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System ResolutionRecovery by Motion Blur Recovery Technique-

Particular Application to X-ray Computerized Tomography
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Abstract

The degradation of image due to the finite size of sensing devices has been one of the

problems in all digital imaging systems. The basic study on the improvement of the spatial

resolution was carried out in both spatial and frequency domains by the resolution recovery

techniques which have been used in optics.

Here, the techniques were applied to CT (Computerized Tomography) system, and
image with finer resolution was obtained by these techniques. The basic theory is described

and the results of the simulation are shown.

I. Introduction

In analog imaging systems, the motion of an
object or a camera causes ‘“Blurring” to the
image. The methods of the removal of this
degradation have been studied by a number of
(1,23 Tpis degradation of image

due to the finite size of the sensing device is

investigators.

equivalent to motion blur, since both of them
are caused by “integration’ or ‘“‘averaging” of
the imaging object.[s' 9,10]

To remove the effect of this motion blur or
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averaging of image, some image recovery tech-
niques in digital form of interest is the image
resolution recovery in CT system.[3' 41

Since the first CT system was introduced,
improvement of the spatial resolution has been
attempted by increasing the number of detec-
tors, i.e., decreasing the detector width since
the detector size (width and length) determines
the resolution (sampling as well as point or line
spread fuction).

Such an approach, however, is costly and
also the narrower the detector width becomes,
the smaller the number of absorbed photons in
and therefore it causes the

reduction of the S/N ratio.

one detector,
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For that reason, it is not usually recom-
mended to increase the number of detectors
without considering the reduction of S/N
ratio.

Another approach to improve the spatial
resolution is finer sampling with fixed detector
size and then recovery of the resolution. Even
in the latter case, degradation of S/N ratio is
the same, the advantage gained, however, is cost
effectiveness, i.e., finer resolution can be
obtained without increasing the number of
detectors. This kind of approach, i.e., finer
sampling with wide detector followed by the
recovery of resolution by decovolution techni-
que can be applied to both XCT (X-ray CT)
as well as ECT (Emission CT).[4+ 5]

II. Basic Theory

The ideal projection data is illustrated in
Fig. 1-(a). When we use only 4 detectors with
width T, the projection data obtained is de-
graded as shown in Fig. 1-(b), where the fine
details are integrated within the each detector.
And if the width of detector is decreased to
. T/4, the resolution improved projection data is
. obtained as shown in Fig. 1{c).

Now let’s observe the overlap-sampled data
which is sample 4 times denser with same size
of detectors (see Fig. 1-(d)). In this case, the
projection data obtained contain the informa-
tions of the differences (gi+i - gi). This suggests
the possibility of improving the spatial resolu-
tion.

The schematic representation of degradation
is given in Fig. 2, where degraded image g(x)
and degraded image with added noise go(x) are

given as
g=f=*xh
g, =8+n

Here, we would like to extract f from g,
in the presence of noise n.

If the motion of detectors between succes-
sive samplings is considered (continuous motion
assumed), the degradation function h can be
modeled as a form shown in Fig. 3-(a), where D
is the sampling interval. This degradation func-
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b)

c)
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Fig. 1. The effect of finite size of sensor to

the image.

a) Original image

b) The image sampled by 4 detectors of
width T

¢) The image sampled by 16 detectors
of width T/4

d) 4 times overlap-sampled image by 4
detectors of width T

gﬂf o

n

Fig. 2. The schematic representation for the
blurring model.

tion, however, is assumed to be a shape as
shown in Fig. 3-(b) for simplicity in spatial
domain processing.

For the recovery of the resolution to the
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Fig. 3. Degradation functions.
a) Motion of detectors is considered
b) Motion of detectors is not considered

extent where the only limiting factor is sampl-
ing, following two approaches are suggested.

1. Differential Method of Spatial Domain

The one-dimensional projection data g(x)
can be described as follows,

g0 = UT [0 fy) dy (-1

By differentiating both sides with respect to
X, we obtain,

f(x) = f(x-T) + T+g'(x-T/2) (1-2)

Restoring a sharp image by analogue circuits
was successful.[3 %101 In our case, x is not
continuous but discrete.

That is,
f(k+Ax) = f(kAx-T) + T-g'(k-Ax-T/2) (1-3)

wherek=1,2,3,.....
And if we set Nd = T/Ax, Eq. (1-3) can be
written as,

f(k) = f(k-N4) + T+ g (kk )

= f(k-N) + T-(g(kk ) - g(kk 4-1)) (1-4)

where kd has to be determined as an initial con-
dition so that g(k-kd) becomes the first projec-
tion data that includes f(k).
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For example, in the case that we sample the
projection data as shown in Fig. 1-(d), the
value of kd is 3. From Eq.(1-4), one can see
that if initial values of f(k-Nd) k=1,2,.. Nd)
are known, f(k) can be calculated. That is,
if we know (1), f(2),.... f(Nd), we can obtain
the rest of f(k) from the projection data g(k) as
follows,

f(Ng+1) = £(1) + T+ (g(Ny+1-k ) - g(N4k )
f(N4+2) = f(2)+T+(g(N 4 +2k 4)-g(N atlky)
(1-5)

f(2Nd) = f(Nd)+T-(g(2Nd-kd)—g(2Nd-l-kd))

f(2Nd+l )=f(Nd+1 )+T'(g(2Nd+l-kd)—g(2Nd-kd))

In the CT system, we can let the initial
values be known values to start the evaluation
process. In reality, noise is added and Eq.(1-4)
becomes,

f(k) =f(k-N )+ T (g (k-k )~g (kk 4-1)) (1-6)

The resolution recovery technique given in
Eq. (1-5) is simple and easy to implement, how-
ever, it suffers from noise. Differential method
of Eq.(1-6) is sensitive even to the small noise
and generates quite large error in cluculating
f(k). Since this differential method is sequen-
tial, the noise propagates and accumulates
(see Appendix).

2. Wiener Filter Method in Frequency Domain

From Fig. 2, and Fig. 3, the blurred G(w)
can be rewritten, as,

G(w) =H(w) * F(w) -1
where

G(w) = 7 (g(x))

F(w) = 7(f(x))

H(w) = §(h(x))

This indicates recovery of original image
F(w) by simple inverse filter, i.e.,
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F(w) = G(w)/H(w)
=Hw) - G(w) (2-2)

where Hi(w) = 1/H(w)

But in many cases, Hi(w) has poles and
diverges at these poles. In addition, Hi(w) in-
creases at high frequency region and hence
noise is enhanced.

To overcome these difficulties, “Wiener
filter” or ‘“Least square filter” approach can
be chosen. As we know, the Wiener filter can
be modified! 87 as,

H, (@) = H*(w)/(H(w)* + 1) (2-3)

where I' is the noise to signal power density
ratio and assumed to be a constant, and *
means complex conjugate.

Rewriting Eq.(2-2), the recovered image
F(w) is,

F(w) = H () * G (w) (2-4)
where Go(w) = 3((go(x))

Once F(w) is obtained, we can get the
resolution-improved projection data f(x) (or
image) simply by taking inverse Fourier trans-
form, which removes the problem arising from
the poles of Hi(w). If the motion of detectors
is considered, the transfer function is as shown
in Fig. 2-(a) and is,

(x+D)/(D-T) -Dy €x

<
I/T 'DISX<D1

4

-D,

h(x)y=}
'(X'D2 )/(D'T) Dy <X<D2 (2'5)
0 otherwise
where D, =(T-D)/2, D, =(T+D)/2.
H(w) is then,
D -.
H(w)= fD‘ (1/T) 9% 4x +
g}
+ [0 GetDy)/(D-T) 1% ax
=72
- fgz (x-D,)/(D-T) WX gy
1
= 2(coswD; - coswDy )/ (w?D-T) (2-6)

And if the motion of detectors can be neglect-
ed, the transfer function becomes,

H(w) = 1/T f_TT//zz eIWX gy

= 2+sin(wT/2)/(w*T) (2-7)

II1. Simulation and Results

1. “Integration Blur (Linear Motion)’ Recovery

OTlar
o
O

Fig. 4. Test phantom for motion blur recovery.

To test the above two resolution recovery
methods, we carried out simulation with a
phantom shown in Fig. 4.

The gray level of the ring and small circles
is 30 with zero background. Original picture is
blurred with 5-times of sampling width. The
noise is assumed Gaussian and signal-indepen-
dent. The two recovery techniques, mentioned
previously, were tried at various noise levels and
the results were shown in Fig. 8,9, 10, and 11.
The dimension of image was 64 x 64.

Fig. 5. Test phantom for parallel system T

is a detector width.
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Fig. 6. Application to stationary ring system Fig. 7. Test phantom for stationary ring system
T is a detector width. Teff is a effective width of detector.

Fig. 8. Motion Blur Recovery for noise level of 0.3%.

a) Image with noise.

b) Blurred image with noise.

¢) Recovered image by Wiener filter method.
d) Recovered image by differential method.

The differential method propagates noise as data as shown in Fig. 1-(d). 80-views through
was expected, and could not be applied at 17% 180° were taken and the motion of detectors
of noise while the Wiener filter approach allow- was considered in the recovering process (Eq.
ed noise levels of up to 33% of signal level. (2-6)). The number of detectors was 32, and

number of samplings was 128, ie., sampling
interval D is one quarter of the detector width

2. Application to CT System ., . .
T. The added noise is Gaussian and signal-

A. Parallel system dependent. The standard model of the phan-

In this simulation, we sampled projection

tom is shown in Fig. 6.
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Fig. 9. Motion Blur Recovery for noise level of 3.3%.

a) Image with noise. method.
b) Blurred image with noise. d) Recovered image by differential

c) Recovered image by Wiener (filter method.

T v N,

Fig. 10.Motion Blur Recovery for noise level of 17%.

a) Image with noise. method
b) Blurred image with noise. d) Recovered image by differential
c) Recovered image by Wiener (filter method.
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Fig.11.Motion Blur Recovery for noise level of 33%.

a) Image with noise. method.
b) Blurred image with noise. d) Recovered image by differential
¢) Recovered image by Wiener filter method.

Fig. 12. Reconstructed image (64 x 64) for Parallel system with no-noise.

a) Image with 128 detectors for com- c¢) Recovered image by differential
parison. method.

b) Image with 32 detectors, not re- d) Recovered image by Wiener (filter
covered. (I'=10"8).
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The gray level of eight small circles was 95,
and that of the outer ring was 100 with back-
ground of 70. Radius of the larger circle was
T and that of the smaller one was T/2. For com-
parison, the simulation was carried out for the
case where detector width is reduced to T/4,i.e.,
the number of detectors is 128 (in this case,
noise level is doubled). In Fig. 12 and Fig. 13,
the results of simulation are shown.
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If the detector array rotates by angle which
corresponds to a certain fraction of the detec-
tor width (as an example, 1/5 of detector width

at one time as shown in Fig. 6), we can improve
the spatial resolution from the over-lap sampled
data, similar to the previous parallel scanning
case.

By rotating the detector array by one half
the angle of the detector width T, the effective

Fig. 13. Reconstructed image (64 x 64) for Parallel system.

a) Image with 128 detectors for com-

parison (0.8% noise).

b) Image with 32 detectors, not re-

covered (0.4% noise).

As can be seen, when no noise is added,
there are no significant differences among (b),
(c), and (d) in Fig. 12. The differential method
gives noisy image even with 0.1% of noise while
Wiener filter approach allows as much as 0.4%

of noise.

B. Resolution recovery applied to the sta-
tionary ring system with finite width
detector array

Though the sampling is unlimited, in the

stationary ring system, the spatial resolution
is limited because of the finite detector width.

¢) Recovered image by differential
method (0.1% noise).
d) Recovered image by Wiener (filter

(0.4% noise, I' = 0.0002).

size of detector is reduced to T/2, and because
the fan beam diverges, the actual sampling
distance at the center of object is reduced to
T/4. In a similar fashion, effective detector
width can further be reduced by T/4 and T/8,
etc.

To demonstrate the resolution recovery by
the Af argular rotation, a simulation was made
with the phantom shown in Fig. 7. The gray
level of outer ring was 20, those of small circles
and the back ground are 17.5 and 15 respecti-
vely. The total number of detector was 100,
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Fig. 14. Resolution Recovery in SR System.

a) Recovered image by 5 samplings per

detector.

b) Blurred image by 100 detectors for

and each detector was sampled 5 times.

The motion of detector was not considered
and the results are shown in Fig. 14. For the
SR system case, we have made simulation only
with Wiener filter method. Spatial resolution
recovery was improved substantially as expect-
ed at the noise level of 0.5%. Differential
method was also tested but the results were
rather disappointing mainly due to the noise
propagation.

IV. Conclusions

Resolution recovery was applied to the CT
systems. The “Integration Blur” recovery was
tried with both Wiener filter technique and
differential method. The latter was so sensitive
to noise that it can be concluded that the
method is of little practical use. The Wiener
filter approach, however, as expected, was
quite successful and will be of practical use.
For the direct application to CT system, both
methods were applied to two CT systems,
namely parallel system and stationary ring

noise level of 0.5%.
¢) Image obtained by 500 detectors for
noise level of 2.5%.

system.

In both systems, images with much im-
proved resolution were obtained in particular
with Wiener filter method. This suggests im-
provement of Ct image resolution without
increasing the number of detectors, hence gives
a low cost CT system.

We are interested in applying this resolution
recovery technique, particularly the Wiener
filter approach to the new PLF (Parallel Linear
Fan-Beam) system which we are currently
developing,. [71

Appendix: Noise Propagation
From Eq. (1-1 and Eq. (1-4),

g0 = 1/1 f117

(k) = f(k-Ng+T- (g(kk -glk-k 1)) (A-2)

f(y) dy (A-1)

If the number of photons absorbed in one
1
detector is p, and thus g(k) = p + pé,

NG *1) = (N g+ I-N T+ (g(N g +1-k g )-8(N 4 k)

=ptT-(pHNG 1 PIND%  (A3)
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(2N +1) = (N g+ 1)+T(8(2N ;+1-k o)
—g(2Nd+1-kd-1))
= pET+ [(QN 1) p/N ) +(prp™)
- (ptp "))
= pET+((AN-1)*p/Ny+p+p)”

= prT-(ANg 1 pIND”® (A4

f(m-Ng+1) = pﬂr-((zm-rszd-l)-p/Nd)’/2
=p iT-(2m)%°py2 (A-5)

As we can see from Eq. (A-5), noise pro-
pagates as m increases.
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