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METHOD OF CANCELLING GHOSTS FROM
NMR IMAGES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

The present 1invention relates to a method for improving,
reconstructed NMR 1mages and, more specifically, to a
method for cancelling ghosts from NMR 1mages.

Under 1deal conditions, reconstructed NMR 1mages must
be positive and real. This 1s because, iIn NMR experiments,
the observed signal 1s Fourier transtorm of density distri-
bution of the object under consideration, which by definition
1s a real positive quantity. In practice however, even the most
straightforward ways of scanning the k -k, space, (¢.g., row
by row or column by column scanning without date
reversal), result in complex images. This is partly due to a
shift 1n the data from the notional origin 1 k space. If
readout gradient 1s constant and uniform time samples of
data are inverse Fourier transformed to generate the image,
delay 1n the time data translates into a linear phase shift in
the reconstructed image. These phase shifts can be ecasily
determined and eliminated, since they do not affect the
magnitude of the reconstructed 1mages.

When NMR data 1s obtained by scanning the k —k space,
with data reversal on alternate y lines (where y is the
horizontal axis across which readout occurs), time delays
between the start of data acquisition and the start of the
readout pulse are different for even and odd lines. The etfect
of this on the 1mage manifests itself as a ghost separated by
half the 1image size. Under these conditions, 1f readout
oradient 1s constant and data 1s sampled uniformly 1n time,
then the ghost image can be entirely removed by a first-order
phase difference between odd and even lines. However,
when the readout gradient 1s sinusoidal and the 1mage 1s
reconstructed by inverse Fourier transforming non-uniform
samples (see, €.g., the method disclosed in U.S. Pat. No.
4,740,748) the difference between even and odd line delays
degrades introduces ghosts and thus the quality of the
resolution.

This, together with asymmetry of the sinusoidal readout
oradient for even and odd lines can be modeled by multi-
plying even and odd parts of the NMR 1mage by two
separate phase functions ¢ (n,,n,) and 0 (n,,n,). More
specifically, if x(n,,n,) denotes the true density distribution
of the object under consideration, and Y(n,,n,) denotes the
2-D 1nverse discrete Fourier transform of the time data (i.e.,
the reconstructed ghosted image), then the even and odd
parts of the observed image, Y _,_, (n,,n,) and Y_,(n;,n,)can
be modeled as:

N (1)
Yeven(ly, 12) = Y(ny,np) + Y(ﬂla n; + 5]

. Ny . N
= x(ny, N, )PP L2) 4 };{111 , Ny + —]quﬁ(”l Ty )
2
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-continued

N
0‘:::111 {N,.U‘:::IIZ{E

N 2)
Yndd(nla HZ) — Y(Hl, 112) — Y(nla n, + 5]

#(n] .0y ) N J‘H(ﬂl ﬂTfE)
= x(ny, ny e/ -2 —XIll,Il2+§tE 2T 2

N
0‘:::1‘11 {N,GEHZ{E

where the dimensions of the reconstructed image are NxN
and the number of echoes is N. (Note that if the sinusoidal
readout y gradient was 1dentical for even and odd lines, then
the even and odd phase functions would have been identical.

That is, ¢ (n;,n,)=0 (n,,n,)).

Having modeled the ghosted image, the objective can be
stated as estimation of the true object density distribution
x(n,,n,) from the observed ghosted image Y(n,,n,).

From equations (1) and (2), it 1s clear that if the phase
functions ¢ (n,,n,) and 0(n,,n,) are known for all values of
n, and n,, then x(n,,n,) and x(n,,n,+N/2) can be determined
fromY,,  (n;,0,) Y, A(n,,0,)bysolving a 2x2 linear system

of equations. In practice, the difference between ¢ (n,,n,)
and 0 (n,,n,) can be determined experimentally by placing
a test object 1n the upper and lower half of the field of view
(FOV) and measuring the difference between even and odd
parts of the resulting 1mages. More specifically, when the

object 1s 1n the upper half of the FOV, by definition:

X(n,n,+N/2)=0
Substituting this into equation (1) and (2):

(3)

Yeven(np, 1) = X111, np )1 -12)

N
0= ny ﬁ:N,UéHQ{E

(4)

Y oqa(ny, 0p) = x(ng, np )12

N
0= ny ﬁ:N,UéHQ{E

The phase difference between Y, . (n,,n,) Y, An,,0,)
can be used to obtain
A(ng, nz) = ¢(ny, np) — O(ng, np) (9)

= phase(Y cven(ny, 1)) — phase(Y ogq(n;, n7))

N
0‘:::1‘11 {Nﬁ{]‘::]flz{a

Similarly, by placing the object 1n the lower half of the
FOV:

X(n; -np,) =0

Ny N 6
Y cven(ny, o) = K(Hla np + E)EJ¢(HI’H2+__2_] (0)

0‘=:111“'-1Na0‘=:112"‘1§
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-continued
N - N 7
Y{!'C]d(nla HZ) = —K(Ill,, n» + E)EJE(HPHZ"“ZJ ( )
N
0=n; <N,0sgm; <5

The phase difference between Y _ (n,,n,) and Y_, (n,,
n,) can be used to obtain

N ( N N
ﬁ[ﬂl,ﬂz-l- 5] :(;E'? ny, N> + 5]—6{111,.112 + 5]

\

(8)

— p:lase(Yﬁvn:n(nl » 112 )) -

phase(Y oqq(ny, n2)) + 7

N
OEHI{N,DEHZ{E

Letting

()

A(ng, np) = x(n;, np)e?"1-"2)

Ny . N 10
B(ny, ny) = }s{l‘ll, n, + E]EJQ(W 2T 2) (1)

in equations (1) and (2):
(11)

- - N
Y. (), 1) = A(ng, 0o )ef2012) 4 B, ﬂz)ﬂjﬂ(nl -+ |

Yodd(ny, n2) = A(ny, np) — B(ny, np)

Thus, experimental values of A (n,n,) and A (n,,n,+N/2)
can be used to determine A(n,,n,) and B(n,,n,) by solving
the above linear system of equations. Once A and B are
determined, their magnitudes can be used to find x(n,,n,)
and (n,,n,+N/2) respectively.

Experimentally, there are two major drawbacks with the
above approach. The first drawback has to do with the fact
that the phase difference function i1s a function of the
parameters for the NMR experiments. Some of these param-
cters are the strength of the X, v and z gradients, and the
static magnetic field or the RF. Therefore, to be able to apply
this method successtully, a different look up table 1s needed
for different experimental set ups. The second drawback has
to do with the fact that the phase difference function A
(n,,n,) 1s somewhat object dependent. More specifically,
although the general shape of A (n;,n,) does not vary
drastically from one object to the next, the change 1s large

enough to introduce considerable amount of ghosts. The
third drawback of the above approach has to do with the fact
that obtaining the phase difference function A (n,,n,) of a
test object for all values of n; and n, 1s a non-trivial task
from an experimental point of view. This has to do with
factors such as susceptibility effects.

In short, 1t has been found that the performance of the
above scheme 1s i1nadequate for most ghosted 1mages.
Accordingly, it would be highly desirable to process NMR
signals using a method of ghost correction 1n the form of an
algorithm which 1s automatic and does not require a look up
table.

SUMMARY OF THE INVENTION

The object of the present invention 1s therefore to provide
a method for automatically eliminating ghosts in NMR
signals resulting from the difference between even and odd
line delays 1n a traversal of k-space using a sinusoidal
readout gradient without using a look-up table.
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4

The present invention achieves the foregoing objective by
a method 1nvolving the steps of:

(a) taking a two dimensional inverse Fourier transform of
the time data to obtain the ghosted image Y(n,,n,);

(b) computing the signal energy for each column using

N-1
Em)= ) 1Y@, n)f

ny =0

(c) discarding the columns whose signal energy level are
below a predetermined threshold;

(d) estimating ¢ (n,) and P (n,) for each remaining
column of data; 1.e. n,=0, . . . N_-1, by:

(1) finding the phase difference function A (n,,n,) for all
cghosting pixels of the column; and

(i1) solving the following simultaneous equations to
find linear least square estimates of & (n;) and p (n,):

(12)

1A
1A

a(n )+ B0 )ny 0=ny

N
a(ny )+ B(n; )N — B(n; )np 0 =np; <N

( N
2

A(ny, ny) =

(¢) using a (n,) and f (n,) in the above equation to find
the phase difference A (n,,n,) for 0=n,<N; and

(f) using A (n,,n,) in equation (11) to find A(n,,n,) and
B(n,,n,) for 0=n,<N.

From equations (9) and (10), the true object density
distribution at (n,,n,) and (n;,n,+N/2) are found by taking
magnitude of A(n,,n,) and B(n,,n,), respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present
invention will become apparent when the following text is

read 1n conjunction with the accompanying drawings, in
which:

FIG. 1 shows a flow diagram of the ghost correction
method of the present invention;

FIG. 2 depicts a reconstructed 1image with ghosts.

FIG. 3 graphically depicts the phase difference function;
and

FIGS. 4a-11b show before/after examples of NMR
images processed with the algorithm of the present inven-
fion.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring first to FIG. 1, a simplified block diagram of the
method of the invention 1s shown. First, the raw NMR signal
1s converted to an 1mage by performing a two dimensional
inverse Fast Fourier Transform (FFT) 2. The resultant image
has ghosts, which are eliminated by processing the image
with the ghost elimination algorithm 4 of the present inven-
tion.

FIG. 2 depicts an 1mage with ghosts. As shown therein, a
bright line 6 represents the true 1mage, while a less bright
line 8 1s a ghost of true 1mage 6. Assuming that the traversal
through k-space involves the sampling of 128 lines, the
cghost will be separated by the true image by 64 lines, 1.¢. halt
the 1mage size.
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FIG. 3 graphically depicts the phase difference function A
(n,,n,). As shown therein, the phase difference function is
appropriately symmetrical along the center of the n, axis.
The phase difference function 1s defined by the offset ¢ and
slope 3 of a straight line 10 obtained by taking the least
square estimation of a number of points; certain points 12,14
are eliminated (ignored) as being out-of-range since A
(n,,n,) is assumed to vary smoothly.

The ghost correction algorithm of the present mnvention
takes advantage of the approximate shape of the phase
difference function, which as described above, can be
obtained experimentally for test objects. Experiments indi-
cate that variation of the function A (n,,n,) is considerably
smaller along n, than n,. In fact, for fixed n,, variation along
n, i1s symmetric about n,=N/2 and A (n,,n,) can be closely
approximated by a piecewise linear function of the form:

(12)
a(n; )+ B )ny 0=ny

1A

( N
A(ny, np) =+ :
= Ny < N

| 22

a(ng )+ B(n;)N — S(n; )n,

The algorithm of the present invention takes advantage of
the above approximation by estimating o (n,) and 3 (n,) for
cach column of the data, 1.e. n,=0, . . . ,N_—1. It consists of
the following steps:

1. If raw sampled data 1s input, take 2-D 1nverse Fourier
fransform of the time data to obtain the ghosted image
Y(Ill,Ilz).

2. Determine signal energy for each column of the data by
computing

N-1 (13)
Em)= ) Y@, n)

HZZD

3. Discard columns whose signal energy level 1s below a
fixed threshold. This threshold 1s an mput to the program of
Appendix (A), and is denoted by the double precision
variable “snr”.

4. Let S denote the set of indices of the columns whose
signal energy level 1s larger than the threshold snr. Estimate
o (n,) and $ (n,) for all n,€S. The estimation procedure will
be discussed at length later.

5. Use o (n;) and 3 (n,) in equation (12) to find A(n,,n,)
and B(n,,n,) for 0=n,<N. From equations (9) and (10), the
true object density distribution at (n,,n,) and (n,,n,+N/2) are
found by taking magnitude of A(n,,n,) and B(n,,n,), respec-
fively.

The algorithm of the present invention has been 1mple-
mented 1 “C” programming language, and its listing 1s
included in Appendix (A). The name of the “C” program is
“correct.c”. The usage of the program 1s described by simply
invoking its executable without any parameters:

usage: correct

-g (if set, will do mverse two-dimensional FFT)

-s (snr: avoid processing columns with small signal
component)

-t (ratio between—Y(nl,n2)—and—Y(nl,n2+N/2)—:
must be larger for central columns)

10

15

20

25

30

35

40

45

50

55

60

65

6

-r (even to odd ratio: must be close to 1 for ghosting
pixels)

-m (mse~tolerance: discard pixels whose llsq’mse is
large)

-h (ghost larger than image: 1 left, 2 right, 3 both)

-d (parameter controlling smoothness of alpha
corrections)

-f (parameter controlling smoothness of beta corrections)
-a (scale to see the ghosts clearly)

-¢ (expand by an integer factor in each direction)

-¢ (convert to hexadecimal for halftone printout)

inputfile

outputfile

As 1t 1s seen, the program takes an 1nput file representing
the sampled time data or its two-dimensional (2-D) inverse
Fourier transform, and generates an output file containing
cither the binary or hexadecimal version of the ghost-free
image. Clearly, the parameters used by the program are set
by the operator 1n such a way that the performance of the
algorithm 1s optimized. Some of these parameters such as

THPRI I
&

, “-c”, and “-1” are only used as switches to set flags,
while others are used to set internal variables (either integer
or floating point) to specific values. An example of the usage
of the program 1s as follows:

correct -g -t100. -r1.5 -s5. -m2. -f -d.7 -b.04 -a750 -e4 inputfile
outputiile

In the above example, the internal variable associated
with “-t” 1s 100, the one associated with “-r” 1s 1.5, etc.

The function of various parameters used 1n step 1. through
step 3. of the algorithm 1s as follows:

The “-g” flag determines whether or not the mput ASCII
file 1s the raw time data or its 2-D 1nverse Fourier transform.
Specifically, if the “-g” option 1s set, then the program
assumes the mput file to contain raw time data, and com-
putes the 2-D inverse Fourer transform of the data by
successive application of the “1fft05” subroutine. This sub-
routine takes imverse FFT of one-dimensional sequences,
and its listing 1s icluded in Appendix (B).

The “-s” option sets the mnternal double precision variable
“snr” used 1n steps 2. and 3. above. A large number of the
columns 1n the ghosted 1nput 1mage correspond to empty
space 1n the magnet, and therefore have no signal compo-
nent. To prevent the ghost correction algorithm from pro-
cessing these columns, the signal energy for each column of
the ghosted 1mage 1s computed and compare 1t to a fixed
threshold. This fixed threshold is the “snr” variable which 1s
set by the “-a” option. The signal energy for the n,th column

1s defined to be:

N-1
Em)= ) 1Y@, n)f

ny =0

where Y(n,,n,) denotes the value of the ghosted image at
location (n,,n,). Thus, the AGC algorithm only processes
columns whose energies exceed the threshold set by the
variable “snr”. An appropriate value of “snr” 1s 5 for input
files containing raw time data, and 2x10° for the ones
containing the 2-D 1nverse Fourier transform of the raw time
data.
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Step 4. of the algorithm 1s now described 1n more detail.
As set forth 1n the Background section above, the phase
difference function A (n,,n,) can be found experimentally by
placing a test object 1n the lower or upper half of the FOV.
Specifically, the ghost of a test object at location (n,,n,) with

appears at (n,,n,+N/2), and vice versa. Thus, the location of
the ghost of a pixel at (n,,n,) 1s (n,,(n,+N/2) mod N). In
general, 1f an object only fills out half of the FOV, its ghost
does not overlap with 1tself 1n the reconstructed 1mage.
Under these conditions, the phase difference function asso-
ciated with the object and the particular experimental set up
can be determined empirically for regions of the recon-
structed 1mage which correspond to the object rather than its
ghost. (Two special cases of this were discussed in the
Background section. These cases correspond to the object
being 1n the lower or upper half of the FOV). On the other
hand, when an object {ills out more than half of the FOV, its
phase difference function can only be determined for pixels
whose ghosts are not superimposed on pixels corresponding,
to other parts of the object. This information about A (n,,n,)
can be exploited to find the parameters o and {3 as defined
by equation (12). Pixels which correspond to bright (high
intensity) parts whose locations correspond to either empty
space 1n the FOV or parts of the object with very little or no
energy, will be referred to as “ghosting pixels”. Specifically,
if the pixel at location (n,,n,) 1s a ghosting one, then by
definition:

1. It corresponds to a high energy point in the object.

Therefore

|X(1‘11 ,Il2) | }}U

2. The pixel at location (n4,(n,+N/2) mod N) corresponds

to a low energy part of an object or empty space 1n the FOV.
That 1s

x(n,,(n,+N/2) mod N)|=0

Step 4 of the automatic ghost correction algorithm derives
the parameters associated with the n,th column in two steps.
Specifically, 1t first finds the value of the phase difference
function for all the “ghosting pixels” of the column, and then
solves an overdetermined linear system of equations to find
linear least square estimates of o (n;) and 3 (n,). At this
point, the key question which remains to be answered 1s the
way ghosting pixels are detected. The present invention uses
two criteria for classifying pixels as ghosting ones.

The first criterion is a direct consequence of equation (11)
and the second part of the definition of ghosting pixels. It
takes advantage of the fact that the magnitude of the even
and parts of a ghosting pixel at location (n,,n,) are identical.
Specifically, if Y(n,,n,) is a ghosting pixel, from equation

(11):

|Y€wzn (n1,n2)|=|Yﬂdd(n1:nz)|=|A(n1:n2)|=x(n1,,n2) (14)

Thus, 1f the ratio between the magnitude of even and odd
parts of the pixel (the “eoratio™) at location (n,,n,) are equal
or somewhat close to each other, then Y(n,,n,) can be
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classified as a ghosting pixel. In the program listing of the

automatic ghost correction algorithm in Appendix (A), if the
ratio between the magnitudes of even and odd parts of a

pixel are between [1/eoratio, eoratio], then the pixel is

classified as a ghosting one. As seen, “eoratio” denotes a

double precision variable which 1s mput to the program by

the operator via parameter -r. It 1s 1important to note that
under this criterion, the conditions for Y(n,,n,) and Y(n,,
n,+N/2) to qualify as ghosting pixels are identical Thus, if
equation (14) is exactly or approximately satisfied, then
there 1s an ambiguity as to which pixel is the ghosting one.
As discussed below, the second criteria for ghosting pixel
detection helps to resolve this ambiguity.

The appropriate values of “eoratio” 1s anywhere between
1 and 2. In most of the examples of the next section, the “-r”
option (the internal variable “eoratio”) is set to 1.5. If it is set

to small values (i.e. too close to 1), then the number of

cghosting pixels will be too small, and therefore estimation of
o (n,) and 3 (n,) will not be robust. On the other hand, if it
1s set to larger values such as 2 or even 3, then the chosen
pixels might not necessarily be the ghosting ones. This will
increase the error in the observations for the linear least-
squares estimation, and therefore will result 1n less accurate
estimation of o (n;) and 3 (n,).

The second criteria takes advantage of the definition of

ghosting pixels. To describe this condition, equations (1) and
(2) are rewritten in the following way:

Y(Ill, 112) = (15)

1 X(1ny, ny)
5 [ Y even(tly » 12) + Y oqq(n1y, 02 )]

1+ 5]
X|ng, ny + —
2 [ jn;b(nl Jo+ - ) (E}E’(HI A+ o5 )]
2
N (16)
Y(Ill, n, + —] =
2
. x(ny, 1) Jéing ny) Jony,no)
E[Yﬁvczn(nl ,12) — Yoqa(ny, np)] > le — e+
rm+ 5]
X|n;, nr + —
2 [ j(ﬁ(nl LR ) + (E}q.ul A+ 5 )]
2

As expected, 1f

6 (n;,0,)=¢ (n,,0,)
or equivalently
A (n,,n,)=0

the observed image, Y(n,,n,), becomes ghost free and is
identical to the true object density function x(n,,n,). Recall
that if the pixel at location (n,,n,) is a ghosting one, then by
definition, the magnitude of x(n,,n,) must be large (i.e. not
at the noise level) and the magnitude of x(n,,n,+N/2) must
be very small (i.e. not at the noise level). From equations
(15) and (16), if the difference between 0 (n,,n,) and ¢
(n,,n,) is small (or equivalently A (n,,n,) is small), then a
ghosting pixel at (n,,n,) results in a large value of the
following ratio:
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1Y (n;, np)

T
ny,n» + —
(102 + 5|

(17)

Ratio(n;, ny) =

Specifically, as A (n,,n,) changes from 0 to 7, the above
ratio changes from oo to 0. It has been found experimentally

that A (n;,n,) 1s smaller for columns closer to the center of
the magnet (i.e. around n,=N_/2). This implies that the ratio
of equation (17) becomes larger as the index of the column
under nvestigation becomes closer to N /2. Thus, the second
criterion for detecting ghosting pixels of the n,th column
consists of

1. Computing the quantity shown in equation (17) for
cach pixel.

2. Comparing this ratio to a fixed threshold associated
with that column.

Clearly, this threshold 1s column dependent and becomes
larger as the 1ndices of the column become closer to N /2. In
the program listed in Appendix (A), the threshold for the
n,th column is:

27

the internal variable “threshold” set by “-t” option, if
n,=N_2.

decreases linearly with |n,-N_/2|for |n,-N /2|<15.

is equal to 1 for |n,-N_/2|>15.

In most of the following examples, the “-t” option (the
internal double precision “threshold”) is set to 100. In
general, the appropriate value for the “-t” option depends on
the amount of ghosting 1n the central part of the 1mage, and

lies between 1 and 10000. If the reconstructed 1image suif

€IS
from considerable amount of ghosting in the central
columns, then “threshold” must be set at a small value e.g.
1. Otherwise, it should be set at a larger value, say 100, so
that the center 30 columns of the image remain more or less
unchanged by the algorithm. If the central columns of an
image are ghost-free, setting the “-t” option at small values
might result in unnecessary distortions in these columns.

To summarize, the first ghost detection criterion checks
the ratio between the magnitudes of even and odd parts of
the pixel at location (n,,n,). If this ratio 1s close to one, then
either Y(n,,n,) or Y(n,,n,+N/2) are classified as ghosting
pixels. To resolve this ambiguity and to improve the detec-
fion procedure, a second criterion 1s used which computes
the ratio shown in equation (17). For columns close to the
center of the magnet, large values of this ratio 1mply a
ghosting pixel at location (n,,n,). However, for columns
further away from the center, the second criterion becomes
more or less 1nconclusive, and other ways must be found to
overcome the ambiguity problem of the first criterion. The
present 1nvention uses the aprior1 knowledge about the
approximate shape of the phase difference function 1n order
to resolve this ambiguity. Detailed experimental procedures
for obtaining the phase difference function was described 1n
the Background section above. Unlike that “look up” table
approach, the present invention does not require detailed and
exact values of the phase difference function. In fact, the
algorithm of the present mmvention only needs to know as
much about A (n,,n,) as to make binary decisions.

From the description of the automatic ghost correction
algorithm, 1t 1s clear that the ghosting pixel detection part 1s
rather hueristic. To decrease the sensitivity of the algorithm
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to this part, and to improve the estimation of the phase
difference function, the following measures are preferably
employed:

From classical results 1 estimation theory, it 1s clear that
the error in estimating the parameters of A (n,,n,), 1.e. o and
3, 1s reduced as the number of observations 1s increased. In
this case, the observations are the empirical value of the
phase difference function for the ghosting pixels. Experi-
mental results seem to indicate that for columns whose
number of observations (or equivalently the number of
ghosting pixels) is small, the error in estimating f in
equation (12) becomes rather large. This error manifests
itself as large magnitude for pp, resulting 1n unrealistic values
of the phase difference function. Since experimental results
indicate that the magnitude of  1s small for most columns,
the present invention sets to p=0 for columns whose number
of ghosting pixels is less than a fixed integer. In the program
listing of Appendix (A), this integer has been chosen to be
8. To make the estimation part of the algorithm even more
robust, {3 1s set to zero when the magnitude of 1ts estimated
value exceeds a certain threshold. The optimal value for this
threshold was found empirically from the approximate shape
of the phase difference function for various test objects. For
the program listed in Appendix (A), this threshold was set to
0.08.

A second measure taken to improve the robustness of the
algorithm 1s to discard ghosting pixels whose least-square
?e§idue 1s too large. Specifically, if 1,,1,, . . ., 1,,,,.,<N/2and
Jisd2s - -

. s Jiower=IN/2 denote the indices of the ghosting
pixels of the n;th column, taking into account equation (12),
the linear least-squares estimation of o and [ consists of
solving the following overdetermined linear system of equa-
fions:

1 i A(ny, 1p) (18)
1 i A(ny, 12)
1 iuppcr [ ﬂf(lll) } B ﬁl(ﬂl ’ iuppcr)
1 N-j, pny) A{ng, J;)
I N-J, Alry, Jo)
L 1 N — jlﬂWE[‘ | L &(ﬂl ? j]DWE[') .

If o (n,) and P (n,) denote the solution of the above linear
least-squares problem, the residue of the ghosting pixels at
(n,,1,) and (n,,J,) are defined to be:

res(ny, i) = A(ny, iy) — (@(n;) + Bln)i; ) (19)

res{n, j;) = Alny, jl)—(&(n1)+,§(n1)N—3(n1)jl)

and the means square error 1s defined to be

(20)

mean SqllElI'Ed CITOor =

lower

1 _l_]ppC['
resz(nl, 1) + Z I‘ESZ(Hh I)
=0

2,

| {=0

upper + lower

To reduce the likelihood of false alarm (i.e. declaring
non-ghosting pixels as ghosting ones), pixels for which the
ratio between their residue and the mean squared error
exceeds a predetermined. threshold “mse” are discarded.
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The “-m” option sets the threshold “mse”. Appropriate
values for the “-m” option can range anywhere between 1
and 3. Clearly, if “mse” 1s too small, then most of the already
detected ghosting pixels will be discarded for the second
estimation process. On the other hand, if “mse” 1s too large,
picels which have been misclassified as ghosting ones are
not discarded and therefore result 1n large amounts of error
in observations used for the linear least-squares estimation
process. In most of the examples of the next section, the
“-m” option 1s set to 2.

Another measure to improve the robustness of the algo-
rithm 1s the -h option. Recall that the ghost detection part of
the algorithm first checks the ratio between the magnitudes
of even and odd parts of the pixel at location (n,,n,). If this
ration is close to 1 (or more specifically is in the range
| 1/eoratio, eoratio]) then either Y(n;,n,) or Y(n,(n,+N/2)
mod N) are classified as ghosting pixels. If the phase
difference function is less than m then the magnitude of the
ghost (i.e. the ghosted pixel) 1s smaller than that of the object
(i.c. the ghosting pixel). On the other hand, if the phase
difference function 1s larger than m, the magnitude of the
ghost becomes larger than that of the object causing it. Since
we expect the phase difference function to be small (less
than m) in the center of the magnet, the differentiation
between ghosting and ghosted pixels 1s straightforward for
the central columns of the 1image, and therefore there 1s not
any ambiguity 1n computing the phase difference function.
In fact, as we menftioned earlier, the “-t” option takes
advantage of this in order to detect/differentiate ghosting and
cghosted pixels for the central 30 columns. Specifically, it the
ratio shown in equation (17) is larger than the “eoratio”
parameter set by the “-t” option, then Y(n;,n,) is the
ghosting pixel and Y(n,,n,+N/2) is the ghosted pixel. On the
other hand if the ratio of equation (17) is smaller than
1/eoratio, then Y(n,,n,+N/2) is the ghosting and Y(n,,n,) 1s
the ghosted pixel. However, this clear distinction between
oghosting and ghosted pixels 1s possible only if the phase
difference function 1s known to be less than m, which 1n out
situation corresponds to the central columns of the 1mage.
For columns away from the center, the phase difference
function might become larger than m, thus creating an
ambiguity about the ghosting and ghosted pixels. To resolve
this ambiguity, the operator has to provide the algorithm
with a clue as to whether or not the phase difference function
1s larger than . Fortunately, this 1s a stmple visual task since
in the areas of 1mage with large phase difference function
(i.e. larger than m) the ghosts are brighter than the actual
object causing the ghost. Therefore, 1f the ghost has larger
intensity than the object 1n the areas to the left of central
columns, “-h” option must be set to 1. Similarly, 1f the ghost
has larger intensity than the object 1n the areas to the right
of central columns, “-h” option must be set to 3. As shown
below 1n most 1maging situations, the ghost has lower
intensity than the actual object 1tself, and thus there 1s no
need to set the “-h” option to any value. However, 1n few of
the heart images shown 1n FIGS. 4-11, the ghosts become
larger than the objects and the “-h” option 1s needed to guide
the program to correct them.

The “-d” option sets the internal double precision param-
cter “smooth” which smoothes the values of for neighboring
columns. Specifically, if the value of for the n,th column is
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different from those of the past four columns by more than
an amount specified by “smooth”, then o (n,) and 3 (n,) are
discarded and the n,,th column appears unchanged in the
output 1mage Appropriate values for “smooth” can range
between 0.3 and 2. Clearly, if “-d” option 1s set to a small

value, e.g. 0.3, then o and 3 for most columns will be
discarded and the final output will resemble the ghosted
input 1mage to a great extent. On the other hand, if “-d”
option 1s set to a large value like 2, then the amount of
smoothing 1s minimized, and the final 1mage might have
some columns which stand out amont their neighboring
columns because of their drastically, different values of o
and 3.

The “-b” option sets the 1internal double precision param-
cter “betasmth” which smoothes the values of  for neigh-
boring columns. The functional description of this variable
1s similar to that of the “-d” option. Appropriate values for
“betasmth” however, can range between 0.01 and 1.

The “-” flag determines whether or not the processed
cghost-free 1mage needs to be rearranged so that the center of
the magnet coincides with the center of the 1image. This flag
1s set for all the examples shown in the next section.

The “-a” option sets the internal double variable “scale”
which scales the processed 1mage before 1t 1s written in the
output file. This parameter 1s normally set anywhere
between 500 and 1000.

The “-¢” option sets the internal variable “expand” which
expands the final output 1mage by an integer in each direc-
tion. The expansion 1s basically done by repeating each pixel
a fixed number of times 1n x and y directions.

The “-c” flag determines whether the processed 1image 1s
written 1n binary or hexadecimal format. The hexadecimal
format 1s necessary for generating halftone 1mages with
PostScript commands and the Apple LaserWriter.

“Inputiile” denotes the name of the input file which
contains the ASCII characters representing the time raw data
or 1ts two-dimensional inverse Fourier transform. If such an
input file does not exist, the program exists while printing
“mput file does not exist”.

“Outputfile” denotes the name of the output file which
contains numbers between 0 and 255 representing the pro-
cessed 1mage. The format of these numbers 1s either 1n
binary or hexadecimal depending on whether or not the “-¢”
flag 1s set.

Examples of images processed by the ghost elimination
algorithm are shown 1n FIGS. 4-10. For each example, the
chosted 1mage, the processed ghost-free 1mage, and the
parameters used with the algorithm will be shown.

FIG. 4a shows a ghosted heart image which was pro-
cessed by the ghost elimination algorithm with the following
parameters:

correct -g -t100. -r1.5 -s5. -m3. -h1 -f -d2. -b1. -a1000 -e4 htnum
htproc

The processed ghost-free version 1s shown in FIG. 4b.
Clearly, the AGC algorithm has done an excellent job of
removing the ghosts. As it 1s seen, the magnitude of the
oghost 1n the left side of FIG. 4a 1s larger than that of the
object causing it. Therefore, the parameter “-h” had to be set
at 1 1n order to remove the ambiguity 1n the phase difference
function for the columns to the left of the 1mage.
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The second example of the ghost elimination algorithm 1s
shown 1n FIG. §. The original ghosted heart image 1s shown
in FIG. Sa, and 1ts processed ghost-free version 1s shown 1n
FIG. 5b. The parameters of the algorithm were:

correct -g -t100. -r1.5 -s5. -m2. -f -d1. -b.05 -a1000 -e4
heartSnum heartSproc

A third example of the algorithm 1s shown 1n FIG. 6a, and
its processed ghost-free version 1s shown 1n FIG. 6b. The
parameters of the algorithm were:

correct -g -t100. -r1.5 -s5. -m2. -f -d2. -b.1 -h1 -a750 -e4
heart4dnum heartdproc

Similar to FIG. 4a, the magnitude of the ghost 1n the left
side of FIG. 6a 1s larger than that of the object causing 1it.
Thus, “-h” option had to be set to 1, to remove the ambiguity
of the phase difference function for the columns to the left
of the ghosted 1mage.

Afourth example of the algorithm 1s shown 1n FIG. 7. The
original ghosted heart image 1s shown 1n FIG. 7a, and its
processed ghost-free version 1s shown m FIG. 7b. The
parameters of the algorithm were:

correct -g -t100. -r1.5 -s5. -m2. -f -d.7 -b.03 -h3 -a500 -e4
heart3num heart3proc

As 1t 1s seen 1n FIG. 7a, the magnitude of the ghost in the
right and left part of the ghosted 1mage 1s slightly larger than
that of the object causing it. Therefore, the “-h™ option 1s set
at 3, to remove the ambiguity associated with the phase
difference function.

A fifth example of the algorithm i1s shown in FIG. 8. The
original ghosted heart image 1s shown 1n FIG. 8a, and its
processed ghost-free version 1s shown i FIG. 8b. The
parameters of the algorithm were:
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correct -t10. -r1.3 -s200000000. -m?2. -f -d.5 -b1. -a1000 -e4
newhtnum newhtproc

Note that 1n the above example, the 1nput file contained
the 2-D inverse Fourier transform of the raw time date.
Therefore, the “-s” option had to be set at a different value
from the previous examples.

A sixth example of the algorithm 1s shown 1 FIG. 9. The
original ghosted heart 1image 1s shown 1n FIG. 9a, and its
processed ghost-free version 1s shown 1 FIG. 9b. The
parameters of the algorithm were:

correct -g -tl. -r1.5 -s5. -m3. -f -d.6 -b.06 -a1000 e4 lvrnum lvr-
proc

A seventh example of the algorithm of the algorithm is
shown 1n FIG. 10. The original ghosted heart image 1s shown
in FIG. 10a, and 1ts processed ghost-free version 1s shown in
FIG. 10b. The parameters of the algorithm were:

correct -g -t100. -r1.5 -s5. -m2. -f -d1. -b.1 -a1000 -e4 body2num
body2proc

An eighth example of the algorithm 1s shown 1n FIG. 11.
The original ghosted heart image 1s shown m FIG. 11a, and
its processed ghost-free version 1s shown 1n FIG. 11b. The
parameters of the algorithm were:

correct -g -t100. -r1.5 -s5. -m3. -1 -d.7 -b.06 -a1000 -e4
body3num body3proc

Although the present invention has been described in
connection with a preferred embodiment thereof, many
other variations and modifications will now become appar-
ent to those skilled in the art without departing form the
scope ol the invention. It 1s preferred, therefore, that the
present invention be limited not by the specific disclosure
herein, but only by the appended claims
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Appendix A

A Program Listing for the AGC Algorithm

The followlag program b an Implamentation of (he faa! varslons of the AGC ikm. The I
fle "vi.h" b Ia Appeaidix (C). slgor tiag of Inckuds

finclude <atdioc.h>

dinclude <math.h>

¢include </home/joshua/fa/avz/iib/vz.h>
¢ define pi 3.14158265358979323846

double x[34000),yr{129)1329),yi1129){129).212571,.datal})?2
unsigned char pricl“](12!]1..1'.'.1,1:5lzl’sﬁll!::l.?l.r].r 14571, data[126), wedght 1328
decomplex c{128),zaw{128);
int 1ist{120);

I*i**iiiiiiiiiiiiiiIlliiiiiiiiiiiiiiiiiiiiiilliiiiiiiiiiiiiiili,

/* this programs is an implementation of the Automatic Chost ¢/
/* Correction (AGC) algoxrithm which has been desczibed in two ./
/* xeports submitted to ANMR, ./

IiiiiiiiiiiiiIIiiiiiiiiii‘i.t'lliilllliliiliiiiiiililiili!ilil‘,

main(arge,argv)
int arge:
char tazgv]):

int 1.j.k.l.ﬂ.nqu.:1:-.L.p.¢u1,:nu,fd.lngrou,:aunt.tllg.fllg?.n;
int expand,flagl,flagé,bothcol,befeol ,bothflagé, flag?;
FILE *fp.*feopeni),*fp2;
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double tmpl,tmp2,tmp3,max,min,difs tmp ;plilon delta, S¢ tmpS 6,tmp?
double tmps, tmp3, tnp1d, tnp] 1,00, ;51.;:‘. 1.0 Efl: det, s lphe. bete, throshora:’

meetol,scale,eoratio,thresho fore,smooth, bo 1 :
double bet;lmmh.l;bttl[izﬂl,l:liphlll!ﬂl: ' ' thalpha,bothbets;
dcomplex tmpzl, tmpz2, even, odd;

msetol = 2:,
sny = 8.
threshold = 300,
flag = 0
flag2 = Oy
expand = );
flagl = 0;
scale = 255.;
eoratio = 1.1;
mOOth = _7;
betasmth = ,03;
flag? = 0;

i1f ( arge 1= 1 ){
for (1 = 1 ; argv(1}{0) we %’ ; (44 1 X |
switch™ ( argv|[i) (1)) {

case 't’ : tlclnI(Slrgvlilttl,'ll!“.tthzllhold):
break;

case "9’ : . sscant (Cargv{i)(2},"%1€",6onr);
break; .

case 'm’ g vscanf (¢cargv{i) (2),"81L", cmsetol);
break:;

case ‘s’ sscanf (Cargv([i]}{2),"81f", s2cale);
break;

case "r' sscanf{iargv{i){2),"s12",5e0ratio);
break;

case 'd’ : sscanf (sargvii) (2),"s1f", tasmooth);
break;

case ‘b’ sscanf (argvii)[2],%M1£", cDetasmth);
break: -

case 'h’ : tlcnnftiarqvlil[2],'td'.iflnq7}:
break;

case ‘g’ fiag2 = 1
break;

case ‘e’ 1 sacanf{fargv{i}[2],"Vva", soxpand);
break;

case ‘¢’ flagl » 1,
break;

default: printf{®"8c?\n",argvii) [1});

)

}
}else{
i =17
}

narg = 1 ;
if ( arge 1= nazxg + 2 ) {
printf (Tusage: acor \n ~g ({f set will do &nverse 2d f£ft) \n \
-t (ratio betweesn x(n) and x(n+N/2): must be large for central \
columns) \n ~r{sven to odd ratioc: must Le close to 1 for ghosting \
pixels) \n -d{parameter controlling smoothness of alpha corrections) \
\n -b ( parameter controlling smoothness of beta corrections) \n \
=s(snr: avold processing columna with samall signal component) \n\
~m(mse tolerance: discard pixels whose llsqg mse is lazgs) \n =h \
{ghost larger than image: 1 left, 2 right, 3 both) \n -f(rearcrango \
8¢ that center of magnet coincides with center of image) \n -z(scale \
to see the ghosts clearly) \n ~e(sexpand by a factor of 2 in sach\
direction) \n -c (convert to hexidecimal for halftone printout) \n \
inputfile \n outputfile \n");
exit(l):
}

if ( (fp = fopen{ argvinarg} , "c"})) == NULL ){
fprintf (stderr, "inputfile doesnot exist \n%);

exit{l):
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for (L = 31, I« EOF ; 4¢i ){
p=- flclnttfp.'tlt ", 8tmpl) ;
x[i-1) = tmpl;

Lwi=2.;
fclose({fp);
if { tltg! we ] ){
/* xearxange %/
for { 1 = 0 1 < 64 7 +44 ) {

for ( J =0 7 § <128 ; «¢3 ) ("
yr(2+*1)(§]= !13'54+1]:
lezti"l] ljl - -;
yi[2#i){]) = 1[8192+j*51+1l:
: yi[2¢i+1])(]) -
) -
tow = 128;
logrow = 7;
for (A = u < 64 ;3 +¢4 ) {
for ( 4 = j < 128 ; <43 ) {

g(2%3} = rli'illil
z2[2*3+1) = yi[2¢4)[3):

L££20S5 (z,élogrow,érow);

for ( J =0, 3§ < 128 ; ++4 ){
yr{2+¢1){3]] = g[2*3}:
yi(2+*4]){j) = g[2*4+1);

)
/* now do the other fft »/

\ Bl2*((£+432)864 ) + 3) = ya[2°4)13):
. xow = B4 3
logrow = §;
1£££05 (z2,8logrovw,trow)};
for (I =0 ;& < €64 ;7 444 ){
yr{2ti)[]] = z[2*4);
yrl(2*4+1)(3] = s([2%i+1);

)
jelse{

for (4 = 0; 4 < 64 ; +44 ){
for ( J = 0 3 < 128 ; ++49 ) {
yri{2*i){4)= x[3%64+4);
) yri2*i+1}[3J) = x[8192+3+4v64};

}
}
if ( flag2 == @ )|
/* rearxange %/
for ( £ = 0 7 £ < 64 ; ++1 )} {
for { J =02 3§ < 128 ; ++3
yifi) (3]} = rl1+$¢}

) {
31:
yi{i+64]{J) = yri(i){3);

for ( J = 0 ; 3§ < 64 5 ++9 ){
for ( 1 = 0 ;4 < 128 ; ++1 ){
yr{i){3] = yi{i)[4+64);
yr{i]{j+64) = yi(i)(3):

bafore = 0.}

flagé = 2;

bothflagé = 2;

for ( § =07 9§ < 128 ) 449 ){
alpha = 2000000.;
bata = 2000000.;

/* dum the raw dsta inte complex array */

18

20
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for (1 = 0 7 4 < 64 5 ++4 ){
\ raw(i) = dicplx ( y:l!'l]Ij].ygl2*i+1]ljll:

{' d'céde 1f you want to process this column or not */
mp = 0,y
for (4 =« 0 5 41 < 64 ; +4d ){
i1f ( dzmag2(raw{i)) > tmp ) {
: tmp = cdimag2(raw(i})}:
)

if { tmp < snr ){
for { 4 =0 ; 4 < 64 ; ++1 }){
} cli)] = rawli}; -
alpha = 2000000.,
beta = 2000000.;
Jelse{
/* intialize cz ¢/
for ( 4 = 0 5 4 < 64 ; ++4 ){
) c{i) = dxcplx(2000000,,2000000.);
12 ¢ (3> 15 ) &6 ( § < 128-15 }){
threshold? =» 3 .:

: threshold2 = (threshold - 1,)*3/15. « 128./15, + (128. - 15.)*threshold/15
count = 0;
for (1 = 0 7 4 < 32 ; ++1 ){

tmp = pow{ dimag2(rawili])/d:mag2(rawi{i+32)),2.);

evan = dradd{raw]i),zaw][i432));

odd = dzsub(rawii),raw[i+32));

tmp2 = drmag? (even) /dimag2 (0dd);

12 ( (tmp > threshold2) & ({(tmp2 < eoratioc ) &¢ > 3.
108t fobunt) o i) np ) (tmp2 > l./ec0ratio))}{
tmpzl = dzadd(raw{i),raw[ie32));,
EME:? - d:;ub(rau[éi,rluli+3f)};
atafcount) = atand{ tmpzl.di,tmpzl.dr) - atan?2 {(tmpz2.dd .
while ( datafcount} < =-pi ){ P (tmps tmpad.dr) s
datafcount] += (2.%pi);

while ( datafcount) > pi ){

\ data[count) -= (2,*pi}r

/* use apriori informstion about phase */

1!{{ { (flag? ==l) || (flag? ==3}) 46 ( 4 > 64 ) &¢& { 3 < 128 =15 ))

1!{( J < 128 - 30 )
trpd = 0.}
elss
tmpd = 3*pi/120. - $8.%pi/120.;
1!{{ (datacount) > tmpd ) &6 ( datacount) < pi - tmpd ))
- data[count) += pi;
while ( datafcount] < -pi ){
\ datafcount] += (2.*pi);

while { dataf{count) > pi })({(
, dltl[couptl ~= (2.%p1);

)
)
11{{ ( (flag? ==2) || (£1ag7 *=3)) && ( 3 > 1S) & ( § < €4 ))
if (3> 30)
smpd = D,

— tmpd = 3*p1/120. -~ pi/d.,
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if ( ( datafcount] < tmp4) && ( datafcount) > =pl -tmpd})
t .
datacount] += pi;
whila { data[count) < -pi ){
. datacount) += (2.%pl);
}

while ( datafcount) > pi )} {
dats{count) == (2.*pil);
)

}
)
tmpzl ~ dradd(zawii),raw(i+ld2]);
tmpz2 = drsub(rawli), raw[i+32]);
datalcount) = atan2{ tmpzl.di,tmpzl.dr) - atan2 (tmpz2.di,tmpz2.dr) + pi.
while ( data{count) < -pi }{
data[count] ¢= {(2.tpl);

, .
while (. datal[oount] > pi M
datalcount] ~= (2.%pl);

}
/* use aprior information about phase */

L€ ( ((£lag? == 3 )1} (flag? == 3)) 6&( 3 > 64 ) & ( § < 128-315 ))
{
£ (4 < 128 - 30 )

W‘ - 01'

tmpd = §*pi/120. - 98*pi1/120.;
)
4f { ( datacount)’> tmpd } && ( datafcount] < pi ~ topd))
( |
data[count) += pi;

vhile { data{count) < -pi }){
datafcount] 4= (2.%pl);
)

while ( data[count) > pi ) {
datafcount) -= (2.*pl):
}

)
)
1f ( ( (£flag? ==2) || (flag? == 3)) &&( 3 > 15 ) &6 ( §J < 64 ))
{
if ( 4 > 30 )
{
tmpd = 0.

else
{

}
if { (datafcount) < tmpd )} && { dataicount] > =-pi =-tmpd))
{ L

tmpd = §vpi/120,. - pi/d.;

datacount) -= pi;

while ( datafcount) < -pi ) {
data{count] += (2.%pi);

}

while ( dataf[count] > pi ) {
- datacount] -= {(2.%*pi);
}

}

count++;
] } |
/* build the matrix, bur first make sure you have enough points */
if { count < 5§ }{

for { 41 =0 1 1 < 64 ; ++41 ){
clii) = rawli):

}
alpha = 2000000.;
bata = 2000000.;

tolmea 1 | mrauveasr » b V1
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)
alpha = alpha/count;
bata = 0,;
/* get rid of bad data */
t-ﬂp - 0.1
for ( 4 = 0 ; 4 <« count ; ++i }{
tmp += (pow( dataji) - alpha,2.))?
)

tep = tmp/county
for (4 = 07 §{ < count 7 ++1 ){
4f ( pow(data(i) = slphs,2.) > msetol*tmp ) &
for ( k= 41 7 %X € count 7 44k )} {
1ist([k) = listik+1l)l:
datalk) = data[k+l)

count~-;
1--:
}
} ,

4f ( count < 5 ) {
for (1 =0 1 < 64 ; ++1 ){
ci{i) - rawii)y

)
alpha = 2000000.;
beta = 2000000,
Jelae{
alpha = 0.;
for (£ = 0 5 4 < count ; ++1 ){
alpha += data([i]);

)
alpha = alpha/county
beta = 0.;
tmp = 0.7
for (1 =0 ; 41 < count ; ++i ){
tmp += pow( alpha + beta*list{i] - data(i},2.):
}

tmp = tmp/{(double) (count)): /* mean square errox */
if (tmp > .5){
for ( { = 0 7 4 < 64 ; ¢4 }{
cefi) -~ raw(di):

}
alpha = 2000000.,
beta = '2000000.;

]

/* linear least square */
a0 = count:
- a0l = 0. .
for (41 = 0 ; 4§ < count ; 441 ){
all += listii);

}elae{

21l = 0.;

for { L = 0 § < count ; ++1 }{
all 4= { list(i)}*listii));

}

da0 = 0.;

for (4 = 0 7 1 < count ; ++& }{
dd + datali);
}

dl - 0.,
for ( 4 = 0 ;1 4 < count 7 +41 ){
dl += | datatliie)iscfil):

beta = { -aldledd + a00*dl)/det;
/t first computs the mean square exor */
tmp = 0.7
for (1 = 0 ;4 < count ;7 ++L }{
tmp 4= pow( alpha + beta*list(i] - datali),2.):;
)
tnp = .tmp/{(ddoudble) (count))s /* mean square erxor */
for ( L = 0 7 & < count ;5 ++4 }{
tmp2 = oow{alphs + betatlist{i)-datals), 2.}
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for (1 = 0 ; 4 <€ count 1 ++i ){
tmp2 = pow(alpha + betatlistii)-datali),.2.);
1f ( tmpZ > mastolf*tmp ) ({( |
/* get rid of the bad point ¢/
for ( k= 4 ; k < count  ++k )}{
1fst{k] = list(k+1};
datai{k) = datai{k+l);
)
cuunt-::
o=y
}
)
if ( count < 5 ){
for (4 = 0 ; 4 < 64 ; 444 ){
cf{i) = raw[i}):
)

alpha = 2000000.;
bata = 2000000.;
Jelse if { count < 8 ){
alpha = 0.;
for (41« 0 1 <€ count ; ++41 ) {
) alpha += data[i);

alpha = alpha/count;
beta = 0.3

tmp = 0.
for ( 4 » 0 ; 4 < count ; ++i ){
l tmp +o poul{ alpha + hatat]liptii) - datafi).2.):

tmp = tmp/{(double) {count}); /* mean square error ¢/
if ( tmp > .5){

for (1 =0 ;: 1 < 64 ; +41 ){

: 'eld) = raw(i);

alpha = 2000000.;
beta = 2000000.:
}

ald = count:;

all = 0,;

for ( L = 0 ; 4 < count ; ++1 ) {
\ all += list]i];

all = Otf

for { 41 = 0 ; § < ¢count ;3 ++41i }{
all += { list{i)*listii)):

}

dO - 0-:

for ( {1 = 0 ; § € count ; ++1 ) {
d0 += datali}):;

}

dl = 0.;

Frmr I 4 a2 B v 4 & mAannmt +« aadt V|

alpha = ( 211%d0 ~ a0l *dl) /det;
beta = { ~a01*d0 + a00*dl)/det;
tm - 0-!
for ( {1 = 0 s 4i < count  +44 ) {
tmp 4= pow( alpha + batatlist(i) -~ date(i}],2.);
}

tmp = tmp/{(double) (count)):s /* mean square erroxr %/
4¢ ( tmp > ,5){( ] -
for (4 = 0 ) 1 < 64 ; 4 ){
cfi) =~ raw(i);

Jelse|

--}
alpha = 2000000.,
beta = 2000000.;
)
it ( fabs{beta) > .07 ){
alpha = d0/{(double) {(count)};
beta = 0.7
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/* now do the smoothing */
if ( (beta = 0.} && ( bata I= 2000000.})

{ .
Af ( ( (4 < 64165 { bothflagé == 0)) [} ( 1 >= 64)
{ &6 (bothilagf == 1 )}))
i1¢ ( ({fabs{ bothbeta = besta) > (betaamth*(j-bothcol
+5.)76. } ) 11 ( fabs (bothalpha - alpha ) >

(smooth* (§~botheol+5.)1 /6. )} ) &6
( ( § - bothcol) < 5 ))

{
beta = 2000000.;
alpha = 2000000.;
for (4 =0 5 4 € 64 ; ++1 )

¢{i] = rawli]):

}
else if ( ( alpha 1= 2000000, ) && { alpha = 0.)}))

{
12 ( (( § < 64 ) & ( flagh == 0 )} 11 ( {(3>64) ¢ (£1agb == 1)))
{
if { (fabs{alpha ~ befors } > (smooth*
(J-befcol+5.)/6.) ) &6 ( (3 - befcol ) < 5 ))

{
alpha = 2000000.:

bata = 2000000,
for ( L = 0 7 4§ < 64 7 +¢1 )

{
o eli] = raw|[i}:

)
for (§£ = 0 2 4 < 32 ; ++8 ) {
if { (c{i).dr == 2000000.}1 (cf{i+32).dr == 2000000.) ) {

even = diadd(ravfil.rawii+32]);

odd = dzsub{rawli],raw(i+32});

c{i].dr = diadbs { di1div { dsadd { sven ,
dzmul (odd , dzexp ( 0., alpha
+ betat{32. -~ 1 ))}) , tmp2l) )

cli].di - 01’

)
$f ( c[i+32].dr == 2000000.){
c{i+32).dr = dzabs ( dzdiv ( dzsub ( even ,

dzmu) (odd , dzexp ( 0., alpha
+ betatl))) , tmprl}};

cli+32).di = 0.y
}
}

/* put stuff back into y */
4 = 0 2 4 ¢ 64 ; +41 )

for ¢
yr(2¢4)11{3)) = cii).dxs
yr[2*i+1)[§) = c[i).di;
) -
lf ( (beta 1= 0.) && ( beta != 2000000.))

{
bothbata = besta;

bothalpha = alpha;
if { 4 < 64 )

{
bothflagbé = 0;

)
alse

l .
bothflag§ = 1;
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}

’ bothecol = §;

.1?. 1£{ {llph. I= 0.) && { .lphl jw 20009001)’

before = alpha;
1!{( j < 64)

flagé = 0;

}
else

{
\ flagb = };

: beafcol = §;

aralpha{3j) = alpha:
\ arbeta[j] = bata;
/¢ now interpolate between slphas and betas */
!of (1 =1 1<127; 441 )
if ( (aralpha [4) == 2000000.) £& ( aral ha[i+l] |= 2000000.
ll& { aralphali-1) 1= 2000000.)) P )
i€ ( (arbeta[i+l) = O)c¢ (arbeta[i+l] |= 2000000.)
{G& (arbeta[i~1) 1w 0 ) c& ¢ arbetafi-1) I= 2000000.))

arbetafi) = (arbeta[i+l) + arbetali-13})/2.:
\ aralpha(i) = (aralphai+l] + aralphafi-1})/2.;

else 1f ( ( (arbeta[i+1] == 2000000.){}

arbetali) = 0.;
: aralpha(l) = (aralpha[i+41) + aralphai{i-1))/2.;

alpha = aralphafi};
beta = arbeta[i);
1!{( aralphali) 1= 2000000.)

/* dump things into raw */
for { k= 0 ; kX € 64 ;7 ++k }{

\ raw[k] = dzeplx ( yr{2¢k]{i},yri{2¢k+1)[4]).

tof { k=0 k< §2 7 +4k )
even = dzadd(rawlk),raw[k+32}));
cdd = dzsub(raw(k],zaw[k+32]);
tmpzl = dradd{ dzexp (0., alpha
+ beta*k) , diexp ( 0., alpha + bata*(32-X)}));
, yr{2¢k]} {1} = dzabs ( dzdiv ( dzadd
( even , dimul (odd , dzexp ( 0., alpha + beta*(32. - k 11)) . tmpzl)):
yr{2*k+1})[i]) =» D0.;
yr{2*(k+32)}](4] = dzabs { dzdiv
( dzsudb ( even , drmul (odd , dzexp ( 0., slpha ¢+ bata*k))) , tmpzl));

yx (2% (k+32)+1)[4] = 0.7

}
)
}
/* out put */
min = 0,.;

if ( flag2 == 1 ){
DA = 211:
Jelsed

}
for (L «» 0 » 4 < 6¢ ; 434 )

for ( = 0 5 3§ <128 ; +44 )¢
{

- tip = sqrt{yr{2+*1){4leyr(2*4)[3) + r{2%4+41){4)ryxr{2+*441 :
- Yi[d]{3) = scale*( tmp - min}/(mx-r{im: . Wyl b

maAxX = 290900 s 4
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~4f (ydl14)(39) > 255.)(
| yil4)[4) = 255.;

\ piclil () = yili}(3)

)
1f ( flag == 1 }{

/* rearxange */
for ( 4 = 0 1 4 < J2 ;7 4414 ){
for ( =0 ; 3 < 128 ; ++3 ) {
- pic2(i) (3] = picli+32)(]3):
, pic2[i+32}{]) = pic{i])(I):
}
for ( =0 J < €4 5 449 ){
for { 1 « D 24 < 64 ) +¢4 ) {
picli] ()] = plc2[i1] [J+64);
pic(i) [4+64) = pic2(i}(3};

fp = fopen{argvinarg+l}],®w");
/* fd = fileno(fp):r */
if ( flagl == 1 }{
for {1 = 0 ; £ < 64 ; ++44 ){

)

fd = filencifp)s
for ( £ = 0 7 § < 6atexpand ; 441 ) {
for { =0 ) 4 < 128%xpand 5 ++4 ) {
pic2{i](4) = picl(i/expand){4/expand);
}
}

for ( £ = 0 ; 4 < 64texpand ; ++1 )} {
write{fd,pic2[i],128%expand);
)
)

fclose (fp):

le;:t{

Appendix B

B Program Listing for the Ift05 Subroutine

| Ths followlag subroutize takes laverse FPT of 1he ons dimnsaslonn! double preclalon amy s. Lasgth of o bs
specified by lon, 834 pow lo defined Lo be Jog, len.

#include <math.h>
$#include <sgtdio.h>

1£2¢0S_(x,pow,len}
double *x;
long *pow,*len;

double wr,wi,argqg;
int length,power,lengthl;

length= tlen;
power= *pow;
length2 = Jength*2;

/* bit reverss t/

{
register int i,mask,3:

register double *pl,*pl,t;
”

for (i=0,pl=x; 1:1angth2ﬁ 144) *plees /= length;
for (i=2; i<length2-2; i+=2) {



Re. 36,679
35 36

33 34

for (mask=2, 4=0:; mask<length2; mask<«<sl) {
12 (1 ¢ mask) §+4;

j <<= 1;
)
if (i<3) {
pl = x+i;
PZ = x+;
t = %p),;

t {pl++t) = %p2y
*(p2é+s) = ¢

t - lpl,

*pl = p2;

'p2 = ¢}

register double tr,ti,ur,ui;
register int le,i;

register double *plr,*pli,*p2r,tp2i,
int 4,1,1e2;

le=2;
for {1=0; l<power; l++) {
le <<= 1,
le2 = le>>]:
ur=~l.0;
ui=0.0;
arg = 3.14159265358%793 / (le2>>1);
wr=cos (arg):
wi= sin{arg};
for (=07 J<le2: 3J¢=2) {
plr = x+3;
pli = plr+l;
p2r = plr+le2;
pii = p2r+l;
for (iw9; i<length2;: i+4=le)
tr = ‘ph‘ ® Yy = 'p!i «- ul.
ti= *p2r ¢ ui + *p2i * ury
tply = *ply -~ tr}
tp2i = *pll - ti;

pir 4= le;
p2i += le;
}
tr = urtwyr - yitwi;
i = urtyl + vitwr;
ur = ¢£r;

Appendix C

C Listing of the Include File ®"vz.h"

ke folowing I the Letlag of *ve.d® iaclude fle which b used Ia ®correct.c® prognm for tomphx sember
calcelatlons.

¢ifndef _V2Z_
Iduflna _VZ_

/* This im an include file fOor the correclt.C program,
1t defines the data types "complex™ and “dcomplex" as appropriate
structs, and also ceclares the type of sll the “g*, "dz®, "v¥, "av¥%,
"gv”, and "zdv® routines,

./
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typedef struct { flcat z, 1 s } complex ;

typedof struct { double dr, di ;s } dcomplex ;
/% Complex Routines (z,dz) */

- complex zadd(),zeub(),zmul(),284v{}7ecnig(},zcplx() ;
complex zexp(),zlog(),zcos().28in{),zeqrt(),zscal() ;
complex zpolr().,zrect() :
decomplax ztods()

double sabs{),zmag2(),zmse()

int semp() :

dcomplex dzadd(),dzsub(),dzmul{),dzdiv(),d2cnig(),dzeplx() ;
dcomplex dzexp().dzlog(},dzcos(),dzsin{),.dzsqrt (), ,dzscal() ;
dcomplex dzpelr(),dzrect{) : |

complex dztoz() ;

double dsrabs(},dzmag2(),dzmse() ;

int dzcmpl)

/* Vector Arithmetic Package (v,dv}) %/

int wvelip(),*vtoint()

double vcor{),veconv(),vmse(),vaum{),vmomx () ;

float *vadd({),*veclr(),*vacal(),*vmove(),*vmul(),2tvdiv() ;
float *vabs(),*vcos(),*vain(),*vexp(),*viog(),*vaqrt() ;
float *vrev(),*vmag2() ;

doubls *vtodv() ;

complex *vtozv() ;

dcomplex *vtodzv() :

int dvclip(},*dvtoint() ; ,

double dveer(),dvconv(),dvmse (), ,dvsum(},dvmnmx(} ;

double *dvadd({),tdvelr(),*dvscal(),*dvmove(),*dvmul (},*dvdiv() ;
double “dvabs(),*dvcos{),*dvain(}), *dvexp(),tdviog(},*dvaqrt () :
double *dvrev(),*dvmag2()

float t*dvtov{) ;

‘complex *dvtozv() :

dcomplex *dvtodzv() :

/* Complex Vector Fackage (zv, drv) */

complex *zvadd(),*zvelr(),tzvenig(),*zvcos() 1}

complex *zvcplx(),*zvdiv(),*zvexp(}.*zviog()

complex *zvmove {},*zvinul (), *svmulec(),*evpolzr()

complex *svrect(),*zvrev(),*zvacel(),%zvain(),*sveqrt()
complex *:rvtori{) :

dcomplex *rvtodzv() ;

complex zvecor(),zveonv({),zvaum(} ;

double zvmnmx(},zvimee() ¢

float *pvabs(), *rvmag2() :

int zvelip() :

dcomplex *divrect(),*dzvrev(},*dzvacal{},*dzvain(),*dzvaqgre{) ;
deomplex *drvtori() :

complex tdivtosv() !

deomplex drveorx () ,diveonv(),devaum(} ;

double dxvmnmx(),dzvmee()

double t*dzvabs(),tdzvmagl() i

int divelip() :

33
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What 1s claimed 1s:

1. A method of cancelling [ghosts] a ghost from a NMR
[images] image, comprising the steps of:

40

4. The method of claim 2, wherein the following ratio

1Y (n;, np)|
|Y(ny, np + N/2)|

(a) taking a two dimensional inverse Fourier transform of s

a raw NMR signal to obtain a ghosted image Y(n,,n,);

(b) computing the signal energy for each column of said
Fourier transformed signal using

N-1
Etm)= ) 1Y(ny, np)f

ny =0

(¢) discarding the columns whose signal energy level are
below a predetermined threshold;

(d) [estimating o (n,) and § (n,) for] identifying ghosting
pixels in each remaining column of data; 1.e.
n,=0, ... N_-1, [by:]

[(i)] (¢) finding the actual phase difference [function]

A, ... (n,n,) for [all] the ghosting pixels [of the
column; and}

[(i1)] () solving the following simultaneous equations to
find linear least square estimates of o (n,) and  (n,):

a(n; )+ B(ng n, 0=<n, <N/2

Aactual (M1 N2) = {r;y(m)+ PN - B, N/2<nm <N

[(¢)] (2) using the linear least square estimates of a. (n,)
and [ (n;) [in the above equation] to find [the] an
estimated phase difference function A (n,,n,) for

0=n,<N[; and] using

(a(n;)+ [Bngin U<sny, s N/2

an)+ fr)IN -y N/Z2<=ny; < N

Alny, n2) =3

[(£)] (i) using the estimated phase difference function A

(Ill :HZ) iIl

Yooer(ny, o) = Alny, 1)@ 4 B(n,, n, )e/A0Ln2+N/2)

Yodd(ny, n2) = A(ny, np) — B(ny, np)

to find A(n,,n,) and B(n,,n,) for 0=n,<N,

where the dimensions of the [reconstructed] image data
x(n,,n,) corresponding to the NMR image are NxN_
and where

Any, na) = x(n;, ny)e! 0Hn2)

B(n;, n>) = x(iny, nr + N/Q)Ejg(ﬂf,rﬁﬂ—NIZ}

vafn(nh Hz) — Y(nh ”2) + Y(H;, il + N/Q)

Yogary, i2) = Y(n;, np) =Yy, ny+ NJ/2)

2. The method of claim 1, wherein the ratio of the
magnitude of even and odd parts of a pixel at location (n,,n.,)
1s used to determine whether a pixel 1s a true 1mage or a
oghost.

3. The method of claim 2, wherein the pixel 1s classified
as a ghost 1f said ratio 1s approximately equal to one.

1s computed, indicating that a pixel near the center of the
magnetic cord 1s a ghost when the ratio extends to a
predetermined value.

S. The method of claim 1, wherein columns with small
signal components are not processed.

6. The method of claim 1, wherein pixels at location (n,,
n,) whose linear base squares mean square error is larger
than a predetermined amount are discarded when determin-
ing the phase difference function.

7. The method of claim 1 wherein the actual phase
difference A ,_,,.n,n,) is calculated using:

Aﬂcmgf(nlﬁ HZ) =phﬁ5€ (YEVEH(H 1 HZ)) —phﬁ,SE? (Yc}dd(nlﬁ HZ)) '
8. A method of producing a magnefic resonance image,

comprising the steps of:

10

15

20

applying a bipolar readout gradient field,;

sampling NMR data by scanning N lines of the k.—k,

space in connection with the application of the bipolar
readout gradient field, with reversal of the direction of
data sampling on odd and even lines;

25

processing the NMR data to generate image data repre-
sentative of a magnetic resonance image such that
there is substantially no phase difference between even
and odd parts of the image data.

9. The method of claim 1 wherein the phase difference
between even and odd parts of the transform data is a
function that varies in at least one of the x and y directions.

10. The method of claim 8§ wherein the step of sampling
NMR data comprises iniroducing a time delay in sampling
the data, the time delay being selected to provide substan-
tially no phase difference between even and odd parts of the
image data.

11. The method of claim 10 wherein the step of sampling
NMR data comprises introducing a time delay in sampling
the data, the time delay being selected to provide substan-
tially no first order phase difference between even and odd
parts of the image data.

12. The method of claim 8 wherein the step of processing
the NMR data comprises transforming the NMR data into
transform data.

13. The method of claim 12 wherein the step of processing
the NMR data comprises determining a function represen-
tative of the phase difference between even and odd parts of
the transform data.

14. The method of claim 12 wherein the step of frans-
forming the NMR data comprises taking an inverse Fourier
transform of the NMR data.

15. The method of claim 14 wherein the step of trans-
forming the NMR data comprises taking a two-dimensional
inverse Fourier transform of the NMR data.

16. The method of claim 12 wherein the transform data
are denoted by Y(n,,n,) and where:

30

35

40

45

50

55

60
YoweniBp,o 2) =Yy, n2)+ Y, no + NJ/2)

Yogary, n2) =Y, n) =Y, o+ N/2).

65  17. The method of claim 16 further comprising the step of
compuling the signal energy for each column of the trans-

form data using



Re. 36,679

41

N—1
E(rj)= ) ¥, o).

HEZG

18. The method of claim 17 further comprising the step of
discarding columns with a signal energy below a predeter-

mined threshold.
19. The method of claim 16 wherein there 1s an actual

phase difference A ,_,, (n,n,) betweenY, . (n,n,) andY_,,

(H’l:”Z)'
20. The method of claim 19 wherein the actual phase
difference A, (n,n,) is calculated using:

A, cualinz)=phase (Y., (ny,n,))-phase (Y, An,,n,)).

21. The method of claim 19 wherein the step of processing
the NMR data comprises using the transform data Y(nn.)
and the actual phase difference A ,_,, (n,n,) to calculate the
image data, wherein the image data are denoted by x(n,,n.,).

22. The method of claim 21 wherein the step of processing
the NMR data comprises estimating a phase difference
function A(n,n,) from the actual phase difference A
(”1:”2)-

23. The method of claim 22 wherein the estimated phase
difference function A(n,,n,) is determined by

cdctiieel

(1) calculating a plurality of values of the actual phase
difference A_ . [(n,,n,);

(ii) using the plurality of values of the actual phase
difference A,_,,.(n,n,) to find linear least square esti-
mates of o(n,) and P(n,) using

0O<n,=N/2
NiZ2=n <N

arg)+ Blr;n;

&Gﬂmﬂ.‘f (H;-,- Hz) - {ﬂ’(ﬂj) + ﬁ(ﬂ;)N — JB(HJ)HZ’

(ii) using the linear least square estimates of a(n,) and
B(n,) to find the estimated phase difference function

A(ry,n,) for 0=n,<N using

O<n>=N/2
N/2 =<n> <N.

a(ny)+ Blrgn;

A n2) = { @)+ BN = Bin s

24. The method of claim 22 wherein the step of processing
the NMR data comprises using the transform data Y(n,,n.)
and the estimated phase difference function A(n,n,) to
calculate the image data x(n,n.).

25. The method of claim 24 wherein the image data

x(n,n,) are calculated by:

(1) using the estimated phase difference function A(n,n,),
Y, o(n,n,), and Y, , Any,n,) to find A(n,,n,) and B(n,,
1) USING

nin) +B(H;, nzjfj&{nf,HE—kNIZ'}

TAY
vafn(nh ”2) — A(ﬂ;, n2)‘Ej {

Yoag(Rj, v2) = Ay, na)— By, iz)

where

Ay, ny) = x(n;, ny)ed ")

B(n;, ns) = x(n;, ny + N/ 2)eininetNiz)

(if) using the respective magnitude of A(n,,n.) and B(n,,
n,) to find x(n,n,) and x(n,,n,+N/2).

10

15

20

25

30
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20. A method of reducing a ghost from a NMR image,
comprising the steps of:

(a) taking a two dimensional inverse Fourier transform of

a raw NMR signal to obtain a ghosted image Y(n,n,);

(D) identifying ghosting pixels in columns of Y(n,n,); i.e.
n=0...N-1I,

(¢) finding the actual phase difference A, . (n,,n,) for
the ghosting pixels

(d) solving the following simultaneous equations to find
linear least square estimates of a(n,) and ((n,);

0=<n,=N/2
Ni2=pn,<N

N a(rn;)+ Bl n
ctual \'b 1> 742 a(rng)+ Bl )N — B(r;ns

(e) using the linear least square estimates of a(n,) and
B(n,) to find an estimated phase difference function

A(ny,n,) for 0=n,<N using

() < < N/2
Any. o) = a(ry)+ Blrgn; <n; <N/

an;)+ Br))N—Brn, Ni2<n, <N

(f) using the estimated phase difference function A(n,,n.)
in

Yover#7, 12) = ARy, Hz)fj&(nhnm + B(n;, Hz)fj&(n1ﬂ2+ﬂw’;’2}

Yoaa(Rj n2) = Ay, n)— Blny, nz)

to find A(n,n,) and B(n,n,) for 0=n,<N, where the dimen-
sions of the image data x(n,,n,) corresponding to the NMR
image are NxN_ and where

Ang, ny) = x(ny, ny)e?H ")

Bn;,ny)=xn;, ny + N/Z)Efﬂ”L”EJFNE}
Yevenrj, ) =Y, n)+ Y, no + N/2)

Yogary, n2)=Yn;, np) =Y, na+ N/2).

27. A method of reducing a ghost from a NMR image,
comprising the steps of:

(a) taking a two dimensional inverse Fourier transform of
a raw NMR signal to obtain a ghosted image Y(n,n,);

(b) calculating Y, ., (n,n,) and Y, An,n,) using

YeweniBp, B2) =Y, n)+ Y, no + NJ/2)

Yogary, n2) =Yn;, n) =Y, no+ N/2).

(c) estimating a phase difference function A(n,n,)
between Y, ., (n,n,) and Y, n,n,); and

(d) using the estimated phase difference function A(n,n,)
171
Yoven(B7, B2) = AR, nz)fjain;,nz} + Bn,, nz)ﬁj&(ﬂfﬂ2+wf2}

}hiiuifanf)::fquifaHZ)-_J?GIfan2)

to find A(n,n,) and B(ny,n,) for 0=n,<N, where the image
data corresponding to the NMR image are denoted by
x(n,n,), and where
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29. The method of claim 28 wherein the estimated phase

Ay, 1) = x(n;. 1)@ n2) difference function is estimated from at least a portion of a
Fourier transform of the NMR signal.

30. The method of claim 29 wherein the estimated phase

5 difference function is estimated from the ghosted image

28. The method of claim 27 wherein the estimated phase Y(n,15).
difference function is predetermined. £ %k %k

B, ns) = x(n;, ny + N j2)e/AninetNiz)
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