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Implementation of efficient image reconstruction for CT
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The operational procedures for efficiently reconstructing the two-dimensional image of a body by the
filtered back projection are described in this paper. The projections are interpolated for four times of orig-
inal projection by zero-padding the original projection in frequency-domain and then inverse fast Fourier
transform (FFT) is taken to improve accuracy. Nearest interpolation is applied to decrease operation
time. Projection dependence of next pixel at the same row is used. For each row of image, the first
pixel projection once for each angle is pre-computed, other pixel projection of this row can be found by
iteration. Therefore, the pre-interpolation process only has to be performed once for each row, rather
than individually for each pixel. It greatly reduces the amount of computation. Compared with original
implementation, the speed of reconstruction image is nearly improved by five times. The image accuracy

is still preserved.
OCIS codes: 100.3010, 100.6950.

Computer Tomography (CT) refers to the cross-sectional
imaging of an object. When a series of rays pass through
an object, the ray attenuation occurs. After projections
are collected by many detectors on the side of the ob-
ject, image reconstruction algorithm can be used to re-
construct its two-dimensional (2D) cross-sectional image
from its projection!'). The mathematical basis for tomog-
raphy was inverse radon transform theory. The filtered
back projection algorithm is widely used by almost all
commercially CT. Compared with algebraic techniques
and maximum entropy method for reconstruction, the
filtered back projection method is much superior to other
methods!?. Although the principle of filtered back pro-
jection is simple, general implementation of the filtered
back projection algorithm is time consuming. There are
some fast reconstruction algorithms®=%/. These algo-
rithms generally compute back projection by increment
and decomposition so that the result is not optimized.
This paper discuses the efficient implementation of the
filtered back projection algorithm for reducing comput-
ing time. In our implementation, first, the filtered pro-
jections for a very large number of points are found by
zero-padding the original projection and nearest interpo-
lation is selected to increase accuracy and speed. Second,
projection dependence of next pixel for each row is ap-
plied to only computer the first pixel projection of each
row by pre-interpolation process once. The computation
of other pixels in this row only involves one addition and
one multiply. Therefore, it greatly reduces the amount
of computation.

The geometry of the back projection process at angle
0 is illustrated in Fig. 1. First, two kinds of coordinate
system are selected. The image spatial coordinates are
(z,y). The origin of this spatial coordinate system is
located at the center of the image. The image pixel co-
ordinates are (7, ) and the origin of this coordinate sys-
tem is located at the left corner of the image. Second,
we express some parameters, Az and Ay are defined as
pixel space along x and y dimensions. ¢ is space between
neighbor projection. L is spatial length of projection vec-
tor. M x N is image array. Rp[j] is the distance of the

1671-7694,/2005/070389-03

projection for the first pixel in row j of the image. The
relations between the image spatial coordinates and the
image pixel coordinates are simply given by

v=[i—(N-1)/24z, y=[—(M-1)/2ay,

120717277(]\]-_1)7 ]:0717255(M_1)

The projection at angle 6 is represented by Py[k] of dis-
crete projection values. k is the index from the left end
of projection line. dr is the element space between values
of Py[k]. The different projection distances are expressed
as

r=xcosf+ysin@ =kér —L/2, R=L/2+r=kér,

k=0,1,--- (K — 1),
Rli,j]=L/2+ (i — (N —1)/2)Az cosf
+[j — (M —1)/2]Aysin6,
i=0,1,2,---,(N—-1); 5=0,1,2,---,(M —1),

where r is distance relative to the center of the projec-
tion line and L/2 is the distance from the beginning of
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Fig. 1. Back projection.
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the line to location of center projection (L is the spatial
length of projection vector). R is the corresponding dis-
tance from the left end of the projection line and it is cor-
responding to element Py[k] of the projection. R][i,j] is
the location of the projection for the (i, j) image pixel on
the given projection line. Generally, R # RJi, j]. There-
fore, given value of RJ[i,j] for the projection of the (i, j)
image pixel, we can compute the corresponding fractional
index value k = RJi, j]/dr and interpolate the projection
to obtain the projection Py(R][i,j]). The final value of
each pixel will be the result of the accumulation of all
projection values at that pixel. Therefore, the key of
back projection is how to compute R]i, j] efficiently:

T N-—1
1(i,5) = > Po(R[i,4]) = D>, Pu(Rli, ),
#=0 n=0

i:071727"'7(N_1)7 ]:0717277(M_1)(1)

A frequency-ramp filter should be used to raw projec-
tion. In order to increase accuracy, we need interpolate
much data. The sample space ér fixed by the physics
of the projection measurement system is taken. How-
ever, the interpolation space dr’' can be as small as one
like. The cost of interpolation is computation and extra
memory requirement. In fact, if spatial-domain inter-
polation is done directly, it is quite sufficient. Never-
theless, zero-padding the Fourier transform of the pro-
jection and then taking inverse transform of this zero-
padded result can do spatial-domain interpolation. If
larger point sizes are used, zero padding has better accu-
racy. Because frequency-ramp filtering process is usually
performed using fast Fourier transform (FFT), projection
pre-interpolated is computationally efficient to combine
these two processes. As zero padding a data sequence
yields more data points in the frequency domain. The
measured value can be pre-interpolated to a much finer
uniform spacing. The cost of interpolation is computa-
tion and extra memory requirement. It was shown that
there is little advantage to using an interpolation ratio
which is much greater than 8. Generally, the ratio is
4. It means that interpolation projection is 4 times of
measured projection. By this way, we increase the data
accuracy. Compared to linear interpolation in spatial do-
main, we also improve the speed of computation. It was
also shown that zero-padding the data to four times its
length also can remove the dishing and disc artifacts from
the final images. This process is follow:

1) Zero padding the original projection from K’ points
to the next higher power of 2, N; = 2;

2) Taking the N7 points real FFT, this result is V}/(k);

3) Applying the frequency ramp filter: |k|V, (k);

4) Interpolating |k|Vj (k) from Ny points to Ny = LNy,
interpolation factor L = 4;

5) Taking N> point inverse real FFT of the zero-padded
sequence, the original sequence has been pre-interpolated
or over-sampled by a factor L.

In Eq. (1), the computation includes three-process,
RJi, j], interpolation, and back projection. Back projec-
tion consumes the maximum time (about 70%). There-
fore, it is essential to find efficient implementation tech-
nique. An efficient implementation of the back projec-
tion algorithm bases on the fact that the parameters such
as Az, Ay, 6, L, M, and N all have fixed values. They

are constant for all projections. The angle is also a con-
stant for each incidence of the back projection process.
Therefore, terms that use only these parameters can be
pre-computed initially. The location on the projection
line of the projection of the (7, ) pixel can be rewritten
so that the projection R[i, j] in the image is computed as

R[i, j] = Ro[j] +iAr, Ar = Axcosb,,
Roljl = L/2+[j — (M —1)/2]Aysinb,
—[(N —1)/2]Az cos b,

i:071727"'7(N_1)7 j:071727“'7(M_1)7

On,n=1,2,--- ,N,,0< 0, <.

Ry[j] is the distance of the first pixel in row j of the
image pixel array. Ry[j] is key for back projection. As
stated above, R]i,j] consists of Rp[j] and Ar. Ry[j] is
only related with j. For given j, Ro[j] is need only be
pre-computed once for each angle # once. Ar is offset
of column i. Therefore, the computation of R[i,j] for
other column at this row only involves one addition and
one multiply for each of the M x N pixels in the image.
Generally, the values R[i,j] do not correspond exactly
to the values R that are associated with the elements of
the projection so that interpolation of the projection re-
quired to obtain the desired projection value. However,
this computation of interpolation process is burdensome.
This process can be solved by pre-interpolating the pro-
jection and then used a nearest-neighbor look-up table
of the pre-interpolated projection to obtain the desired
value Py(RJi, j]). This pre-interpolation process only has
to be performed once for each projection, rather than in-
dividually for each pixel. Therefore, it greatly reduces
the amount of computation. Given R][i,j], the nearest-
neighbor value of Py(R]i,j]) is obtained by look-up ta-
ble from Py(k). The fractal index k;; is correspond-
ing to Rl[i,j]. ki; is the nearest integer value of kj;:
kij = int[k;;] = int[So[j] + iAs]; Solj] = Roljl/or =
[L/2+][j— (M —1)/2]Aysinf — [(N —1)/2]Axz cos 6] /dr;
As = Ar/ér = Axzcosb/ér, i = 0,1,2,--- ,N — 1,
j=0,1,2,--- M —1. Sp[j] is the fractional index of
projection corresponding to the projection of the first
pixel in row j. Int[Sp[j]] means the integer nearest to the
fractional value of Sy[j]. As is the fractional projection
index space between the projection of two adjacent im-
age pixel in the same row of the image. For each row
of image, We only pre-computed the first pixel once for
each angle, Other pixels of this row can be found by it-
eration. It greatly reduces the amount of computation.
Compared with original implementation, the speed of re-
construction image is nearly improved by five times. All
interpolated projection of each angle is accumulated to
final image.

In order to compare different methods, we reconstruct
image of 256 x 256 pixels illustrated in Fig. 2. Figure
2(a) is original image. In Fig. 2(b), we see the recon-
structed image in our efficient algorithm. First, we pre-
interpolate the projection to four times original length
by zero-padding in FFT and use nearest look up table to
obtain the filtered projection. Second, our efficient back
projection is applied to reconstruct image. We use next
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Table 1. CPU Time for Reconstructing 256 x 256 Image on Pentium 1G

Total Time (s) Interpolation Time (s) Back Projection Time (s) PSNR (dB)
1.02 Nearest Interpolation 0.21 Efficient 0.81 65
5.11 Linear Interpolation 0.68 General 4.43 61

Fig. 2. Reconstruction image: (a) original image; (b) zero-
padding interpolation; (c) general method.

pixel dependence for each row and only pre-computer the
first pixel projection for given row. Other pixel projec-
tion can be iterated. Therefore, it reduces operation time
greatly. We also use general linear interpolation with-
out zero padding and direct back projection. The recon-
structed image is illustrated in Fig. 2(c). We use peak sig-
nal noise ratio (PSNR) as image comparison criterion!6].
The result is listed in Table 1. The result shows that
Fig. 2(b) reconstructed by our efficient implementation
is better than Fig. 2(c) which was reconstructed by gen-
eral method. Furthermore, our algorithm time is only
about 20 percentage of general method for 256 x 256
pixels image. Table 1 illustrates the time of different
method.

The filtered back projection is critical part in CT Imag-
ing. Fast algorithm and excellent quality are very im-
portant. In this paper, we introduce the filtered back
projection algorithm which has some merits. First,
spatial-domain interpolation can be implemented by

zero-padding the Fourier transform of the projection and
then taking inverse transform of this zero-padded result
to increase the accuracy of projection. It was also shown
that zero-padding the data to four times its length can re-
move the dishing and disc artifacts from the final images.
Second, We only pre-computed the first pixel projection
at each row of image once for each angle, other pixel pro-
jection of this row can be found by iteration. Third, the
nearest interpolation is taken by look up table to improve
speed of operation. The process of image reconstruction
is speeded up and the quality of image is still preserved.

J. Liu’s e-mail address is lj@computer.njtu.edu.cn.
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