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FIG. 1A 
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FIG. 1B 
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FIG. 1C 
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FIG. 2A 
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FIG. 2B 
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FIG. 3 
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FIG. 6 

  





US RE42,034 E Sheet 13 of 20 Jan. 18, 2011 U.S. Patent 

| T > (\Oed - 1) Jo 3ZIS Z08 

  

  

  

    
  

  



U.S. Patent Jan. 18, 2011 Sheet 14 of 20 US RE42,034 E 

FIG. 9A 
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FIG. 9B 

80 - A R' - - Existing Method 
70 At CD = 45 - The propased SSP Method 
60 
50 
40 
30 
20 
10 
O Xr 
O 50 100 150 200 250 

- - Existing Method 
70 - The propased SSP Method 

O 50 100 150 200 250 

---- Existing-SSP (at (p = 40") 
0.6 - Existing-SSP (at ) = 90")   



US RE42,034 E Sheet 16 of 20 Jan. 18, 2011 U.S. Patent 

10A FG 

Method irg St By Exi 

By the proposed SSP Method 

Differences 

  



U.S. Patent Jan. 18, 2011 Sheet 17 of 20 US RE42,034 E 

FIG. 10B 
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FIG. 11B 
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METHOD AND APPARATUS FORULTRA 
FAST SYMMETRY AND SIMD BASED 

PROJECTION-BACKPROJECTION FOR 3D 
PET IMAGE RECONSTRUCTION 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue. 

The present application claims priority from Korean 
Patent Application No. 10-2006-0042155 filed on May 10, 
2006, Korean Patent Application No. 10-2007-0027305 filed 
on Mar. 20, 2007, and Korean Patent Application No. 
10-2007-0040515 filed on Apr. 25, 2007, the entire subject 
matter of which is incorporated herein by reference. 

BACKGROUND 

1. Field 

The present invention relates to a method and apparatus 
for ultra fast symmetry and SIMD based projection 
backprojection for 3D PET image reconstruction. More 
specifically, the present invention relates to a method and 
apparatus based on the symmetry properties of the projec 
tion and backprojection processes, especially in the 3D 
OSEM algorithm that requires a plurality of projections and 
back-projections. 

2. Background 
There has been a remarkable progress in PET develop 

ment over the recent years, especially in the areas of 
hardware, Software and computer implementation of image 
reconstruction. Recent developments in PET scanners (e.g., 
HRRT (High Resolution Research Tomograph) developed 
by CTI (now Siemens)) allow greatly enhanced resolution 
and sensitivity. In such PET scanners, the amount of col 
lected coincidence line data contains more than 4.5x10 
coincidence lines of response generated by as many as 120, 
000 nuclear detectors. Such large amount of data and the 
reconstruction of this data set pose to be a real problem in 
HRRT. That is, they pose to be major problems in achieving 
further developments and applications of high resolution 
PET scanners. Thus, in Such types of scanners, obtaining one 
set of reconstructed images often requires many hours of 
image reconstruction. For example, in HRRT with full data 
collection in normal brain scans (using SPAN3), the image 
reconstruction time is almost eighty minutes. This makes it 
practically impossible to attempt any list mode based 
dynamic imaging since the image reconstruction time takes 
many days (as long as 43 hours or more for 32 frame 
dynamic image reconstruction). 

In general, tomographic images can be reconstructed by 
two approaches, one being an analytic method and the other 
being an iterative approach. PET scanners of different types 
were developed in the mid 1970s and the application of 
various tomographic image reconstruction techniques was 
naturally introduced in the field. In case of an analytic 
approach Such as backprojection and filtering or filtered 
back-projection (FB), an artifact known as a streak artifact is 
frequently generated. This is especially true when the detec 
tor arrangements are not uniform such as in the case of 
HRRT (e.g., Siemens High Resolution Research 
Tomograph) where the detectors are arranged in a set of 
blocks in an octagonal shape. These types of detector 
arrangements often involve missing data due to the gaps 
between the blocks and result in a severe streak artifact in the 
case of the FB technique. Therefore, alternative approaches 
such as an EM (Expectation Maximum) algorithm have been 
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2 
sought. Generally, the EM approach requires several steps in 
the reconstruction process, the two major steps of which are: 
projection (forward projection) to create projection data 
from the image or object and backprojection into the image 
domain for the final image reconstruction. In the EM 
algorithms, these two processes are repeated until satisfac 
tory images are obtained. Obviously, these repeated projec 
tion and backprojection processes are time consuming and 
have been the major drawback of the EM approach com 
pared to straight filtered backprojection (FB) algorithm. In 
addition, in case of 3D image reconstruction, the computa 
tional burden increases out of proportion due to the astro 
nomical increases in the coincidence lines or the line of 
responses (LOR). This is a major stumbling block in the 
daily operation of high resolution PET scanners. Thus, there 
is a strong need for improving the computational speed or 
the reconstruction time in EM approaches, especially with 
high end PET scanners such as HRRT. 

Projection methods usually employ a system matrix, 
which is determined by the geometric factor of the scanner. 
As the resolution of the PET image improves and the num 
ber of slices increases, the size of the matrix is also increased 
drastically in proportion to the increases in LORS, thus 
resulting in not only the need for a large memory but also the 
total computation time. Current HRRT, for example, 
requires nearly eighty minutes of reconstruction time, in 
addition to the generation of sinograms and appropriate data 
streaming processes such as attenuation, random and scatter 
corrections, a set of precursors to the reconstruction pro 
cesses. To remedy the computational burden of image 
reconstruction, a number of alternative proposals such as 
linear integration have been proposed, as well as the use of 
multiple CPUs or a cluster computer system approach. Most 
of the techniques, however, are not practically useful since 
Such cluster computing requires a large data transfer time, 
although the overall computation is faster than a single unit. 

Obtaining or generating projection data can be divided 
into two categories, namely, ray-driven method and pixel 
driven method. The ray-driven method calculates the linear 
integration directly along the ray path connecting the centers 
of the two opposite detector cells, whereas the pixel-driven 
method calculates the linear integration along the ray path 
centered around an image pixel for the entire projection 
angles. The ray-driven method is often used in projection, 
while pixel-driven method is used in backprojection. 

In early reconstruction techniques, projection was 
obtained by weighing the ray passing through the areas of 
pixels with the assumption that the ray path is a strip with a 
finite width. It, however, involves a large amount of compu 
tation as well as the storage of a large number of matrix or 
data. Concurrently, Shepp and Logan proposed a simple and 
computationally efficient algorithm, which requires comput 
ing the length of the ray path intersecting with each pixel 
(instead of the areas). 
To speed up the computation, there have been a number of 

attempts to reduce the reconstruction time. An incremental 
algorithm has also been developed in which the symmetric 
property between the neighboring pixels is considered to 
calculate the position of intersection of a ray. This idea was 
expanded to 3D reconstruction in cylindrical geometry using 
oblique rays. In 3D form with a multi-ring system Such as 
HRRT, it became apparent that true 3D approaches will be 
required to fully utilize the oblique rays to thereby improve 
the statistics of the image. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Arrangements and embodiments may be described in 
detail with reference to the following drawings in which like 
reference numerals refer to like elements and wherein: 
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FIG. 1A illustrates a 3-D object and its projection to a 2-D 
projection plane. 

FIG. 1B illustrates a y'-Z plane view of FIG. 1A. 
FIG. 1C illustrates an example of the transverse plane at 

0=0 and the line integrals along the y' line projected on to 
the X, 

FIG. 2A illustrates a rotation of projection ray (ray-path) 
or frame onto the image plane which is on the fixed refer 
ence (x,y) coordinate. 

FIG. 2B illustrates the case where the projection ray (ray 
path) frame coincides with the fixed (x,y) coordinate. 

FIG. 3 illustrates the relationships among Z, y', X, 0, x, y, 
re, Zeby using the y-Z plane view. 

FIG. 4A illustrates an example of the “Mirror-symmetry” 
used in the proposed SSP method. 

FIG. 4B illustrates an example of the “cp-symmetry' used 
in the proposed SSP method. 

FIG. 5A illustrates the y-symmetry in the proposed SSP 
method. 

FIG. 5B illustrates the 0-symmetry in the proposed SSP 
method. 

FIG. 6 illustrates the concept of the balanced job distribu 
tion based on the sum of the ray path length. 

FIG. 7 is a flow chart of the projection according to an 
embodiment of the present invention. 

FIG. 8 is a flow chart of the back-projection according to 
an embodiment of the present invention. 

FIG. 9A illustrates a comparison of projection data 
between the existing method and the proposed SSP method. 

FIG. 9B illustrates cut-views of sinogram at a specific 
view. 

FIG. 10A illustrates a comparison of simple back 
projection images between the existing method and the pro 
posed SSP method. 

FIG. 10B illustrates cut-views (profiles) at an X axis 
(y=154, Z=103). 

FIG. 11A illustrates a set of reconstructed images with the 
existing method, the proposed SSP method and the differ 
CCCS. 

FIG. 11B illustrates cut-views (profiles) at an X axis 
(y=154, Z=103). 

FIG. 12 illustrates the symmetry relationship in SIMD. 

DETAILED DESCRIPTION 

A detailed description may be provided with reference to 
the accompanying drawings. One of ordinary skill in the art 
may realize that the following description is illustrative only 
and is not in any way limiting. Other embodiments of the 
present invention may readily Suggest themselves to Such 
skilled persons having the benefit of this disclosure. 
Overview of the Projection, Backprojection and Symmetry 
Properties 

A. Overview of Projection and Backprojection in the 
Aligned (Reference) Frame with Rotated Projection Plane 

FIG. 1A illustrates a 3-D object and its projection to a 2-D 
projection plane. FIG. 1B is a y-Z plane view of FIG. 1A. 
There is provided a relation between projection planes and 

-e 

the path of the projection ray, i.e., le. The line integral 
will be performed along . so. The angle +0 indicates the 
oblique angle of the image planes toward an upper side. X, 
and y, are the coordinates of the 2-D projection plane of the 
3-D object. FIG. 1C is an example of the transverse plane at 
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4 
0=0 and the line integrals along the y' line projected on to 
the X. In this figure, (p indicates rotation of the projection ray 
set in reference to the coordinate axis (x,y). Dotted lines with 
arrow indicate the projection rays. Each projection ray is 
determined by four variables, i.e., (x,y,0).0). The projection 
plane shown in FIG. 1A is composed of 2D projection data 
(or bed of nails) in coordinate (x,y) at a given 0 and (p. 

In 3D tomographic image processing, the projection ray 
has 4 dimensions, namely, X, y, p and 0, as shown in the 
FIG. 1. Projection is a process of converting a 3D object 
function or image information in 3D coordinates to 2D pro 
jection coordinates, and the projection plane as shown in 
FIG 1. 

With a fixed view angle (p and oblique angle 0, the projec 
tion plane is determined as shown in FIG. 1A. In this projec 
tion plane, the definition of the projection operation can be 
expressed in the form of linear integral given by: 

where 
-e 

x,y, 
X, -X'=X cos (p+y sin (p. 

e is the ray path, 

y =Z-(-X sin (p+y cos (p)tan 0. 
Equation (1) describes that projection Pe(x,y,) is a sum 

of the pixel values in an image function I(X,y,z) along the 
-e 

path of projection ray, to in the image domain. Here, 
Ö(...) represents a sampling function. 

FIG. 2 illustrates the concepts of the rotating projection 
ray (ray-path) frame onto the image plane in (x,y) and the 
proposed fixed (aligned) projection frame with a rotating 
image plane. FIG. 2A illustrates the rotation of projection 
ray (ray-path) or frame onto the image plane, which is on the 
fixed reference (x,y) coordinate. This is the conventional 
scheme applied to most of the image reconstructions. FIG. 
2B illustrates a case where the projection ray (ray-path) 
frame coincides with the fixed (x,y) coordinate. The latter 
means that the image plane is now rotated instead of the 
reference frame, the projection ray frame. This latter scheme 
is the basis of the proposed SSP (Symmetry and SIMD based 
Projection-backprojection) method. This scheme allows the 
symmetry property of the image plane to be utilized, thereby 
reducing the overall projection and backprojection time. In 
case of backprojection, the image function I (x,y,z) repre 
sents the intermediate stage of an image to be reconstructed 
and is a temporary image data. 

It is known that a projection plane at angle 0 can be 
rotated (or aligned) against reference axes, (x,y). Further, X 
coincides with X, in FIG. 2. The well known relation 
between the rotated coordinate (X'y',Z) and the image coor 
dinate (x,y,z) in the cylindrical coordinate are provided by 
the following: 

x X costi sind OY X 

y --- costi 2. 2. O O 1 Z. 

R is the rotation matrix. 

(2) 

where 

Equation (1) can then be simplified as the weighed Sum 
along the ray path and can be written as follows: 
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In (3).y' is assumed to be the integration variable. 
As a special case, when the oblique angle 0 is equal to 

Zero, the projection rays are in parallel with the y axis (see 
FIG. 1). In multi-layer or 3D PET, oblique rays (0z0) are 
collected and used for true 3D reconstruction since the full 
utilization of the oblique rays will enhance the image quality 
due to the increased statistics. Extension of (3) to a 3D case 
can be represented by 020. It should be noted that the coor 
dinates in the transverse plane are now independent of 0 and 
the ray projected to the transverse plane is parallel to they 
axis. By the trigonometric relationship depicted in FIG. 3, Z 
can be written as follows: 

(4) 

FIG. 3 illustrates the relationships among Z, y', X, 0, x, y, 
re, and Ze by using the y-Z plane view. It should be 
noted that these relationships are valid on all the y-Z planes 
with any x'. Also, y' is now noted with discrete value n. 
By substituting (4) into (3), the following discrete form of 

projection data can be obtained: 

N. /2 
St. 

NI./2 
X. ". n, Zyn.9)(1 - rynd) + 

I(Xr, n, Zying + 1)(rying) 
St. 

where 

Zo=y,+n tan 0-Zetre 
ZeelNTEGER. reeREAL, and Osro-1. 
Z e1s integer value of Z n.0 
re is interpolation coefficient or remainder of Ze 
retry-le-1 or r-el 
n is discrete value of y' 

Tyne 

Nr. 

is integration length of y'at given y'at given y, p, and 0. 
It should be noted that since projection rays and the coor 

dinates (x,y,z) or (x,y,z) are not always coincident. Interpo 
lation is always required. In case of SSP implementation, a 
1D linear interpolation is needed along the Z axis, as shown 
in (5). Note thatre and 1-ro are the interpolation coef 
ficients along the g axis. 
On the other hand, the backprojection process is the trans 

pose of projection. Therefore, the same idea as in the projec 
tion (or projection data generation) process can be applied to 
backprojection or image data generation. In case of an itera 
tive reconstruction such as the OS-EM algorithm, a plurality 
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6 
of projections and backprojections are required. That is, 
algorithm requires many repeated image reconstructions as 
well as projection data generations. 
Now the backprojection from projection data, Pe(x,y), 

can be performed, as shown by the following: 

= IP (xcosysin, 
de 

z - (-xsind +ycosd)tane)ded di 

(6) 

By using rotation, the matrix defined in (2), (6) can also be 
written as: 

In the aligned frame, X, -X' is defined. 
To simplify the notation, let us define I as the sum of the 

projection planes about 0 for a fixed (p as given below as an 
intermediate stage image before the finally reconstructed 
image. The computation can then be further simplified, for 
example, by using the symmetry property in 0. 

If (x, y, z) = | Paix, Z -ytané)de (8) 
G 

Using the rotation matrix given in (2) once again, (8) can 
be noted as follows: 

Using (9), (7) can further be noted as: 

10 
I(x, y, z) = ?RI (x, y, z)dd (10) 

d 

Equation (10) is equivalent to rotating the set of partially 
reconstructed image planes at a given angle (p and then inte 
grating these partially reconstructed images over all (ps to 
form the finally reconstructed image I(X,y,z). 

B. Symmetry Properties 
As discussed above, the full utilization of symmetry prop 

erties will be the central part of the proposed SSP method. 
Hereafter, the symmetric points represent the similar coeffi 
cients (the same value but with different polarity and/or dif 
ferent coordinates) that will be shared in computation with 
out additional calculations as well as the use of identical 
instructions. That is, the symmetric points have the same 
interpolation coefficient or complementary value. The appli 
cant found that there exists sixteen symmetric points, which 
are practically usable, namely “Mirror-symmetry.” 
“p-symmetry.” “y-symmetry” and “0-symmetry.” 

(a) Mirror-symmetry (+x' and -x", see FIG. 4A) 
One of the interesting aspects of the image reconstruction 

is the use of the symmetric properties of each image point. 
That is, once one point is calculated with an appropriate 
interpolation coefficient, one can assign the same coefficient 
value in the opposite point(s) by using symmetry properties 
of various types. One of the simplest forms is the use of the 
y-axis symmetry, as shown in FIG. 4A. In this computation, 
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a point, (x,y) at +X, is identical in value (X'y') at -X, 
with change in polarity only. An illustration of this “Mirror 
symmetry” is shown in FIG. 4A. In this illustration, an 
example is given for symmetric points due to "Mirror 
symmetry, i.e., (Xoyo)->(x,y)=(-X'oyo). This symme 
try property reduces the computation time by half. 

(b) (p-symmetry (cp and (p+90° see FIG. 4B) 
Similar to the case of the “Mirror-symmetry, one can 

also demonstrate that there is symmetry between the points 
at (p and (p+90° symmetry. In this case, (Xoyo)->(x,y)=(- 
yo, X'), i.e., the polarity as well as the coordinates are 
changed. FIG. 4B illustrates this p-symmetry case with a 
numerical example. As shown in the figure, once a point is 
calculated at (p and an interpolation coefficient value for this 
point is obtained, for example, at (Xoyo), the same coeffi 
cient value can be used at (x,y') with coordinate and polar 
ity changes as (-yox') after a 90° rotation, i.e., at (p+90°. 
This symmetry property once again permits the computation 
time to be reduced by half. 

FIG. 4 illustrates the examples of the “Mirror-symmetry” 
and “p-symmetry used in the proposed SSP method. FIG. 
4A illustrates an example of “Mirror-symmetry against the 
y axis. That is, once a coordinate point (x,y) is known, a 
symmetric point (x,y) across they' axis can be obtained or 
assigned without additional computation. This will speed up 
the computation by a factor of two or computation time by 
half. FIG. 4B illustrates the symmetric property of the pro 
jection data against 0, i.e., if an interpolation coefficient of a 
coordinate point (Xoyo) is known at p, then a symmetric 
point (x,y) at (p+90° can be obtained without additional 
computation. In other words, the projection data calculation 
at (p+90° share the same coordinate values at p with simple 
coordinate changes, i.e., (x,y) at p to (-y".X") at (p+90°. This 
symmetry property reduces the computation time by half. 

(c) y'-symmetry (+n and -n, see FIG. 5A) 
Unlike mirror- and (p-symmetry, y'- and 0-symmetry are in 

the y-Z plane. It should be noted that y'-symmetry is inti 
mately related to 0-symmetry. Therefore, it is easy to illus 
trate the two together, as follows. They'-symmetry property 
has the effect of changing the interpolation coefficients to 
complementary values. In fact, y'-symmetry has the same 
symmetry property as 0-symmetry, as discussed below. 
First, the property of y'-symmetry is illustrated in FIG. 5A. 
As shown in FIG. 5A, variable Z can now be noted as fol 
lows (see also FIG. 3): 

(11) 

where 

a lyneandyr eINTEGER 

reeREAL and Osr ...esl 

Zying + Zy-n.9 = (yr + intane) + (y – ntane) (12) 
= Zyn.9 + ryn.9 + Zy-n.9 + ry-ne 
= 2ye INTEGER 

... Tyn.6 Ty-n.6 1 
Ty-n.0 1 Tyn. 

where 
re, and 1-re represent die interpolation coefficients. 
Using this symmetry, two interpolation operations can be 

simultaneously performed, thereby reducing the number of 
loops in y'(=n) by half. Therefore, (5) can be rewritten as 
follows: 
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NI./2 I(Xr, n, Zyne)(1 - rynd) + (13) 
r I(Xr, n, Zyn.9 + 1)rying + 

Pag(x, y) = I(X;, 0, y) + X. I(Xr, -n, Z-na)(1 - ry-ne) + 

Equation (13) can be transformed into a factored form to 
reduce the number of instructions required to execute the 
computation. Furthermore, the interpolation coefficient 
re, can be reduced to simple functions of only in and 0 and 
can be derived from (11). Because y, is always an integer 
and rye satisfies the condition 0sro-1, rye is a func 
tion of only n and 0. Therefore, the notation re can be 
simplified to re (see and compare with FIGS. 3 and 5A). 
Further, (1-re) is equal to re. Similarly, (1-ro) is 
equal to re. Using the simplified forms, (13) can be trans 
formed to a factored form, as shown below: 

Pe.g(x, y) = (14) 

N. /2 

(d) 0-symmetry (+0 and -0, see FIG. 5B) 
Now, let us illustrate how the 0-symmetry shares the cal 

culation of interpolation coefficients with the y-symmetry 
discussed above. As shown in FIG. 5B, only the changes in 
the interpolation coefficients change their own complemen 
tary values when the signs of 0 change. 

Using (4), (5), (11) and (12), it can be shown that Z and r 
are given as: 

Zying Fyr + intane (15) 

Therefore, 

r-n.9 = Tin-G = 1 - ring 
T-n-g ring 

Zyn.9 Zy-n-e 

Using the relation given in (15), (14) can be written as 
follows: 

Pa, g(x, y) = (16) 

I(Xr, n, Zy-ng + 1) + 
n=l (1 - ring) 

I(Xr, -n, Zyng) x 

Equation (14) is for Pe(x,y), while (16) is for the Po 
(x,y,-). For the computation of (16), the relations given in 
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(15), i.e., re. r.e. Zo, and Zlo can be used once 
again and further simultaneously calculate P(x,y,) and 
Po-oor y,). 
As shown above, y- and 0-symmetries share the common 

properties. The y-symmetry, therefore, is used to reduce the 
number of loop counts y'(=n), while the 0-symmetry is used 
to reduce the number of loop counts 0. 

In Summary, a total of sixteen points of symmetry for the 
SSP method, namely, 2 (Mirror-symmetry), 2 (p+90° 
symmetry), 2 (y-symmetry) and 2 (0-symmetry), are used. 
Thus, multiplication of these leads to 16. In addition to these 
symmetry based reductions in computation time (16 times), 
as will be detailed, SIMD will speed-up the computation 
further by another factor of 4. As such, a total speed gain of 
64 (16x4) has been achieved with the new SSP method. 

FIG. 5 illustrates y- and/or 0-symmetry in the proposed 
SSP method. FIG. 5A shows y'-symmetry, while FIG. 5B 
shows 0-symmetry. The left side of each figure shows the 
Z-y' plane cut-view, while the right part shows an expanded 
view of the left. Each quarter illustrates the details of the 
interpolation coefficient, r's. This y- or 0-symmetry property 
indicates that if one of the interpolation coefficients is calcu 
lated for one point, then the remaining interpolation coeffi 
cients for the other three points can be obtained without 
additional computation. The amount of calculations, 
therefore, can be reduced to one fourth (4) by using y- and 
0-symmetries. 
Parallelization of Computation using SIMD for SSP method 

A. SIMD (Single Instruction Multiple Data) and Symme 
try Properties 

It is important to reduce the number of instructions per 
loop for practical purposes, while reducing the number of 
loops within the projector/backprojector, to realize a fast 
algorithm. The number of instructions per loop was reduced 
by using the SIMD technique. The use of SIMD reduces the 
number of instructions per loop, thereby reducing the overall 
computation time by a factor of four. The operand of SIMD 
should be determined carefully to improve the efficiency. As 
shown above, projection/backprojection of sixteen points 
were simultaneously performed. For this operation, sixteen 
symmetry points were divided by two groups, one for +0 and 
the other for -0. Since a single SIMD instruction data set 
consists of four data sets, each group having the same (+0 or 
-0), was coupled to one of the two SIMD instruction data 
SetS. 

These two groups having the same 0 is based on (14) and 
(16). FIG. 12 shows these sixteen pairs of symmetry rela 
tionship between rotated image data sets and projection data 
sets. The upper group (a-1 and a-2) shares the same 0, while 
the lower group shares -0. Each group is divided by two 
Sub-groups. Each upper subgroup shares the same linear 
interpolation coefficients, while each lower group shares the 
complementary values to that of the each upper group. Each 
single subgroup, therefore, can be handled as a single SIMD 
data set (or single SLMD pack). Ze and Z, a share the 
same value. Similarly, Z, and Z, also share the same 
value. 

As noted above, sixteen symmetry pairs are divided into 
two groups, each sharing the same 0. In addition, these two 
groups were once again divided into two Subgroups. The 
members of Subgroups a-1 and b-2 share the same interpola 
tion coefficient (e.g., re), while the subgroup a-2 and b-1 
have complementary values (e.g., 1-ro) as interpolation 
coefficients. Each subgroup represents one packed SIMD 
data, as shown below: 
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(SP)a(x, y) = (P (x, y), Pa(-x, y). 
P.g. x, y), P.; C-x, y)) 

P.g. x, y), P.; C-x y).) 
where 

SI means an SIMD image data set. 
SP means an SIMD projection data set. 
Equation (17) shows the arrangement of the SIMD data 

set for the upper group of FIG. 12. This process is referred to 
as packing and single SIMD instruction data set consists of 
four points. This process can be applied to the lower groups 
having -0. 
As noted above, the upper group and the lower group of 

FIG. 12 are based on (14) and (16). Equations (14) and (16) 
can now be transformed into SIMD versions as given in (17), 
as shown below: 

(SP) g(x, y) = (SI), (0, y) + (18) 

N. /2 
X. (1 - ring){(SI) (n, Zyne) + (SI), (-n, Zy-ng + 1)} + 

ring (SI), (n, Zying + 1) + (SI), (-n, Zy-n.9)} 

(SP) g(x, y) = (SI), (0, y) + 

N. /2 
X. (1-rne){(SI), (n, Zyng + 1) + (SI), (-n, Zyng)} + 

ring (SI), (n, Zy-ne) + (SI), (-n, Zying + 1)} 

where 

SI, (n.Zo), SI, (n,70+1) and SPoy, ) are accord 
ing to subgroup “a-1 of FIG. 12. 

SI, (-n.Z.o.), SI, (-n.Z-no-1) and SP(x,y,-) are 
according to subgroup “a-2 of FIG. 12. 

SI, (n.Z.o.), SI, (n,7-et-1) and SP-6(x,y,-) are 
according to subgroup “b-1' of FIG. 12. 

SI, (-n.Z.o.), SI, (-n.Z.o.--1) and SP-6(x,y,-) are 
according to subgroup “b-2 of FIG. 12. 

This SIMD packing concept can be applied equally to a 
backward projection. 
As a precaution, it should be noted that there are several 

special cases within the above symmetric pairs. These spe 
cial cases indicate that some symmetry pairs will share the 
same rotating image point, thereby resulting in errors. 
TABLE II shows these special cases, which require special 
attention and correction. 

TABLE II 

THE SPECIAL CASES WITHOUT SYMMETRY COUNTERPART 

Symmetry pairs on image plane Special case 

(p-symmetry I(X'y',zye) and I(-y'X'.Z.o.) The points of x'=y' 
Mirror I(x'y',zye) and I(-x'y',zye) The points of x'= 0 
symmetry 
(p-symmetry I(X'y',zye) and I(x'=y'.zye) The points of y' = 0 
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B. Optimization of Job Distribution in Multi-Processor 
Environment 
The recently available PC provides a multi-processor 

environment. To utilize this parallel computation capability, 
an instruction called “thread programming technique” can 
be used. The proposed SSP method is capable of being 
expanded to multi-processor Systems. In this case, a job dis 
tribution with an equal amount of load is important for opti 
mal performance. 
As the method according to the present invention is based 

on the assumption of circular cylindrical FOV, the job load is 
designed to be distributed equally along the X' or X, axis. 
This is because there is uneven distribution of computational 
load if an equal range of x' is assigned to each CPU, as 
illustrated in FIG. 6. 

FIG. 6 illustrates the concept of the balanced job distribu 
tion based on the sums of the ray path length, that is, equal 
distribution of the computational load for each group S1, S2, 
S3 and S4. In this case, the job loads are divided into four 
groups of equal area, i.e., S1, S2, S3 and S4. This redistribu 
tion Suggests that each group has almost the same area, i.e., 
the same amount of computational load. 
Description of the Overall Method 
The schematics of the new SSP projector and backprojec 

tor are provided in FIGS. 7 and 8, respectively. For SSP, the 
aligned frame was used by utilizing the rotation operation as 
well as the symmetry properties to reduce the number of 
loop counts. In addition, the total number of instructions was 
reduced by combining the symmetry properties and SIMD 
technique. 

FIG. 7 is a flow chart showing the projection. The inner 
most block 706 within the loop includes Z loop, the interpo 
lation operation, the integration along the ray path 708 and 
scanning along the x' axis 710. After the projection for the 
entire 0 range, the intermediate results of rotated projection 
should be unpacked in order to be stored back to the original 
position. It should be noted that the sizes of (I-Pack) and 
SIMD data sets (I-Pack--P-Pack) must be less than the cache 
sizes of L1 and L2, respectively, in order to maximize the 
cache hit ratio and the data access speed. 

FIG. 8 is a flow chart showing the backprojection. First, 8 
projection data, which have symmetric relationships, are 
packed for use in the SIMD. These packed projection data, 
P-Pack, are interpolated linearly along the y, direction to 
calculate the packed backprojected image data, I-Pack, for 
the semifinal image I (x,y,z) for all 0 directions. As an 
intermediate step, these packed backprojected image data 
are unpacked and aligned to each valid position in the semi 
final image data I (x,y,z) after each step of 0 loop. These 
procedures are repeated by loops of y, and X, until the semi 
final image I (x,y,z) is fully reconstructed. The semifinal 
image I (x,y,z) is reconstructed for each view angle, (p. 
Each semi-final image I, (x,y,z) is rotated by its own view 
angle 0 and then added up to reconstruct the final image I 
(x,y,z), the image at the original Cartesian coordinates. Simi 
lar to the projection operation, the sizes of SIMD data sets, 
(I-Pack+P-Pack) and (I-Pack) should be less than the cache 
sizes of L2 and L1, respectively, for the maximization of the 
computation. 
As shown in FIG. 7 and FIG. 8, the rotation operation was 

used to utilize the aligned frame. Before the projection step, 
the projection plane is aligned with the aligned from (x,y) 
and each incoming image plane is then rotated according to 
its respective view angle. After the backprojection step, the 
original image is recovered from the aligned frame by rotat 
ing back to the original view angle, thus permitting an inter 
mediate reconstructed image data to be formed. 
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To reduce processing time, the efficient use of cache was 

found to be an important factor in the overall computation. 
Memory allocation and loop orders should be optimized for 
the memory access pattern. Since X,(=X") is set to the vari 
able of the outermost loop, the memory stride on read and 
write can be confined to a certain range within the L2 cache 
size. Furthermore, the variable of the innermost loop should 
be Z or y, since most of the computation intensive opera 
tions in the SSP method are related to interpolation of Zory. 
Therefore, it is desirable to allocate the initial memory by 
the order x:y:z for backprojection while for projection, 
the order should be (pl:x:0:y). These memory 
allocations, therefore, will determine the loop orders. These 
loop orders of projector/backprojector are also depicted in 
FIG. 7 and FIG.8. As a result of using these symmetries, the 
total number of loop counts can be reduced by half at each 
step. 

For the SIMD, a memory packing (step) is performed 
prior to each projection/backprojection step. After the pro 
jection step, the packed SIMD data set in the projection 
domain is unpacked and returned to the original position. 
Similarly, the packed SIMD data set in the image domain is 
unpacked after each backprojection step. 
Experimental Results 

A. Methods 
To evaluate the efficiency of the SSP method, the data or 

sonogram was applied to HRRT (High Resolution Research 
Tomograph developed by CPS/Siemens, Knoxville, Tenn., 
U.S.A). HRRT has 119,808 detectors and is designed for 
ultra high resolution brain scanning. Since HRRT has the 
largest number of detectors (with the smallest detectors size) 
among the human PET scanners that are currently available, 
it has the highest computational complexity for image recon 
struction. The number of computations has been increased 
substantially (in proportion to the number of LORs) and is 
much larger compared to other existing PET scanners. The 
reconstruction software provided by the HRRT package sup 
ports iterative algorithms such as OP-OSEM3D and is the 
preferred reconstruction algorithm in the HRRT system. One 
of the advantages of OP-OSEM3D, among others, is pre 
venting the occurrence of negative bias when the random 
rate is high. This algorithm was chosen to test the perfor 
mance of our new SSP method since it requires the largest 
memory size and is the most computation-intensive algo 
rithm. Therefore, unless otherwise specified, the HRRT 
OP-OSEM3D package S/W will be referred to as the exist 
ing method. 
As can be seen, the SSP method is supported by commer 

cially available computer systems such as a common PC. 
Three other platforms were chosen to compare the SSP 
method against the existing method. The first platform is PC 
1, which has Intel dual-core 3.0 GHz, 4 GB RAM, 1 MB L2 
cache per CPU. The second platform, PC2, is a high-end PC 
with two dual-core AMD 2.4 GHz, 8 GB RAM, 1 MB L2 
cache per CPU. The third platform is the current HRRT com 
puter platform, which consists of an eight node cluster sys 
tem (this is denoted as HRRT CPS system), wherein each 
node consists of two Xeon 3.06 GHZ processors with 512 
KB L2 cache and 2 GB RAM. 
The concept of “span in 3D means the mode of axial 

compression. The test was performed in span 3 and span 9. 
which are typically used in HRRT. The parameters for 
OP-OSEM3D are as follows: 256x256x207 image pixels; 
six iterations; and 16 Subsets. Thread programming is also 
used. 

B. Results 
Before discussing the computational speed, the accuracy 

of the reconstructed images (compared to the original HRRT 
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package provided by CPS/Siemens) appears to have been 
emphasized. First, the results of the projector and back 
projector of the SSP were compared with the existing HRRT 
package. As shown in FIGS. 9 and 10, only a little difference 
was found. As mentioned previously, the SSP technique or 
method is basically a tri-linear interpolation, whereas the 
existing method is a bi-linear method. FIG. 9B shows the 
profiles for projection data at 45° and 90°. The same com 
parison was made on the backprojection data as well as the 
final reconstructed images, wherein the results are shown in 
FIGS. 10 and 11. As shown therein, the projected data and 
image quality of SSP are equivalent to the existing method, 
but yet with an advantage of nearly two orders of magnitude 
in computational speed. 
The performance aspect of the SSP method (i.e., execu 

tion time on PC 1 and 2) was also compared. The computa 
tion time was measured for the two existing compression 
modes, namely, span 3 and span 9. The results indicate that 
the SSP method, as expected, indeed enhanced the perfor 
mance by almost 80 times, 2 (p+90° symmetry)x2 (x, or 
mirror-symmetry)x2 (y'-symmetry)x2 (0-symmetry)x4 
(SIMD)+other optimizations, compared to the existing 
method (original HRRT package). It should be noted that 
this performance enhancement can be obtained more or less 
independent of the system architecture. Furthermore, as the 
method Suggests, the relative improvement will be higher as 
more oblique rays orangles are used, as seen from TABLES 
III and IV. 

FIG. 9A illustrates a comparison of projection data 
between the existing method and the proposed SSP method. 
(Top: Existing, Middle: SSP, Bottom: The difference 
between SSP and the existing method) FIG.9B illustrates 
the cut-views of sinogram at a specific view. (Cop: Compari 
son at (p=45°, Middle: Comparison at (p=90°. Bottom: The 
differences between SSP and the existing method at (p=45° 
and (p=90°, respectively). 

FIG. 10A illustrates a comparison of simple back 
projection images between the existing method and the pro 
posed SSP method. (Top: Existing method. Middle: New 
SSP technique. Bottom: The differences) FIG. 10B illus 
trates the cut-views (profiles) at an X axis (y=154, Z=103). 
(Top: Comparison between the existing and new SSP. Bot 
tom: The differences between the two) 

FIG. 11 illustrates a comparison of reconstructed images 
with six iterations and their differences. FIG. 11A illustrates 
a set of reconstructed images with the existing method (top), 
with new SSP method (middle) and the differences (bottom). 
FIG. 11B illustrates the cut-views (profiles) at an x axis 
(y=154, Z=103). 

TABLE III 

THE COMPARISONS OF RUNNING TIME 
OF THE WARIOUS OPERATIONS ON PC1. 

Existing (W ratio 

Projection (span 9) 1539(s) 24(s) 64.1 
Backprojection (span 9) 1527(s) 25(s) 61.1 
Projection (span 3) 4276(s) 51(s) 83.8 
Backprojection (span 3) 4255(s) 53(s) 80.3 
Projection + backprojection 3066(s) 49(s) 62.6 
(span 9) 
Projection + backprojection 8531(s) 104(s) 82.O 
(span 3) 

PC1: Intel 3.0 GHz 1 dual-core CPU, 4 GB RAM, 1 MB L2 cache per CPU. 
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TABLE IV 

THE COMPARISONS OF RUNNING TIME 
OF THE WARIOUS OPERATIONS ON PC2 

Existing (W ratio 

Projection (span 9) 556(s) 9(s) 618 
Backprojection (span 9) 679(s) 11(s) 61.7 
Projection (span 3) 1600(s) 22(s) 72.2 
Backprojection (span 3) 1767(s) 22(s) 80.3 
Projection + backprojection 1235(s) 20(s) 61.7 
(span 9) 
Projection + backprojection 3608(s) 44(s) 82 
(span 3) 

PC2: AMD 2.4 Ghz 2 dual-core CPU, 8 GB RAM, 1 MB L2 cache per CPU. 

The use of more oblique rays or angles (e.g., span 3) 
results in better axial resolution and statistics. Since recon 
struction using the EM algorithm consists of a large number 
of projections and backprojections, this improvement in 
speed is especially important. Finally, a comparative study 
of the HRRT CPS system was compared with the original 
HRRT CPS algorithm vs. our 2 dual core CPU (without 
cluster) configuration, PC2, with the SSP method and 
obtained a speed gain of a factor of 9 to 11. The reason for 
the differences between the calculation (64 times) and the 
actual system based computation (9-11 times) is probably 
due to the 16Xeon-CPUs based original HRRT CPS system. 
The HRRT CPS system having 16 Xeon-CPUs is much more 
powerful than PC2 having only 2 dual-core CPUs. This H/W 
difference could have been the result of such reduced speed 
gain. In addition, SSP method can easily extend to the clus 
ter version. 
The proposed SSP method will improve the overall com 

putation time, especially when a dynamic functional study is 
desired. Currently, the image reconstruction time for a nor 
mal HRRT PET scan with a commercially available PC 
(PC2 type) requires about seven to eight minutes for span 3 
after completing the sinogram formation and the precorrec 
tion processes compared with eighty minutes with current 
HRRT reconstruction package (OP-OSEM3D) utilizing an 
8-node cluster system. 

CONCLUSION 

The present invention provides a fast method of calculat 
ing the ray path, which leads to the projection data and 
reconstructed image in 3D by using the symmetry properties 
of the projection and image data. Exploiting these simple 
geometrical symmetry properties and with the help of 
SIMD, a new ultra fast reconstruction method was 
developed, which has a computational speed advantage of 
nearly two orders of magnitudes compared to the existing 
reconstruction package (specifically that of OP-OSEM3D, 
the latest and most widely used PET method, especially for 
HRRT without compromising image quality). The key con 
cepts introduced in the SSP method can be summarized as 
follows. First, interpolation operations are reduced from 
three dimension to one dimension by using rotation based 
projection, or the aligned frame concept. Second, the rota 
tion based projection is combined with symmetric properties 
of the (0.cpy'.x,) and coupled with SIMD technique with 
optimized L1 and L2 cache use. The sixteen symmetry 
points, which share the same interpolation coefficients (or 
their complementary values), were grouped, thus permitting 
them to be processed simultaneously in a projection/ 
backprojection operation to thereby achieve a substantially 
improved overall reconstruction time. To simultaneously 
process these symmetric points in the projection/ 
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backprojection, SIMD operations have also been incorpo 
rated. In particular, the SIMD scheme allowed us to simulta 
neously access four data. In addition, the data size per loop 
Suitable for an L2 cache size was optimized, as well as the 
data structures for minimizing the memory stride. 

In Summary, the projection and backprojection operations 
were performed in the aligned frame by using the symmetry 
concept and SIMD with cache optimization and reduced the 
number of instructions in the reconstruction of an image 
from the sinogram data provided by the HRRT PET. In other 
words, the proposed SSP method incorporates the symmetry 
properties of projection to maximum, thereby reducing the 
computation time by as much as 16 times. Together with the 
use of the SIMD operator and cache optimization, an overall 
computational speed gain by a factor close to 80 was 
achieved. Such an improvement in computation time will 
open the door for the dynamic functional study of high reso 
lution PET such as HRRT, which suffered from an unaccept 
ably long reconstruction time and has been a serious undes 
ired obstacle in molecular imaging. 

This improvement will provide numerous new opportuni 
ties for PET users, especially for HRRT users in the molecu 
lar imaging community. It is clear that the proposed method 
helps the PET researchers to contemplate a possible 
dynamic study, which was limited by the unacceptable 
image reconstruction time imposed by the reconstruction 
process. This newly developed SSP method can also be 
applied to precorrection processes such as attenuation and 
scatter correction. Finally, with the new SSP method, it will 
be possible to achieve true interactive scanning. The new 
SSP method can also be applied to large classes of existing 
PET scanners of various types as well as to the cluster sys 
tems for dynamic studies. 
Any reference in this specification to “one embodiment.” 

“an embodiment.” “example embodiment, etc., means that 
a particular feature, structure or characteristic described in 
connection with the embodiment is included in at least one 
embodiment of the invention. The appearances of Such 
phrases in various places in the specification are not neces 
sarily all referring to the same embodiment. Further, when a 
particular feature, structure or characteristic is described in 
connection with any embodiment, it is submitted that it is 
within the purview of one skilled in the art to effect such 
feature, structure or characteristic in connection with other 
ones of the embodiments. 

Although embodiments have been described with refer 
ence to a number of illustrative embodiments thereof, it 
should be understood that numerous other modifications and 
embodiments can be devised by those skilled in the art that 
will fall within the spirit and scope of the principles of this 
disclosure. More particularly, various variations and modifi 
cations are possible in the component parts and/or arrange 
ments of the Subject combination arrangement within the 
Scope of the disclosure, the drawings and the appended 
claims. In addition to variations and modifications in the 
component parts and/or arrangements, alternative uses will 
also be apparent to those skilled in the art. 
What is claimed is: 
1. A method for reconstructing 3D image, comprising: 
detecting a plurality of line of responses (LORs) emitted 

from an object; 
transforming said plurality of LORS into first sinogram 

data; 
back-projecting said first sinogram data with a plurality of 

projection angles to produce image data for said object; 
and 
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projecting said produced image data with said plurality of 

projection angles to transform said image data into sec 
ond sinogram data, 

wherein said back-projecting includes filling pixels of 
image plane for each of said plurality of projection 
angles with said first sinogram data and rotating a coor 
dinate axis of said image plane with corresponding pro 
jection angle to produce said image data, 

wherein said projecting includes rotating said image data 
with corresponding projection angle in an opposite 
direction before projecting said image data with said 
plurality of projection angles, and 

wherein said projecting and said back-projecting use sym 
metry properties in coordinate space. 

2. The method of claim 1, wherein said symmetry proper 
ties include at least one of symmetry properties in view 
angles (cp-symmetry), symmetry properties in oblique angles 
(0-symmetry) and symmetry properties in interpolation 
coefficients along the projection lines (y-symmetry). 

3. The method of claim 2, wherein said projecting and 
back-projecting include executing a plurality of projecting 
operations having said symmetry properties simultaneously 
by using single instruction multiple data (SIMD). 

4. The method of claim 3, wherein said using SIMD 
includes arranging data set having same oblique angle in 
amplitude. 

5. The method of claim 2, wherein said projecting and 
back-projecting include dividing said image data into a plu 
rality of equal Subsets, and at each of a plurality of 
processors, performing projecting operation for each of said 
plurality of subsets. 

6. The method of claim 5, wherein said dividing said 
image data into a plurality of equal Subsets includes distrib 
uting jobs so that sums of ray path length is equal. 

7. The method of claim 1, wherein said projecting and 
said back-projecting include executing a plurality of project 
ing operation having said symmetry properties simulta 
neously by using single instruction multiple data (SIMD). 

8. The method of claim 7, wherein said using SIMD 
includes arranging data set having same oblique angle in 
amplitude. 

9. The method of claim 1, wherein said projecting and 
back-projecting include dividing said image data into a plu 
rality of equal Subsets, and at each of a plurality of 
processors, performing projecting operation for each of said 
plurality of subsets. 

10. The method of claim 9, wherein said dividing said 
image data into a plurality of equal Subsets includes distrib 
uting jobs so that sums of ray path length is equal. 

11. An apparatus for reconstructing 3D image, compris 
ing: 
means for detecting a plurality of line of responses 

(LORs) emitted from an object; 
means for transforming said plurality of LORs into first 

Sinogram data; 
means for back-projecting said first sinogram data with a 

plurality of projection angles to produce image data for 
said object; and 

means for projecting said produced image data with said 
plurality of projection angles to transform said image 
data into second sinogram data, 

wherein said back-projecting includes filling pixels of 
image plane for each of said plurality of projection 
angles with said first sinogram data and rotating a coor 
dinate axis of said image plane with corresponding pro 
jection angle to produce said image data, 
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wherein said projecting includes rotating said image data 
with corresponding projection angle in an opposite 
direction before projecting said image data with said 
plurality of projection angles, and 

wherein said projecting and said back-projecting use sym 
metry properties in coordinate space. 

12. The apparatus of claim 11, wherein said symmetry 
properties include at least one of symmetry properties in 
view angles (p-symmetry), symmetry properties in oblique 
angles (0-symmetry) and symmetry properties in interpola 
tion coefficients along the projection lines (y-symmetry). 

13. The apparatus of claim 12, wherein said projecting 
and said back-projecting include executing a plurality of 
projecting operation having said symmetry properties simul 
taneously by using single instruction multiple data (SIMD). 

14. The apparatus of claim 13, wherein said using SIMD 
includes arranging data set having same oblique angle in 
amplitude. 

15. The apparatus of claim 12, wherein said projecting 
and said back-projecting include dividing said image data 
into a plurality of equal Subsets, and at each of a plurality of 
processors, performing projecting operation for each of said 
plurality of subsets. 

16. The apparatus of claim 15, wherein said dividing said 
image data into a plurality of equal Subsets includes distrib 
uting jobs so that sums of ray path length is equal. 

17. The apparatus of claim 11, wherein said projecting 
and back-projecting include executing a plurality of project 
ing operations having said symmetry properties simulta 
neously by using single instruction multiple data (SIMD). 

18. The apparatus of claim 17, wherein said using SIMD 
includes arranging data set having same oblique angle in 
amplitude. 

19. The apparatus of claim 11, wherein said projecting 
and back-projecting include dividing said image data into a 
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plurality of equal Subsets, and at each of a plurality of 
processors, performing projecting operation for each of said 
plurality of subsets. 

20. The apparatus of claim 19, wherein said dividing said 
image data into a plurality of equal Subsets includes distrib 
uting jobs so that sums of ray path length is equal. 

21. An apparatus for reconstructing a 3D image, the 
apparatuS COmprising 

apparatus for detecting a plurality of line of responses 
(LORs) emitted from an object, and 

a processor programmed with an algorithm for: 
transforming the plurality of LORs into first sinogram 

data, 
back-projecting the first sinogram data with a plurality 

of projection angles to produce image data for the 
object, the back-projecting including filling pixels of 
an image plane for each of said plurality of projec 
tion angles with said first sinogram data and rotating 
a coordinate axis of the image plane with a corre 
sponding projection angle to produce the image 
data, and 

projecting the image data with the plurality of projec 
tion angles to transform the image data into second 
sinogram data, the projecting including rotating the 
image data with a corresponding projection angle in 
an opposite direction before projecting the image 
data with the plurality of projection angles, wherein 
the projecting and back-projecting use symmetry 
properties in coordinate space. 

k k k k k 


