vi_gw;,‘ 256 256 64 16
# of radial 1280 256 256 256 sanpl es Near. Nei gh.
58.4 58.0 60.9 75.2 Li near 49.7 49.5 51.6 67.1
Cubi c B-Spline 45.7 45.6 47.9 64.9 I nverse bilinear 41.2
512.3_7 43.3 60.9 B means for conveqihs 2D ?nznaaes irf e véricSi planes of

10 each said circular horn-shaped volume and each said linear homn-
shaped volume into a plurality of 2D Fourier planes;

means for removing projections of a 3D shadow cone in

each of said 2D Fourier planes from the circular orbit data and

replacing said projections with the corresponding projections obtained

15 from the linear orbit data, so as to generate a plurality of repaired 2D
Fourier planes;

means for conducting an inverse 2D Fourier Transform
on said plurality of repaired 2D Fourier planes to obtain a respective
plurality of 2D image planes, representing a resulting horn-shaped

20 volume; and

means for converting said resulting hom-shaped volume
back to the x-ray tomographic image.

14. The apparatus as recited in claim 13, wherein said
means for representing the image obtained from the circular orbit
further comprises means for selecting a shadow cone having a
subtended angle of 20,, wherein said angle 0,, is defined as the angle

5 which identifies the limit of said shadow zone in radon space.

156. The apparatus as recited in claim 13, wherein said -
means for representing the image obtained from the linear orbit further
comprises means for generating a-plurality of vertical image-slices from-
the linear orbit data to form said linear horn-shaped volume.

16. - The apparatus as recited in claim 15, wherein said
means for generating a plurality of vertical image slices further
comprises means for reconstructing a plurality of parallel beams -
generated from a projection of the linear orbit data. |

* [ L M H *




Table |11 % NORM2 ERROR in 2D FT DOVAIN # of views 256

256 64 16 # of radial 1280 256 256 256 sanples Near.
Nei gh. 31.6 31.6 33.0 38.9 Linear. 26. 5 26. 5 26. 3
33.8 Cubic B-Spline 24.4 24.5 24. 8 32.9 Inverse bilinear 21.8
21.3 22.4 31.9 FBP 54.5 -3%4.5 54.5 54.5

Table 11 ) % NORM err] ERROR in 2D FT DOVAI N #of views
256 256 64 16 #of radial 1280 256 256 256

17. The apparatus as recited in claim 16, further
comprising means for using a filtered back-projection method to
reconstruct said plurality of vertical image slices.

18. The apparatus as recited in claim 16, further
comprising means for using a Direct Fourier Method to reconstruct said
plurality of vertical image slices.

19. The apparatus as recited in claim 18, wherein said
Direct Fourier Method means, further comprises means for using
inverse bilinear interpolation to convert data from the polar grid to the
rectangular grid.

* [ L M s *



sanpl es Near. Nei gh. 8. 88 8. 88 8. 88 8.88 Linear 8. 87
8. 87 7.82 6. 78 Cubic B-Spline 8.61 8.61 7.70 6. 77 Ilnverse

bi | i near 7.58 6. 08 6. 08 7.26 FBP 80.25 80.25 80.25
80. 25 - 24- The
corresponding limted view i mages were al3n conputed (Tables |V-VI)
using inverse 2D FT fromthe interpol ated rectangul ar grids. The errors
were conpared in the reconstructed i mages with the true inage. The FBP
| mage are also | AekiARly Guklah redRERRICIION sYbBhe ki 1n the T eal

I mpl enent ation for e Fi ne orbit, 1t IS not necessary to reconstruct

t he i mages before patchi OIRCLAGANDELTNE ORBITBATA i nto t he Fel dkanp 2D FT dat a.
Table IV . ABSTRACT '
A system is provided for reconstructing x-ray tomographic
images based upon the circle-and-line orbit. The system includes the
5 steps of combining, in the frequency domain, images reconstructed
separately from the circular and linear orbit data. Specifically, the
method involves the steps of (1) converting the shadow zone into a
shadow cone in frequency domain, (2) mapping the shadow cone in
3D Fourier space onto a set of 2D Fourier planes, (3) removing data
10 lying within the region marked as the projection of the shadow cone
from the Fourier transform of the circular orbit data and patching the
same from the Fourier transform of the line orbit data, (4) transforming |
each 2D Fourier plane into a respective 2D image plane, and (5)
converting the horn-shaped volume back to a grid volume. An
15 interpolation technique is also provided for reconstructing the line orbit
data using a Direct Fourier method (DFM).

Figure 1
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% NORML ERROR i n | MAGE DOVAI N _ #of V|evvs 256 256 64 16
# of radial 1280 .256 256 256 sanyl es Near. Nei gh. 24. 1
24.0 24.2 27. 4 Li near 19.1 19.1 18. 4 21. 2 Cubi c
B- Spl i ne 16.1 16.1 15.7 18.9 | nverse bilinear 12.5 11.8 12.5
22.3 FBP . 38.5 38.5 B& 5 38.5

- 25- Table V % NORM2 ERROR i n | MAGE DOVAI N
# of views 256 256 64 16

SAMPLER |
12 FFT

22 34

INTERPOLATION
18
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# of radial 1280 256 256 256 sanples Near. Neigh. 93.3

93.1 87.5 108.4 Linear 52.8 52.6 50.1 77.6 Cubic

B- Spl i ne 50.8 50.7 49. 4 75.7 Inverse bilinear 40.0 40.3 45. 8
89.9 FBP 84.5 84.5 84.5- 84.5 Tabl e VI

% NORM err] ERROR in | MAGE DOVAI N #9} Vi ews 256 256 64 16
#of radi al 1280 256 256 556 sanpl es Near. Nei gh. 82.0

81.7 93.8 133.5 Linear 67.8 67.5 78. 4 121.5 Cubic
B-Spline 66.5 66.2 77.7 117.0

The axis of rotation
FIG. 2
| 28 30 j
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| nverse bilinear 61.8 61.8 68.0 89.3 FBP 97.8 97.8

97.8 97.8 : - 26-

1t may be observed that increasing the radial sanpling does not reduce
the error in the image domai n. However, decreasing t he radi al sanpling
does introduce errors because the rectapgular grid spacing are no

| onger on .the sane order as radial sanpling. However, 5 t he val ue of the
"z" step" 36 is fixed because of bandw dth constraints. Thus, "N
sanpl es are avail able for each projection such that N mul tiplied by
"z_step" = 2A In each case the inverse bilinear

i nterpolation has | ess error both in the 2D k[ donaln an the imge
domai n conpared to 10 the other |isted interpol Y net h The nunber
of views in the 2D FT domain and the inmagge 3 may also be reduced
from 256 wi t hout significantly increasinyg ’ ¥ error as, for
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in which the invention is made and used. It should be understood that

.the inplenentation of other variations and nodifications of the

i nvention and its various aspects will be apparent to one skilled in the 20
art, and that the invention is not Iimted by the specific enbodi nents
described. Therefore, it is contenplated to cover the present invention

any and all nodifications, variations, / equi valents that fall within the
true spirit and scope of the basic underlying princi pl es di scl osed and

cl ai med herein. -27-
VWHAT IS CLAI MED | S: 1. A nmethod of reconstructing x-ray
t onogr aphi ¢ i mages conprising data froma circular orbit and data from
a linear orbit, based on a shadow zone formed by projecting data of
the circular orbit, such met hod conprising the steps of: . 5
representing the image obtained fromtheygigiges orbit in a circular
hor n- shaped vol une; representing the i nage obtained from
the linear orbit in a _c¢rT1Eqnnﬂﬂ#ﬂfﬂﬁéﬁ?ﬂ‘ﬁﬂﬂ?F?ﬂnﬂmmhvoIune
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converting 2D images in the vertical planes of each said 10 circular

hor n-shaped vol une and each said |inear horn-shaped vol une into a
plurality of 2D Fourier planes; renovi ng projections of
a 3D shadow cone in each of said 2D Fourier planes fromthe circular
orbit data and replacing said projections with the corresponding
projections obtained fromthe linear 15 orbit data, so as to generate a
plurality of repaired 2D Fourier planes; ' conducting an
i nverse 2D Fourier Transformon said plurality,of #dpaired 2D Fourier
‘planes to obtain a respective plurali ty:’/?)f 2D Trrage pJ-anes
representing a resulting horn-shaped vol une; and -

converting said resulting horn-shaped vol umgghack t¢ T/bef 0~ _x- ray

t onogr aphi ¢ i mage. 2. The -w /get,ed inclaimi,
wherein said step of representing the | ,aeﬂ cynthe circul ar
orbit further - conprises the step of .eetgeti-wG -9 . gene having a
subt ended angl e of 2[err], vvhereH'P ai’g |s defined as the

angl e whi ch - identifies the

-~

limt of said shadow zone in radon spaceA’ e
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3. The nethod as recited in claim1,4wherein said step of rg¥gg§@¢20§g -the
i mage obt ai ned fromthe |inear or bi t fmrther conprises the Step o
generating a plurality of vertical imge slices fromthe Ilnear'Q? . data
to formsaid |inear horn-shaped vol une. 4. The net s
recited in claim3, wherein said step of generating a plurality of vertica
i mage slices further conprises the step of reconstructing a plurality of
paral | el beans generated froma projection of the |inear "orbit data.

5. Thé method as recited in claim4, further conprising the stép of using a
filtered back-projection method to reconstruct said plurality of verti cal

i mge slices. 6. The nethod as recited in claim4, further
conprising the step of using a Direct Fourier Method to reconstruct said
plurality of vertical inmage slices. 7. The nmethod as recited

in claim6, wherein said step of using a Direct Fourier Mthod, further
conprises the step of using inverse bilinear interpolation to convert data
fromthe polar grid to the rectangular grid. 8. The net hod
as recited in claim?7, wherein said step of perform ng inverse bilinear
i'nterpol ation furtfer gﬂﬁﬁhgags je step of pefiormng 1 nversq bilinear

i nterpol ati on on each ouri er datumjval ue "x" withjgrespect to.
t.he four nearest gfid Iocialons g err], +1[erfET g[ err §+1 and

glerr]. Hod as fecit in cl 44m 8, erein said
step of perform ng |Q¥§rse blbgpe r intefpolatijon on each sai¢ line orbit
dat um
INTERPOLATION
18
MEMORY | DISPLAY
2 22
10
REPLACEMENT SHEET
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- 29- value, "x", further conprjises the step of determning a

normal i zed sub- area, alerr], a[eéerk], a[err], a[err], between a |ocation
of each respective said line 5 orbit “datumvalue "x," and each of the said
four nearest grid |ocations, [err] and [err]. 10.
The nethod as recited in claim9, further conprising the step of
collecting for each grid point, [err], adjacent to a respective sai d
line orbit datum val ue; "x" and assigning a weight, wWerr].

11. The method as recited in claim 10, wherein said step’ of -det erm ni ng
a normalized sub-area further conprises the step of updating each said

grid location according to the follow ng equalities: [err]
12. The method as recited in claim 11, farther conprising the step of
normal i zi ng each grid data, g[err] by v'éidinﬂrqli respective g[err] by
: . 0=S d :
//

werr].
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13. An apparatus for reconstructlngzg ray tonographic i mages conprising .
data froma circular orbit and data<%sroma |inear orbit, based on a
shadow zone formed by projecting data3f the circul ar orbit, such
apparatus conprising: 5 means for representing the inage
obtained fromthe - «circular orbit in a circular horn-shaped vol une;
means for representing the i mage obtained fromthe linear orbit in a
correspondi ng | i near horn-shaped vol une;
-30- | means for converting 2D inages in the vertical
pl anes of ‘10 each said circular horn-shaped volunme and each said |inear
horn- . shaped volune into a plurality of 2D Fourier planes;
means for renoving projections of a 3D shadow cone in each of said 2D
Fourier planes fromthe circular orbit data and repl aci ng said
projections with the correspondi ng projections obtained 15 fromthe |inear
orbit- data, so as to generate a plurality of repa¥y egq,-2D BOuri er
pl anes; . " neans for conducting-a Ey- erse“2D Fouri er
Transform on sald plurality of repaired ZD Folf pl anes to obtain a
respective _ #
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plurality of 2D image planes, representing a resulting horn-shaped 20

vol une; and means for converting said resulting

hor n- shaped vol une back to the X-fsay tonographic inmage. _

14. The apparatus as recited in claim 13, wherein said means for
representing the i nage obtained fromthe circular orbit further
conpri ses neans for selecting a shadow cone having a subt ended angl e
of 2[err], wherein said angle [err], is defined as the angle 5 which
identifies the limt of said shadow zone in radon space.

15. The apparatus as recited in claim 13, wherein said means for
representing the inage obtained fromthe linear orbit further .
conprises neans for generating a plurality of vertical image slices from
the linear orbit data to formsaid |linear horn-shaped volune.

16. The apparatus as recited in claim15, wherein said means for
generating a plurality of vertical imge slices further conpri ses
means for reconstructing a plurality of parallel beans generated from
a projection of the linear orbit data.ycCoOLUMNS
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17. The apFar@tus as recited in ¢laim 16, further conprising neans for

using a filtered back-projection meth®dg to reconstruct said plurality of
vertical inmage slices. 18" The apparatus as recited in claim
16, further conprising neans for using a Direct Fourier Method to
reconstruct said plurality of vertical inage slices. 19. The

apparatus as recited in claim 18, wherein said Direct Fourier Mthod neans,
further conprises neans for using inverse bilingar j@tferpol ation to convert
data fromthe polar grid to the rectangul ar grig. { _
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