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I. INTRODUCTION

1. The RECLBL Library Package

The RECLBL Library is a package of computationaT subroutines that
apply to the reconstruction of transverse sections from projection data.
The subroutines are written in the FORTRAN programming 1anguage'(ANSI
- standard) and have been tested on CDC 6400, 6600, and 7600 computers
and on a PDP 11/45 system. The package applies to three-dimensional
reconstruction prob]ems‘thatvérise in the medical and physical sciences.
The package includes programs for medical applications that can be
used both for the determination of tissue attenuation coefficients using:
x-ray transmission data and for the determination of radionuclide
concentration using data from nuclear medicine detectors. This manual
contains descriptive material that gives the physical and mathematical
bases for the algorithms, examples of the use of the algorithms, and
FORTRAN listings of the algorithms.

2. .The Reconstruction Problem

The reconstruction probliem consists of generating a two-dimensional
picture from its projections. The reconstructed picture cohsists of
a quantitativé set of numbers specifying source density or attenuation
coefficient on a two-dimensional grid. The picture represents a transverse
section of an object such as a human head as shown in figure 1.

XBL777-3587

Figure 1. Cdncept of a transverse section.



The RECLBL Library applies to data that represent the projection
of density along parallel or diverging sets of straight-line paths
(rays) through an object. The algorithms transform one-dimensional
projections from multiple angles around the object to a corresponding
transverse section through the object, Three-dimensional information
“is obtained by stacking successive transverse sections.

3. Description of Library Contents

The reconstruction algorithms in the library are supplied as the
following subroutines:

(1) BJECT - Simple back-projection.
(2) BKFIL - Back-projection of filtered projections (Fourier space).
(3) CONGR - Iterative least-squares minimization by the method of
| conjugate gradients. -
(4) CONVO - Back-projection of convolved projections (configuration
space). '
(5) ENTPY - Iterative dual-space entropy maximization by the method
of conjugate gradients. ' '
(6) FILBK - Two-dimensional filtering of the simple back-projection
: (Fourier space).
(7) GVERS - Direct least-squares minimization using the generalized
inverse.
(8) GRADY

Iterative least-squares minimization by the method of
steepest descent.

(9) MARR - Direct least-squares minimization using orthogonal
polynomials on the unit circle.

These reconstruction algorithms- execute with the following geometry
options: '

(1) Parallel-beam geometry with weighting by the area of the pixel
intersected by the ray. '

(2) Parallel-beam geometry assuming that all the activity is in the
center of the pixel.



(3) Parallel-beam geometry with weighting by the length of the line
that traverses the pixel.

(4) Fan-beam geometry with weighting by the area of the pixel intersected
by the diverging ray. :

(5) Fan-beam'geometry assuming that all the activity is in the center
of the pixel. '

The methods of compensating for attenuat1on use attenuation factors
ca1cu1ated by the subrout1nes

(1) EVATN - Incorporation of attenuation from a user provided array of
attenuation coefficients.

(2) EVATU - Incorporation of constant attenuation coefficient within
a convex boundary.

An overview of the library is shown in figure 2. The figure gives
the names of the essential library subroutines with which the user
will need to be familiar.

, Several reconstruction algorithms that this library does not contain
(e.qg., ART; the Algebraic Reconstruction Technique and SIRT, the Simultaneous

Iterative Reconstruction Technique) may be found in G. T. Herman and

S. W. Rowland, SNARK77:- A Programming System for the Reconstruction of

Pictures from Projections, State University of New York at Buffa]o,

Department of Computer Science, Technical Report No. 130 (1977).

4. Distribution of Documentation and Programs

 Subscribers to the RECLBL Library will receive the Users Manual
and the library source material, which is distributed on magnetic tape.
The magnetic tape can be either 7 or 9 track, depending on the user S
hardware requirements. A charge of $20.00 will be made for each
magnetic tape provided to cover the cost of the tape and mailing.
The user will receive library revisions and additions after they have
been tested and implemented. '



. RECLBL LIBRARY

DATA:INPUT
USER SUPPLIED
GETUM
SPECIAL ROUTINES PARAMETER INPUTS
FOR PHANTOM
GENERATION PARAMETER ARRAYS
PHANL IPAR
PJECT PAR
PHAN SETUP ROUTINE
CBARP SETUP
PIE
~ PROJECTORS ‘ : BACK-PROJECTORS
PCD RECONSTRUCTION BCD
PCDA ALGORITHMS BCDA
PCDF BJECT BCDF
PLL BCDF2
- BKFIL
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PPTA CONVO 4 BINF
PPTF ENTPY BLL
PRF FILBK BPT
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PRFF GVERS BPTF
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FILTERS | RECTION BRFF
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HAM ]
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PARZN CONVOLVERS
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OUTPUT
ARRAY
BCOM
USER
XYGRF
XBL778-3756
Figure 2. The RECLBL Library has 9 user called reconstruction

subroutines. Projectors, back-projectors, convolvers and
filters are passed to the reconstruction algorithms as
external subroutines. The data are input using the sub-
routine GETUM, and the parameter arrays IPAR and PAR are
input using the subroutine SETUP. The reconstructions may
be displayed using special output subroutines.



The last page of this manual contains an order blank for a magnetic
tape containing the source material of the RECLBL Library. The contents
and format of the magnetic tape are given in section II.5.

Corrections or comments on the RECLBL Library or this manual should
be sent to:

Research Medicine Group
Donner Laboratory

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
Attention: RECLBL Library



II. LIBRARY CHARACTERISTICS
1. Philosophy

The RECLBL Library is a'collection of subroutines. The user is
expected to have a working knowledge of the FORTRAN computer language.
He must write a main program that calls various subroutines of the
RECLBL Library. These include Setup, data input, and display routines,
as well as the major routines that execute the reconstruction algorithms.

, The user must also be familiar with the names of another class

of library sUbroutines'that are used as external barameters of major
reconstruction algorithms. These routines specify the type of weighting
factor and the convolution or filter function to be used. A]1 of the
‘subroutine names that the user might need to use are shown in figure 2.

The structure of the RECLBL Library provides the user with a great
deal of flexibility while requiring a minimum knowledge of computer
programming.

2. QOperating Environment

The programs have been designed to accommodate both small and
blarge computer implementation. The RECLBL Library has been written
and tested on CDC 6400, 6600, and 7600 computers. Parts of the library
have been put into operation on PDP 11/45 and HP2100 systems. Because
the HP2100 does not allow labeled common, this package must be modified
for full implementation on that system.

The library has been designed to be used in an operating system |
‘that has the ability to load into memory only those routines that are
necessary to execute the user's code. Because of the structure of
the RECLBL Library, a minimum amount of computer memofy is required.



.3. Coding Conventions

The subroutines of the RECLBL Library were coded in the FORTRAN
computer language using the guidelines of:

American National Standard FORTRAN

American National Standards X3.9-1966
United States of America Standards- Institute
New York, 1966

C]arificatioh of American National Standards X3.9-1966 was prepared
by a Subcommittee of the American Standards Committee X3, Computers
and Information Processing, and published in the Communications of
~the Association for Computing Machinery:

Clarification of Fortran Standards--Initial Progress, Comm. ACM,
Vol. 12, No. 5, May 1969, pp. 289-294. |

Clarification of Fortran Standards--Second Report, Comm. ACM,
Vol. 14, No. 10, October 1971, pp. 628-642.

4. \User Coding Restrictions

Within the RECLBL Library there are various common blocks and

subroutines, with which the user need not be familiar, but whose namés

are a possible source of conflict with user-created common blocks
and'subroutines. In order that the 1ibrary as a whole operate
correctly, the user must not use the common block and subroutine names
listed in table 1. Note that blank common (//) is one of the common
blocks used by the Tibrary.

5. Magnetic Tape Structure

~ The following describes the file structure of the magnetic tapes
containing the source code of the RECLBL Library routines. The first

file of the tape is a label and contains information such as the version

number, the date of the last revision, etc. The subsequent 80 files



Table 1. Common block and subroutine names used by the RECLBL Library.

//
JATNCOM/

/CNVCOM/

/DATCOM/
JENTCOM/

* ARRAY
ATENF
BCD
BCDA
BCDF
BCDF2
BCOM
BIN
BINF
BJECT
BKFIL
BLL
BPT
BPTA
BPTF
BPTF2
" BRF
BRFA
BRFF
 BRFF2

/EANCOM/
JFILCOM/

Common Blocks

/GNVCOM/ - |

/ITRCOM/
/MARCOM/

BUTER

CBARP
CISQ
CONGR
CONVO
DOT
DULFC
EMESG
ENTPY
EVATN
EVATU

FFTC

FFTR
FFTR2
FILBK
FMCG
FTATN
GETDE
GETDM
GINV

~ Subroutines

JOUTCOM/
/PHNCOM/
/PRTCOM/
/PTRCOM/
/RAYCOM/

GRADY
GVERS
HAM
HAN
10CTL
LAKS
LGTXT
MARR
MEMST
PARZN
PCD
PCDA
PCDF
PHAN
PHANL
PIE.
PJECT
PLL
PPT
PPTA

/STRCOM/
/TRGCOM/

/WRKCOM/

PPTF
PRF
PRFA
PRFF
RADAL
RALA
RAMP
RAYST -
RCHEK
SETIT
SETUP
SHLO
SQINT
SRCH

_ STATN

STPTR
XYGRF
ZERO
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(2-81) contain the routines that make up the library (cf. section X.2).
The last 18 files (82-99) contain examples (cf. section IX). Two file
marks follow the last example. The format of the tape depends on whether
the tape is 7 or 9 track. Each record of each file on the magnetic

tape contains an 80-character card image. Each character is represented
by either 6 or 8 bits, depending on whether the tape is 7 or 9 tracks,
respectively.

The 7-track magnetic tapes are written in EXTERNAL BCD format
with 80 characters pef record. This is an industry standard, even
parity format. The 6-bit octal EXTERNAL BCD_code for the standard
FORTRAN character set is shown in table 2.

The 9-track magnetic tapes are written in either ASCII or EBCDIC

- format. These are both industry standard, odd parity formats. The
7-bit octal ASCII code and the 8-bit octal EBCDIC code for the standard
FORTRAN character set are shown in table 2. Because of tape writing
-restrictions at the Lawrence Berkeley Laboratory Computer Center, the
9-track magnetic tapes contain 90 characters per record. The first

80 characters contain the 80-character card image, and the last 10
characters contain blank fill.




| Table 2. EXTERNAL BCD, ASCII and EBCDIC octal codes for the standard
FORTRAN character set.

7-Bit

Standard 6-Bit 8-Bit
FORTRAN EXTERNAL BCD ASCII EBCDIC
Character Octal Code ‘Octal Code Octal Code
A 61 101 1301
B 62 102 302
C 63 103 303
D 64 104 304
E 65 105 305
F 66 106 306
G 67 107 307
H 70 110 310
I 71 111 311
J 41 112 321
K 42 113 322
L 43 114 323
M 44 115 324
N 45 116 325
0 46 117 326
P 47 120 327
Q 50 121 330
R 51 122 331
S 22 123 342
T 23 124 343
U 24 125 344
Vv 25 126 - 345
W 26 127 346
X 27 130 347
Y . 30 131 350
z 31 132 351
0 12 060 360
1 01 061 361
2 02 062 362
3 03 063 363
4 04 064 364
5 05 065 365
6 06 066 366
-7 07 067 -367
8 10 070 370
9 11 071 371
+ 60 053 116
- 40 055 140
* 54 052 134
/ 21 057 141
( 34 050 115
) 74 051 135
$ 53 044 133
= 13 075 176
blank 20 040 100
R 33 054 153
. 73 056 113

11



III. USER PROGRAM STRUCTURE

1. General Description

- Since the RECLBL Library is a collection of subroutines, the user
must provide a program that performs such functions as: set parameters
that define the geometry as wé11 as determine control operations within
the Tibrary subroutines, call reconstruction subroutines of the library,
call disp]éy routines of the library, and save results if desired.

In addition, the user must provide a subroutine GETUM for data input.
A skeleton program that outlines the recommended structure of a main
program and a data inputiroutine (GETUM) is shown in figure 3.

The variables LUNOUT and 180132 of COMMON/OUTCOM/ must be set by
the user prior to the execution of any of the library subroutines.

LUNOUT is the logical unit number of the print file. The library
communicates with the user via this file.

180132 is a flag indicating whether to print 80 or 132 characters
per line on LUNOUT. 180132=0 indicates 80 characters per line, otherwise
the Tibrary prints 132 characters per line.

Before any of the reconstruction algorithms are called, the user
‘must call the subroutine SETUP. The arguments of SETUP include control
options that describe the geometry as well as some computer operation
parameters. Subroutine SETUP is called as follows: -

CALL SETUP (IPAR,PAR,ANG)

Parameters of the IPAR and PAR arrays are described in sections III.2
and II1.3 below. Throughout this manual they will be referred to by
the variable names given in the EQUIVALENCE statement of figure 3.

ANG is an array of projection angles and is needed only when MODANG=IPAR(4)

is equal to zero or one.

13



14

Program card (machine/compiler dependent) . . . .

Reconstruction array and uncertainties

Array of projection angles
Working space in blank common (see section I11.3)

Qutput file and fiag for number of characters -per
line (see section I11.1) . . . . . . ... ...
Integer and real parameter arrays

(see sections 1I1.2 and III.3)

Back-projection and convolution subroutines that
are passed as externals (see section V.2) .

Output file (see section III.1)

Output Tine length flag (see section III.1) . . .°

Input parameters (see sections ITI.2 and II1.3)..

Reconstructs the array X using the convolution
algorithm (see section V for a description of all
the reconstruction algorithms . . . . . . . . ..
Displays the reconstructed array X

{see section IV.3)

~ Data input routine (see section [II.4)

M is the angle index, DATA is
the projection data array, and
“ERR is an array of projection errors.

Figure 3.
structure.

W -

PROGRAM MAIN ( )

DIMENSION X("NDIMU","NDIMU“),E("NDIMU,“NDIMUQ)
DIMENSION ANG(“NANG")

COMMON WORK { 2000)

COMMON /OUTCOM/LUNOUT, 180132

DIMENSION IPAR(12),PAR(3)

EQUIVALENCE (NDIMU JIPAR( 1)),(ICIR ,IPAR( 2)),{IGEOM ,IPAR{ 3)),
(NANG ,IPAR( 4)), (MODANG,IPAR( 5)),(KDIMU ,IPAR( 6)),
(IMIT ,IPAR( 7)), (NWORK ,IPAR{ 8)),(NFLOAT,IPAR( 9)),
(ISTORE,IPAR(IO)),(IPRINT,IPAR(II)),(LUNATN,IPAR(IZ)),
(PWID , PAR( 1)),(AXISU , PAR( 2)),(RFAN , PAR{ 3))

EXTERNAL BCK,CNV

LUNOUT= ....
180132= ....

NDIMU= ....
ICIR= . ...
IGEOM= . ...
NANG= ....
MODANG= ...
KOIMU= ....

CIMIT= ...

NWORK= ...
NFLOAT= ....
ISTORE= ....
IPRINT= ....
LUNATN= ...
PWID= ....

AXISU= ...
RFAN= . ...

CALL SETUP({IPAR,PAR,ANG)

CALL CONVO(X,E,CNV,BCK,1)

CALL ARRAY(X,NDIMU)
END
SUBROUTINE GETUM(M,DATA,ERR)

DIMENSION DATA(1),ERR(1)

(Here is where data and errors for the Mth projection are supplied by
the user; see section III.4 and examples in section IX.)

RETURN
END

Skeleton program to show recommended user program



A description of the input datavarmat for the user provided
subroutine GETUM (cf. figure 3) is given in section III.4.

2. Geometry Parameters

0f the 15 parameters of .the IPAR and PAR arrays, 10 describe aspects
of the geometry to be used in the reconstruction. In conjunction with
the definitions given below the reader is referred to figures 4-7.

NDIMU is the linear dimension of the reconstruction array, i.e.,
a reconstruction algorithm will return an array of NDIMU x NDIMU values
that represent recoastructed intensities on an NDIMU x NDIMU grid. v

: ICIR is a flag indicating whether the reconstructed intensitieé
are to be calculated for the entire NDIMU x NDIMU square grid or only

for points lying within a circle inscribed in the square. A 25% reduction

in computer time can be expected for certain algorithms if only the:
“inscribed circle is used. 'To reconstruct on a circle, set ICIR=0;
otherwise the entire square will be reconstructed.

IGEOM is a flag indicating the type of geometry to be used in
the reconstruction. IGEOM=0, 1, 2, 3 indicates pafa]]e]-beam, fan-
beam (curved detector), fan-beam (flat detector), and ring geometry,
respective]y; These types of geometry are shown in figures 4-7.

15

NANG is the number of projection angles to be used for the reconstruction

in parallel-beam or fan-beam geometries (IGEOM=0, 1, 2). For the ring
geometry (IGEOM=3), NANG is the number of detectors around the circle
(an even number). Therefore, the exact meaning of NANG depends on
IGEQOM.

MODANG is a mode flag for the input of projection angle values.
For MODANG=0 or MODANG=1, the user supplies projection angles in the
array ANG in degrees or radians, respectively. For MODANG=2 or MODANG=4,
SETUP generates NANG projection angles equally spaced between 0 and
m starting with 0.5 m/NANG or O, respectively. For MODANG=3 or MODANG=5,
SETUP generates NANG projection angles equally spaced between 0 and
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J—8in kDIMU

XBL776-3544

Figure 4. Parallel-beam geometry for data collected at
projection angle 6. NDIMU may be either even or odd
and the center of rotation is at the exact center of
the NDIMU x NDIMU reconstruction array. The indices of the
array are denoted by (I,J), each representing a pixel with
linear dimension PWID, where projection bins are defined to
have unit width. AXISU is 0.5 greater than the distance
from the center of rotation to the lower bin edge of the

- first of KDIMU projection bins.
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RFAN

"3 1
8/'/, /4’0/

XBL776-3546

Figure 5. Fan-beam geometry for data collected at projection
angle 9 using a curved detector. NDIMU may be either even
or odd and the center of rotation is at the exact center of
the NDIMU x NDIMU reconstruction array. The indices of the
array are denoted by (I,J), each representing a pixel with
linear dimension PWID. The diverging projection bins are ‘

~ defined to have unit width measured at the center of rotation,
a distance RFAN from the vertex of the fan. AXISU is 0.5.
greater than the distance from the center of rotation to the
lower bin edge of the first of KDIMU projection bins.
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T—Bin KDIMU

NDIMU x NDIMU Matrix

127
.0/41(4 ’VO/M
Y

Center of rotation,

XBL776-3545

-Figure 6. Fan-beam geometry for data collected at projection
angle 9 using a flat detector. NDIMU may be either even or
odd and the center of rotation is at the exact center of

- the NDIMU x NDIMU reconstruction array. The indices of the
array are denoted by (I,J), each representing a pixel with
linear dimension PWID. The diverging projection bins are
defined to have unit width measured at the center of rotation,
a distance RFAN from the vertex of the fan. AXISU is 0.5
greater than the distance from the center of rotation to
the lower bin edge of the first of KDIMU projection bins.
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NDIMU X NDlMU

/Momx

(1.NDIMU) (NDIMUNDIMU)

Crystal 3

Crystal NXTAL

(1.3)
(12))(2.2)
an{en|an4n (NOIMULY)

- |lpwi0

XBL777-3586

Figure 7. Geometry for data collected using a ring of NXTAL=NANG
detectors. NDIMU may be either even or odd and the center
of the ring is at the exact center of the NDIMU x NDIMU recon-
struction array. The indices of the array are denoted by
(1,J), each represing a pixel with linear dimension PWID,

where the center-to-center distance between adjacent detectors
is defined to be unity. -
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2w starting with 7/NANG or Q, respective]y. For MODANG between -2
and -5, SETUP generates the same angles as for MODANG between 2 and 5,
respectively, but in reverse order.

KDIMU is the dimension of the user's projection array for all
geometries except'ring geometky.(IGEOM=3). The user is expected to
input a projection data array of length KDIMU for each projection angle
using his own subroutine GETUM. Subroutine GETUM is described in section
II1.4 below.

IMIT is a flag indicating whether the reconstruction is of'emission
or transmission data. For emission data the reconstructed intensities
will be in terms of events per pixel, i.e., for unattenuated data the
sun of all reconstructed intensities should equal the sum of the pro-
jected data (for all angles). For transmission data the reconstructed

- intensities will be attenuation coefficients in units of inverse pixel

width. To reconstruct emission'data, set IMIT=0; if IMIT#0 the library
assumes transmission data. '

PWID is the distéﬁce between neighboring reconstruction grid points S

relative to the projection bin width. Projection bin width for fan-
beam geometries is described in the definition of RFAN below. Projection
bin width for the ring geometry (IGEOM=3) is defined as the distance
between the NANG equally spaced points on the circle.

AXISU is the 1bcation within the projection arfay (of length KDIMU)
where the rotation axis is projected. The rotation axis is defined
to be in the exact center of the NDIMU x NDIMU reconstruction grid.
AXISU is assumed to be the same for every projection angle but need
- not be integer valued. AXISU will be an integer equal to the number
of the projection bin into which the rotation axis projects if it projects
into the exact center of a bin.

RFAN is the distance between the rotation axis and the origin
of the fan for fan-beam geometries (IGEOM=1,2). RFAN is measured in
terms of projection bin width, which is the distance between neighboring .
projection bins as they cross. the rotation axis.



3. Computer Operation Parameters

The remaining five parameters of the IPAR érray relate to the
internal operations of the RECLBL subroutine package.

NWORK is the number of floating point words that have been set
aside by the user in blank common (//). It must be set by the user
to the dimension of WORK, the array in blank common. This space will
be used as a working area by the library, and is not avaf]ab]e to the
user. See also the description of'ISTORE below.

v NFLOAT is the number of computer words required for the storage

of a single floating point variable. (It is assumed that integer variables
require one memory location.) NFLOAT is needed for the management

of the working area in blank common.

ISTORE is a flag indicating whether to actually execute library
code or to only estimate the size of blank common needed in order to
accomplish the reconstruction. The amount of blank common needed is
printed on the logical unit gjven'by LUNOUT. To perform a reconstruction
set ISTORE=0, otherwise only a storage size test is performed. In
case the user has set NWORK too small, reconstruction will halt and
from that point on only a storage size test will continue.

4 IPRINT is a flag that indicates the various print options for
output onto the logical unit given by LUNOUT. The six low-order bits
of IPRINT determine the following options:

bit 0 - Print the number of floating point variables in blank
common whenever changed. '

bit 1 - Print the projection data and uncertainties.

bit 2 - Print the IPAR and PAR'arrays when SETUP is called. ,

bit 3 - Print the filter function for the convolution and filter

_ ~ routines. '

bit 4 - Print the values of the Lagrange multipliers and gradient
of the function that is optimized in the maximum entropy
reconstruction,

bit 5 - Print pointers in blank common whenever changed (debug).

21
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LUNATN is the logical unit number of a scratch file that is required
when compensating for attenuation. o

4. Data Input

Projection data (and possibly their uncertainties) must be supplied
to the RECLBL Library subroutines by the user-coded subroutine GETUM.
The arguments to this subroutine are:

SUBROUTINE GETUM (M,DATA,ERR)

where DATA is an array of projection data to be returned by the user,
_and.ERR is an array of uncertainities of the respective values returned
in DATA. " The uncertainties, ERR, need only be supplied if the user
desires to take account of uncertainties when using the algorithms CONGR,
GRADY, or GVERS; or if the user desires that the resulting uncertainties
of the reconstruction be calculated when using the algorithms CONVO or
GVERS.

For parallel- or fan-beam geometries (IGEOM=0,1,2) M is the angle
index number for which GETUM is to return projection data. KDIMU values
- are to be returned in the DATA array corresponding to the KDIMU projection
bins for the Mth angle as shown in figures 4-6.

For ring geometry (IGEOM=3) there are NANG(NANG-1)/2 possible
pairs of detectors and hence NANG(NANG-1)/2 different projection data
values. M is an index that indicates the detector separation for the
set of data values GETUM must supply. M will vary from 1 to NANG/2,
and GETUM must supply NANG values in the DATA array for M between 1
and NANG/2-1. For M=NANG/2, GETUM need only supply NANG/2 values since
for this caée, the detectors are diametrically opposed. If K is an
index that indicates the order in which the NANG (or NANG/2) values
are to be returned in the DATA array, the projection data are from
between the Kth and (K+M)th detectors.




IV. PROJECTION AND BACK-PROJECTION ROUTINES

‘1. Models of Intensity Distribution

In order to perform the reconstruction of a transverse section
from its projections on a digital computer, it is necessary to characterize
the two-dimensionail intensity distribution by a finite number of parameters.
In the RECLBL Library the transverse section 1s'div1ded into NDIMUZ
small square areas (pixels), and the reconstruction results in an array
of intensity values (one for_each:pixe]). These values may represent
either the intensity at the center of the pixel or the total (or average)
intensity within the pixel. '

The reconstruction algorithms of the RECLBL Library may be divided
into two categories: those for which there is an implied distribution
of intensity within each pixel, and those which are analytic by nature
and require no such assumption. In the first category are the iterative
methods (CONGR, GRADY), the maximum entropy method (ENTPY), and the
generalized inverse method (GVERS). In all of these the reconstructed
intensities are chosen such that when projected they are, in some sense,
close to the user-supplied projection data. In order to perform this
projection, the model of intensity distribution (distribution within
each pixel) is required.

A natural choice for the model is that intensity within each pixel
vis}uhiform]y distributed. This is the most realistic mode1>in'the
library. The projection of one such pixel has a trapezoidal shape for
all angles except multiples of 7/4. Degenerate cases exist at multiples
of m/2 (square shape) and odd multiples of T/4 (triangular shape).

A good approximation to the uniform square mbde] is what has been
termed the concave disk model. For this model the projection of a single
pixel has a square shape 1ndependent of angle. This is a particularly
good approximation when the pixel size is the same as the projection bin
size (PWID=1). The third model of intensity distribution assumes
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that all intensity within a pixel is concentrated at its center, and
is called the delta function model.

2. Relatjonship of Models and Geometry

Within the RECLBL Library the projection of a two-dimensional
intensity distribution may be over infinitesimally narrow paths
(1ine integrals) or over finite width paths (ray sums) where a single
projection bin extends in width to both of its neighbors (without overlap).
This section describes the relationship between the models of section
IV.1 and the various géometryroptions of section III.2. Note that the
_projection operation is required only for the model-dependent algorithms:
CONGR,. GRADY, ENTPY, and GVERS.

‘Projection routines are intended to mimic the data-taking process
under the assumptions of the model of intensity distribution within
each pixel (excludihg statistical fluctuations). In the RECLBL Library,
projections may be performed using any of the four geometry options, _ A
which are described in'section II1.2 and illustrated in figures 4-7. ;

For the model of unifdrm intensity within each pixel, the projections
may be performed either as: line integra]s‘or as ray sums. For parallel-
beam geometry (IGEOM=0) the corresponding routines are PLL (1line length)
and PRF (ray fattors), respectively. For fan-beam geometries (IGEOM=1,2)
only ray sum projection exists at this time, and the routine is PRFF
(ray factors, fan). »m‘
For the concave disk model and the delta function model only ray
- sum projection routines are necessary. For parallel-beam geometry the
~corresponding routines are PCD (concave disk) and PPT (point), respectively.
For fan-beam geometries they are PCDF (concave disk, fan) and PPTF (point,
fan). '

The model-dependent algorithms must also perform a back;projection,
that is, the adjoint or transpose of the projection operation. Thus
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the library contains the seven back-projection routines corresponding -
to the projection routines described above. In the names 6f these
routines the first letter (P) has been rep1aced with the letter B:

BLL, BRF, BRFF, BCD, BPT, BCDF and BPTF.

3. Incorpbratibn of Attenuation

For x-ray imaging the transmitted beam intensity 1(g,0) is equal
to |

I(£6) = Io(£,6) exp[ffu x,) K(g,8,%,y) dxdy] (3.1)

where u(x,y) is the distribution of attenuation coefficients, I, is

the incident-beam intensity, and K(&,6,x,y) is a function whose dis-
tribution corresponds to either parallel-beam, fan-beam, or ring geometry.
The projection p(€,8) is thus equal to

p(&,8) = -109[1(5,6)/10(5,6)1‘=_[fu(x,y) K(g, 0,x,y) dxdy . (3.2)

This equation does.not represent the line integrals measured in emission
tomography.

The projection p (& 6) for positron annihilation coincidence
imaging is defined by the integral equation

(F g) = ' | ~(3.3)

exp[ ffu X,y) K(€,8,x,y) dxdy]- ffp X,y) K(E,8,x,y) dxdy

where p(x,y) is the concentration of positron emitter. Therefore, the

projection is the line integral of thebpositron concentration,djstribution

multiplied by an exponential attenuation factor determined from the line

intégra] of attenuation coefficients over the total ray path. The

- projection data that should be supplied to a RECLBL reconstruction
a]gorithm are giVen by

p(£,0) = expp[]h x,y) K(E, 8, x,y) dxdy] p_ (€,6)

l]b (x,y) g 8,X,y) dxdy . (3.4)
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Thds, the user must modify the observed data pYY(g,e) by the appropriate
attenuation factor. ’ :

The projection pY(a,e) for single photon imaging in emission tomography
is defined by the integral equation

: py(i,e) =
detecgtor
[foty) exo [ (x'\y")
K(E,O,X'.,y') dX'dY'] K(E,68,x,y) dxdy . (3.5)

Note the difference between equations (3.4) and (3.5). A single photon
projection is the summation of isotope concentration at points (x,y)
modified by.an exponential e'z where Z is the line integral of attenuation
coefficients  from the point (x,y) to the detector. Thus, the attenuation
compensation needed for single photon emission computed tomography is

not a simple multiplicative correctidn'of'the observed projection data as

in the case of positron emission tomqgraphy.

The attenuation problem for single photon imaging is handled in
a straight-forward manner in. the model dependent algorithms (CONGR,
GRADY, and GVERS). Using prior information of the attenuation
coefficient distribution, equation (3.5) is implemented for the various
models by the projection routines PRFA (ray factors, attenuated), PCDA
(concave disk, attenuated) and PPTA (point, attenuated). Note that
only p@ra]Te]-beam geometry with ray sum routines have beenvimp1emented.
The corresponding back-projection routines are BRFA, BCDA, and BPTA,
respectively. FoF'these reconstruction algorithms, the uncorrected
projections of equation (3.5) should be supplied. When compensating
for attenuation, one of the subroutines EVATN or EVATU must be called
before these algorithms are executed (cf. section V.7).

»
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For the model-independent algorithms (CONVO, BKFIL, FTLBK, and
MARR) the data must be preprocessed to take aécount of the attenuation
problem. This problem is discussed in: T. F. Budinger and G. T. Gullberg
~in Reconstruction Tomography in Diagnostic Radio1ogy'and Nuclear Medicine,

M. M. Ter-Pogossian, et al., eds., University Park Press, Baltimore, 1977,
pp. 315-342. | '

4, Special Back-Projection Routines

Special back-projection routines can be used with the model-independent
algorithms CONVO, BKFIL, and FILBK. The back-projection need not be the
adjoint or transpose of a projection operation, but must be the digital
approximation of an angular integral that is needed by these algorithms.

For parallel-beam geometry, the routine BIN (interpo]ation) is used
to reconstruct the values of the intensity distribution at the centers
of the pixels. Contributions to the back-projection image are calculated
by linear interpolation between the appropriate projection bins. BIN
can be used with each of the é]gorithms CONVO, BKFIL, and FILBK. The
routines BRF, BCD, and BPT described above can also be used with these
algorithms but give the average value of the intensity distribution
within each pixel. BIN allows the calculation of one standard deviation
' sfatistica] errors of the reconstructed intensity values when used
~ with CONVO.

For fan-beam geometry, the routine BINF (interpolation, fan) is
used with CONVO to'reconstruct intensity values at the centers of the
pixels. Like BIN it allows calculation of errors of the reconstructed
values. In addition to the type of interpolation performed by BIN,

- the routine BINF applies weighting according to the relative positions
of the image point (pixel center) and the origin of the fan. For a
curved detector (cf. figure 5) the weighting factor is given by
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(RFAN)2
[RFAN + r cos(d - 6) 12 + [r sin(¢ - 8)]2

(4.1) -
and for a flat detector (cf, figure 6) the weighting factor is given by

(RFAN)2 (4.2)
[RFAN + r cos(¢ - 8) 12 |

RFAN and 6 are defined in figures 5 and 6 for equations (4.1) and (4.2),
respectively, and (r,¢) are the polar coordinates of the image point.
The denominators of equations (4.1) and (4.2) are the squares of the
distance and the projected distance from the image point to the origin
of the fan, respectively.

For FILBK, one of the back-projection routines BRFF2 (ray
factors, fan), BCDF2 (concave disk, fan) or BPTF2 (point, fan) must
be used for fan-beam geometry. Back-projeétﬁon using these routines
results in a convolution of 1/r with the source. (Deconvolution follows
the bdck-projection.)- A discussion of the function of BRFF2, BCDF2
and BPTF2 can be found in section V.3.




V. LIBRARY RECONSTRUCTION ALGORITHMS

1. Iterative Algorithms

a. The Function to be Minimized

Iterative methods within the RECLBL Library minimize the function

Z(ZFU iJ pkm>2/GI§m > ' (1.1)
km ij
where Pem is the measured projection at the mth angle and bin k; okp
is the uncerta1nty with which Pem Was measured; X. ij is the intensity
in pixel (i,j) to be reconstructed; and ka is the fraction of
X, J~that projects into Pem- Fﬁ? depends on the model of 1ntens1ty
distribution within each pixel and whether attenuation compensation

is involved (cf. section IV).

In order to simplify the ndtation in this section, equation (1.1)
can be rewritten in matrix form by contraction of the double indices
(i,3) and (k,m) to the single indices i and k, respectively,

X2(X) =2 (D F: Xs - P)2/o = XM -2 vX s ¢, - (1.2)
ki |

where X is the vector of intensities to recoﬁstruct, and

Mij'=; ik Jk/c s v (1.3)
c =D Py | - (1.5)
k : ,

Methods that minimize xz(X) are called weighted least-squares methods.
The weighting factors are 1/05 in equation (1.2). These weighting
factors may also be set to unity, and some savings in memory requirements
will be realized at the expense of the accuracy in the estimate of X.
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The two iterative least-squares algorithms of -this library are
GRADY (gradient or steepest descent minimization) and CONGR (conjugate
gradient minimization). Other notable algorithms of this class are
ART and SIRT (cf. R. Gordon, R. Bender, and G. T. Herman, J. Theoret.

Biol. 29, 1970, p. 471-481; P. F. C. Gilbert, J. Theoret. Bio].lgg,
1972, pp. 105-117). |

b. Step Length Calculation

- The difference between the iterative algorithms of the RECLBL
Library is the manner in which they choose the direction of the next
step in the iterative process. Commonvto these algorithms is a step
length calculation after the step direction has been chosen.

The direction of the nth step is denoted by A", and the step length

calculation consists of finding the factor a, such that
X"k g A" | | (1.6)
2,,n+l . .
minimizes x“ (X" ). To accomplish this, set the derivative of

xz(x”+1) (with respect to an) equal to zero and solve for a. The

solution is

a, = (8"-a")/(a"-ma") : | | (1.7)
where the vector o is proportional to the gradient of XZ(X) at the
nth step,
am = - % sz(Xn) = v - mx" (1.8)

c. Parameter Scaling

In most cases, convergence of -the iterative process may be
- accelerated by performing a scale change on the parameters. This is



not true when the diagonal elements of the matrix M are nearly equal
(i.e., for the case of parallel-beam geometry without attenuation and
not using errors in the reconstructibn)._ The scale change of variables
performed on the pixel values is- -

Y=DXx o . | (1.9)

where D is a diagonal matrix with diagonal elements equal to
D.. =VM.. . ' ' (1.10)

After substituting equation (1.10) into equation (1.2), the function
to be minimized has the form

o) =y hy v - 2007y + e . (111

Iterative stepping (using GRADY or CONGR) is performed on the transformed

variables, Y, with M replaced by D'lMD'l and v replaced by D'lv.v The
final reconstructed values are obtained by the operation
X =1

“y . . | : (1.12)

In this manual the parameter scaling described above is called
“relaxation." When this scaling is performed in the gradient method
(below) it becomes the iterative relaxation method (cf. M. Goitein,
Nucl. Inst. Meth. 101, 1972, pp. 509-518).

d. Gradijent Method or Method of Steepest Descent (GRADY)

The gradient method of reconstruction is implemented as follows:
CALL GRADY(X,PRJ,BCK,ISTP,IRLX,IERR,IZER)

where.
X is the rgconstructed transverse séction;
PRI~ is the projection subroutine;
BCK is the back-projection subroutine;

31
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ISTP is the number of iteration steps to take;

IRLX  1is nonzero for iterative relaxation;

IERR is nonzero for weighted least squares (otherwise o=1 is
assumed);

IZER is zero to zero the initial solution;

(cf. Examples 6, 8, 9, 10, 11, 12 of section IX).

The parameter PRJ can be one. of the projection subroutines; PCD,
PCDA, PCDF, PLL, PPT, PPTA, PPTF, PRF, PRFA, or PRFF; and the parameter
BCK can be one of the back-projection subroutines: BCD, BCDA, BCDF,

BLL, BPT, BPTA, BPTF, BRF, BRFA, or BRFF.' These parameters are externals
and should be declared in an EXTERNAL statement.

The gradient method takes as its step direction that direction
in which xz(x) locally decreases most rapidly. This direction is opposite
to the gradient so that

A" = o" = o o (1.13).

'is chosen. The step length calculation is performed yielding a,
(equation (1.7)) and the step is calculated by
XAt L 3 (1.14)

e. Conjugate Gradient Method (CONGR)

The conjugate gradient method of reconstruction is implemented
as follows:

CALL CONGR(X,PRJ,BCK,ISTP,IRLX,IERR,IZER)

where
X is the reconstructed transverse section;
PRJ is the projection subroutine;
BCK is the back-projection subroutine;




ISTP is. the number of iteration steps to take;

IRLX is nonzero for iterative relaxation;

IERR is nonzero for weighted least squares (otherwise o=1
is assumed);

IZER is zero to zero the initial solutiong

(cf. Examples 5, 7 of section IX).

The parameter PRJ can be one of the projection subroutines: PCD,.
PCDA, PCDF, PLL, PPT, PPTA, PPTF, PRF, PRFA, or PRFF; and the parameter
BCK can be one of the back-projection subroutines: BCD, BCDA, BCDF,

BLL, BPT, BPTA, BPTF, BRF, BRFA, or BRFF. These parameters are externals
and'shou]d be declared in an EXTERNAL statement.

The conjugate gradient method improves convergence of the iterative
process by making the step direction orthogonal to all previous steps
(cf. J. M. Ortega and W. C. Rheinboldt, Iterative So1utionvof Nonlinear
Equations in Several Variables, Academic Press, New York, 1970). The

direction of the-first step is taken the same as the gradient method,

-0 o | (1.15)
1

X* = X% +an® . | (1.16)
- The succeeding step directions are given by

o - bnA"'l , | | (1.17)

[
3
1]

" - Ma" 1yt a1y . | (1.18)

(=
"

This makes all steps orthogonal in the sense

n

A" MA" =0, form#n . : | (1.19)

3
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The step length calculation is performed y1e1d1ng a, (equation (1.7)),
and the step is calculated by
LRI anAn . ' (1.20)

f. Subroutine USER

A1l of the iterative reconstruction subroutines in the RECLBL
Library (CONGR, ENTPY, GRADY) call a subroutine named USER after each
iteration.. The‘]ibrary_cohtains a default subroutine by that name,
which prints out the iteration number and the value of the function
being minimized. However, it has been anticipated that the user may
be interested in more than this information. Thus, the user may sUpp]y
a subroutine USER (along with the main program and subroutine GETUM)
to satisfy his requirements. The arguments of the subroutine are

- SUBROUTINE USER(ITER,X,FCN)

where . ,

ITER -is the iteration number;

X is the array of fitted parameters,
for CONGR and GRADY - reconstructed array,
for ENTPY - Légrange multipliers;

FCN is the value of the function being optimized,
for CONGR and GRADY - chi-square,
for ENTPY - objective function of the dual program.

2. Cohfiguration Space:Convolution Algorithm

a. One-Dimensional Convolution (CONVO)

Reconstruction by the convolution method is accomp11shed using
the statement

CALL CONVO(X,XE,CNV,BCK,IERR)
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where
X is-the reconstructed transverse section;
XE . is an array of uncertainties for X;
CNV is the convolution subroutine;
BCK + is the back-projection subroutine;

IERR is the error flag;

(cf. Example 2 of section IX).

The parameter CNV can be one of the three convolution functions:
SHLO, RALA, or LAKS; and the parameter BCK canbbe one of the back-projection
. subroutines: BCD, BIN, BINF, BLL, BPT, or BRF. These parameters are
externals and should be declared in .an EXTERNAL statement. The routines
LAKS - and BINF are required for reconstructing fan-beam data. If XE

“(errors of the reconstruction X) are desired, then only the back-projection
_routines BIN or BINF can be used and IERR must be set nonzero.

The algorithm CONVO requires the projection angles to be equally
spaced over at least m radians for parallel-beam geometry. To ensure
this MODANG must not be O or 1 in the call to SETUP. When reconstructing
fan-beam data; the projection anQ]es'must be equally spaced over 2m
radians. Therefore MODANG must be 3, -3, 5, or -5.in the call to
SETUP (cf. section II1.2). _

The algorithm performs the following operations: mu1tip1y the
projection data by a weight function; convolve the projection data
with a convolver; :and back-project the modified projection data
(cf. G. N. Ramachandran and A. V..Lakshminarayanan, Proc. Natl. Acad.
Sci. U. S. 68, 1971, pp. 2236-2240). These a]gorithm'operations are
symbolized by the equation

X = back-project[(pd)*c] | (2.1)

where X is the transverse section, p are the projection data, and
¢ is the convolution function. The weight function d is unity for
parallel-beam geometry. For fan-beam geometry there are two weight
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functions; one is used with a curved detector and the other is used
with a flat detector. These functions are defined in section V.2.b.

The digital implementation of this algorithm by the RECLBL Library
first multiplies the projection data by a weight function

Pem = Prd (K) , - (2.2)
where k is the lateral index and m is the angular index. Then modified
projections Qp 2re formed using the convo]utiqn equation

G = etk - k) Bl (2.3)
g | |

where ¢ is a symmetric convolution function. The convolved projections
are then back-projected giving the reconstruction

(.2.4)

1 km .
X5 T Twe 25 F11%n
where ka are ‘the weighting factors in the back-projection routines.

i] s
A factor of m/NANG is required for the numerical calculation of the
back-projection integral. However, a factor of 1/NANG is shown in

the above equation and the other factor of w is incorporated in the

convolution function.

The errors XE in the reconstructed image are returned if the error
flag IERR is set nonzero. If errors are‘desired,.then one of the
back-projection routines BIN or BINF must be used, depending whether
the user is reconstructing parallel- or fan-beam geometry, respectively.

The BIN back-projection operator is represented by the equation

Xij = (2.5)

. .
m%[‘cqum* (1 - f) qk+1,m]

where the factors fk are determined by linearly interpolating between

adjacent bins and q  are the convolved projections. Thus, the error




- matrix XE has elements given by the equation
(XE)35 —A—G;E[k var (Qyp) | | (2:6)
2 | 1/2
.(l - fk) var(qk+1’m) + 2fk(1 - fk) cov(qkm,qk+1Jnﬂ}
The variance of qkm is given by the equation
var qkm :E: [c(k - k! ')]2 var(p ) (2.7)

and the covariance of Y and AB+1.m is given by the equation

:E: c(k - k') c(k +1-k') d(k*)2 var(p i) - (2.8)

The errors of the projection data, which equal the square roots of the
variances (JvarlpkmS), are input to the program using the subroutine
GETUM (section III.4).

b. Convolvers and Weight Functions

The analytic expressions for the convolvers are shown below.
Section IX example 2 is an example program utilizing these convolvers
with the convolution algorithm.

RALA Convolver

The RALA convolver (cf. G. N. Ramachandran, and A. V. Lakshminarayanan,

Proc. Natl. Acad. Sci. U. S. 68, 1971, pp. 2236-2240) is defined by
the equation ' ‘ '

37
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c(k) = ¢ — if kodd ,
ﬂkz (2.9)

L 0 if k even

This convolver must be used only for parallel-beam geometry, for which

the weight function d in equation (2.2) is equal to 1 for all k. The RALA
convolver is the digital representation of the RAMP convolution function
given in section V.3.c.

SHLO Convolver

The SHLO'convolver (cf. L. A. Shepp and B. F. Logan, IEEE Trans.
Nucl. Sci. NS-21, 1974, pp. 21-43) is defined by the equation

c(k) = - | | (2.10)

?RZE?'?"TY if k#£0

This convolver must be used only for parallel-beam geometry, for which
the weight function d in equation (2.2) is equal to 1 for all k.

Figure 8 compares the graphs of the RALA and SHLO convolvers.
The SHLO convolver is designed such that the convolution function c(x),
which is equal to c(k)-at x=k and linear in the intervening intervals,
has a fiTter/function that is the Fourier transform of c(x) equal to

. ’ . 2 .
TUF) =2!si sinnf ' 2.11
c(f) 2|s1nﬂfl( 7 ) - ( )
' The SHLO and RALA convolution functions have widths for the central

lobe that are nearly the same. Therefore, the resolutions in the
reconstructed images are similar for perfect data. However, the side



0.2

O

o

Magnitude +

!
O

1 N IR N

O I | 2 . 3 q
| Distance

XBL779=~3840
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beam geometry.
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lobes. for .the SHLO convolver are damped, reducing noise amplification
for data with statistical fluctuations.

LAKS Convolver

The LAKS convolver (cf. G. T. Herman, A. V. Lakshminarayanan,
and A. Naparstek, Comput. Biol. Med. 6, 1976, pp. 259-271) 1is used -
only for fan-beam geometry. For a curved detector the convolution
function is defined by the equation |

i

T if k=0 ’
= . Odd . - )
c(k) 7rsin (k/RFAN) | (2.12)
| 0 if k even ,
with weights d(k) defined by the equation
d(k) = cos(k/RFAN). . ; : (2.13)

For a flat detector the convolution function is defined by the equation

v
-1 if K odd |

c(k) = v 0 , (2.14) .
0 if Kk even

R

with weights d(k) defined by the equation

_ 1 i (2.15)
d(k) = .
V1 + (k/RFAN)2




3. Fourier Space Convo]Ution‘A1gorithms

a. Back-Projection of Filtered Projections Algorithm (BKFIL)

The back-projectjon of filtered projections algorithm is implemented
as follows:

CALL BKFIL(X,FIL,BCK,ORDERX,FREQX)

where
X is the reconstructed transverse section;
FIL is the filter subroutine;
BCK is the back-projection subroutine;

ORDERX is a filter parameter used only by the filter BUTER;
FREQX s a filter parameter;

(cf. Example 3 of section IX).

The parameter FIL can be one of the five filters: BUTER, HAN,
HAM, PARZN, or RAMP. . The parameter BCK can be one of the back-prdjection
subroutines: BCD, BIN, BLL, BPT, or BRF. These parameters are externals
and should be declared in an EXTERNAL statement.

A description of the filter options and the appropriate vaTues
for ORDERX and FREQX parameters is found in section V.3.c. The cutoff
frequency FREQX for the filters has units of cycles per projection bin.
Thus, fof a Nyquist frequenty equal to 1 cycle per projection bin,'one
can choose FREQX=0.5 for most applications. Other appropriate values
for FREQX are described in section V.3.c.

The algorithm BKFIL requires the prbjectibn angles to be equally
spaced over at least wradians. To ensure this MODANG must not be
O or 1 in the call to SETUP (cf. section II1.2).

The algorithm performs the following sequence of operations:
Fourier transform the projection data vector; multiply the complex

41
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-values by one of the five optional filters; inverse Fourier transform
these modified frequencies; and back-project the modified projection
data (cf. T. F. Budinger and G. T. Gullberg, IEEE Trans. Nucl. Sci.
NS-21, 1974, pp. 2-20). These algorithm operations are symbolized as:

X = back-project {égzil[ﬁ égzi(Pﬂf R (3.1)

~~

where X is the transverse section, p are the projection data, € is the
filter function, and égzi denotes one-dimensional Fourier transformation.
The filter function € is equal to the product of a window function

w(R) and the absolute value of the frequency:

E(R) = |R| WR) . (3.2)

Due to the Fourier convolution theorem, this method of reconstruction
is equivalent to the convolution method except that the convolution
6f the projection data is carried out in frequency space. The filter
function € is the Fourier transform of the convolution function c.
The rationale for performing the filter operation in Fourier space

js given in section V.3.c.

The digital implementation of this algorithm by the RECLBL Library

-performs the discrete qurier transform of the projectidn data given

by the equation

| KDIMT-1 v

Ben = KOIT o Py XP(-12TKI/KDINT) (3.3)
1=0

- where k is the projection bin index and m is the angle index. KDIMT

is equal to 21POW2 where 1POW2=2x(the smallest power of two that is

greater than or equal to KDIMU). The factor of 2 is required so that

the convolution resuTt of one period does not overlap the convolution

result of the succeeding period when using the dchrete Fourier transform.

After discrete Fourier transforming the projection data, Fourier

transformed values Bkm are multiplied by a filter functionrgiving

&
/
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~

Qe = C(k/KDIMT) Pem - , (3.4)

Then the values atm are discrete inverse Fourier transformed giving
the convolved projection

KDIMT-1

G = ]Z_% T, exp(i2mk1/KDINT) . (3.5)

The convo]ved projection data are then back- progected as in the convolution
method to give the reconstruction

ANG ZFuqkm >

where F§i are the weighting'factors in the projection and
back-projection routines. The factor m/NANG is the step size in the
numerical calculation of the back- proaect1on 1ntegra1

b. Filter of the Back-Projection Algorithm (FILBK)

Reconstruction by the filter of the back- prOJect1on method is
accomplished using the statement

CALL FILBK(X,FIL,BCK,ORDERX,FREQX)

where
X is the'reconstructed transverse section;
FIL is the filter subroutine;
BCK is the back-projection subroutine;

ORDERX is a filter parameter used only by the filter BUTER;
FREQX is a filter parameter;

(cf. Example 4 of section IX).
The parameter FIL can be one of the five filters: BUTER, HAN, HAM,

PARZN, or RAMP. The parameter BCK can be one of the back-projection
subroutines: BCD,‘BCDFZ, BIN, BLL, BPT, BPTF2, BRF, or BRFF2. These
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parameters are externals and should be declared in an EXTERNAL statement.
bThe back-projection subroutines BCDFZ,FBPTFZ, and BRFF2 are required

for .reconstructing fan-beam projection data since the filter of the
back-projection algorithm requires specié] weighting for fan-beam geometry.
‘When reéonstructing fan-beam projection data with this algorithm, the

user -should not use BCDF, BPTF, or BRFF.

A descripfion of the filter optiohs and the appropriate values
for the ORDERX and FREQX pdrameters is found in section V.3.c. The
cutoff frequency FREQX for the filters has units of cycles per pixel.
(In the aTgorithm BKFIL, FREQX has units of cycles per projection bin.)
For most applications FREQX=0.5 gives good results.

The algorithm FILBK reduires that the projection angles be equally
spaced over at least 7 radians for parallel-beam geometry. To ensure
this, MODANG must not be O or 1 in the call to SETUP. Nhehrreconstructingv
fan-beam data, the projection angles must be equally spaced over 27
radians. Therefore MODANG must be 3, -3, 5, or -5 in the cé]] to SETUP
(cf. sect1on I11.2). |

‘This aigorithm performs the following sequence of operations:
back-project the projection data; Fourier transform the two-dimensional
back-projection image; multiply the two-dimensiona]]y distributed
Fourier coefficients by one of the optional filter functions; and
perform the two-dimensional inverse Fourier transform (cf. R. H. T.
‘Bates and T. M. Peters, New Zealand J. Sci. 14, 1971, pp. 883-896).
These algorithm operat1ons are symbo]1zed as:

| X =vc7¢£1v§E'égz;[back-project(pﬂ$ f o - (3.7)

where X is the transverse se¢t1on p'are the projection data, €T is the
f11ter function, and c7¢ denotes the two- d1mens1ona1 Fourier transform.
- The f11ter function € is equa] to the product of a window funct1on

w(R) and of the abso]ute value of the frequency
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TR) = |R] w(R) . (3.8)

This method of reconstruction is equivalent to performing a
 two-dimensional convolution of a sharpening kernel with the
back-projection data. The purpose of this method is to effect a
deconvolution of the true image X from the back-projectéd image b given
by the equation: '

- ) X(Xlayl) 1 1 = Y% -1 .
o) | et ey 39

The derivation of the algorithm is based on the convolution theorem
and the fact that role u7¢§1(R'1) where R is the frequency.

Three general geometries for back-projection are available: parallel-
beam, fan-beam with curved detector and fan-beam with flat detector. The
~ back-projection operation for para11e1-beam geometry requires the
summation of Tline inteQra]s over the range of 1809 and is given by the
‘equation | '

T

b_(r,®) =f p[r‘ sin(¢ - 8), e] do . o o (3.10)
0

The five choices of back-projection subroutines for parallel-beam are

BCD, BIN, BLL, BPT, or BRF. Fan-beam'geometries require samples around

the full 3600 for use of this algorithm (cf. G. T. Gullberg, Lawrence
Berkeley Laboratory Report'LBL 5604, 1977). The back-projection operations
for the fan-beam geometry are given for a curved detector by the equation

2m
berae) =5 [ pelero) do , | (3.11)
0 |

where -

- -1 r sin(¢ - 9) ]
g% = RFAN tan {RFAN +r cos(¢ - 6) i
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and for a flat detector by the equation

be(r,¢) = ’ . | (3.12)

- 2m pe(£%,0) V/r2 + RFANZ + 2 RFAN r cos(¢ - 8) do
7 J RFAN + r cos{¢ - 8]

0
where

% = RFAN r sin(¢ - 6)
RFAN + r cos(¢ - 8)

The variable RFAN is the distance of the source in transmission tomography
or of the pinhole in emission tomography to the center of rotation.

Notice in equation (3.12) that when using a flat detector a special
weighting is required for the back-projection operation. The three
choices of back-projection -subroutines for fan-beam}geometry are BCDF2,
BPTF2, and BRFF2. - |

The digital 1mp1ementation of this algorithm by the RECLBL Library
first back-projects the projection data Pym using the equation’

- km . ' ' :
by = %;:Fijpkm_ , (3.13)
m .

where k is the projeétion bfn index, m is the angle index, and
ka '
1J .
routines. The back-projection .image is then discrete Fourier transformed

are the weighting factors in the projectioh and back-projection

using the equation

Bk1 = | (3.14)

NDIM-1 NDIM-1

1 ' .
S E E b exp[}2ﬂ1(kn + 1m)/NDIM]
NDIM & - m
n=0 m=0

NDIM is equal to ZIPONZ where IPOW2=2x(the smallest power of two that
is greater than or equal to NDIMU). Next the discrete Fourier transformed
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~

va]ues.bk1 are multiplied by a filter function € giving

1=:.E<\/|<2+12>~ . o (3.15)
K

—noTm— / Pk

>

Then the -values Yk] are inverse Fourier transformed and multiplied
by a normalization factor to give the reconstruction

Xom = : (3.16)

' Z Yk] exp[21r1'(nk + m])/NDIM] .
1=0

NDIM-1 NDIM-1
: T
NANG*PWID
=0

k

The factor =/NANG is the Step size in the numerical calculation of
the back-projection integral. The factor 1/PWID is the result of scaling
the reconstruction space.

c. Filter Functions

- The algorithms BKFIL and FILBK require a filter to be designated.
These algorithms have been developed with vakious options for frequency
space filters because frequency space manipulation lends itself to
easily changing the noise propagation vs. resolution properties of the
convolution kernel. .The user can improve resolution by .changing the
filter shape, but the noise amplification will increase. A]ternafive]y,
the user can suppress noise; however, this noise suppression will come
at the cost of resolution. A second reason for incorporation of various
filters with the Fourier space-algorithms is that the computational
method for reconstruction is more efficient using the Fast Fourier
Transform than convolution in real space. - |

- The particular filter desired by the user is evaluated by one of
the five optional external subroutines: BUTER, HAM, HAN, PARZN, or
RAMP.. The external subroutine chosen must be designated in the main

- program (cf. example 3 of section IX). These five filters correspond
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to multiplying the ramp function in fkequency space by one of the following
windows: Butterworth, Hann, Hamming, Parzen, or réCtangu]ar. (A thorough
discussion of these windows and their'abp]ication is found in: -

R. K. Otnes énd L. Enochson; Digital Time Series Analysis, John Wiley

and Sons, 1972; R. W. Hamming, Digital Filters, Prentice Hall, 1977.)

Texts usually define a digital filter as the real space convolution

equation:

In =Zk:cn-kpk - (3.17)

In this manual a convolver means the convolving séquence-{ck} and
a filter is the Fourier transform of a continuous convolution
function c(x) such that ck=c(x=k);

- Real space_convo]utioh and frequency filtering are equiva]enf
operations.. As is shown in examples 2 and 3 of section IX, the RAMP
filter used with the algorithm BKFIL achieves the same-result as the
RALA convolution function used with CONVO.  In BKFIL the operation
of fi]tekihg is done by multiplying the filter values by the Fourier

~transform of the projection data, then inverse Fourier‘transforming
the result. Projection data modified in the same fashion is obtained
_ by convolving the prbjection data with the real space eduiva]ent of

the RAMP function. Symbolically we have
(3.18)

Modified projection = ?il[lRl w(R) | (projection data)] :
where ¢7ﬁ denotes the one-dimensional Fourier transform and w(R) is

one of the window functions defining the filter |R| w(R). From the
convolution theorem, the equivalent result can be obtained as

Modified projection = { é;Z;l []le(R)]}* projection data , (3.19)

RN

i
,
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where the convolver égz:}[|R]w(R)] is determined by the window function
w and the symbol * denotes convolution.

The shapes of the window functions are shown in figure 9. The
‘width of the window is measured as the distance between the closest
- zeros on each side of the center lobe of the inverse Fourier transform
of the window function. Ideally, for good resolution, the window function
should have a central lobe that is tall and narrow. The side lobes
for the inverse Fourier transform of these window functions give rise
to the Gibbs phenomenon, which is observed as artifacts that are contamination
from adjacent parts of the reconstruction.

The RECLBL filters: HAN, HAM, PARZN, RAMP (figure 10 upper) are
obtained by multiplying the ramp function by the window functions in
~figure 9: Hann, Hamming, Parzen, Rectangular, respectively. Figure
10 lower gives the graphé of the convolution functions that are the
inverse Fourier transform of the filter functions given in figure 10
upper. The analytic expressions for the frequency filters and the
corresponding real space convolution functions are shown below. The
frequency parameter fm is the frequency parameter FREQX, which is input
~ to the subroutines BKFIL and FILBK.

Rectangular Window and RAMP Filter

The rectangular window is defined by the equation

Loif flsf,

w(f) = _ o : (3.20)
| o if |fl>f

Multiplying the rectangular window by the ramp function in frequency
space gives the RAMP filter '

e el <f

c(f) 0 if |f] > . N | (3.21)
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Figure 9. Thése window functions are multiplied by a ramp function
giving the filters shown in figure 10.
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Figure 10. Window functions of figure 9 multip]ied by a ramp with a

~ cutoff frequency FREQX=0.5 (upper). The inverse Fourier transform
of the filters in the upper f1gure g1ve the real space convolution
functions (lower).
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The inverse Fourier transform of the RAMP filter gives the convolution

function

c(x) =

fsin2nf_x sinmf x\?2 | . |
22| e | - £ . (3.22)
m T mX -m Tfimx . .
The RAMP filter gives the best resolution in the reconstructed
image for perfect data but amplifies noise for data with statistical
fluctuations. The sharp cutoff gives rise to intensity oscillation

in regidns of shafp contrast and thus_generates artifacts in the
reconstructed image. ' '

Hann Window and HAN Filter
The Hann window is defined by the equation

| ©(0.57+0.5 cosnf/fif |f] <f
w(f) = | _ (3.23).
0 if |f] >f

- Multiplying the Hann window by the_RAMP function gives the HAN filter
(0.5 If] + 0.5 If| cosme/f if- fl< fm o,

SF) = | (3.24
(f) 0 it ] > . (3.24)

The inverse Fourier transform of the filter function gives the convolution
function ' '
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fg sin f (2mx + n/f )] fﬁ sin[fm(wa + n/fm)/Z] 2
c(x) = — T 27X + ©/tm) B\ fp(2mx * /fg) /2

) sin 2mf x f2 sinmf z - (3.25)
*fm—mm— r“wr—

| ; s1n[f (2mx - m/f )] fﬁ Si”[fm(znx - 1T/fm)/Z] ‘
M R N ¢ a7 vy T< Fm (2% - T/Fn) 72

For the Hann window the central lobe of the convolution function
c(x) is wider than the central lobe of the corresponding convolution
function for the rectangular window, but its side lobes are greatly
reduced. Therefore, the reconstructed image has a smoother texture
with a loss in resolution.

A frequency parameter fm for the HAN filter, which is two times
the value of the cutoff frequency for the RAMP filter, gives an
approximation to the ramp function with a small rolloff near f =-fm/2.
The RAMP and HAN filters give the same resolution in the reconstructed
image when the RAMP has a cutoff frequency equal to one half that of
the HAN (cf. D. A. Chesler and S. J. Riederer, Phys. Med. Biol.

20, 1975, pp. 632-636).

Hamming Window and HAM Filter

The Hamming window is defined by the equation

0.54 + 0.46 f/f if fl<f ’ .
w(f) = .
0 if |[f]>f

Mu]tip]ying the Hamming window by the ramp function in frequency space
gives the HAM filter
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| 0.54 |f| +0.46 |fl cosmf/f if |fl <f
_c(f) = : . N i 1f] > fm . (3.27)
The inverse Fourier transform,gives the convolution function, which
is merely equation (3.25) with terms 1, 2, 5 and 6 reduced by 1.08
and terms 3 and 4 increased by 1.08:

. ) . L ' . v 2
- o.ds ¢ sin fm(?wx + /f ) 0y g2 /sin f(2mx + w/f)/2
c(x) = 0.46 f Tn(2mX + 7/Ty) T (27X + 7/Tq)/2

s1n2ﬂf X fsinTf x\2
"+ 1.08 2 - 0.54 £ ——" (3.28)
m ~ 2nfpX -

. P | . _ 2
o f2 sin fm(an n/fm) 023 f2 sin fm(an n/fm)/Z
TEW I TRTX - W) Fal2TX = /T2 )

The Hamming window has‘sma11er extreme values in the side lobes
than does the Hann window. The max1mum side lobe for the Hamming window
1s approx1mate1y one-f1fth that of the Hann w1ndow

Parzen Window and PARZN Filter
The Parzen window is defined by the equation
f || .
1-6 l?l- 1 - if fi <f /2 ’
<m)(‘ﬁ) Ifl <f ./
s _

] 3 o - |
wif) = 2( --L%) it 2 <lfl<c £ (329

0 Cif Jf >

L

'where f is the cutoff frequency. Multiplying the Parzen w1ndow by
the ramp function gives the PARZN filter




r 2 v
Ifl-6|f|(—l%> (1-'%) if |f] <fp/2 >

e 3 '
ef) = 2|f| (1 - J-;ml) it fp2 < [fl <y o (3:30)

. 0 it f] > f

The inverse Fourier transform gives the convolution function

c(x) = [48w fmx cos 2mex'— 96 sin Zﬂfmx - 967 fmx c03jnfmx (3.31)
o 3.3 3 . 5.35 '
+384 sinTf x - 16mF ¢ - 144ﬂfmx]/(32ﬂ £2x°)
and
c(0) = 0.175 2 (3.32)

_ The central lobe of the Parzen window is about 30% wider than
either the Hann or the Hamming window. Thus the reconstructed image
resolution will be Tess than can be achieved with either the HAN or
HAM filter. On the other hand the PARZIN filter suppresses noise.
The side lobes for the Hann and Hamming window oscillate between
positive and negative values, whereas with the Parzen window the side
. lobes always remain positive.

Butterworth Filter and BUTER Filter

Thé major advantage of the filter BUTER is that it can be modified
to suit the user. The filter is derived by using the magnitude of
the Butterworth filter as a window function:

R(F) - 1 o | (3.33)

\/1 + (f'/fm)2n

where f -is a frequency parameter and n is the order of the filter.
This is multiplied by the ramp function giving the filter BUTER:

- 55
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_1f] | | : (3.34)

V1 + (/)

The shape of the filter is designed by declaring values of FREQX=fm
-and. ORDERX=2n. Note that the order of a Butterworth filter

(equation (3. 33)) is given as n=0RDERX/2 if ORDERX is an even integer.
However, the filter BUTER in the RECLBL L1brary allows ORDERX to be
any. real value.

Usuale the Butterworth filter is used in connection with
recursive - f11ter1ng, however, in our application the amplitude of the
Butterworth filter is mu1t1p11ed with a ramp function to obtain a
rolloff. A filter can be selected that gives the desired result in
the reconstruction by using a value for ORDERX that may be in the range
of 5 to 350 and a value for FREQX between 0.25 and 1.

A filter is designed by calculating the appropriate window widths
between 0 and fp and the correspohdihg transition bands between the
pass-band frequency fﬁ»and the stop band frequency f ‘as illustrated
in figure 11. If the values of €, A, ﬁp, and f are known for a particular

_1'_' = - —
1+e2 _/R(f),

XBL778-3786

Figure 11. Method of designating a Butterworth
filter. Parameters € and A are calculated
from ordinates at the user selected pass

frequency fp and stop frequency fs.



window, then the parameters ORDERX and FREQX of the Butterworth filter
are determined using the'equations:‘

- /2 S o
ORDERX = 2109(e/ VA" - 1) (3.35)

1og(fp/fs)

" o Tp (3.36)
FREQ* W

(cf. R. W. Hamming, Digital Filters, Prentice Hall, 1977, p. 189).

The window defined by the Butterworth filter can either be designed
so that it has a narrow transition band between fp and fs, and thus
approaches a rectangular window, or can be designed so that it has
a wide transition band such as the Hann or Hamming window. For example,
suppose a Hann window had FREQX=075 and we select fp=0.23 and fs=0.47,
then equation (3.23) gives w(0.23)=0.563 and w(0.47)=0.009. A Butterworth
filter that matches this Hann window at fp and fs is dgsigned by solving

equations (3.37) and (3.38) for A and €:

R(0.23) ='I__l'?' = 0.563 >

t e

(3.37)

D (3.38)
R(0.47) = rvi 0.009
‘This is illustrated in figure 11 and the results are A=10.624 and
€=0,.882. From equations (3.35) and (3.36) we ca]cu]ate the parameters
of the Butterworth filter ORDERX=6.95 and FREQX=0.238. Figure 12 upper
compares the window defined by the Butterworth filter for ORDERX=6,
- FREQX=0.23 with the Hann window for FREQX=0.5. Figure 12 lower compares
the corresponding filters. |

Designing a window function with a narrow transition band in frequency

space is equivalent to having a narrow central lobe that will give good
resolution in the reconstrutted image, but concurrently.the side lobes
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Figure 12.  The upper figure shows the Hann window with a cutoff
frequency FREQX=0.5 and the Butterworth filter with ORDERX=6
and FREQX=0.23. The Tower figure is a plot of the filters
BUTER and HAN obtained by multiplying these window functions
by a simple ramp.



for such a window function are larger, thus amplifying noise. On the
other hand, a wider transition band gives poorer resolution with reduced
noise amplification.

4. Maximum Entropy Algorithm (ENTPY)

The maximum entropy method of reconstruction is designed for
projection data samples that give a system of linear equations that
are underdetermined. This method of reconstruction is accomplished
using the statement

CALL ENTPY(X,PRJ,BCK,LIMITX,ERENTX)

where
X is the reconstructed transverse section;
PRJ ~ is the projection subroutine;
BCK is the back-projection subroutine;

LIMITX is the maximum number of iterations allowed to minimize
the objective function for the dual program;

ERENTX 1is the test value representing the expected absolute error
between the true solution and the iterative solution;

(cf. Example 14 of section IX).

The parameter PRJ can be one of the projection subroutines: PCD,
PCDF, PLL, PPT, PPTF, PRF, or PRFF; and the parameter'BCK can be one
of the back-projection subroutines: BCD, BCDF, BLL,'BPT, BPTF, BRF,
or BRFF. These parameters are externals and should be declared in
an EXTERNAL statement.

The maximum entropy algorithm requires as many as 121 (LiMITX=121)
iterations for a 21 x 21 reconstruction array if ERENTX=10-6. Therefore,
due to the computer time requirements the user might want to use this
method for small array sizes and sample sizes. For Tlarger arrays,
computer tests have shown that if LIMITX=15, ENTPY giveé a good
reconstruction even when the iterative procedure has not yet converged
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to the maximum entropy so]utioh; ERENTX should not be any smaller
than 10-D, where D is the number of significant digits in floating
point representation. '

when reconstructing fan-beam data, the projection angles must be
- equally spaced oVer 2w radians. Therefore MODANG must be 3, -3, 5,
or -5 in the call to SETUP (cf. section III.2).

"The maximum entropy method determines a solution for the
reconstructed pixel values that maximizes an entropy function subject
to a consistent system of projection constraints. The brob]em is
stated formally as follows:

Find the maximum of

- X. . X. . - B
so0 - - S () (1)
| ii - |

subject to the constraints

}E:F1J 5= P forallkm , (4.2)
> Xi; =T o | (4.3)
ij -

xij,z 0 (4.4)

The intensities X i are elements of the array X represent1ng the
reconstructed transverse section, which has a total intensity T. These
intensities are related to the projection values Prm by the weighting
factors FkJ, which are determined by the particular cho1ce of the

projection and back-projection subroutines.

A solution for the reconstructed transverse section is solved
utilizing Lagrange multipliers and dua]ity theory (cf. R. T. Rockafé]]ar,
Convex Analysis, Princeton University Press; 1970).v Using conjugate
gradient methods, a solution to the_dha] program:




Find the minimum of
1n<2exp z. > Ekapkm/T ' (4.5)

where z]J :E:F13Akm’ gives the optlmum so]ut1on for the Lagrange

mu1t1p11ers This solution immediately gives an optimal solution for
the reconstructed image from the equation

) T exp Zij

- b

%13
| Z exp(z;,51)

ity

km | . ' oy
where 213 }E:F1Jka and the Akm are the optimum Lagrange multipliers

(cf. G. T. Gu]]berg, in Information Processing in Scintigraphy, Proceedings
of the IVth International Conference, Orsay, France, July 15-16, 1975,
eds. C. Raynaud and A. Todd-Pokropek, pp. 325-332).

The maximum entropy'reconstruction method will give an estimate
for the reconstructed image which has less structure than any other
possible solution, and thus avoids any bias while agreeing with the
projection data.

5,> Generalized Inverse Algorithm (GVERS)

The genera11zed inverse method of reconstruct1on is obtained by
using the Fortran statement '

CALL GVERS(X,XE,PRJ,BCK,CHISQ,IERR)

where _
X . is the reconstructed transverse section;
XE are the errors in the reconstructed image;
PRJ is the projection subroutine;

BCK is the back-projection subroutine;
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CHISQ is the resulting chi-square;
- IERR - is the error 1nd1cator§

(cf. Example 15 of section IX).

The parameter PRJ can be one of the projection subroutines: PCD,
PCDA, PCDF, PLL, PPT, PPTA, PPTF PRF, PRFA, or PRFF; and the parameter
~ BCK can be one of the back- prOJect1on subroutines: BCD, BCDA, BCDF
- BLL, BPT, BPTA, BPTF, BRF, BRFA, or BRFF; These parameters are externals
and should be declared in an EXTERNAL statement. The chi-square, CHISQ,
which is returned is defined by the equation

.2
CHISQ Z<Z Fu ij = p,km) /%m > (5.1)
where ka are the we1ght1ng factors in the projection operation,
Pep are the projection data, and Okm are the errors in the prOJect1on
data. If IERR=1, the input proaect1on data uncertainties are used, but

h no errors are ca]cu]ated for the reconstructed values. If IERR=Z, the

1:-1nput uncertainties aré used, and the errors are calculated for the

‘reconstructed values. If IERR has any other value, then input data errors
- are not used, i.e., ckm=1 is assumed, and errors for the reconstructed
values are not calculated.

The generalized -inverse method is a direct method, as opposed
to the iterative methods, for minimizing equation (5.1). If H is
defined as

o
L2 d

km _ ckm_ -1 | |
Hij = FU - s : (5.2)
equation (5.1) can be rewritten:
v ' 2 :
2(y\ = km -1
x7(X) Z(ij Hikig - 0kmpkm) : (5.3)

km




If H is considered .a matrix with i and j contracted to the column index
and k and m contracted to the row index, then ﬂ, the Penrose generalized
inverse of H, provides the reconstructed solution

i - | |
Xi5 7 2 hn%nPiem > . (5.4)
km :
which will minimize the x2 function. ~The error array XE is evaluated
using o : : o
o l/2 |
_ ~iJ | 4 .
(XE);y = [;(Hkm)] . , (5.5)
m ;

The magnitude of the ij and km indices of the matrix H in many
applications are so large that the memory requirements for the generalized
inverse method are the limiting factors of its usefulness.

6. Orthogonal Polynomial Expansion (MARR)

The method of orthogonal polynomial expansion parameterizes the
distribution to be reconstructed by a set of coeffitients of polynomials
orthogonal on the unit circle. The transverse section is reconstructed
using the statement | | ' v

CALL MARR (X,NDEG)

where _
X is the reconstructed transverse section;
NDEG is the degree of the polynomial expansion;

(cf. Example 13 of section IX).

The maximum degree NDEG of the polynomial expansion is two less
than the number of projection'ang1es, which is the number of detectors.
The subroutine MARR is a modification of the program ZHEAD (Version
2.0--12/10/71) supplied to us by R. Marr. (The algorithm is described
in: R. B. Marr, J. Math. Anal. and Appl. 45, 1974, pp. 357-374.)
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The data are assumed to be,N(N-l)/Z line integrals of the source
distribution for the transverse section between N equally spaced points
on the periphery of a circle. In this geometry we can still represent

~the prOJect1on ‘data P with k as a projection b1n index and m as an
~angle index. With each projection measurement Pm there are associated
two quantities z, and em, where z, is the perpendicular d1stance of
the center of the unit circle to the projected ray and 6 is-the angle -
of the projection. Polynomial coefficients (8

, and y__,) are calculated

nn nn‘
using the equations
’Bon. =0 | , (6.1)
Yo T L - (6.2)

Lgﬂl;i—l—-jz:s1n[ (2n' + 1) cos” Ek)] Pem
km

2(n_+ sg'~+ 1) :g::sin[(n +2n' + 1)
n

sin
%) ] {cos} () Py

The reconstruction can then be calculated at the center of each pixel using

6.4
v [(M-n)/2] - (6.4)
_ : . n 2 '
Xij = E (Bnn' s1n "¢ij * Yot €O ”¢ij) riann'<;1j) ,
n=0 n'=0 ’

where M=NDEG is the degree of thevpolynom1a1 expansion, (rij’¢ij)
are the polar coordinates of pixel (i,j) with the center of the unit

circle at the origin, and an.( ) is a polynomial in t of degree n'

with the exp11C1t representation
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‘ nl : ] s I. t : . . | : .
Qe () = D (D" (3‘ ) ("“‘nTJ) v (6.9
3=0 .

The subroutine MARR is the only algorithm that reconstructs data
explicitly for a fing geometry. However, by reorganization of the
chords into parallel- or fan-beam projections, the same data can be
‘used with other algorithms. Due to the ring gebmetfy only the SETUP
parameters: NDIMU, IGEOM, NANG, IMIT, NWORK, NFLOAT, ISTORE,

IPRINT, and PWID have meaning (cf. section III). The others need not
be assigned values. ' ’

Furthermore, while the definition of PWID is not different, the
presence of detectors in an entire circle lends a different implication
to the values it takes on. Remembering that NANG, the number of ang]és
at which projections are co]]eéted (in the conventional sense) also
‘represents the number of detectors comprising the ring, we can cdnsider
the case when the ring is inscribed in the NDIMU x NDIMU reconstruction
region. Then the circumference of the circle in "projection bin widths"
is just NANG so that

- NANG = m-NDIMU-PWID _ (6.6)
or

PWID

NANG/(m-NDIMU) . - | ' (6.7)

To use PWID larger than this simply introduces zeroes in the
reconstruction array‘outside the circle of detectors. The user can
"zoom" in on the center of the recqnstruction'region by choosing PWID
smaller than this value.

Before using the subroutine MARR the user should study section III.4,

which describes the subroutine GETUM, since the data input is in a
different format'than.fok the other reconstruction algorithms.
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7. Attenuation Correction

Transverse section emission imaging with single photon or positron
annihilation photons requires compensating for attenuation effects.
For positron imaging, the user must first correct the measured prOJect1on
data by multiplying the sampled projection data by exp(fu(x)dx), where
Sulx )dx is the corresponding Tine integral of attenuation coefficients.
The transverse section can then be reconstructed using one of the
algorithms available in the RECLBL Library. For single photon imaging,'
the user can compensate for attenuation by using attenuation coefficients,
which can be determ1ned from a transmission experiment, or may be assumed
constant over a convex reg1on Other methods of attenuation correction
(cf. T. F. Budinger and G. T. Gu]]berg, in Reconstruction Tomography
in Diaghostic Radiology and Nucleaf Medicine, eds: M. M. |

Ter- Pogoss1an, et al., University Park Press, Baltimore, 1977

-pp. 315- 342) require either preprocess1ng the prOJect1on data or
correcting the reconstructed but uncorrected transverse sect1onvusing
- a éorrection-matr1XAba§ed on phantom studies. '

The attenuation correction schemes used in the RECLBL Library
.assume that the projection data for the transverse section are the
summation of pixel concentrations attenuated by a factor that is a
}funétion of the attenuation between the pixel and the edge of the object.
The projections Pem 3r€ represented by

ZFUA':';Xw , (7.1)
whereCFEJ are weighting factors and AE? are ‘the attenuation factors,
which are calculated by the subroutines EVATN or EVATU. The reconstructed
pixel values Xij can be determined by one of the iterative routines
CONGR or GRADY using the appropriate projection and back-projection
subroutines PPTA and BPTA, or PCDA and BCDA, or PRFA and BRFA.

The attenuation factors’AE? are evaluated from an array of
attenuation coefficients by using the Fortran statement

®-



CALL EVATN(B) ,

where
B is the array of attenuation coefficients.

The attenuation factors A?? are evaluated using the equation

km - _ : km 13 : ,
A'IJ = exp [Z L.iIJ'I B(1 J )} s : (7-2)
.iljl ' . .

where the summation is taken over the pixels (i',j') in the
projection ray (k,m) from the pixel (i,j) in the direction of the
‘measured projection. L:Tj.
line centered in the projection ray (k,m) within the pixel (i',j').
For an NDIMU x NDIMU array and NANG projection angles, it'is necessary
to evaluate (NDIMU)Z-NANG attenuation factors. Due to the large |
number, the attenuation factors A?? are stored on the file LUNATN,

which is determined by the user as one of the SETUP input parameters,

is the length of that portion of a

A method of reconstructing single photon data and correcting for
attenuation using attenuation coefficients evaluated from a transmission
experiment is outlined as follows:

(1) Set parameter arrays IPAR and PAR and call SETUP (cf. section III).

(2) Input projection data from a transmission experiment using
subroutine GETUM. | |

(3) Reconstruct the array B of attenuation coefficients using any
appropriate reconstruction algorithm.

(4) Prepare for the emission reconstruction by resetting appropriate
parameters in the arrays IPAR and PAR and call SETUP again.

(5) Evaluate the attenuation factors using the statement: CALL EVATN(B).

(6) Reconstruct the array of isotope concentrations using one of the
iterative routines CONGR or GRADY with one of the back-projection
subroutines BPTA, BCDA, BRFA, and correspondingly one of the projection
subroutines PPTA, PCDA, PRFA.

Examples 8, 9, and 10 in section IX ilTustrate this method of attenuation
correction, which requires two reconstructions: one for the transmission
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data to obtain the correction factors and one for the emission data to
get the final reconstruction.

For the case of an obJect that has a constant attenuation coefficient,

km

the. attenuat1on factors A. i3 can be determined using the statement

CALL,EVATU'(B,XLEV,ATENL) R

where _ _
B - 1is the transverse section that has not been corrected
for attenuation; | »
XLEV is the approximate ratio of the cohcentration in the object
' to the background for use by the boundary search roUtine;
ATENL s the constant attenuation coefficient per pixé] width‘

The attenuation factdrs A?? are evaluated dsing equation (7.2),

where B(i',j')=ATENL for all pixels (i',j') within the boundary of

the object. The boundary is determined using a search routine and

the corresponding distribution of attenuation coefficients is |
'disp1ayed’so that the user can change the parameter XLEV if necessary

to obtain the true object shape. The user may desire to interact by
varying XLEV until the desired object shape is obtained. The attenuation
factors are stored on the file LUNATN and are read into memory in arrays
of NDIMU2 words when needed. '

A method of reconstructing single phdton data and correcting for
attenuation assuming a constant attenuation coefficient is outlined
as follows: ' ”

(1) Set parameter arrays IPAR and PAR and call SETUP.
(2) - Input single photon projection data from an emission study
using subroutine GETUM. ‘
(3) Reconstruct the uncorrected transverse sectibn B us1ng one
' oﬁ the reconstruction algorithms.
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(4) Evaluate the attenuation factors using the statement CALL
EVATU(B,XLEV,ATENL).

(5) Reconstruct the Array of isotope concentrations using one of
the iterative routines CONGR or GRADY with one of the back-
projection subroutines BPTA, BCDA, BRFA, and correspondingly
one of the projection subroutines PPTA, PCDA, PRFA.

Examples 11 and 12v1n section IX give example programs utilizing this
method of attenuation correction.
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VI. HOW TO USE THE LIBRARY

1. Summary of Reconstruction Procedures

To execute a reconstruction using the RECLBL Library, the user
must prepare a main program with a declarative as well as an executable
section. The declarative statements appear first in the sequence of
program lines, but some are dependent on values or operations performed
in the exchtab1e section. The set of declarative statements is |

DIMENSION B(“NDIMU","NDIMU"), ANG("NANG")
COMMON/ / WORK ( "NWORK ")
COMMON/OUTCOM/LUNOUT, 180132

DIMENSION IPAR(12),PAR(3)

- EQUIVALENCE (NDIMU ,IPAR( 1)),(ICIR ,IPAR( 2)),(IGEOM ,IPAR( 3)),
1 (NANG ,IPAR( 4)),(MODANG,IPAR( 5)),(KDIMU ,IPAR( 6)),
2 (IMIT ,IPAR( 7)),(NWORK ,IPAR( 8)),(NFLOAT,IPAR( 9)),
3 (ISTORE,IPAR(IO)),(IPRINT,IPAR(ll)),(LUNATN,IPAR(lZ)),
4 (PWID , PAR( 1)),(AXISU , PAR( 2)),(RFAN , PAR( 3))

CEXTERNAL "BCK","PRJ","CNV","FIL"

The meaning of each statement will become clear from the description
of the executable statements below. Variable names enclosed in
quotation marks represent a numeric constant whose value is dependent
on the value given to that variable. For example, if NDIMU = 64,

then the statement represented by DIMENSION B("NDIMU","NDIMU") is
DIMENSION B(64,64). Of course, the variable names used are up to the
user. The EQUIVALENCE statement has been included above for convenience,
but is not a necessary declarative statement. In what follows, the
elements of the IPAR and PAR arrays are referred to by the names

giveh them in the EQUIVALENCE statement. Any additional declarative.
statements included by the user should carefully observe the reserved -
common block names given in table 1.

There are three basic steps to executing a reconstrucfibh with
the RECLBL Library. The first step is to establish the values of the
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input parameters using the SETUP subroutine. The second step is to
actually execute the reconstruction. The third step is to display
~and/or save the resulting image.

There are 17 parametric values to be decided upon before SETUP
can be called. These can be broken down into four categories: those
describing the image that is to be reconstructed (3 parameters), those
“that describe the projection data that is to be input (7 parameters),
those'that describe the computational environment in which the reconstruction
will be carried out (4 parameters), and those that control the output
received from the library (3 parameters). '

) The first three parameters are NDIMU, ICIR and PWID. The value
for NDIMU is usually related to the expected resolution in the image.
If a pixel is‘chosen much smaller than the obtainable resolution, the
library may calculate values that do not have physical significance
and will costrthé user memory space ahd computation time. If the pixel
size is chosen much 1§rger than the resolution, then resolution is iost.‘
The parameter ICIR can save the user memory space and execution time.
If the object to be reconstructed fits entirely within a circular domain
~of diameterfiNDIMU, thén ICIR should be set to 0. It is important to
" note that the entire object to be imaged must 1ie within the NDIMU x NDIMU
array. The barameter PWID gives the width of a pixel in projection bin
units. For the most efficient use of memory PWID*KDIMU/NDIMU. In most
cases KDIMU (cf. section III.2 and below) is fixed by the data collection
geometry, and thus PWID and NDIMU show an inverse relationship. If one’
of these is known (or'its desired value is known) the value of the other
is also determined. For examp1é, it has been shown (cf. R. H. Huesman,
Phys.?Med; Biol. 22, 1977, pp. 511-521) that PWID should be at least
1.5 when using iterative reconstruction techniques. Thus, if KDIMU was
100 during data collection, NDIMU should be <66. Conversely, if the
vreconStruction phase is- considered before data collection, then knowledge
of PWID and NDIMU will dictate the required spatial sampling.
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The second set of SETUP parameters describes how the projection data
were col]ecfed for the number of angles, NANG. MODANG is a coded parameter
that defines the initial angle, angular increment, and angular range of
the NANG angles. Again, consideration of how the data will be reconstructed
before their actual collection, may make the reconstruction phase easier.
For MODANG#0 or 1, the 1ibrary generates angles equally spaced over
T or 2r radians. If these angles have been used in data collection, the
user may choose one of these values for MODANG and avoid having to supply
the angles to SETUP (cf. section III.2 for MODANG options). Three
reconstruction algorithms (i.e., CONVO, FILBK, BKFIL) rely on data
having been collected at equally spaced angles in order to arive at a
correct solution, and in some cases the library will not execute the
reconstruction unless this is the case. Thus, the user is advised to
let the library generate the data collection angles whenever possible.

IGEOM describes the geometry (i.e., fan, paraliel, ring) in which the
data were collected. KDIMU is the parameter describing spatial sampling
-and represents the number of projection bins in each projection. IMIT -
indicates whether to reconstruct emission or transmission data.

AXISU describes where in the projection array the axis of rotation |
is projected. In general, if the axis is to fall in the exact center of
the'projection array, AXISU=(KDIMU+1)/2. It is very important to locate
the AXIS of rotation as accurate]y as possible (to precision of less
than 1 bin if possible), since even small errors may cause artifacts
in the reconstruction. RFAN ﬁs the distance from the fan beam source
to the center of rotation and is only meaningful under fan-beam geometry
conditions.

The third group of SETUP pakametérs describes the computational
environment in which the reconstruction is to be carried out. NWORK
is the number of floating point variables that have been provided as
working space for the 1ibrary. There must be a COMMON//WORK ("NWORK")
statement reflecting the value given NWORK in the declarative portion
of the main program. (For example, if NNORK=100, then there must be
a COMMON//WORK(100) statement somewhere in the main program.) The
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minimum value of this parameter may.be détermined by running a "stbrage
size test" (described below). NFLOAT‘gives the .number of computer

words that actually make up one f]oatihg point variable in the array
WORK. (For example, if the computer has 16-bit words and floating point
variab1es~are represented in 32 bits, then NFLOAT=2.) LUNOUT (in common
block/OUTCOM/) and LUNATN are logical unit numbers for printed output
~and attenuation factor scratch storage, respectively. If LUNOUT is

not given a value the library cannot communicate with the user.

~ The fourth group of SETUP parameters governs the execution.bf the
reconstruction and the'format of the output. ISTORE may be'used to
implement a "storage size test" to determine the amount of blank common
‘that is needed for the reconstruction. IPRINT contains six l-bit print
flags that govern what output is received during the reconstruction.
'-180132 (word 2 of common block/OUTCOM/) is a flag that determines the
width of the output (either 80 or 132 characters/line). -

After all of the above parameters are given va]ueé, SETUP is called
using the statement:

CALL SETUP. (IPAR,PAR,ANG)

The second phase of éxecution involves the actual reconstruction.
Several considerations must be made at this juncture. First, if attenua-
tion compensation is to be done during the reconstruction, attenuation
factors must be calculated first using the routines EVATN or EVATU
(cf. section V.7). Calculation of these factors usually involves a
reconstruction as well, as in the case of using a transmission scan
to correct for the attenuation in an emission scan. The'neXt step is
to determine what type of weighting model is to‘be used in the projection/
back-projectibn operations and/or what type of filter or convolution |
function is to be used. The names of the routinesn(such as BCD, PCD,
SHLO, BUTER, etc.) decided upon should be entered in the EXTERNAL statement
in the declarative portion of. the progkam (see above). In addition,
they are included in the calling sequence of the reConstruction'routiné.



Another integral part in the actual execution of the reconstruction
is 1nput'0f the projection data via the user-supplied subroutine GETUM.
The user must supply a routine that returns the prdjectionvdata ‘
one angle at a time with each projection being KDIMU in length. If
appropriate, the measurement uncertaihty for each projection value
must also be returned. '

If an iterative reconstruction method is being employed (GRADY,
ENTPY or CONGR), subroutine USER will be called between each iteration.
USER is a subroutine that allows the user access to the reconstruction
array between sfeps in the iterative process. While it is not necessary
that a subroutine of that name be supplied (since a default routine
" 4s supplied with the package), the user may desire more information
than that supplied by the default routine and may supply a replacement.

When the reconstruction subroutine returns control to the main
program, the reconstructed image is stored in the NDIMU x NDIMU array
stipulated in the calling sequence. It is now up to the user to display
it or save it as desired. Two display routines are provided in the

RECLBL Library. ARRAY is a subroutine that displays a 2-dimensional,
gray-scale image using an overprinting scheme. The second display
routine, XYGRF,,makes 1-dimensional slices through the 2-dimensibna1
array and displays them graphically on the output device. A1l other
graphical'display or output of the image onto peripheral storage devices
is left to the user.

A summary of the steps for the preparation of a FORTRAN program
to obtain a reconstruction from the RECLBL Library follows:

(1) Set up declarative statements that are consistent with values
'given to SETUP parameters in the executable section including
the,qommon blocks /OUTCOM/ and blank common //, arrays IPAR and
PAR, an array for the reconstruction and one for the projectﬁon
angles (if MODANG=0 or 1). |
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(2) Choose the back-projection or projection weighting model

| or fi]teerr convolution function to be used in the reconstruction
as we11 as other options provided by the reconstrdction routine.
Be sure to declare these subroutines in an EXTERNAL statement.

(3) Assign values to the IPAR and PAR variables and the two variables
in /OUTCOM/.

(4) Call SETUP.

(5) Call the reconstruction subroutine.

(6) Display and/or store the reconstructed image using ARRAY,
XYGRF, or some user-supplied subroutine.

In addition the user must provide a subfoutine GETUM for projection data
input and, if appropriate, a subroutine USER. '

2. Library OQutput

As the various subroutines in the library are exchting, they
communicate with the user via output on the file LUNOUT. While the
 ‘output is intended to be self-explanatory, this section-will attempt
to clarify any ambiguitiés that remain and point out details that may
be especially useful to the user. » '

The output obtained on any one run is, of course, a function of
what subroutines are employed during the reconstruction and what print
options are chosen by the user (cf. section II1.3). However, many
portiOns'wi11 be common to most runs. These are the ones that will be
described here. ‘

In most cases the first output received will be from the subroutine
SETUP. Figure 13 shows sample output that was obtained during a test
run. As with all user-called routines; SETUP alerts the user of its
initiation by printing its name in large block letters. The first part
of the 1listing contains the values input in the integer parameter array
IPAR'(cf. section III for details of their meanings) and the second
paft contains the values for the floating pofnt array PAR. The first
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Example of library output.

686 FLOATING POINT WORDS.
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column gives the index of the parameter on that. line. ' The second column
‘gives the actUé] vé]ue input and the third column gives a description

of what it means. Between the second and third columns flags will
otcaéiona]]y appear. They will be the Tetters NA or ER. NA means the
value for this parameter is not applicable to the situation as defined
by parameters above it. For example, in figure 13 the third line under
the PAR heading the reader'wilj see NA between columns 2 and 3 (labeled A).
This indicates that the distah@e of the fan source from the center of'v'
rotation is not necessary since IPAR(3), the geometfy flag, indicates
the reconstruction will use parallel-beam geometry. If the ER flag

. 15 seen, it indicates that a fatal error has been»detécted in the input
to SETUP, At the end of‘the SETUP output an error message will be
brinted te]]ing how many errors were detected. The lines containing
the ER flag indicate the input-Vaers that were in error.

The next pOrtioh of the SETUP output will be a few lines similaf o
to those labeled B in the figure (assumihg the appropriate print option
has been indicated), :These are-.lines output by thefmemory management
routine that tell the user how much blank common is in use at the time
the line is printed. The multiple lines indicate that several requests
for memory allocation have been generated by the library. The first
number in the line is the décima] number of floating point variables
in use and the number enclosed in parentheses is its octal equivalent.

The next line of output, labeled C, indicates to the user which
portion of the supplied projection.array will be used during the
reconstruction. In this case the user has supplied 100 bins when only
52 are necessary. Since the axis of rotation has been placed 50.5
projéctionvbins from the beginning of the array, the library uses 26

on either side of it or bins 25 through 76.

Line D indicates how many bins will actually be used as the projection
array during the reconstruction and how many, if any, are assumed to be
zero in value. In this case a'sufficfent number of bins has been'Supp]iéd.
However, if the user's projection arréy is found not to be long enough



to cover the entire reconstruction region, the library will add bins
on either side until the projection array is long enough. These bins
are assumed to have the value zero for all projection angles.

Line E is the closing line of the SETUP output (and several other
routines). It informs the user of the largest amount of blank common
that has been in use up to that point in the program. If one wishes
to know the maximum amount that is ever in use, simply find the last
time this message is printed during the job. SETUP indicates it has
completed execution by printing END SETUP in large block letters.

In the job shown in figure 13 a phantom was generated using the
subroutine PHAN (cf. section VII). The output from it is labeled F.
A1l of the input values are printed. In this particular case the phantom
was generated in a 64 x 64 pixel array. When a pixel was found to
fall only partially inside one of the ellipses comprising the phantom,
it was divided into 10 x 10 (or 100 total) "pixelettes" in order to
determine what percentage of the full value should be assigned to that
pixel. There are 1.33 pixels/projection bin. The entire phantom is
composed of 4 eT]ipses. If the pixelized array is considered to have
(x,y) coordinates with the origin in the exact center of the array, then
the centers of the four ellipses are at the points (0,0), (0,-13.33),
(13.33,0) and (-13.33,0). These values were arrived at by applying
the conversion factor of 1.33 to the actual input values, which are in
terms of projection bin width. The center points in units of projection
bins are listed above the corresponding converted values that are in
parentheses. | |

The major and minor axes of the ellipses are listed in a similar

fashion as the center points under the columns headed A and B, respectively.

The angle that the major axis makes with the x-axis is listed in the
PHI column and the density assigned to each pixel in an ellipse is
listed under DENS.

79



80

In summary, the first ellipse is centered at the origin (0,0);
it has major and minor axes of 53.33 pixels (i.e., it is a circle);
its major axis is colinear with the x-axis; and each pixel completely
inside it has a value of 2.81. The fourth ellipse, however, is centered
at (-13.33,0) in the pixel array; has major and minor axes of 18.67
and 13.33 pixels, respectively; its major axis makes an angle of 1.57
(w/2) rad1ans with the x-axis and each pixel inside it has a value
of -2.25. ‘

The beginning of the next section of output is- delimited by the
large letters CONVO. This indicates that the user has called subroutine
CONVO and is about to perform a convolution reconstruction. The first

few lines of output;from any of the major reconstruction routines (BKFIL,

CONGR, CONVO, ENTPY, FILBK, GRADY, GVERS, or MARR) are a-list of what
the input values were and what the subroutine haS interpreted them
to mean. In this case the only input parameter to be interpreted is
IERR. Its value was passed as 0 and CONVO interprets that to mean
that the user does not want errors calculated for thé réconstfucted

values. Next the a]go;ithm must determine if the backiﬁrojection and »

projection (or filter or convolution) routines chosen by the user are
~ compatible. There is a single routine in the package that is used to
do this and typical output from it is labeled G. ’

This particular output indicates that the arguments specified
in the'ca11 to CONVO were a back-projection routine and a convolution
routine, which is correct for CONVO Any bther combination would be
an error and an error message would be pr1nted For the other
reconstruction methods, the correct combinations are:

(1) BKFIL and FILBK must have a back-projection and a filter
routine,

(2) CONGR, ENTPY, GRADY, and GVERS must have a back -projection
and a projection routine.

{3) The MARR reconstruction routine does not use back- prOJect1on,
projection, convo]ut1on or filter rout1nes
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~ The column labeled "ray weighting" explains what model is employed
in the projection/back-projection operation. In this case the back-
projection value assigned to a pixel is proportional to the length
of the line emanating from the center of a projection bin that intersects
that pixel. Other entries that may appear in this column are DELTA
FUNCTION, CONCAVE DISK, UNIFORM SQUARE or INTERPOLATION (cf. section
IV for full description of what these models imply). Since the convolution
routine does not perform either a back-projection or projection operation
the "ray weighting" column contains an N/A (not épp]icab]e).entry.

The next column indicates whether the routine in question uses
attenuation factors in calculating projection/batk—projection values.
In this case neither does. If attenuation factors are to be used in
the projection/back-projection operations, it is important that the
user employ either of the subroutines EVATN or EVATU to store the
coefficients on the file LUNATN before calling the main reconstruction.
routine. If this has not been done an error message will be generated
and execution.terminated.

~ The last column indicates whether the routine assumes fan-beam or
parallel-beam geometry. In this case, both assume para]lel-beam. It is
important that both the batk-projection and. projection (or convolution
‘or filter) routines make similar assumptions and use the same model
in order that the reconstruction be correct. If this is not the case,
an error message is generated. The output just described may be consulted
.t6_1ocate the exact cause of the error if an error message is printed.

In addition, certain reconstruction methods or options require
that special purpose'routines be used with them. If the user attempts
to use a routine that cannot fulfill the task fequested, a self-
explanatory errbr message will be printed after the just described
output. ATl of the limitations that must be observed with each
reconstruction method are given in the appropriate parts of section V.
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. The remaining .output from CONVO. consists of .Tines from the memory
.management routine already described. It ends with the line informing
the user of the largest amount of blank common storage used to that
point in the program (a]so described above). Termination of the subroutine
CONVO is indicated by the large block letter message END CONVO.

Output that was not encountered in this run, but may be seen in
others (by selecting more'print options and/or using other reconstruction
routines) include a printout of the projection data and their uncertainties
as they are input from the user-supplied subroutine GETUM, a printout of
the values of the convolution function (for CONVO), the filter function
in Fourier space (for FILBK or BKFIL) or the Lagrange multipliers and
~ their gradient function (for ENTPY). When using the iterative reconstruction
methods, the subroutine.USER. is called between successive iterations
and output may be generated from that routine. (The default subroutine
USER supplied with the patkage prints the value of,the_function'being
optimized and the iteration number.) A1l of these are accompanied
' by.self-explanatory headings and.messages. |

3. Library Display Routines

~ The RECLBL Library provides the two display routines ARRAY and XYGRF .
The subroutine ARRAY produces a two-dimensional gray-sca1e display using
overprinting on the output device. The subroutine XYGRF produces a plot
of intensities for one-dimensional slices through'a two-dimensional
array. o o
Any two-dimensional array may be displayed on an output device
that has an overprinting capability using the statement

CALL ARRAY(B,NXN) ,
where o
B is the array to be imaged;
NXN is the dimension of the array.



The subroutine'is coded assuming the printingidevice has ten characters
per inch and six lines per inch. The subroutine interpo]ates vertically
between pixels in order that the array appear square. The format
statements use carriage control statements, which are used by the line .
printer at Lawrence Berkeley Laboratory for implementing the overprinting
capability. These statements assume that the carriage control is affected
after the line has been printed. The subroutine is coded so that this
gives a gray-scale image with 21 levels of gray (Cf. I. D. G. McLeod,

IEEE Trans. Computers C-19, 1970, pp. 160-162). '

Cross-sectional plots of a two-dimensional array are graphically
displayed using the statement |

CALL XYGRF(B,N,NP,BMAX,BMIN,IXY,ICOR,IL,IU)

where
' is a square ‘array from which plots are generated;

is the dimension of B (i.e., B(N,N));

NP is the number of cross-sectional plots; _

BMAX is the maximum value for the plot; if BMAX = 999999.,
the maximum will be determined from the data;

BMIN is the minimum value for the plot; if BMIN = 999999.,
the minimum will be determined from the déta;

IXY determines the direction of the cross section;
if IXY = 0, the cross section is parallel to the x-axis;
if IXY =1, the cross section is parallel to the y-axis;

ICOR is an array of x- or y-intercepts that determines the
Tlocation of the cross section;

IL - is the lower coordinate for the plot;

IU A is the upper coordinate for the plot.

- The maximum number of plots that can be displayed on the same
_graph is 10. If NP=1, then the cross-sectional plot will appear as

a histogram where the spaces between the axis and the functional value
are filled in with the symbol X. For NP>1, the functional value for
each cross section will be given a different symbol and only one symbol
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wi]1=bevp1otted-for each function at each coordinate value. It is

~ assumed thét'the array is stored such that the array value B(I,J) corresponds
to the value at the point (I,J) relative to a standard (x,y) coordinate ‘
system with (1,1) in the bottom left corner of the first quandrant of

the xy-plane.- Example 7 uses the subroutine XYGRF in the subroutine

USER to graph one cross-sectional p1ot parallel to the x-axis for each
iteration.

4. Error Handling

During execution of a reconstruction subroutine, if errors that
resu]t from inconsistent user requests, omission of input_parameters;
or inappropriate data input are detected, a self-explanatory error
message is printed on the file LUNOUT. In addition, an error number
is printed in large block letters. If the detecting routine is user-
called, its name is also printed in large block letters. If the error
is nonfatal, the program will continue; but if it is fatal then STOP
is printed in large block letters on LUNOUT and program execution is
terminated. | '

There are a small number of ekrors.that under normal circumstances
should never occur. However, -user coding errors or yet-undetected
" library errors may result in destruction of portions of the executable
code or internal Variab]es causing a program stop with a message to
the user of a SYSTEM ERROR rather than just a plain ERROR. If this
should occur, the user .should carefu]iy check the main program and any
user-supp1ied subroutines to be sure that no addfessing errors (such
as 1ncorrect'array subscripts) are the céuse. Ample documentation
of unresolved problems should be sent to the Donner Laboratory Research
Medicine Group (cf. section I.4). Error messages, their identification
numbers, the routine that detects them and whether they are fatal or
not appear in table 3. |
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Table 3. RECLBL Library Error Messages.

- Error No.

Routine

Fatal

Error Message

SETUP
MEMST

STPTR

~ STPTR

STPTR

RCHEK

RCHEK

< =<

SETUP must be called before
Errors in IPAR or PAR arrays.
The amount of space in common block WORK

is larger than the amount allocated by
the user. This run is now a storage
size test, no reconstruction will be

~ executed.

The rotation axis (AXISU = XXXXX.XX)

does not project into the reconstruction

array. The projection is XXXXX bins

long. ' _

The fan source at a distance of XX.XXXEXXX

is inside the reconstruction array. The

distance from the fan source to the center

of rotation must be at least XX.XXXEXXX.

The reconstruction array does not project

into any user projection bins.

These are inconsistent. Explanation:
The combination of back-projector and
projector/filter/convolver chosen by
the user is inconsistent. Consult
l1isting just above error message for
description of the choices that were
spebified. |

Due to lack of appropriate filters, BKFIL

cannot execute fan-beam reconstructions

at the'present time.
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Tab1e 3. Continued.

Error,No.

Routine

Fatal

Error Message

10

v 1;
12
13
14

15

16

RCHEK
RCHEK
‘RCHEK
RCHEK

RCHEK

RCHEK

RCHEK

RCHEK

When using fan-beam geometry and the
subroutine FILBK, one of the back-projection
subroutines BCDF2, BPTF2, BRFF2, should

be used.

Should use BCDF2, BPTF2, BRFF2 only with
the subroutine FILBK. v
Cannot use attenuation projection and

_ back-projection subroutines with the

subroutine ENTPY.

The requested back-projection subroutine
will not calculate errors for convolution
reconstructions.

For this weighting model pixels and

projection bins must be the same size
(PWID=PAR(3)=1.0).

These subroutines are inconsistent with
the fan-beam parameters seen by SETUP.
Attempted call of a projection or back-
projection subroutine requiring
attenuation factors before the factors
were evaluated.

- For convolution and Fourier reconstruction
"~ methods, projection angles must be equally

spaced over at least ¢ radians for parallel-
beam geometry. To ensure this MODANG=IPAR(4)
must not be 0 or 1 in the call to SETUP.



Tab1e 3. Continued.

Error No. Routine Fatal

Error Message

17

18

19

20

21

22

23

24

25

26

RCHEK

RCHEK

RCHEK,
BJECT,
PJECT
CONGR,
GRADY
FMCG

FMCG

FMCG

FILBK

MARR

"~ MARR

For convo]utfon; Fourier, and entropy
reconstruction methods, projection angles
must be equally spaced over 2m radians

for fan-beam geometry. To ensure this
MODANG=IPAR(4) must be 3, -3, 5 or -5

in the call to SETUP.

Must use BINF whén performing convolution
on fan-beam data.

Musf use the MARR reconstruction algorithm
on ring gedmetry data.

The number of steps NSTP=XXX is less

than 0. | |

There is an error in the gradient calculated
by the subroutine DULFC.

Convergence was not obtained in the limit
number of iterations.

The linear search technique indicates

it is 1ikely that there exists no minimum.
The dimension of the reconstruction array,
NDIMU=IPAR(1), must be even for subroutine
FILBK. -

The MARR reconstruction method can only

be used for ring geometry (SETUP input
parameter IGEOM=IPAR(3)=3). |

The number'of crystals NXTAL=XXX is not
even, o

87
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Table 3. Continued.

Error No. Routine Fatal . Error Message

27 © MARR N A ring of XXX detectors and pixels that
' are XX.XXX the size of one detector-implies
that the entire ring will be inscribed
in a square XXX pixels on a side. Using
an array of XXX pixels on a side will
only result in zeroes outside a radius
of XX.XXX. '
28" MARR N The maximum degree of the polynomials
for a ring of XXX detectors is XXX.
“The reconstructed values will be COmpufed
to this degree.
29 BJECT Y The back- -projection subrout1ne is incon-
sistent with the fan-beam parameters
} ‘seen by SETUP. o
30 BJECT Y Attempted call of'a back-projection sub-
' | routine that uses attenuation factors
- before the factors were evaluated.

31 CBARP Y NREPS*NBARS=XXX is greater than 100,
32 EVATU Y Zero range in reconstructed array. No
- o attenuation factors calculated.
33 " EVATU Y Target to nontarget must be greater than
: 1. The value was .XXXEXXX.
34 GETUM Y A data input subroutine named GETUM must
be supp11ed by the user.
35 PHANL Y - There is a parameter error in the call

to subroutine PHANL. (This is followed
by a self-explanatory destription of
the rules for parametef values and a
list of the values input.)
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Table 3. Continued.
Error No. Routine Fatal Error Message
36 PHANL N Warning . . . negative source (or attenuation)
_ detected during generation of PHANL data.
37 PJECT Y The subroutine PJECT cannot be called
. during the execution of FILBK.
38 PJECT Y The projection subroutine is inconsistent
with the fan-beam parameters seen by
SETUP.
39 PJECT Y Attempted call of a projection subroutine
that uses attenuation factors before
_ the factors were evaluated.
40 XYGRF Y Input parameter IXY=XXX is not set properly.

System Error
” No.

FTATN Y No message--just SYSTEM ERROR 1 in large
’ _ letters. _
MEMST Y XXXXXX is not a valid pointer.
MEMST Y LPTR is negative, but not -ISET (-XXXX}.
PHAN Y  No message--just SYSTEM ERROR 4 in large
letters. o
STATN Y No message--just SYSTEM ERROR 5 in large

letters.




VII. GENERATION OF PHANTOMS AND PROJECTION DATA

The RECLBL Library has the ability to generate images of phantom
objects and projection data that could theoretically be co]]ected‘from
them. If the user wishes to experiment with different reconstruction
methods, he may employ the following subroutines to generate a variety
of phantoms and corresponding projection data.

" The general phantom generating subroutines of the RECLBL Library
are PHAN and PHANL. These two subroutines have much in common and
will therefore be described together. PHAN will generate a pixelized
image of any phantom composed of ellipses and rectangles, and PHANL
will generate analytic projections of any phantom that PHAN can generate.
For purposes of simulating emission data with PHANL, each ellipse or
rectangle can be specified as a source or attenuator. The value of
each bin in the projection will be a line integral of source activity
with attenuation included if appropriate. The amount of attenuation is
—a-function of the density (attenuation coefficient) of the attenuator
and the length of attenuating material that the source radiation must
traverse on its path to the detector.

The phantom/phantom data generated by the routines PHAN/PHANL are
from a superposition of rectangles and ellipses whose size and orientation
are defined by the user in arrays that are arguments of these subrdutines.
The calling sequence for PHAN is

CALL PHAN(N,INTG,ITYPE,DENS,X,Y,A,B,PHI,BB,NBB,PIXW)

where _

N is the total number of ellipses and rectangles that make
up the phantom.

INTG  is an integration factor. PHAN generates the phantom in
a discrete pixelized space. When the edges of an ellipse/
rectangle do not coincide exactly with the boundary of
a pixel, PHAN gives that pixel a fractional part of the
full value according to what portion of the pixel lies
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ITYPE

DENS

XY -

"A,B

PHI

BB
NBB
PIXW

inside the phantom. To do this, PHAN divides each border
bixe] into INTG x INTG "piXeTettes,",each of which is tested
for "insideness" and the final value given to the pixel
is the full value times the fraction of pixeTettes found
inside the phantom. This border "integration" gives the
image a smoother appearance. We have found a reasonable
value for this is 10.
is-an array that describes the ellipses/rectangles.. For
the Ith ellipse/rectangle, ITYPE(I) can take on the
following values:

1 for a source ellipse

2 for a source rectangle _
is an array that describes the density (or attenuation
coefficient) of each shape. For transmission this is in

units of inverse projection bin width, and for emission in units
of inverse bin width squared. ’

are two arrays that .describe the (x,y) coordinates of the
center of eégh ellipse/rectangle relative to the center
of the imagégarray, These are in units of projection bin
width. '

are two arrays that describe the major and minor axes,
respectively, of the ellipses or the lengths of the sides
of the rectangles. '

is an'array giving the Angle in radians that the major

‘axis (A above) makes with the x-axis.

is the arrayyin which the image is generated.

is the dimension of BB, which is assumed square.

is the pixel width in units of bin width. Since X, Y, A

and B are all given in units of bin width, this is the
conversion factor from bins to pixels. The sign of PIXW

is used to normalize the total number of “"counts" in the image
so that it can be directly compared to a reconstructed image.
It should be positive (+) for transmission and negative (-)

for emission.




The calTing sequence for PHANL is

CALL PHANL(N,ITYPE,DENS,X,Y,A,B,PHI,P,M)

where
N

ITYPE

DENS

X,Y
A,B

PHI

Arrays X, Y, A, B, PHI, DENS, and ITYPE in both routines muét be dimensioned

is the total number of ellipses and rectangles that make
up the phantom.
is an array that describes the ellipses/rectangles. For
the Ith ellipse/rectangle ITYPE(I) can take on the following
values: _ :
1 for a source ellipse

2 for a source rectangle

-1 for an attenuating ellipse

-2 for an attenuatihg kectang]e.
is an array that describes the density (or attenuation
coefficient) of ‘each shape. For transmission data this
is in units of inverse projection bin width, and for emission
in units of inverse bin width squared. ,
are two arrays similar to ITYPE that describe the (x,y)
coordinates of the center of each ellipse/rectangle. These
are in units of projection bin width.
are two arrays that describe the major and minor axes,
respectiVe]y, of the ellipses or the lengths of the sides
of the rectangle.
is an array giving the angle in radians that the major axis
(A above) makes with the x-axis.
is an array at least KDIMU (SETUP input-parameter IPAR(6))
long in which PHANL generates the projection.
is the angle index at which the projection is calculated
(the angles are either supplied to or generated by SETUP).

at least as large as the number of ellipses/rectangles in the phantom.

The Ith entry in each of these arrays is the appropriate parameter for

the I1th shape.

can be done using PHAN without calling SETUP. PHANL and PHAN are

Only PHANL uses parameters from SETUP so phantom development
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conveniently used togéther since reconstruction of data genérated

by PHANL may be compared to the corresponding phantom generated by

PHAN. However, it is not necessary to create a pixelized phantom image
using PHAN in order that PHANL be able to generate projection data.
Demonstrations of the use of these two routines are given in section IX.

In addition to the general phantom generators, two specié1 phantom
generators in the RECLBL Library are PIE and CBARP. PIE generates an
‘image of a circle containing equa]-siied, a]terhating black and white
sectors. VCBARP generates a cirtu]ar bar phantom. This iska phantom
consisting of alternating black and white bars superimposed on a circular
‘domain. The bar pattern is generated such that the last bar in each
repetition of the pattern is 1/2 as wide as the previous bar, 1/3 as
wide as the third last, etc. (cf. Example 16, section IX). The bar
pattern may be repeated as many times as desired across the circle
with the limitation that the number of baré in the pattern times the
,'number of repetitions of the pattern is less than 100. Projection
. data are obtained fromithese phantom generatoré using subroutine PJECT.
PJECT generatés projection data for any phantom that can be represented

in a pixelized array. It gives the added freedom of allowing the user

to choose which model of activity distribution he wishes to employ .

during the projection operation (see section IV for the choices available).
However, it should be noted that PHANL comes the closest to mimicking

the data that would be collected in a physical situation. (This can be
c]osé]y approximated by use of the projector PLL in conjunction with
PJECT.) -

The calling sequence for PIE is

CALL PIE(B1,N,R,X1,Y1,Z,INTFAC,NSLIPI,ISTART)



where
Bl

X1,Y1
INTFAC

NSLIPI

ISTART
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is the afray where the phantom is generated.

is the dimension of the square array Bl..

is the radius of the circle (in pixel unit.’

are the cookdinates of the center of the circle with
respect to the center of the array (in pixel units).

is the amplitude value to be assigned to pixeis that are
completely in a black section.

is an integration factor (see description of INTG under
PHAN above). |

is the total number of slices in half of the pie (or the
number of black slices in the whole pie). |

is an indicator of the color of the first slice (counter-
clockwise from straight up). If it is zero, the first
section is white; otherwise it is black.

The calling sequence for CBARP is

CALL CBARP(B1,N,R,X1,Y1,Z,INTFAC,NBAR,NREPS, IDIREC)

The meaning of the parameters is the same as for PIE with the

following exceptions:

NBAR

“NREPS

IDIREC

is the total number of bars in one repetition of the bar
pattern. o

is the number of repetitions of the pattern across the
entire circle. :

is the direction the bars should be in:

0 = horizontal,

1
2

vertical,

annular rings.

The calling sequence for PJECT is

"CALL PJECT(B,P,M,PRJ)
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where

PRJ

'js the array containing the image from which the projection

is to be calculated. . .

is the array at least KDIMU (SETUP input parameter IPAR(6))
long in which the projection is generated.

the index of the angle at which the projection is to be
taken (the angles are either supplied to or generated

by SETUP). |

the name of the projection subroutine to be used in the
projection operation. It must be declared in an EXTERNAL
statement in the calling routine.

PJECT depends on values supplied to SETUP in its computations, and
thus, SETUP must be called before PJECT can be used.:

In section IX, Examples 5, 6 and 17 use PIE to generate a phantom
and Examples 5 and 6 use PJECT to get projection data from it. Example
16 shows the use of CBARP. '



VIII. STORAGE REQUIREMENTS AND TIMING

1. Storage Requirements

The amount of storage that must be allocated in blank common is
a function of the SETUP parameters NDIMU, NANG and KDIMU. The terms
that make up the function vary depending on the reconstruction algorithm,
the back-projection/projection weighting model, and options selected
for the reconstruction via arguments in the calling statement or other
SETUP parameters. It is difficult to ascertain the exact amount of
storage necessary for any given program without running a storage size
test (cfp sections III.3 and VI.1).

The expressions below are given as functions of NDIMU, NANG, KDIMU,
and KDIM. KDIM may be determined from NDIMU by the relations

NDIMU + 4 . if ICIR =0 ,
INT (Y2*NDIMU) + 4 if ICIR # 0O

KDIM
KDIM

When the storage requirements are dependent on values input to
SETUP or the reconstruction routine, the appropriate portion of the
equation is in the form of a logical statement. If the statement is true
for the case being considered, then the preceding factor is included
in the calculation; otherwise the value following the word "else" is
used. For example, the expression

M = [NDIMUZ x (n/4 ff ICIR=0, else 1)] + [KDIM*NANG x (1 if IERR=1, else 0)]

" would be .interpreted to mean M is equal to NDIMZ times 7/4 if ICIR=0
plus KDIM*NANG if IERR=1. If IERR#1, the last term is zero and if
ICIR#0 the m/4 term becomes 1 in the calculation.

A1l reconstruction routines requife that SETUP be called to initialize
the values of all input parameters and to set up storage that is used by
all algorithms. This amount is

97
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S = 3*NANG + 2*KDIMU + 2*NDIMU + [NDiMU? x (m/4 if ICIR=0, else 1)
x (1 if USing attenuation correction, e1se_b)] + [62 x NANG x
(1 if‘using.rayvfactors;ve1se 0)]
and Wi11_be referred to below.
The‘storége requiremehts‘M fbr thé’niné reconétructionvé]gorithmsv
are as follows:

BJECT

M = KDIM + S
BKFIL
o om=3x2P-1)+5s
where o ,
P = smallest integer > logp(2 x KDIM).
CONGR |
M = 2 x KDIM + [3“x NDIMUZ x (n/4 if ICIR=0, else 1)]
+ [KDIM x NANG x (1 if IERR=1, else 0)]
+ [NDIMUZ x (m/4 if ICIR=0, else 1) x (1 if IRLX=1, else 0)] + S
cONVO - , | |
M = 4 x KDIM + [KDIM x (1 if IGEOM=1 or 2, else 0)]
+ [6 x KDIM x (1-if IERR=1, else 0)] + S
ENTPY : K » |
M = 6 x NANG x KDIM + KDIM + [NDIMUZ x (m/4 if ICIR=0, else 1)] + S
FILBK . - |
M=2P x (2P + 2+ v/2) + 2 x KDIMU + (3 x NANG) + 4
where ’ ' -

P = smallest integer > logp(2 x NDIMU)

g™



GRADY | -
2 x KDIM + [2 x NDIMUZ x (m/4 if ICIR=0, else 1)]

=
i

+ [KDIM x NANG x (1 if IERR=1, else 0)]
~+ [NDIMUZ x (m/4 if ICIR=0, else 1)
x (1 if IRLX=1, else 0)] + S

GVERS v |
{NDIMUZ x [NDIMUZ x (m/4 if ICIR = O, else 1) + (KDIM x NANG) + 2]

=
1]

x (m/4 if ICIR=0, else 1)} + [KDIM x (NANG + 1)1

+ [KDIM x (NANG + 1) x (1 if IERR=1, else 0)] + S

MARR

=
"

NANG/2 x (25 + NANG) - 4

‘Table 4 shows a comparison of the estimates computed from the above
expressions with the actual work space necessary for that reconétruction.
The pertinent paraméter values are as follows: NDIMU=32, ICIR=0, NANG=36,
KDIMU=32, IGEOM=0 (except for MARR where IGEOM=3), IERR=0, IRLX=1 and
using the projector/back-projector pair PCD, BCD.

~ Table 4. Comparison of estimates computed with actual work space
necessary for reconstruction. '

Reconstruction Subroutine Actual ' Estimate
BJECT 272 272
BKFIL 428 ‘ 428
CONGR 3556 3525
CONVO 380 : 380
ENTPY | 18860 8852
FILBK | ‘ 4488 . 4496
GRADY 2744 v 2720
GVERS 1,714,888 1,692,296

MARR ‘ 1094 : _ 1094
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2. Algorithm Timing

‘Table 5 gives the'centra1 processor times for reconstructing a
circular array from 36 projection angles (NDIMU=32, NANG=36, ICIR=0)
for various combinations of reconstruction algorithm and back-projection
subroutine. These simulations were compiled using the MNF compiler
and run on the CDC 7600 computer at the Lawrence Berkeley Laboratory.
The times should be used only as a relative measure and not as an absolute
measure of algorithm speed because speed is a function of the compiler
“and the particular computer used. We have found that during peak usage
the'computation time increases due to 1ncreased central processor overhead;
thus the times listed in table 5 are only approximateAvalues. '

The speed of the algorithms BJECT, CONGR, ENTPY, and GRADY is
determined entirely by the speed of the projection and back-projection
subroutines. A maJor part of the effort of developing the RECLBL Library
has been spent in opt1m1z1ng the code for these subroutines. The time to
project and back-project is a function of the size of the reconstruction

'arkay, the number of projections, the'weighting scheme, and the type of
geometry. Th1s time is linear in both the number of e]ements to reconstruct
and the number of projection angles.

The fan-beam projection and back-projection subroutines require
‘the longest computation times. For example, in the CONGR and GRADY
algorithms the time for fan-beam geometry with flat detector is increased
more than a factor of .ten over para11e1-beam geometry: time for BCD
is 3 sec as compared with the time for BCDF (flat detector) of
30 sec; time for BRF is 4 sec as compared with the time for BRFF (flat
detector) of 69 sec. The increase in computation time of fan-beam
over bara]]e]-beam routines is less when using fan-beam geometry with
a curved detector.

The data in table 5 for the algorithms CONGR and GRADY were obtained
using the parameters IRLX=1, IERR;O, and NSTEP=10. vOther'tests were
done for various combinations for IRLX and IERR but the computation
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Table 5. Central processor times in seconds for constructing a 32 x 32
circular array from 36 projection angles for various combinations
of reconstruction algorithms and back-projection subroutines.

Reconstruction Subroutine )
CONGR ENTPY GRADY
for 10 for 10 for 10
Back-Projection Subroutines BJECT | BKFIL | Iterations | CONVO | Iterations | FILBK | Iterations
Parallel Beam )
BPT 0.19 0.45 1.43 0.44 7.76 0.79 1.42
8CD 0.25 0.53 2.65 0.53 16.24 1.06 2.73
BIN 0.26 0.54 . 0.52 1.14
BLL 0.36 0.64 15.41 0.62 31.70 1.52 5.53
BRF 0.32 0.61 4.28 0.63 23.98 1.38 4,32
Fan Beam.Curved Detector
BPTF 0.55 9.51 53.45 9.88
BPTF2 0.55 . 2.68
BCDF 0.94 17.75 102.6 17.96
BCDF2 1.00 4.80
BINF 0.54 . 0.91
BRFF 2.57 _ 52.87 310.2 54.01
BRFF2 2.58 13.28
Fan Beam Flat Detector
BPTF ‘ 0.27 3.29 17.98 3:25
BPTF2 0.47 . 2.03
BCDF _ 1.47 30.16 169.8 30.19
BCOF2 1.54 8.36
BINF ‘ 0.36 1 0.76
BRFF 3.26 68.83 388.1 68.48
BRFF2 3.35 18.31
Attenuation Correction
BPTA 0.23 2.21 2.25
BCDA 0.29 3.80 3T
BRFA 0.37 5.37 5.35
Other Reconstruction
Subroutines
GVERS ) *
MARR 2.23
Special Routines for
Attenuation Correction
EVATN 2.94
EVATU 3.02

*Timing could not be measured since the memory required to reconstruct a 32 x 32 array is larger than 170 K,
which is the memory size of the CDC 7600 computer at the Lawrence Berkeley Laboratory.
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times were the same. This is what one would expect when algorithm

speed is primarily determined by the speed of the projection and
back-projéctibn subroutines. For these algorithms one projection and
one back-projection must be done for each iteration. The reconstruction
subroutine ENTPY required 16nger central processof time than any of

the other algorithms. The reason for this is that the function optimized
(equation (4.5) of section V) is not quadratic; thus more than two
back-projection and'projection operations afe required for each iteration.

Attenuation Correction increases computation time in CONGR and
GRADY (BRF - 4.3 sec as compared with BRFA - 5.4 sec). These timings
- were measured after the attenuation factors were calculated. Notice
that the time for calculation of the attenuatioﬁ factors (EVATN -
2.9 sec and EVATU - 3.0 sec) is significant. .

The speed of the algorithms BKFIL, CONVO, and FILBK is determined
to a large extent by the speed of the back-projection subroutines.
For these algorithms the filter or convolution operation also takes
considerable time. BKFIL, CONVO, and FILBK redUire a single back-
projection. However, FILBK requires longer computation time than BKFIL
and CONVO since the data is back-projected into an array that is four
times_the size of the user's array.
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IX. EXAMPLES OF LIBRARY USE

The sample programs illustrated in this section were run on the
CDC 7600 computer at the Lawrence Berkeley Laboratory. These programs
show how the user can set up his main program in order to use the RECLBL
Library. The example programs are written in standard Fortran IV except
for the nonstandard program statement:

PROGRAM XXXXX (INPUT;OUTPUT,TAPE2=0UTPUT)

The user may have to replace this statement with the appropriate program
statement applicable for his computer or compiler.

A1l programs require the dec]ar&tion statements:

DIMENSION B( ),AG( )

COMMON WORK( ) v
COMMON/PARM/IPAR(12),PAR(3)
COMMON/OUTCOM/LUNOUT, 180132
EXTERNAL BCK,PRJ

where B is the reconstruction array, AG is the array of angles, WORK is
‘an array of blank common used for working space, IPAR is an integer
array of input parameters, and PAR is a real array of input parameters.
Besides the 15 input parameters in the IPAR and PAR arrays (cf. sections
[11.2-111.3), the user must specify the logical unit number LUNOUT for
the output file and specify whether the output line will be 80 or 132
characters long by setting the parameter 180132 zero or nonzero, respec-
'tive]y (cf. section III.1). The EXTERNAL statement must specify each
back-projection, projection, convolution or filter subroutine that is
passed as a parameter to one of the reconstruction subroutines.

The user must supply his own subroutine GETUM, which is used for
data input as explained in section III.4. The subroutine SETUP must
be called before calling any of the reconstruction subroutines as
discussed in section III.1. |
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‘1. Example 1 - Projection andrBack-Projection of Parallel- and
Fan-Beam Data

The program XBJECT gives an'examp1e of how the subroutines PJECT
and BJECT are used to project and back-project data. The projection
data are obtained from the array BX, representing a point source at
position (48,48). Using para11e1-beam geometry, PJECT is called (statement
E1.058) to project data into the user's projection array P with KDIMU
= 100 and AXISU = 50.0. In statement E1.059 the data are back-projected
into the array B and the resulting image is displayed by the subroutine
ARRAY. This simp]e baék-projection image is blurred by approximately
1/r, where r is the distance from the point source to other elements
in the. image.

Next we perform a test to see how close the blurring function
is approximated by 1/r. In statements E1.064 through E1.067, the
back-projection result is multiplied by the distance each point (I,J)
is from the point (48,48), i.e., v (1-48)2 + (J-48)2. Since the
back-projection resu]t'gives a 1/r response for a point source, the
mu]fip]ied image represents a nearly uniform distribution of intensities
as can be seen from the displayed 1mage.~ This same procedure is applied
for fan-beam data projected for both curved and flat detectors. Notice
that for the fan-beam geometry the back;projection subroutine BRFF2
(statements E1.081 and E1.103) is used instead of BRFF. The subroutine
BRFF2 properly weights the projection data such that the result g1ves

a 1/r response for a point source.

PROGRAM XBJECT {INPUT,OUTPUT,TAPE2=0UTPUT) E1.001 c

i takaXaXaXatal

Ep.002 - NDIMU=64
EXAMPLE 1 . 51.003 ICIR=1
1.004 1GEQMa0
THE PROGRAM XBJECT BACK-PROJECTS A POINT SOURCE PROJECTION EX 008 NANG= 180
FUNCTION FOR PARALLEL BEAM, FAN BEAM CURVED DETECTOR, FAN BEAM E1.006 MODANG=5
FLAT DETECTOR GEOMETPIES AND COMPARES THE RESULT WITH A 1/R El.007 KDIMU=100
RE SPONSE., €1.008 INIT=1
E1.009 NWORK=2600
DIHENSIGN B(4096), SX(bO‘?b)'P(lOOl AG(180) ) EL.010 NFLOAT=1
DATA BX/4096%0./ E1.011 ISTORE=O
DATA B8X1{3056)/1.7 El.012 IPRINT=T
COMMON WORK(2500) £1.013 LUNATN=CQ
COMMON/ QUTCOM/LUNGUT, 180132 . E1.014 PWID=1 .
3 €1.015 AX1SURn50.5
4 LUNDUT ~ QUTPUT FILE El.0l6 RFAN= O,
c 180132 ~ OUTPUT LINE LENGTH FLAG E1.017 C
c =0 EACH LINE WILL BE WITHIN B0 CHARACTERS El.018 c PARALLEL BEAM GECMETRY
4 (OTHERWISE 132 CHARACTERS) E1.019 4
< . €1.020 - CALL SETUP (IPAR,PARJAG)
COMMON/PARM/IPARIL2) +PAR(3) - El.Q21 c
[ . El.022 DO 10 N=1,NANG
EQUIVALENCE {NOIMU ,IPAR( 1)),{ICIR ,IPAR{ 2)),{IGEOM ,1PAR( 3))y EL1.023 CALL PJECT (BXyPyM,yPRF)
1 (NANG  ,IPARL 411 ,(MODANG,IPARC 51) 5 {KDIMU IPARL 6))y E£1.024 10 CALL BJECT (B,P)M,BRF)
2 (IMIT L IPARL 7))s{NWORK +IPAR( B)),{NFLOAT,1PAR( 9)),  EL.025 4
3 {ISTORE,IPAR(10} )y (1PRINT, IPARCLL} ), (LUNATN, IPAR(12}), E1.026 WRITE (2+22)
4 (PWID 4 PARC 1}),(AXISU 4 PARC 211,(RFAN , PAR{ 3)) €E1.027 CALL ARRAY (ByNDIMUI}
[4 E1.028 c
< : El1.029 DO 12 I=l,64
EXTERNAL BRF.PRF,BRFF2,PRFF ) . €1.020 00 12 J=l,64
€1.031 Km{J=11%64+1
LUNOUT=2 El.032 12 BIKI=B{KI*SQRTIFLOAT({I~48)%82¢{3-43)%%2))
180132=0 : E1.032 c
C ° ELl.034 WRITE (2422)
c THE INPUT PARAMETERS ARE £1.035 CALL ARRAY (B,NOIMUI}




¢ E1.071
c FAN BEAM GEOMETRY - CURVED DETECTOR E1.072
4 £1.073
1GEOM=1 : - E1.074
RFAN=80. £1.075
[4 £1.076
CALL SEYUP (IPAR,PAR,AG) E1.077
4 €1.078
D0 14 M=l,NANG €1.079
CALL PJECT (BXyPyM,PRFF) €1.080
14 CALL BJECT (B,P,M,BRFF2) E1.081
4 £1.082
WRITE (2,24) £1.083
CALL ARRAY (B;NDIMU} E1.084
¢ €£1.085
DO 16 lel,64 14086
DO L€ J=ly 6k £1.087
Ke(J=1) %64+l £1.088
16 B{K)=B{K}#SQRT (FLOAT ((1-4B8)%%2+{J-48)4%2) ) £1.089
4 E1.090
WRITE (2,24} £€1.091
CALL ARRAY {(B,NDIMU) €1.092
c £1.093
c FAN BEAM GEOMETRY - FLAT DETECTOR E1.094
¢ E1.095
1GEOMa2 E1.096
RFAN= 80, E1.097
4 £1.098
CALL SETUP (IPAR,PAR,AG} E1.099
c E1.100
DO 18 M=1,NANG EL.101
CALL PJECT (BX,PyM,PRFF) E1.102
18 CALL BJECT (B+P,M,BRFF2) £1,103
c E1.104
WRITE {2,26) E1.105
CALL ARRAY (B,NDIMU) El. 106
3 E1.107
D0 20 I=1,64 €1.108
‘00 20 J=1,064 E1.109
Km(J=1)%64e] El.110
20 BUK}=BIKI*SQRT(FLOAT ((1-48 )##24(J-48 1422} } El.idl
¢ El.112
WRITE (2,260 - £1.113
CALL ARRAY (ByNDIMU £l.114
4 El.115
c . €1.116
¢ El.117
22 FORMAT (1X//23H PARALLEL BEAM GEOMETRY) E1.118
24 FORMAT(1X//36H FAN BEAM GEOMETRY - CURVED DETECTOR) EL.115
26 FORMAT(1X//34H FAN BEAM GEGMETRY ~ FLAT DETECTOR) E1.120
END El.121
:
$SS EEEEE TTTTT U U PPPP
€ Ty U
$S5  EEE T U uepPe
S E T U U
§S5. EEEEE T  Uwy
INTEGER PARAMETER ARRAY (IPAR)
1 IPARLI) DESCRIPTION
1 64 LINEAR DIMENSION OF THE RECONSTRUCTION ARRAY
z 1 RECONSTRUCT IN A SQUARE ARRAY
3 0 GEOMETRY FLAG
PARALLEL SEAM GEOMETRY
4 180 NUMBER OF PROJECTION ANGLES
5 s MODE FOR PROJECTION ANGLE INPUT (SEE FOLLOWING LINES)
ANGLES GENERATED BETWEEN ZERO AND 28P1
STARTING AT ZERD
6 100 NUMBER OF RAYS FOR EACH PROJECTION
7 1 _TRANSMISSION DATA
8 2600 DIMENSION OF THE FLOATING POINT USERS BLANK COMMON BLOCK
9 1 NUMBER OF WORDS FOR A FLOATING POINT VARIABLE
10 0 EXECUTE THE RECONSTRUCTION (NOT JUST STORAGE SI2€ TEST)
11 7 PRINT FLAGS (OPTIONS SELECTED ARE ON THE FOLLOWING LINES)
PRINT REQUIRED FLOATING POINT BLANK COMMON WHENEVER CHANGED
PRINT PROJECTION DATA AND UNCERTAINTIES
PRINT SETUP VALUES FROM IPAR AND PAR ARRAYS
12 0 LOGICAL UNIT NO. FOR ATTENUATION FACTOR STORAGE
FLOATING POINT PARAMETER ARRAY (PAR)
1 PAR(T) DESCRIPTION
1 1.000 PIXEL WIDTH IN UNITS OF PROJECTION BIN WIDTH
2 50.500 LOCATION OF THE ROTATION AXIS IN THE PROJECTION ARRAY
3 0 NA NOT APPLICABLE (NOT FAN BEAM GEOMETRY)
BLANK COMMON REQUIRED 180 264}
SLANK COMMON REQUIRED 360 t, 550}
BLANK COMMON REQUIRED 540 € 1034)
BLANK COMMON REQUIRED 740 € 1344)
BLANK COMMON REQUIRED 868 € 1544)

A TOTAL OF 92 ¢

92 PROJECT ION BINS WILL BE USED OF WHICH

MAXIMUM SIZE OF BLANX COMMON THUS FAR=

5 THRU 961 OF THE 100 USER PROJECTION BINS wILL BE USED
0 HAVE 8EEN ZEROED BY THE PROGRAM

868 FLOATING POINT WORDS.

$SS EEEEE TTTTT U
u

EEEEE N N 00DD U PPPP
E NN N D. E uPrP P
EEE NNND O $88 EEE T U U PPPP
E N NN D D T 1] ue
EEEEE N N DDOD §SS EEEEE T [T 4

BLANK COMMON REQUIRED

BLANK COMMON REQUIRED

BLANK COMM

ON REQUIRED

BLANK COMMON REQUIRED

MAXTIMUM SIZE OF

BLANK COMM

BLANK COMM

MAXIMUM S1ZE OF

PpPP J EEEEE CCC  TTTYT
P JE [
pepp J EEE C T
P & 4 € c [4 T
14 JJJ  EEEEE CCC T
960 t 17000
1140 t 21¢4)
2543  4757)
BBBS J EEEEE CCC TTTTY
8 JE € C T
sees J EEE c T
8 B J JE - C c T
BBBB JJJ  EEEEE  CCC T
2451 t e623)

BLANK COMMON THUS FARs

EEEEE N N DDDD pPPpP J EEEEE CCC TTTITT
E NN N D 0 P P J E C 4 T
EEE NNND D pepp J EEE 4 T
E N NN D 0 4 E 4 T
EEEEE N N DOOD P JJJ EEEEE CCC T
ON REQUIRED 2543 (475
ON REQUIRED 2451 t 4623)

BLANK CCMMON THUS FARse
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2543 FLOATING POINT WORDS.

2543 FLOATING POINT WORDS.

EEEEE N N 0ODD 8888 J EEEEE CCC  TTTTT
€ NN N D b 8 JE [4 c T
EEE NNND 0 LY:T J$ EEE C T
E N NN O o [} B J JE 4 C T
EEEEE N N DOOD 8BBB JJJ  EEEEE CCC T
PARALLEL BEAM GEOMETRY
XMIN = +49E=02 XMAX = «21E+01 XSUM = «203%E+03
. .
. .
. -
. .
- -
. .
- -—— L]
. ——————— .
. ———t]dm—en *
" e DO —— = -
. —e—a)X)ommn *
. ——————— .
. e g -
- .
L] *
- -
. -
. .
. .
- -
* »
. .
- .
» -
* -
- *
- -
* -
. .
. .
. .
* -
L *
* »
- *
. *
. *
- -
- . + )
+4890E~02 .1634E+00 .39SBE+00 LSOLSE+Q0 .5754E+00 .6600E+00

1
<T445E+00

I3 x A L 8 -] -]
+BLESE400 .8T13E+00 .924LE+00 .1040€+01 .1157E+0L .1231E¢01 .1315€+01

[} ] [ L] L] a L} L
1389E+01 .1547E+01 .1738E+0l .1843E+01 .192BE+01l .2012E+01 .2086E+01

e
- «2118E+01
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PARALLEL BEAM GEOMETRY PR MAXIMUM SIZE OF BLANK COMMON THUS FAR= 2543 FLOATING POINT WORDS.
XMIN = [ XMAX = -18E+01 XSUM = <4099E+04
- . EEEEE N N DDOD $SS EEEEE TTTIT U U oPPP-
E NN N C 0 s E T v uP P
EEE NNND D $SS .EEE T U . U PPPP
€ N NN 0 T U Gy PN
LIl el 2] L . EEEEE N N DDDO §8S EEEEE T [SIU
« X

PPPP J EEEEE CCC_ TTITT -
e PP JE c T
12 983X8 PPPP . J EEE  C T
P 4 JE 3 T
P JJ9 EEEEE .cCC T
.
AA BLANK COMMON REQUIRED s68 € 1710)
8888 J EEEEE CcCC  TTITT
AGQER B B 9 E [+ C T
8888 JEEE ¢ M
B B4 JE c ¢ T
*1 GOOEX AGEENMX BEM . 8888 JJJ EEEEE CCC T
M4 e e
*EAMEEAX ‘ w3 f A W
BLANK COMMON REQUIRED 868 € 1544}
*] aMeABA
z 9 781820 i
a8t MAXIMUM SIZE OF BLANK COMMON THUS FARs 2543 FLOATING POINT WORDS.
*aoxvEn) t 1) 701818 )
*X80AX SXOAS1ELOMASXOOM .
QA4 eM8
* 7E3X606086+80 78840 L8 198M iniee . EEEEE N N DOOD . PPPP J EEEEE CCC  TTTTT -
* 10260x@ € NN ND D PP JE C ¢ T
8268, 1RMERZOZ004 MIMIRICORGOE* EEE NNND D PPPP JEEE  C T
eaHBaMeZ 2] N o o 4 J JE [ ¢
EEEEE N N DDOD 3 J49 EEEEE CCC T
€9 .
BLANK COMMON REQUIRED 968 ¢ 17100
- e + ) 1 Z
. 0 13276400 .3274E+00 .4158E400 .4T77BE+00 .548TE+00 .6193E+00 BLANK COMMON REQUIRED 868 t 1564}
z x A T 2 ] [} ® MAXIMUM SIZE OF BLANK COMMON THUS FAR= 2543 FLOATING POINT WORDS.
S68B13E+00 .T255E400 JT6STE+00 .86TIE+00 .9644E+00 .1026E+01 .10S7E+0L
° . . . [} ] ] €EEEE N N DDDD 8868 J EEEEE  CCC  TTITT
L1139E40L .1292E+01 .1451€+01 .153%+01 .1610E+01 .1681E+0L .1743E+0L E NN ND O JE c c v
- EEE NNND O 8888 J EEE  C T
€ N NND D 8 8y JE .C C T
[} EEEEE N N DDDD 8888  JJJ EEEEE CCC T
<1770E+01 .
FAN BEAM GEOMETRY = CURVED DETECTOR
sss EEEEE TYTIY U U PPPP XMIN = «55E-02 XMAX = <21E+01 XSUM = .2038E+03
s T U ue P
S$S  EEE T U U PPPP -
- T u ue
SSS EEEEE T VTV
) * . -
* *
. B .
* *
INTEGER PARAMETEP ARRAY (IPAR) » M
. L
1 IPAR(1} DESCRIPT JON * *
- -
1 64 LINEAR DIMENSION OF THE RECONSTRUCTION ARRAY * .
2 1 RECONSTRUCT IN A SQUARE ARRAY . »
3 1 GEOMETRY FLAG * *
FAN BEAM GE(METRY (CURVED DETECTOR} - .
4 180 NUMBER OF PROJECTION ANGLES . *
5 5 MODE FOR PROJECTION ANGLE INPUT (SEE FOLLOWING LINES) M .
4NGLES GENERATED BETWEEN ZERO AND 2%°1 * M
STARTING AT ZERO * e
6 100 ‘NUMBER OF RAYS FOR EACH PROJECTION » M
7 1 TRANSMISSION DATA ) . . -
8 2600 DIMENSION OF THE FLOATING PCINT USERS BLANK COMMON BLOCK * .- .
9 L NUMBER JF WORDS FOR A FLOATING POINT VARIABLE * *
10 o EXECUTE THE RECONSTRUCTION (NOT JUST STORAGE SIZE TEST) * *
5 7 PRINT FLAGS (OPTIONS SELECTED ARE ON THE FOLLOWING LINES) * *
PRINT REQUIRED FLOATING POINT BLANK COMMON WHENEVER CHANGED * *
PRINT PROJECTION DATA AND UNCERTAINTIES * M
< PRINT SETUP VALUES FROM TPAR AND PAR ARRAYS * *
12 o LOGICAL UNIT NO. FOF ATTENUATION FACTOR STORAGE M .
L3 *
L4 *
- *
FLOATING POINT PARAMETER APPAY (PAR) N * :
N
1 PAR(I) OESCRIPTION * *
- -
1 1.000 PIXEL WIDTH IN UNITS OF PROJECTION BIN WIDTH AT CENTER OF - *
ROTATION . * . .
p 50.300 LOCATION OF THE ROTATION AXIS IN THE PROJECTION ARRAY * * ’
3 80,000 DISTANCE FROM SOURCE TG CENTER OF ROTATION FOR FAN BEAM IN * *
UNITS OF PRAJECTION BIN WIDTH AT CENTER OF ROTATION
BLANK COMMON REQUIRED 180 U 204} - - . 1 1 z
. .5465E=02 .1601E+00 .3870E+00 .4S01E+00 .5623E+00 .6648E+00 .T2T3E400
BLANK COMMON REQUIRED 360 (5200
4 x a ] a @ (] [
.7995E400 .B510E+00 .9026E+00 .1016E+01 .1129E+01 .1202E+01 .1284E+01
BLANK COMMON REQUIRED 540 t 1034} '
¢ . 3 . s ] a
BLANK COMMON PEQUIRED 740 ¢ 1346} .1356E¢01 <1511E+01 .16S7E+0L .1800E+01 .1882E+0L .1965E¢01 .203TE+0L
BLANK COMMIN REQUIRED 868 € 1%44) - . L] A

«2068E+0L -

A TOTAL OF 100 € 1 THRU 100) OF THE 100 USER PROJECTION BINS WILL BE USED

L00 PeOJECTION BINS WILL BE USED OF WHMICH 0 HAVE BEEN ZERODED BY THE PROGRAM
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FAN BEAM GEOMETRY - CURVED DETECTOR : o MAXTMUM SIZE OF BLANK COMMON THUS FAR= 2563 FLOATING POINT WORDS.
XMIN = 0 XMAX = <16E+01 XSUM = <4098E+04
EEEEE N N DODD $SS EEEEE TTTTT U U Pppe
3 NN ND D € T U ue P
EEE NNND D $§S  EEE T U U Ppoe
€ N NND O S E ST U ue
EEEEE N N DDDD SSS EEEEE T uuu P
pPPP J EEEEE CCC TTITT
JE [
prpP J EEE ¢ T
13 4 JE ¢ ¢ 7
. P JJJ EEEEE cCC T
BLANK COMMON REQUIRED 980 U 1724)

THE NUMBER OF BINS PROJECTED OUTSIDE THE USER PROJECTION ARRAY = 12

THE NUMBER OF BINS PROJECTED BELOW THE USER ARRAY = &
THE NUMBER OF BINS PROJECTED ABOVE THE USER ARRAY = 6
.
BEEB J EEEEE CCC TTTTIT
. 8 B JE c (4 T
BBBE J EEE c T
. B8 B JE c T
BEBB JJ3 EEEEE CCC T
BLANK COMMON REQUIRED 868 (1544}
*NEOOX 0 X8A8)
MAXIMUM S1ZE OF BLANK COMMON THUS FARs 2543 FLOATING POINT WORDS.
*867000+089,
800
=8) EEEEE N N DDOD PPPP J EEEEE CCC TTTYT
E N N D D P P JE 4
EEE NNND 0 PePP J EEE [ T
€ N NND O ? b JE 4 T
- = + ) 1 2 EEEEE N N DDOD L4 JJJ EEEEE CCC T
0 12LOE+00 L2999E*Q0 .3B809E+00 .43 THE+00 .5024E+00 ,5672E+00
4 X A ] ] 9 [ 2 BLANK COMMON KEQUIRED 980 t 1724)
«bH240E+00 J6L45E+00 LTOS0E+00 .7941E+00 .8633E+00 L9400E+00 L1005E+0L
BLANK COMMON REQUIRED 868 ( 1544)

[ [ [} [] . L] L] .
21062E+01 .11B3E+0L .1329E+01 .1410E+01 .1475E+0) .1540E+01 .1556E+01
: MAXIMUM SI2E OF BLANK COMMON THUS FaAR= 2543 FLOATING POINT WORDS.

|
«1621E¢01 3
EEEEE N N _DDDD BBBB J EEEEE CCC YTTYIT
E NN N D D 8 B JE <
EEE NNND D B8BR J EEE 4 T
E N NN D 0 a B J JE 4 T
EEEEE N N 00DO BBBE JJJ  EEEEE CCC T
$S$ EEEEE TTTTT U u PPPP
H £ T u [V P .
$85 EEE T u u peep
T u uPr : FAN BEAM GEQMETRY - FLAT DETECTOR
$SS EEEEE T uuu P
XMIN e +355E-02 XMAX = «22E+01 XSUM = 42039€+03
lNTEGEF PARAMETER ARRAY (1PAR}
1 1PAR(T) DESCRIPTION . * .
. .
1 o4 LINEAR DIMENSION OF THE RECONSTRUCTION ARRAY - .
2 1 RECONSTAUCT IN A SQUARE ARRAY - .
3 2 GEOMETRY FLAG - - *
FAN BEAM GEOMETRY (FLAT OETECTOR) = -
4 180 NUMBER OF PROJECTION ANGLES hd L
5 5 MODE FOR PROJECTION ANGLE INPUT (SEE FOLLOWING LINES) * *
ANGLES GENERATED BETWEEN ZERQ AND 2Pl * -] 4m—— *
STARTING AT ZERQD » ————tOf e e -
6 100 NUMBER OF RAYS FOR EACH PROJECTION hd *
7 1 TRANSMISSION DATA * »
8 2600 OIMENSION OF THE FLOATING PGINT USERS BLANK COMMON BLOCK * L4
9 1 NUMBER OF WORDS FOR A FLOATING POINT VARIABLE . *
10 o EXECUTE THE RECONSTRUCTION {NQOT JUST STORAGE SIZE TEST) * *
11 7 PRINT FLAGS (OPTIONS SELECTED ARE ON THE FOLLOWING LINES) . *
PRINT REQUIRED FLOATING PCINT BLANK COMMON WHENEVER CHANGED . *
PRINT PROJECTION DATA AND UNCERTAINTIES * *
PRINT SETUP VALUES FROM TPAR AND PAR ARRAYS * *
12 0 LOGICAL UNIT NO. FOR ATTENUATION FACTOR STORAGE . hd
- -
* .
= -
- -
FLOATING POINT PARAMETER ARRAY (PAR) . *
. * .
1 PARLI) DESCRIPTION . * *
; - -
1 1.000 PIXEL WIOTH IN UNITS OF PROJECTION BIN WIDTH AT CENTER OF - *
ROTATION . .
2 50.500 LOCATION OF THE ROTATION AXIS IN THE PROJECTION ARRAY * -
3 80.000 DISTANCE FROM SOURCE TO CENTER OF ROTATION FOR FAN BEAM [N * *
UNITS OF PROJECTION BIN WIDTH AT CENTER OF ROTATION he :
-
* *
BLANK COMMON REQUIRED 180 [} 264) * :
.
. .
BLANK COMMON REQUIRED 360 1 5501 rEEERES
BLANK COMMON REQUIRED 540 ( 1034) - = + z
«53465E-02 L16T4E+00 .4048E+00 .5128E400 .5B8B3E+00 .6747E+QC .7610E+00
BLANK COMMON REQUIRED 740 ( 1344)
Z X A L L] 8 L]
+B366EVY00  .B9056400 .9445E+00 .1063E+401 .1182E¢01 .125BE+01l .1344E+01
BLANK COMMON REQUIRED 868 ( 1544)
° . ] ] [ ] -» ]
A TOTAL OF 100 ( 1 THRU 100) OF THE 100 USER PRQJECTION BINS WILL BE USED «1419E+01 .15B81E+01 .1776E+40L .1884E+0L .19T7OE+01l .2056E+01 .2132E+0L

£12 PROJECTION BINS WILL BE USED OF WHICH 12 HAVE BEEN ZEROED BY THE PROGRAM ]
! N L2164E+01
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FAN BEAM GEOMETRY - FLAT DETECTOR

XMIN = o XMAX = «186E+0L XSUM = JA095E+04

*Qxeeqil ASS.

» A
“PO7 900+ 806 80A83]
A

8031988

*9)e0¢

- . . 1
10 12166400 .299BE+Q0 .3809E+00 .4376E+00 .5024E400 .5673E+00

3 x » A " a L] s e

S6240E400 .6645E+00 .TOSOE+00 .7942E+00 .B8833E+00 .9400E+00 .1005E+O0L

L] . ] L] [ L] ] [ ]
«10626401 .1183£+01 .1329E+401 .1410E401 .I1475E+01 .1540E+01 .1596E+40L

.
+1621E+01

2. Example 2 - Convolution

The program XCONVO uses the convolution algorithm to reconstruct
emission and transmission projection data for parallel-beam, fan-beam
geometry with curved detector, and‘fan;beam geometry with flat detector.
For the para]Tel-beam geometry the reconstruction is performed using .

“the convolvers SHLO and RALA in statements E2.058 and E2.071, respectively.
For the fan-beam geometries the convolver LAKS is used to reconstruct
simulated projection data in statement E2.091 for the curved detector
and in statement E2.109 for the flat detector. The convolvers SHLO
and RALA cannot be used for fan-beam,geometry nor_can the'convq]ver
LAKS be used'for parallel-beam geometry.

The errors XE in the reconstructed image are displayed in
statements E2.067, E2.080, E2.100, and E2.118. The projection errors
are input by the subroutine GETUM and it is assumed that these errors
are -equal to the square root of the projections (statement E2.187) for
_ emission data and are all equal to 1 (stateﬁent £2.192) for transmission
data.
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The largest number of floating point words required in blank
common is evaluated in statement E2.122. The output indicates that
this example requires a maximum of 1605 words for blank common.

The subroutine GETUM generates simd]ated projection data for a
heart phantom. For the parallel-beam geometry the pixel width PWID
is equal to 1 and there is no scaling of the image; however, for the
fan-beam geometries the images are reduced in size by a scaling factor
equal to 1/PWID = 0.752.. This reduction in size is due to the fact
that the parameters to the phantom generators are always in units'of
projection bin widths (= 1/PWID) and the images are displayed in units
of pixel widths. Likewise for transmission data the intensity in each
pixel, which represents the linear attenuation coefficient in units
of inverse pixel width, is increased by a scaling factor PWID = 1.33.
However, for emission data the intensity is in units of concentration
per pixel and is therefore increased by a scaling factor PWIDZ = 1.77.

PROGRAM XCONVO (INPUT,QUTPUT,TAPE2=QUTRUT} E2.001 14 E2.072
4 £2.002 C DISPLAY OF THE RECONSTRUCTED IMAGE X AND THE ERRIRS XE E2.073
4 [4 EXAMPLE 2 E2.002 [4 E2.074
[4 E2.004 WRITE (2416} E2.077
C THE PROGRAM XCONYO USES THE CONVOLUTION ALGORITHM YO E2.005 IF (IMIT.EQ.0) WRITE (2,22} R E2.076
[4 RECONSTRUCT EMISSION AND TRANSMISSTION PROJECTION DATA FOR E2.006 IF C(IMIT.EQ.L) WRITE (2,241 £2.077
c PARALLEL BEAM, FAN BEAM CURVED OETECTOR, AND FAN BEAM FLAT £2.007 CALL ARRAY {X,NDIMU) £2.078
[ DETECTOR, - E2.008 WRITE (2414) E2.07%
c E2.009 CALL ARRAY (XEsNDIMU) E2.080
DIMENSION X(4096),XE(4096) €2.010 c E2.081
COMMON WORK(2000) E2.011 IGEQMa] . €2.082
COMMON/OUTCOM/LUNGUT» 180132 E2.012 PWI0=1.33 * £2.083
[ ° E2.013 RFANs 125, . E2.084
[4 LUNOUT - OQUTPUT FILE E2.01l4 [4 E2.085
< 180132 =~ QUTPUT LINE LENGTH FLAG E2.015 CALL SETUP (IPARPAR,DUM} E2.086
[4 =0 EACH LINE WILL BE WITHIN 80 CHARACTERS €£2.016 [ ' E2.087
< (OTHERWISE 132 CHARACTERS) . €2.017 [ RECONSTRUCTION OF FAN BEAM GECMETRY - CURVED DETECTOR USING . E2.08P
< E2.018 c LAKS CONVOLVER E2.089
COMMON/PARM/IPARI12}4PARC3) E2.019 [ €2.090
[4 E2.020 CALL CONVD (XoXEoLAKS,RINF,1) E2.091
EQUIVALENCE (NDIMU ,IPAR( 1)),(ICIR ,IPAR{ 2}},(1GEOM ,IPAR( 311, £2.021 c €2.0%2
1 (NANG , IPARL 4) ), IMODANG,JPAR( S511,(KDIMU ,IPARL &)}, E2.022 [ DISPLAY OF THE RECONSTRUCTED IMAGE X AND THE ERPORS XE E2.093
2 C(IMIT  GIPARC T) by {NWORK ,IPARC 8) ), (NFLOAT, IPARL G))y E2.023 4 . £2.096
3 (ISTOREyIPAR(LOM )t IPRINT,JPARCLL) )4 (LUNATN, IPAR(12)), E2.02¢ WRITE (2418) £2.06%
I (PWID 4 PARL 13),(AXISU 4 PARL 2} 1,(RFAN , PARL 3)) E2.025% IF (IM17.5Q.0} WRITE (2,22) E2.096
4 . €2.026 IF (IMIT.EQ.L) WRITE (2,24} E2.097
EXTERNAL BINyBINFySHLO)LAKSyRALA £2.027 CALL ARRAY (XyNOIML) E2.098
< £2.028 MRITE (2414) E2.095
LUNQUT=2 E2.029 CALL ARRAY ({XE,NDIMU) €2.100
1801320 E2.030 C - €2.101
< €2.031 IGEOM=2 £2.102
[ THE INPUT PARAMETERS ARE - - E2.032 4 E2.103
c . E2.033 CALL SETUP (IPAR,PAR,DUM) E2.104
NDIMUw 6 . E2.034 4 . E2.10%
ICIR=0 £2.035 [ RECONSTRUCTION OF FAN BEAM GEJMETRY - FELAT DETECTGR USING £2.10¢
NANG=T72 . E2.036 4 LAKS CONVOLVER E2.107
MODANG=5 E2.037 [4 E2.108
XDIMU=100 . | €2.038 CALL CONVO (XeXE)LAKS,BINF,1) E2.10%
NWORKs 2000 | . E2.036 4 E2.110
NFLOAT=] £2.040 c DISPLAY OF THE FECONSTRUCTED IMAGE X AND THE ERRORS XE F2.111
ISTORE=0 €2.041 [4 E2.112
IPRINT=12 ) £2.042 WRITE (2,200 E2.113
LUNATN=0 E2.043 IF (IMIT.EQ.0) WRITE {2,22) . E2.114
AXISU=50.5 E2.044% IF IMITLEQ.L) WRITE (2,24) E2.115
[4 E2.045 CALL ARRAY (X,NDIMU)} £2.11¢
IMITami . E2.046 WRITE {2,14) €2.117
DO 10 Iel,2 E2.047 CALL ARRAY {(XE.NDIMU} . E2.118
IMITeIMIT+1 E2.046 < E2.11¢
4 £2.049 10 CONTINUE E2.120
1GEQM=0 . E2.050 c . €2.121
PWiDs1. E2.051 CALL BCOM (MAXFW) ° E2.122
RFANOQ, N E2.052 4 ’ €2.123
4 - E2.0%3 C E2.124
CALL SETUP (IPAR,PAR,DUM) - E2.054 < E2.125
[4 E2.055 12 FORMAT(1X//63H RECONSTRUCTION FOR PAFALLEL BEAM GEOMETRY USING SHL E2.126
[4 RECONSTRUCTION OF PARALLEL SEAM GECMETRY USING SMLO CONVOLVER £2.056 10 CONVOLVER) E2.127
[ . €2.057 14 FORMAT {1X//34H ERRORS IN THE RECONSTRUCTED IMAGE) E2.128
CALL CONVO (X4 XEsSHLO»BIN,1) E2.058 16 FORMAT(1X//63H RECONSTRUCTICN FOR PAPALLEL BEAM GEOMETRY USING RAL E2.12¢
4 E2.059 1A CONVOLVER) E2.130
c DISPLAY OF THE RECONSTRUCTED IMAGE X AND THE ERRORS XE E2.0¢0 . 18 FORMAT{1X//T6H RECONSTRUCTICN FOR FaN BEAM GEOMETFY — CUFVED DETEC £2.131-
< . . E2.061 LTOR USING LAKS CONVOLVER) £2.132
WRITE (2+12) £2.062 . 20 FORMATILX//74H RECONSTRUCTION FOR FAN BEAM GEMMETRY - FLAT DETECTO E2.133
IF {IMIT.EQ.O} WRITE (2422} €2.063 18 USING LAKS CONVOLVER} E2.134
IF {IMITLEQ.1) WRITE (2,24} £2.0¢4 22 FORMAT (14H EMISSION DATAY E2.133
CALL ARRAY (X,NOIMUI . E2.065 24 FORMAT(18H TRANSMISSIUN DATA) E2.130
WRITE (2414} £2.066 END E2.137
CALL ARRAY (XEyNDIMY) E2.067
[ E2.0¢8
c RECONSTRUCTION OF PARALLEL BEAM GECOMETRY USING RALA CONVOLVER E2.0¢9
C ! E2.070
CALL CONVO (X XEeRALA,BIN, 1) E2.071
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PARAMETERS FOR SUBROUT INE CONVO
DESCRIPTICN

IERR - 1 CALCULATE ERRORS

" BACKPROJECTION AND PROJECT ION/CONVOLUTION/FILTER ROUTINES

PERFORM THE FOLLOWING FUNCTIONS

ARG FUNCTTON RAY WEIGHTING ATTENUAT ION
BCK * BACKPROJECTION INTERPOLATICN NO
CNV CONVILUTION NO

THE VALUES FOR THE FILTER IN REAL .SPACE (CONVOL(I),1=0,

&7}

SUBROUTINE GETUM (M,DATA,ERP} £2.138
[« E2.139
4 EXAMPLE 2 €2.140
c ) E2.141
4 THE SUBROUTINE GETUM GIVES SIMULATED PROJECTION DATa FOR E2.142
[4 A CHEST PHANTOM. ERRORS IN PROJECTICN DATA ARE GIVEN IF €2.143
c IMIT = 0y IE. IF IT IS EMISSION DATA. E2.144
4 E2.145
DIMENSION DATA(1),E&R(1) E2.146
DIMENSION 814096 E2.147
DIMENSION AL(4},8104),XL04),Y1{42yPHIL4),2(4},1TYPE(S) E2.148
COMMON/OUTCOM/LUNDUT, 180132 E2.14°
[4 E2.150
4 LUNOUT - JUTPUY FILE E2.151
4 180132 - OUTPUT LINE LENGTH FLAG £2.152
< =0 EACK LINE WILL BE WITHIN B0 CHARACTERS €2.153
¢ : (OTHERWISE 132 CHARACTERS) E2.154
c £2.155
COMMON/ PARM/IPAR(12),PAP (3} £2.15¢
€2.157
EQUIVALENCE (NDIMU ,IPAR( 13}, (ICIR ,IPAR( 2)),(IGEOM ,IPAR( 3}), €2.158
1 (NANG ,IPAR( 4)1, (MODANG, IPAR( 5)11o(KDIMU ,IPAR( &)}, £2.159
2 CIMIT  ,1PAR( 7)), (NWORK ,IPAR{ 8]} (NFLOAT,IPARL 9)), E2.160
3 {ISTORE, [PAR(LO) ), { IPRINT, IPAR(LL)}4(LUNATN,IPAR(12]), E2.161
. (PWIO , PAR( L1}, (AXISU , PARL 2)),{PFAN , PAR{ 3)) E€2.162
< E2.163
DATA ITYPE/l,lsl4l/ E2.164
DATA AL/40.y10.¢14sy14s/ E2.165
DATA al/bu..lo..lo..xo./ E2.166
DATA XL/0. 10. —1 £2.167
DATA Y1/0.y=10.,0.¢ E2.168
DATA PHI/0.s0.9t. 51079o33.1 57079633/ E2.169
DATA Z/5.¢27.9=4.9=4./ E2.170
c E2.171
1€ (M.NE.1} GO TO 10 E2.172
4 E2.173
IF (IMIT.NE.O) PWIDTH=PWID E2.,174
1F (IMIT.EQ.0) PWIDTH=-PWID E2.175
CALL PHAN (4y10'lTVPE'Z'Xl'Vx.Al.Bl.PNIqB'NDIMUpPH'DTN) E2.176
C E2.177
CALL ARRAY (B,NDIMU] £2.178
[ . £2.179
10 CALL PHANL (4, 1TYPEZyXLoY1oALsBLlyPHL,DATA,M) £2.180
c E2.181
IF (IMIT.EQ.L) GO TO 14 £2.182
[ €2.183
DO 12 K=1,XDIMU £2.184
DK=DATA(K) E2.18¢
IF (DK.LE.l.) DK=l. €2.188
12 ERR{K}2SQRT (DK} €2.187
c E2.188
RETURN £2.189
c E2.120
14 00 16 Kely kDINY - E2.151
16 ERAlK)el. E2.192
4 E2.193
RETURN T E2.194
c E2.195
END €2.196
SSS  EEEEE 1vr1r u U pepP
s € u ur P
555 EEE T U U PePe
S E T u uPrP
$SS EEEEE T uuwy P
INTEGER PARAMETER ARRAY (1PAR)
1 1PAR(D) DESCRIPTION
1 o4 LINEAR DIMENSION OF THE RECONSTRUCTION ARRAY
2 0 RECONSTRUCT IV 4 CIRCULAR ARRAY
3 [ GEOMETRY FLAG
PARALLEL BEAM GEOMETRY
4 72 NUMBER OF PROJECTION ANGLES
3 s MODE FOR PRJJECTION ANGLE INPUT (SEE FOLLOWING LINES)
ANGLES GENERATED BETWEEN ZERC AND 2#P]
STARTING AT ZERC
5 100 NUMBER OF RAYS FOR EACH OROJECTICN
7 0 EMISSION DATA
8 2000 OIMENSION OF THE FLOATING POINT USERS BLANK COMMON BLOCK
9 1 NUMBER OF WORDS FOR & FLOATING POINT VARIABLE
10 0 EXECUTE THE RECONSTRUCTION (NOT JUST STORAGE SI2E TEST)
11 12 PRINT FLAGS (OPTIONS SELECTED ARE ON THE FOLLOWING LINES)
PRINT SETUP VALUES FROM TPAR AND PAR ARRAYS
PRINT FILTER FUNCTICN FOR CONVOLUTION ANO FILTER KOUTINES
12 [ LOGICAL UNIT NO. FOR ATTENUATION FACTOR STORAGE
FLOATING POINT PARAMETER ARRAY (PAR)
1 PAR(I) OESCRIPTION
1 1.000 - PIXEL WIDTH IN UNITS OF PROJECTION BIN WIDTH
2 50.500 LOCATION OF THE ROTATION AXIS IN THE PROJECTION ARRAY
3 0 NA NOT APPLICABLE (NOT FAN BEAM GEOMETRY)
A TOTAL OF 68 ( 17 THRU 84) OF THE 100 USER PROJECTION BINS WILL BE USED

&8 PROJECTION BIN

S WILL BE USED OF WHICH 0 HAVE BEEN ZERDED BY THE PKOGRAM

FAR=

MAXIMUM SIZE OF BLANK COMMON .THUS

544 FLOATING POINT WORDS.

.éJTEOOO =.212E4Q0 -.182E-01
—.4A5E-02 ~.250€-02
-.132€-02 -+ 543E-03
~.622€E-03 ~+452E-03
-.361€-03 -+ 301E-03
=.236E-03 -«203E-03
=.166E-03
=+123E-03
. 94TE=04
-.TS2E-04 -+ 6SLE-04
—«€3ITE-04 ~e612€-04 -+ 567E-04
-+ 526E~-04 - «508E-04 ~.4T3E-04
-+ 442E-04 —«42BE-04 ~.401E-04 —+389E-04
=+ 377E-04 ~+365E-04
PPPP  H H AAA N N
P °H A A NN N
PPPP  HHHHH A A NNN
P H H AAAAA N’ NN
P H M N N

PHANTOM GENERATED .
ARRAY SIZE b4 X b4 INTEGRATICN FACTUR = 10
NUMBER OF ELIPSES AND/OR RECTANGLES =
THE PARAMETERS FOR THE ELLIPSES AND/OR RECYANGLES ARE

Xy¥ -~ CENTER
AyB = LENGTH OF AXIS OR SIDE A AND B
PHI - ANGLE OF AXIS OR SIDE &
DENS =~ INTENSITY
THE PARENTHESIS INDICATES THE SCALED VALUE

ITYPE 8
1 - ELLIPSE ) 40,00 40.00
. Ol'( OH 40.00)y( 40.00}
1 - ELLIPSE 0 ¢« =-l10.00 10,00 » 10.00
0)y( ~10.003t 10.00),( 10.00)
1 - ELLIPSE 10.00 4] 14.00 » 10.00
10.003,¢ Ot 14.00),( 10.00)
1 - ELLIPSE -10.00 » o 14.00 » 10.00
( =10.00) ¢ 00 14.00),( 10.00}
EEEEE N N DDDO PPPP M H  AAA N N
E NN N D 0 P PH H A A NN N
EEE N NND 0 PPPP HHNHH A ANNN
E N NN D D P H AAAAA N NN
EEEEE N N 000D L4 H H A AN N
XMIN = 0 XMAX = «32E¢02 XSUM = +T526E+04

SCALING FACTOR =

FAN BEAM
NO
ND

ER BB EERR AR A BN AN B R AR R IR B R R E RN R RN

R TR RN R N R NN N SN A AN N

. +
0 <2400E+01 .5920E¢01 .7520E+01l .B8640E+01

z X A M 8
«12326402 .1312E+02 ,1392E+02 .1568E+02 .1744E+02

[ I L] [ L] ]
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«9920€+01
8
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. .
«3040E+02
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CCC 26000 N NV v 00002
< ca ONN NV v o n
. C o) ONNN VYV O 8]
[ co OM NN VvV D a
CLC 0000C N N v anooo

.
»3200E+02

MAXIMUM SIZE OF 8LANK COMMON THUS FAR=

1
+1120€+02
«1584E+02

]
«3152E+02

1251 FLOATING PJINT WORDS.
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RECONSTRUCTION FOR PARALLEL BEAM GEOMETRY USING SHLO CONVOLVEP
EMISSION DATA
XMIN o ~.23E401 XMAX = - «32E+402 XSUM = +7525E+04
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ERRORS IN THE RECONSTRUCTED IMAGE
XMIN = ) XMAX = «12E+02 XSUM w +2086E+05
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PARAMETERS FOR SUBROUTINE CONVO
DESCRIPTION

IERR - 1 CALCULATE ERRORS

BACKPROJECTION AND PROJECTION/CONVOLUTION/FILTER ROUTINES

PERFORN_T"IE FOLLOWING FUNCT IONS

ARG FUNCTION RAY WEIGHTING ATTENUATION
BCK BACKPROJECTION INTERPOLAT ION NO
CNV CONVOLUTION N/A NO
THE VALUES FOR THE FILTER IN REAL SPACE (CUNVUL(I).!'O. 671
85E+00 -.318 =+354E-0 0
-1275 ol ;6505-02 —+393E-02
0 —.ZEBE-OZ Q --I.BBE-OZ 0
~el4lE-02 Q -.110€-02 [ ~«BB2E~03
~.722E-03 =«602E=-03 0
-+.509E-03 ~+437€-03 0 -.378€-03
0 -.331E-03 ~.2928~03
~+260E~03 0 ~e233E~-03 o ~+209€-03
0. «.189E-03 [ =.172E-03
-.157E-03 ] —.144E-03 =»133E=-03
Q ~+122€-03 o -.113€-03 0
-+105€-03 ~+980E-04 [ —+ 914E-04
-+ 855E=04% ~.802€E-04 Q0
-.753E-04 “.TQ9E~04

111

FAN BEAM
NO

NO

PPPP H H &AA N N
P PH H A A NN N
PPPP  HHHHH A A NNN
14 H H AAAAA N NN
P H H A AN N
PHANTOM GENERATED
ARRAY SI1ZE b4 X &4 INTEGRATION FACTDR = 10 SCALING FACTOR = 1.000
NUMBER OF ELIPSES AND/OR RECTANGLES =
THE PARAMETERS FOR THE ELLIPSES AND/OR RECTANGLES ARE
Xy¥ - CENTER
AyB -~ LENGTH OF AX1S OR SIDE A anoD 8
PHI - ANGLE OF AX1S OR SIDE A
DENS - INTENSITY
THE PARENTHESIS INDTCATES THE SCALED VALUE
ITYPE X A4 A B PHI DENS
1 = ELLIPSE 0 s 0 40,00 o 40.00 o £.00
0t G)t 40.00)y{ 40.00} { 5.00)
1 - ELLIPSE 0 s -10.00 10.00 » 10.00 [ 27.00
. 0)yt =10, 00)( 10.00),¢ 10.00) t 27.00)
1 - ELLIPSE 10.00 14.00 10.00 1.57 ~4.00
10.0014¢ Ul( 14.001+( 10.00) { =4.00)
1 =« ELLIPSE =10.00 » 0 14.00 10.00 1.57 -4.00
( =10.00},1{ 0){ 14.00),¢ 10.00) t =4.00)
EEEEE N N DDDD PoPP  H H AAA N N
E N D ] P H H A A NN N
EEE NNND o PPPP  HHHHH A A NNN f
E NN D 0 P H H AAAAA N NN
EEEEE N N DDDD P H H A AN N
XMIN = 0 XMAX = +32E¢02 XSuM = «T526E+04

AR R AR B R R AR AR A RRR AR N E AR AR B RN R AE RN

R N R R R N N RN N RPN RN RN

- °
0  .2400E+01 .5920E+01 .7520E+01

1 x A M
«1232E+402 .1312E+02 .1392E+402 .1568E+02

. [ ] .
22336E402 .2624E402 .2784E+02

a
+3200E+02

.
«8E40E+OL
e
+1744E+02

[
« 29126402

)
+9920€+01
-]
+1856E+02

]
+3040E+02

1 z
+»1120E+02

*
+19B4E+02

[ ] [
+3152E+02
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MAXIMUM STZE OF BLANK COMMON THUS FAR= 1251 FLOATING POINT WORDS. ;SSS EEEEE TTTIT U U PPPP
E T u uPrP P
$SS  EEE T U U PPRP "
. . T U up
EEEEE N N DDOD CCC 0DOOO N NV V 00000 5SS EEEEE T vy P
E NN ND D €C €0 ON NV VvO 0
EEE NNND D [ O ONNN VY G O
N NND D €. CO ON NN VvV O O
EEEEE N N 000D ccCc 00000 N NV 00000
INTEGER PARAMETER ARRAY (IPAR)
KECONSTRUCTION FOR PARALLEL BEAM GEOMETRY USING RALA CONVOLVER 1 IPAR(I) DESCRIPTION
EMISSION DATA .
3 64 LINEAR DIMENSION OF THE RECONSTRUCTION ARRAY
. 2 [ RECONSTRUCT IN & CIRCULAR ARRAY
XMIN = - -.28E+01 XMAX = .32E402 XSUNM = +7521E¢04 3 1 GEOMETRY FLAG
FAN BEAM GEOMETKY (CURVED DETECTOR}
4 12 NUMBER OF PROJECTION ANGLES .
. 5 5 MODE FOR PROJECTION ANGLE INPUT (SEE FOLLOWING LINES)
- . ANGLES GENERATED BETWEEN ZERO AND 2#P1
STARTING AT ZERO
BRESRERASSAeY 6 100 NUMBER OF RAYS FOR EACH PROJECTION
B et ] 7 0 EMISSION DATA
8 2000 DIMENSION OF THE FLOATING POINT USERS BLANK COMMON 8LOCK
9 1 NUMBER OF WORDS FOR A FLOATING POINT VARIABLE
10 0 EXECUTE THE RECONSTRUCTION (NOT JUST STORAGE SIZE TEST)
1 12 PRINT FLAGS (OPTIONS SELECTED ARE.ON THE FOLLOWING LINES)
. PRINT SETUP VALUES FROM IPAR AND PAR ARRAYS
. PRINT FILTER FUNCTION FOR CONVOLUTION ANO FILTER ROUTINES
12 0 LOGICAL UNIT NO. FOR ATTENUATION FACTOR STORAGE
FLOATING POINT PARAMETER ARRAY (PAR) '
* e = —— - - 1 PARIT) DESCRIPTION
— - .
L i - 1 1.330 PIXEL WIDTH IN UNITS OF PROJECTION BIN WIOTH AT CENTER OF
[ — - ROTATION
- 2 50.500 LOCATION OF THE ROTATION AXIS IN THE PROJECTION ARRAY
e —em - - g - e 3 125.000 DISTANCE FROM SOURCE TO CENTER OF ROTATION FOR FAN BEAM IN
o - - - . i UNITS OF PROJECTION BIN WIDTH AT CENTER OF ROTATION
Koot s EL YA Z ———— m-a=f
- - " )
$ome o cmmmme —cuasasssacns ) CRRMERNARD) sssesnneesn— -wm—ow - ——-k A TOTAL OF 90 { & THRU 9%5) OF THE 100 USER PROJECTION BINS WILL BE USED
- 1ORNREEAREN | -
B - —— . -
Hecsmmmee cveenl mmsustEEtun ) e . 90 PROJECTION BINS WILL BE USED OF WHICH O HAVE BEEN ZERDED BY THE PROGRAM
oo - - - - 11 - - s .
MAXIMUM SIZE OF S8LANK COMMON THUS FARe - 1251 FLOATING POINT WORDS.
P, - - —
Fmcmanmmom & mmmemsmee e - e - .
Bamm—————— m——— et ama Eme eEm—— e S s —— ——
.- ————— e m e €EEEEE N N DOOD SSS EEEEE TTTTT U U PPPP
A e e - e e e 3 NN N8O D € T U ueP P
[ e S EEE NNND D $§5 EEE T U U PPPP
- - E N NND O S E Y u uvp
EEEEE N N DDOD ssS EEEEE T [T
. - - . [ 1
~.2819E+01 -.1807E+00 .36B8E¢0L .5447E+0) .&6TOE¢0L .BO0OSE+OL  .9492E+0l
CCC_ 000D0O N NV v 00000
€ CO ONN NV VvO 0
z x A " 8 [ [} (] [ O ONNN VYV 0O O
L1072E402 .1160E+02 .1248E402 .1442E+02 .1635E+02 .175B8E402 .1899E+02 C CO ONNN VV 0 0
) CCC 0BOOO N N v 00000
] . s - - [} L] [} .
.2022E402 .2286E+02 .2602E402 .2778E¢02 .2919E+402 .30606+02 .3183E+02
s PARAMETERS FOR SUBROUTINE CONVO
+3235E+02
. DESCRIPTION
ERRORS IN THE RECONSTRUCTED IMAGE 1ERR - 1 CALCULATE ERRORS
XMIN = [ XMAX = L15E402 XSUM = .2587€+05 BACKPROJECTION AND PROJECT ION/CONVOLUTION/FILTER ROUTINES
PERFORM THE FOLLOWING FUNCTIONS
ARG FUNCTION RAY WEIGHTING ATTENUAT ION FAN BEAM
BCK BACKPROJECTION INTERPOLATION NO YES
: CNY CONVOLUTION N/A NO YES
* MMM MMMEMIMMOMMMMM KM *
. 111 121 - THE VALUES FOR THE FILTER IN REAL SPACE (CONVOL(I1),1=0, 89)
* » * <765E+00  -.318E+00 0 -.354E-01 [
. . -.127E-01 0 -.6306-02 © 0 =.394E~02
* 1 . 0 ~.264E-02 ~.189E=02 [
M * ~. 1426-02 0 -.111€=02 0 -.809E-03
M . 0  =.729€-03 . -+609€-03
. ) ) * -.515E-03 0. ~.443E-03 0 =.385E-03
. - 0  -.3386-03 0 -.299E~03 0
* - -.267€-03 0 -.239E-03 0 -.215E-03
. . -.196E-03. .0  -.179E-03 0
. . -.164E-03 9 -.151€-03 0 -.140E-03
M - -.129€-03 -.120€-03
. * ~.112E-03 0 -.10%5€-03 0 -.985E-04
* * 0 -.527E-04 0 -.B73E-04 [
*2 4d ~.825E~04 0 -.781E-04 : —.T41E-04 :
© 0 ~.T04E-04 0 ~-.670E-04 [ -
- .639E-04 0 ' -.610E-04 G ~.584E-04 .
0 -.559E-04 0 -.536E-04
~.515E-04 0 =.49866-04 0 - 47TE-04
* THE WEIGHTS USED FOR THE FAN BEAM CONVOLUTION (WEIGHT(1},1sl, $0)
*7 = «93TE+00 +940€+00 “943E+00 +945E+0 +948E+00
* » «950E+00 -953E+00 +955E+00 L 958E+ 00 -960E+00
. - +962E 400 +964E+00 +966E400 -96BE+00 .9708¢00 -
- * -9T26+400 - 9TAE+00 +ST6E+00 +978E+00 «979E+00
* . .9BLE+00 < 992E+00 +9B4E+00 +985E4+00 +9B87E+00
* s . <988E +00 <989E+00 <9S0E+00 .991E+00 -992E+00
M - +993E+00 < S94E+00 <995E€+00 +99EE+00 «994E+00
* * +99TE+00 <998E+00 +998E+00 +$99E+0Q0 «999E+00
* ) ) * <999E+00 < 100E+01 +100E+0L -100E+01 +100E+01
* - <100E+01 +100E+01 +LOOE+0L +100E+01 +999E400
M * .999E+00 +999E+00 -99B8E+00 «998E400 «997E+00
* . <996E+00 -996E+00 -995E+00 <994 E+00 +993E+00
* . -992E +00 +991E+00 ~990E+00 < 989E+ 00 +9BBE+00
* * +987E+00 .9B5E+00 «984E+00 -982E+00 <981E+00
* XX2€ XX . <9T9E+00 +978E+00 +976E+00 +ST4E+00 <972E+00
* ©EBMMEBE0086E8ENNEEE * +970E +00 .968E+00 <966E+00 < S64E+00 +962E+00
<960 +00 . S58E¢00 +953E+00 +953E+00 +950E+00
<94BE+00 +945E400 <943E+00 «940E+00 <93TE+00
- - v [ 1 z
G .1099E+01 .2710E401 .3442E+01 .3955E+0l .4541E+401 .S126E+0L
z X A LJ L] ] . e L
+5639E+01 .6005E+01 .6371E401 .TLT7E+0L .7983E+01 ' .B4Y5E+0l .S081E+0L
? (] [] [} [ . L}
49594E+01 . 1069E+02 .1201E+02 .12T4E+02 .1333E402 .139LE+02 .1443E+02
[}
<1465€+02
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PPPP H H AAA N N . RECONSTRUCT ION FOR FAN BEAM GECMETRY - CURVED DETECTCR USING LAKS CONVOLVER
P P H A A NN N EMISSION DATA
PPPP  HHHHH A ANNN
P H H AAAAA N NN
P H H A AN N XMIN = =+ 50E+01 XMAX = +57E+02 XSUM »T4B4E+D4

PHANTOM GENERATED
ARRAY SIZE b4 X 64 INTEGRATION FACTOR = 10 SCALING FACTOR = 752
NUMBER OF ELIPSES ANO/OR RECTANGLES =
THE PARAMETERS FOR THE ELLIPSES AND/OR RECTANGLES ARE

X»¥ = CENTER
Ay8 - LENGTH OF AX1S OR SIDE & AND 8
PHI - ANGLE OF AXIS OR SIDE A
DENS - INTENSITY
THE PARENTHESIS INDICATES THE SCALED VALUE
1TYPE X A

8 PHI DENS
1 - ELLIPSE 0y 0 40.00 4,  40.00 0 5.00
014t 0)( 30.08)4¢ 30.08) t o 8.84)
1 - ELLIPSE 0, -10.00 10,00 5y  10.00 o 27.00
O}t -7.82)1  T.521,1  T1.52) € 47.76)
1 - ELLIPSE 10.00 0 14.00 4 10.00 1.57  ~4.00
€ 7.52)4¢ 010 10.531,1  7.52) .t -T.08
1 - ELLIPSE -10.00 0 14.00 ,  10.00 1.57  ~4.00
( =7.521,( 011 10.53),¢  T.52) ¢ -7.08
EEEEE N . N DDDD PPPP H M AAA NN 00082 o e
E NN N D D » P K H A A NN N mm¢marsne
EEE NNND ] PPPP  HHHHH A A NNN L ——————— m—ecaassetes
E N NN D D P H H AAAAA N NN =
EEEEE N N DDDOD P H H A AN N
XMIN 0 XMAX = .57E+02 XSUM = -T522E404

- - + H 1 2
~.5040E+01 -.I3T9LE+00 .645TE+O0l 95656401 .1174E+02 .1423E+02 .1671E+02

I3 X A " e L ] [
«18B9E4+02  .2044E+02 .2199E+02 .2541E+02 .2883E+02 .310LE+02 .3349E+Q2

[ ¢ [} L] [ ] L] . | ]
+3567E+02  .4033E402 .4592E+02 .4903E¢02 .5151€402 .5400E+02 .35618E¢02

«S5TLLE+O2

ERRORS IN THE RECONSTRUCTED IMAGE

XNIN = 0 XMAX = +24E402 XSUM ® + 46756+ 05

0803083985990

L N R e X R R NN N X YRR RN Iy
N N N AR R Y N RN NN R

- - + ) 1 z
0 .4245E+01 .104TE+02 (1320602 .1528E+02 (17556402 .1G81E+02

tRBE RN B R AR RN R
~
tERERR AR NGNS ey

z x A " [} ] ] .
L2179E402  .2321E402 .24626402 .2774E402 .3085E+02 .3283E+02  .3509E+02

[] L] [ ] a [} L] . L]
-370BE+02 . 41326002 .4642E+02 .4925E+02 .5151E+02 .5377E¢02 .55T6E+02

| ]
«5660E402

MAXIMUM SIZE OF BLANK COMMON THUS FAR= 1561 FLOATING POINT WORDS.

EEEEE N N DOOD CCC 00000 N
€ c co

o 0 NN

EEE NNND D c 0 GNN
M NN D o < c anN

EEEEE N N 000D - ccc 00000 N

=3
a
a
o

AEA AR R AR RN
>
>

IR R TR RN Y

- = + ) 1 14
O .1778E401 .4380E+0L .5564E401 .6392E+01 .T339E+01l .8286E+01

z X A " [} [} ° -
+S115E+01 .$7076+01 .1030E¢02 .1160E+02 .1290E+02 .1373E+02 .1468E+02

[ L] L] @ a L 1 | ]
<155LE#02 .L72BE+02 .1941E¢02 L20£C0E+02 .2154E+02 .2249E+02 .2332E+02

[ ]
«2368E+02
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£3:33 EEEEE TTTTT U u ppPPP
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INTEGER PARAMETER ARRAY (IPAR}
1 IPARLI) DESCRIPTION -
1 64 LINEAR DIMENSION OF THE RECCNSTRUCTION ARRAY
2 [ RECONSTRUCT IN 4 CIRCULAR ARRAY
3 2 GEOQMETRY FLAG
FAN BEAM GEDMETKY (FLAT DETECTOR}
4 12 NUMBER OF PROJECTION ANGLES
5 s MODE FOR PROJECTION ANGLE INFUT (SEE FOLLOWING LINES?
ANGLES GENERATED BETWEEN ZERG AND 2471
STARTING AT ZERO
6 100 NUMBER OF RAYS FOR EACH PROJECTION
7 o EMISSION DATA _
8 2000 DIMENSION OF THE FLOATING PGINT USERS BLANK COMMON BLOCK
9 1 NUMBER OF WOROS FOR A FLUATING POINT VARIASLE )
10 o EXECUTE THE RECAONSTRUCTION {NOT JUST STORAGE S1ZE TEST)
1t 12 SRINT FLAGS (OPTIONS SELECTED ARE ON THE FOLLOWING L INES)
PRINT SETUP VALUES FROM IPAR AND PAR ARRAYS
PRINT FILTER FUNCTION FOR.CONVOLUTION AND FILTER ROUTINES
12 [ LOGICAL UNTT NO. FOR ATTENUATION FACTOR STORAGE
FLOATING POINT PARAMETER ARRAY (PAR)
4 PAR(I) DESCRIPTION
1 1.330 PIXEL. WIDTH IN UNITS OF PROJECTION BIN WIDTH AT CENTER oOF
. ROTATION
2 50.500 LOCATION OF THE ROTATION AXIS IN THE PROJECTION ARRAY
3 125.000 _DISTANCE FROM SOURCE TO CENTER OF ROTATION FOR FAN BEAM IN

A TOTAL OF 94

94 PROJECT ION BINS WILL BE USED OF "WHICH

MAX TMUM

UNITS OF PROJECTION BIN WIDTH AT CENTER OF ROTATION
4 THRU 97) OF THE 100 USER PROJECTION BINS WILL 8E USED
0 HAVE BEEN ZEROED BY THE PROGRAM

$12E OF BLANK COMMON THUS FAR= '~ 1561 FLOATING POINT WORDS.

. EEEEE N N DODD- SSS EEEEE TTTYT U U eepp
3 NN N D 0 u up’
EEE N NND 0 SSS T U U PPPP
3 N NND D T U ue
EEEEE N N DDDD SSS EEEEE T gy P

€CC 00000 N NV v C0000
C co ONN NV VO 1]
4 ) ONNN VYV O o
4 co ON NN VV O

cCC D0OOO N N v 00000

PARAMETERS FOR SUBRCUT INE CONVO

1ERR - 1

DESCRIPTION
CALCULATE ERRDRS

BACKPROJECTION AND PROJECTION/CONVOLUTION/FILTER ROUTINES
PERFORM THE FOLLOWING FUNCTIONS

RAY WE IGHT ING

ARG FUNCTION ATTENUATION FAN BEAM

BCK BACKPROJECTION INTERPOLATION NO YES

CNV CONVOLUTION N/7A NO T YES

THE VALUES FOR THE FILTER IN REAL SPACE (CONVOL(I),I=0, 93}
+T85E+00 =+318E+C0 o .35“5-01 .

~«127E=-01 0 ~«§S0E-02 =.3936-02
0 -—.263E-02 . o .lSEE-OZ o
-+ 141E~02 0 -.110E-02 -.B82E-03
~.T226-03 =+ 602E-03 0
=--509E-03 0 = 437E-03 : ' ~+378E-03
=+331E~03 ] =.292E-03
=+260E-03 ] -.233E-03 0 =-.209€E-03
] -.189E-03 4] =+172E-03 B K
-«157€-03 —« 144E-03 ~.133E-03 -
0 =.122E-03 o =»113E-03
=+ 1D5E-03 0 ~.980E-04 =~ 914E-04 "
0  ~.855E-04 0 -.802E-04 [
~.753E-04 ] =+T09E-04 0 —.669E~04
4 “.631E~04 0 -.597E-04 o
~.566E=04 . 0 =+537E~04 . -.510E-04
—<4B85E-04 —e462E=04 o
~.441E-04 0 ~+421E-04 - = 402E~04
o =+384E-04 . o -+36BE-04 .

THE WEIGHTS USED FOR THE FAN BEAM CONVOLUTION (WEIGHT(I},I=l, 94}
+937E+00 «940E+Q0 «942E¢00 « 944E+00 +94TE+QQ
+949E+00 +951E+00 +354E+00 «956E+00 «958E+ 00
«960E+00 «S62E¢00 +964E+00 «9E6ELO0 «S6BE+00
«9T0E+00 - 9TLIE+00 «973E+00 «975E+00 +9TTE+00
+978E+00 +9B0E+00 -981E+00 .S983€+00 +«984E+00
- 9B6E+00 +98TE+00 «98BE+00 +$89E+00 «990E+00
+991E+00 +992E+00 «~993E+00 +GG4E+ 00 «99SE+00
+956E+00 + 996 E+00 +99TE+00 +99BE+00 +»998E+00
+999E +00 +999E+00 +999E+00 «100E+01 +100E+01
+10Q0E+01 +100E+0QL »100€+01 «100E+01 «100E+0}
+100E+0Q1 - 999E+00 €9SE+00 «$9SE+00 +S98E+00
«99BE+00 «S9TE+00 +99LE+0O +S96E+Q0 «G95E+00
«994E+00 «$93E+00 +992€+00 +991E+00 «S90E+00
+989E+00 +988E+00 +98TE+00 +986E+00 © «9B&E+00
«983E+00 +981E+00 +-980E+00 +CTBE+00 +$TTE+00
L« 9T5E+00 «9T3E+00 9T71E+00 «970E+00 «968E+00
«966E+00 «964E+00 +962E+00 +SE0E+00 +G5BE+ 00
«956E+00 +G54E+00 +951E+00 +949E+00 +547E+00
«944E+00 «942E+00 «940E+00 «937E+00

L]
+3T08E+02

PPPP M H AAA N N
P PH HA AN N
PPPP HHHHH A AN N N
] H  H AARAA N NN
[ H HA AN N
PHANTOM GENERATED
ARRAY SIZE 64 X 64  INTEGRATION FACTOR = 10  SCALING FACTOR = .752

NUMBER OF ELIPSES AND/OR RECTANGLES =
THE PARAMETERS FOR THE ELLIPSES AND/OR RECTANGLES ARE
X9¥ - CENTER
4,8 = LENGTH OF AXIS OR SIDE A AND B
PHI - ANGLE OF AXIS OR SIDE A
DENS - INTENSITY
THE PARENTHESIS IND[CATES THE SCALED VALUE

ITYPE A 8 PHT DENS
13 - ELLIPSE 0 40.00 o 40.00 o 5.00
t )t 0)¢ 30.08),( 30.08% t 8.84}
1 = ELLIPSE 0 ¢ =-10.00 10.00 10.00 o 27.00
. Okst -7.521¢ 75200 ¢ 7.52) « 47.76)
1 =-ELLIPSE 10.00 + 14.00 » 10.00 1.57 -4.00
t Te5214t OH  10.539, ¢ 7.52) -7.08})
1 - ELLIPSE =10.00 » o 14.00 10.00 1.57 -4.00
=7.52),1 010 10.53)14¢ 7.52) t -7.08)
EEEEE N N DODD PPPR  H H AAA N N
E NN N O D P PH H A A NN N
EEE NNND 0 PPPP HHHHHM A ANNN
E - N NN D 0 P H H AAMAA N NN
EEEEE N N DDDD P - H HA AN
XMIN = ] XMAX = »5TE+02 XSUM = «T522E+04
* N -
* -
* *
] b
- *
* .
] -
* *
. *
* *
- ———— . .
. S »
. ———— e e = -
» ——————— e .
* -
. *
- —— — »
Y —— — -
* ———— — *
- X —— —— -
- E i —_— -
* --19800) -~ — .
. e e XN NEE K mm m mm e .
* .
L] e == MR N e — e
. R0~ S s
. *
- *
- L]
- -
- -
] -
- .
* »
* -
= *
* *
* *

- = . ) 1 z
0 +4245E+01 .104T7E+02 .1330E+02 .1528E+02 .1755€+02 .1981E+02

1 X A M [} ® []
«217SE+02 .2321E+02 .2462E+02 .2TT4E+02 .3085E+02 .3283E¢02 .3509E402

| ] ] . [ ] a [ ]
+4132E+02  .4642E+402 .4925E402 .S151E+02 .53TTE+02° .5576E+02

[}
. +5660E402

MAX THMUM S‘llE OF BLANK COMMON THUS FoRs= 1605 FLOATING POINT WORDS.

EEEEE N N DDDD CCC 00000 N - N V v 00000
E NN N D c co G NN NV vo 0
EEE NNND D o ONNN VvV O 1]
£ N NN D o 4 co ON NN VvV 0 0
EEEEE N - N 000D cCcC 00000 N N a000a




FECCNSTRUCTION FOR FAN PE&M GEOMETQY - FLAT

EM1SS104

XMIN =

DATA

~»53E+01

XMAX = «ETE+Q2 XSUM = +T4TBE+04

wE AT R

Cem4xbbcorsmemes et

Ry

DETECTAR USING LAKS CUNVOLVER

18998 1=

ace
=anz st +eB

i

ey

o oW

W

INTEGER PARAMETER LRRAY

1PARLIY

120

1
2900

12

_FLOATING POINT P4LRAMETER ARRAY

PAR{T)

1.900
50.500
0 NA

115

EZFEE TTTTT U
s E T i
EEE T u u pppe
S E T u
SEEEE T

0 ppop

tirar)
OESCRIPTION

LINZAR DIMENSIOM OF THE RECCNSTRUCTION ARRAY

RECONSTRUCT IN A CIRCULAP A&RPAY

GENMETRY FLAG

OARALLEL BEAM GENMETRY

NUMBER OF PROJECTION AMGLES

MODE FOR PROJECTION &NGLE INPUT (SEE FOLLCWING LINESH
ANGLES GENERATED BETWEEN ZERC AND 2#%P{

STARTING AT 26R0O

MUMBER CF RAYS FOR EACH PROJECTION

TRANSMISSION DATA

DIMENSION OF THE FLOATING POINT USERS BLANK COMMOM 8LOCK
NUMBER OF WOKDS FOR & FLIATING POINT VAFLABLE

EXECUTE THE SECONSTRUCTIUN INJT JUST STQRAGE $IZE TEST)
PRINT FLAGS (OPTICNS SELECTED ARE ON THE FOLLOWING LINES)
PRINT SETUP VALUES FROM IPAR AND PAR ARRAYS

PRINT FILTE® FUNCTION FOR CONVOLUTION AND FILTEA ROUTINES
LOGICAL UNIT MQ. FOR ATTENUATION FACTO® STCREGE

(PAR)
DESLRIPTION
PIXEL WIDTH IN UNITS AF PROJECTIFN BIN WIDTH

LOCATION OF THE RJTATIOM AXIS IN THE PRGJECTION ARRAY
NOT APPLICABLE {NOT FAN BEAM SEQMETRY)

A TOTAL IF 68 ¢ 17 THRU 84) OF THE 100 USEP PROJECTION BINS WILL BE USED

58 PROJECTION BINS wItL BE USED OF WMICH 0 HAVE BEEN ZERGED RY THE CROGRAM

1603 FLOATING POINT WOARDS.

~+5340E+01 -, €650E400
z
«1870E+02

8
-3556E+02

= +
«6205E+401  ,9328E+01 .1151E+02

X A L] 8
©2026E402 .2182E402 .2525E402 .2869E+02

e . L ] .
«4024E+02 L.4586E402 .4899E+02 .5148€+02

.
«5TL0E+02

ERRORS IN THE RECONSTRUCTED IMAGE

XMIN

. ¢ XMAX = «24E+02 XSUM = +4T59E+08

¥ 3
+ 1401402

e
+3087E+02

[ ] ]
.5398E+02 .5

z
«1651E+02

: [ ]
+3337E+402

[ ]
§17E+402
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PARAMETERS FOR SUBRAUTIME COMVO

DESCRIPTION
~-00808880008339029089 -~

1ERR - 1 CALCULATE ERPORS

BACKPROJECTIUN AND PROJECTION/CONVOLUTION/FILTER RCUTINES
PERFORM THE FOLLGWING FUNCTIONS

ARG FUNCT 10H RAY WEIGHTING

z
«9119E+01

°
<1551E+02

FRERERAREE AR SR
>
5

EBR AR TR NS RN

»

RERD AR BN R T AR AN
a

AR R R R E DR N

L2l

- = + !
0 J17T6E401 .4382E+01 .5566E+01 .63G56+01 .7342E+01

X A M B e e
+S7T11E+01 .1030E+402 .1161E+02 .1291E+02 .1374E+02

L] (] ] [}
JlT2GE+02 .1942E402 .2061E+02 .2155E+02

[ ]
+2368E+02

]
+2250E+02

1
+8290E+401
<2 L)
«14£8E+02

] »
+2333E+02

8CK
Cov

BACKPRJJECTION
CONVOLUTION

INTERPOLATION

ATTENUATIGN
NO

ND

67)

THE VALUES FOR THE FILTER IN REM. SPACE (CONVOLUI),1=0,

+637E+00
—+643E-02
-.160E~02
=+ T708E-03
—+398E-03
-.253E~03
~«}177E-03
-+ 130E-03
—+995E-04
=+ 786E-0D4
~+637E~04
=.52¢6E-04
442E-04
«377E-06

~-212E+00

~e&65E-0g
=»132€6-02
~»622E-02
~+361€-03
= +236E-03
~+166E=03
-+123€-03
~+G4TE-04
=« 752E-04
=+ 612E-04
-+ 508E-04
=-428E-04
=+365E~04

426E-0L

+ 621 E=04
6TE=04
-.4T3E-04
—+401E-04

—+389E-04

PHANTOM GENERATED
ARPAY SIZE b4 X 64 INTEGRATION FACTOQ = 10
NUMBER IF ELIPSES AND/OR RECTANGLES =
THE PARAMETERS FOR THE ELLIPSES AND/OR RECTANGLES ‘soE

X+¥Y - CENTER
4,8 = LENGTH OF AX1S N&% SIDE A AND R
PHI - ANGLE OF AXIS OR SIDE A
DENS =~ INTENSITY
THE PARENTHESIS INDICAYES THE SCALED VALUE
ITYPE X Y
1 - ELLIPSE 0w 0
0ot ot
0+ -10.00
0yl -10.001¢
10.00 »
€ 10.00)¢
=10.00 »
( ~10.004¢

L - ELLIPSE

1 - ELLIPSE 9
ot

1 - ELLIPSE [

o1t

EEEEE N N DDOD
N D o]
EEE NNND 0

E N NN D .
EEEEE N N DDOO P " H A

SCALING FACTOR =

FAN BEAM
NO

NQ

1.300

PHI DENS

1.57
1.57
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XMIN = ] XMAX = «32E402 XSUM = JT52¢E+04

=——+349888+———

P R R R R R R R A N R X
AR AR AR B AR R R R R AR A RE R RN E R AR R AR RN R RN

- = « ¥ 1
0 .240CE40L .3920€+01 .7S20E+01 .B640E+01 .9920E401 .1120E+02

z X A M e : . []
12326402 .1312E402 .13926402 . +1568E+02 .1744E+02 .185CE+02 .19B4E+02

[} ] L] L] ] e [ ]
©2096E402 - +2336E+02 26266402 2TB4E+02 .2912E402 .3040E¢02 . .3152E+02

.
«3200E+02

MAXIMUM SIZE OF BLANK COMMON THUS FaRe 1603 FLOATING POINT WORDS.

EEEEE N N DDDD . CCcC 30000 N NV v 00000
E NN N O 0 [4 co ONN NV va 0
EEE NNND o c 0 OCNNN VY O [¢]
E N NN D ] < co ON NN vV O
EEEEE N N DODO €CC 0000 N N v oen09
RECONSTRUCTION FOR PARALLEL BEAM GEOMETRY USING SHLO.CONVOLVER
TRANSMI SSION 0ATA
XMIN = -+ 23E¢01 XMAX = «32E+02 XSUM = -T525E+04
» - mm e e e .
- U .
. — - - - - - - =~ - »
* -—- - --— »
. - - B - - -
* - - - - -
* - - - - *
- - - - - - - - - -
* - - - - - - - - .
. — - - - e ae -
* - = em e mma - - - - -
- - - - - »
* - - ———w - — -
* - —-— -
= - - - -
* - -~ - - - -
- - - - »
' - - - —
L - - -
. — - - ——
- -
. - .
- - —omTED e - - - ————
- ———— zeEx 2 — *
- =zzzazoac ) OSSAENNENS suazas=ge= *
. - - ~——
Ll —— —— — -
* - sox) ] - -
- —muwsa-=ézas]lezoionzmaeo .
* - - *
- - ,——— e RO E K- EE Reaw—— - *
- - - — — - a- — - - -
* - - - - - - - - *
» - - - - - - - - -
* - - - -- -- - -~ .
. - - - - - - .
* - - - - -
= - = - - - - x

* } 1
—+2305E+01 .2822E+00 .4077E+01 .5802E+01 .TCOSE+0L .83895091 4 9769E+0L

z X 4 M -8 8 L)
10986402 J11B4E+02 .1270E+02 .1460E+02 .1650E+402 L1T770E+02 .1908€+02

@ ] [ ] e ] ] . a
<2029E 402 .22BBE¢02 .2598E¢02 .277LE¢02 .2909E+02 .3047E+02 .3167E402

|
«3219E+0Q2

ERRORS IN THE KECONSTRUCTED [MAGE

XMIN = o XMAX = <67E-01 XSUM = +1953E+03
- -
[ =
. 17 z B
* -
- *
. 1 1 *
L *
x .
- -
* .
- »*
. .
- .
- .
* -
. *
- .
- -
= -
* .
- -
- .
* *
- .
. 1 1 -
* *
A L]
- b 44 1 *
. *
- e eREhESRRRGRREREE— *

- - + } 1 z
Q0 -4994E-02  .1232E-01 .1565E-01 .1798E-01 .2064E-01 .2331€-01

z X - A M 8 L] [ ] L
+2564E~01 .2730E-01 .2897€~01 +3263E-01 .3629€-01 .3B62E-01 .4129€-01

[ L] [} a ] . 8 . L]
+4362E-01 .4861E-01 .5460E-01 .5793E-01 .LO60E-01 .6326€-01 .6559E-01

[
+6659€-01

¢cc 00000 N NV Vv 00000
[ co ONN NV v o 1]
c O ONNN VYV O 0

€O OGN NN VV O O

ccc 00000 N N v 00000

PARAMETERS FOR SUBROUT INE CONVO
DESCRIPTION
1ERR - 1 CALCULATE ERRORS

BACKPROJECTION AND PROJECTION/CONVOLUTION/FILTER ROUTINES
PERFORM THE FOLLOWING FUNCTIONS . B

RAY WEIGHTING

ARG FUNCTION ATTENUATION FAN BEAM
B8CK BACKPROJEC TION INTERPOLATION NO NG
CRv CONVOLUT ION NO NO
THE VALUES FOR THE FILTER IN REAL SPACE (CONVOL(I).1=20, &7}
+T83E+00 ~«318E+00 0 =+354E-01 4]
-.127€-01 0 -.650E-02 0 -+393E-02
] =+ 263E-02 ~.188BE-02 .
=+ 141E=02 ] -.110€=02 . ~.882E-03
0 -.T722€-03 o =.602E-03 - [0
~.509E-03 -.437E~03 -+ 378€-03
«.331E-03 =+292E-03 o
~.260E-03 ] -.233E-03 0 -.209€-03
=.189E-03 0  =,1726~03 . ]
-.157E-03 0 ~-.l44E-03 o -«133£-03
[ -+122E-03 =+113E-03
=+ 105E=-03 [] -.980E-04 O =.914E-04
=+ 85EE-04 0o -+ 802E-04 o
~.T753€-04 -.709E-04
pepp  H H AAA N N
L] P H H A A NN N
PPPP  HHHHH A A N N N
14 H H AAAAA N NN
P H H A AN N

PHANTOM GENERATED
ARRAY SIZE 64 X b4 INTEGRATION FACTOR = 10 SCALING FACTIR = 1.000
NUMBER OF ELIPSES AND/OR RECTANGLES =
THE PARAMETERS FOR THE ELLIPSES AND/OR RECTANGLES ARE

Xy¥ ~ CENTEK
A48 - LENGTH OF AX1S OR SIDE A AND 8
PHI - ANGLE OF AXIS OR SIDE A

DENS - INTENSITY
THE PARENTHESIS INDICATES THE SCALED VALUE
ITYPE X Y

8 PHI DENS

i - ELLIPSE 0 0 40.00 o 40,00 0 5.00

t [ INY} 0)l  40.00).1 40.00}) { £.00)
1~ ELLIPSE 0y -10.60 10.00 10.00 ] 27.00

{ 0ol -10.00){ 10.00),( 10.00) t 27.00)
1 - ELLIPSE 10.00 » 0 14.00 o 10.00 1.57

{ 10.0004¢ 03¢ 14.90),t 10.00} ( —4.00)
1 - ELLIPSE =10.00 » [} 14.00 4 10.00 1.57 ~4.00

R =10.00%¢ 0)( 14.00),{ 10.00) ( =4.00)




EEEEE N N DDOD L n AAA N N
E NN ND O PH HA ANN N
EEE NNND O PPPP  HHHHH A A N NN
3 N NND D (4 H M AAAAA N NN
EEEEE N N DODD L4 H H A AN N
XMIN = o XMAX = 328402 XSUM = JT526E+404
e -

T R N R Y Y XN R R R T
IR R R R R R A T T T R T e

- - + 1 1
0 .2400E+01 .5920£+401 .T520E+0L .8640E+01 .S920E+01 .1120E+02

z X I3 L] -] ] . 2
«1232E+402 .1312E+02 .1392E402 L1568E+02 .1744E402 .1835LE¢02 .1984F+02

* L] [ I L] [] . L ]
«2096E402 .2336E+02 .2624E402 .2784E+02 .2912E+¢02 .3040E+02 .3152E+02

]
«3200E+02

MAXIMUM SIZE OF BLANK COMMON THUS FAR=® 1605 FLOATING POINT WORDS.

EEEEE N N DDOOD ccC 00007 N NV v 00000

E NN N O D [4 cc QNN NV v o 4]

EEE NNND o - C 1] ONNN VV O o

- E N NN D D c co IN NN VYV O 3

- EEEEE N N DDOD €CC 00000 N N v 90000

RECONSTRUCTION FOR PARALLEL BEAM GEOMETOY USING RALA CONVOLVER
TRANSMISSION DATA

XMIN = =.28E+01 XMAX = «32£+02 XSUM = +»7521E+04

117

- . . ) 1 z

~.261GE+01 —.1807E+00 .366BE+0L .54475+01 .667BE40L .B085E+0L .9652E+0L

2 x a " [} ] [] (]
S1072E+02  .11L0E¢02 .1248E402 .1442E+02 .1635E402 .175RE+02 .1899F+02

] . . . L) [] [} (]
+2022E402 .2288E+02 .2¢02E+02 .2T78E+02 ,251SE¢0Z .3060E+D2 .3183F+02

a
-3235E+02

ERRDRS IN THE RECONSTRUCTED IMAGE

XMIN = 0 XMAX = LB4E-0OL XSUM = <2422E403

arvnes
* -~ GAHANARANARANSESARD - -
N -
* 124 24 *
. .
. -
- 1 »
* -
- .
. -
» -
. .
- .
- *
. .
. .
.
.
. .
- .
. -
* .
* .
. -
- -
. .
- .

T 1 1 *
. -
. *
- 124 H4 -
. -
. .

. ) 1
0 62T4E-02 .154TE-01 .1966E-01 ,L2258E-01 .2593E-)1 ,202%E-0L

1 x A L ] L] 3
+3220E-01 <3430E~01 .3639E-01 .4099E-01 .4559E-01 .4852€-01 .518&6E-01

® [} L] L] [ ] L] L]
«54TSE-0L  .6106E-01 .6859E-01 .7277E-0! .70l2E-01 .7947E-01 ,B235E-01

oo e me ee  ceEEECaéTSEEEiBtEREEtCEsEEEEEREE——
s4nsa
smesss amrtzmax
4nacsbstoezsEasssnnntetaxcinEnRnn.
=

EtmmemaceECE ¢E e T e SR

- ——— -
PN PR ———
M. - x
[ . 007 ——— et
.- -

[ ]
+8363E-01
$SS EEEEE TTTTT U u PPPP
- S u up o
$8S  EEE T u .U epop
S E T U ue
$$S EEEEE T RV
INTEGER PARAMETER ARRAY (IPAR)
1 IPARLD) DESCRIPTIUN
1 64 LINEAR DIMENSIOM OF THE RECCNSTRUCTIOM -ARRAY
2 [} RECOMSTRUCT IN A CIRCULAR A@RAY
3 1 GEOMETRY FLAG
FAN BEAM GEJ4ETRY (CURVED OETECTOR}
4 12 NUMBER OF PRNJECTIOIN ANGLES
5 5 MODE FOR PROJECTION ANGLE INPUT (SEE FULLDWING LINES)
ANGLES GENEPATED BETWEEN ZERD aND 2nP
STARTING AT ZERQ
& 100 NUMBER OF RAYS FOR E4CH PROJECTION
7 1 TRANSMISSION DATA
8 2000 DIMENSION OF THE FLOATING ®O0INT USECS BLANK COMMON BLOCK
S 1 NUMBE® 0F wWwNRDS FUR A FLCATING PGIMT VARILELE
10 0 EXECUTE THE RECONSTRUCTIGN (NOT JUST STORAGE SIZE TEST?
1 12 ORINT FLAGS (OPTIONS SELECTED #PE ON THE FILLIWING LINES)
PRINT SETUP VALUES FROM 1PAT AND PAR ASRAYS
PRINT FILTER FUNCTION FOR CONVILUTION AND FILTER POUTINES
12 0 LOGICAL UNIT NO. FOR ATTENUATION FACTGR STORAGE
FLOATING POINT DARAMETEP ARRAY [PAR)
L1 PAR(T} DESCRIPTION
3 1.330 "PIXEL WIDTH IN UNITS OF PROJECTION BIN WIDTH 4T CENTER CF
ROTATION
2 50.500 LUCATION 9F THE ROTATION AXIS IN THE PFNJECTION AREAY
3 125.000 DISTANCE FROM SOURCE T CENTES OF SOTATION FMR FAN BEAM 'V

UNITS OF PPOJECTION RIN WIDTH AT CENTER DF ECTATION
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A TOQTAL QF 90 ¢ 6 THRU 95} OF THE 100 USER PROJECTINON BINS wILL BE USED XMEN 2 0 XMAX = +43E¢02 XSUM = - 565cE+08

90 PROJECTION BINS WILL BE USED OF WHICH 0 HAVE B8EEN IZEROED 8Y THE PROGRAM

MAXIMUM SIZE OF BLANK COMMON THUS FAR= 1605 FLOATING POINT WORDS,

EEEEE N N 0ODD SSS EEEEE TTYTT U u PPPP
. E NN N D o 5 E T v v P P
EEE NNND D $8S EEE T Uy PPPP
E N NN D D S € T u u e
EEEEE N N DDOD $55 ESEEE T [ VIV 4
€CC  0Oo0g N NV v 00000
° 0 NV v a o
c r] ONNN VvV O o
co NN VvV V QO
€CC g0ooc N N v 00000

PARAMETERS FOR SUBROUTINE CONVO

DESCRIPTION .

1ERR = 1 CALCULATE ERRORS

BACKPROJECT ION AND PROJECT[CN/CDNVOLUYIQN/FILYER ROUTINES ’ -
PERFORM THE FOLLONING FUNCTICNS

L N R R N N N A T
P R A N Ry N A R N R R

ARG FUNCTION RAY WEIGHTING ATTENUAT 10N FAN BEAM
8CK BACKPROJECT 10N INTERPOLATION NO YES
NV’ CONVOLUTION - : N/A NO YES 3
THE VALUES FOR THE FILTER IN REAL SPACE (CONVOL(I},1=0, 89)
SE+00  ~.318E+00 0 -.354E-01 0
~+127€=01 0 =~.650E-02 0  -.394€-02
’ 0 -.264E-02 - 0 ~.189E-02 . o
-.142E-02 0 -.111E-02 0 -.889E-03 . - = + ! 1
—.729€-03 0 —.&09E-03 ° 0 .3192E+01 .7B74E+0L .1000E+02 .1149E+02 .131SE+02 .1490E+Q2
-+516E~03 0 -.443E-03 0 .3355-03
0  -.338E-03 - 0 -.259E-03 .
N ~+267E=03 - 0 =.239E-03 o -.zms-o: z Coox A L e -8 L4 L4
0 -.1966-03 . 0 ~.179E-03 21639E+02 - L1745E+02 J1851E+02 .2085E+02 42320E402 .2468E+02 .2639E+02
-.164E-03 0  ~.151E-03 0 —.140E- oz ’
. 0 ~.129€~03 0 -.120E-03 o
-.1126-03 0 -.103E-03 0 -.985E-0& @ L] L L L . L]
0 =.927E-04 0 -.873E-04 "o L2788E+02 .3107E+02 .34S0E+02 .3703E+02 .3973E+02 .4043E+02 .4192E+02
-.B25E-04 - 0 ~.781E-04 0 -.741E-04 . .
. ~+ TO4E- 04 . 0 ~.6706-04 o
-.639E-04 0, =.610E-04 0 ~.5B4E~04 L
0 ~.559€=04 ' - 0 ~-.536E-04 N o «4250€+402 -
-.515€-04 0 ~.454E-04 0 -.4TTE-04
THE WEIGHTS USED FOR THE FAN BEAM CONVOLUTION (HE]GNT(IHI-I.. 901 MAXIMUM SIZE OF BLANK CCMMON THUS FaR= 1605 FLOATING POINT WORDS.

E+00 +«940E+00 <G 43E+00 +945E+00 94
+950E+00 »953E+00 . .955E+00 «958E+00 .9605000

-962E+00 “964E+0 . - 968E . 9T0E+00 .

<9T2E+00 < 9T4E+00 <9TEE+00 <978E+00 +9T9E+00 : EEEEE N N DDDD cce ouuon N NV Vv 00900
+981E+00 +982E¢00 <984E+00 <SBSE+00 <987E+00 . [ c ¢ ON NV VO O
.988E+00 <989E+00 “990E+00 «S9LE+00 +992E+00 eee N N N o 0 c u OCNNN VYV O 2
<993E+00 <994E+00 +995E+00 <SS6E+00 3 N 0 €C €72 ONN VvV O
+99TE+00 <998E+00 -SSBE+00 . 999E+00 EEEEE N N DDDD cCC 0O0OO N NV 00000
<999E+00 +100E +01 <100E+01 .100£+01 L100E401

<100E+01 < 100E+01 < 100E+01 <100E+01 «999E+00

.959E+00 +999E+00 +998E +00 <998E+00 <99TE+00

<996E+00 .996E+00 -955€+400 <594€400 <993E+00 RECONSTRUCTION FOR FAN BEAM GEOMETRY - CURVED DETECTOR USING LAKS CONVOLVEK
+992E+40Q ~991E+00 ~990E+00 +989E+00 «9BBE+0D : TRANSMISSION DATA

+98TE+QQ - +985€E+00 +584E+00 «S82E+00 +9B81E+00
«9T9E+00 «978E400 S9T76E+00" «ST4E+00 «9T2E+0C
+9T0E+00 «968E+00 -  .966E+00 +964E+00 +962E+00 XMIN = =,3B8E+01 XMAX = <43E+02 XSUM = -S€27E+04
+960E+00 +958E+00 +955E+00 «953E+00 +S50E+00
-948E+00 -S45E+00 <943E400 < 94 0E+00 .937E+00

e ————

PPPP H H AAA N N
] HA ANN N
PPPP HHHNH A A NNN
H H ARAAA N NN

F H H A AN N

PHANTOM GENERATED
ARRAY SIZE 64 X &4  INTEGRATION FACTUR = 10 SCALING FACTOR = 1852
NUMBER OF ELIPSES AND/OR RECTANGLES =

-- B }

THE PARAMETERS FOR THE ELLIPSES AND/OR nscrmmes ARE mww —-ESSSSc 4 4seSCiEt-tEERRSEs cmm o= o= —— - -
Xs¥ - CENTER Bommm mm mmm oo eum te4n4CtucEEEbbCEGERtESEtat —e —o mon e momed
.Ay8 — LENGTH OF AXIS OR swE A AND B ¢ e mmmwee oo m eems - = -*
PHI =~ ANGLE OF AXIS OR SIDE - o om—— -
DENS ~ INTENSITY : PR p
THE unsmussxs INDICATES rne SCALED VALUE . * : -
TY A 8 PHT DENS §
1 ~ ELLIPSE 0, 6 40,00 y  40.00 0 £.00
0 01,1 0)( 30.08),1 30.08) ()
1 - ELLIPSE 0, -10.00 10,00 »  10.00 o 27.00
« 0)yl =7.5210  7.82h,(  T.52) ¢ 35.91) ez
1 - ELLIPSE 10,00 o 0 14.00 y  10.00 1.57  -4.00
U T7.52),1 03t 10.530,( T.52) t -5.32) —-—e2ss +e-MOREEN-+ssnu o
1 - ELLIPSE -10.00 , 0 14.00 y  10.00 1.57  -4.00
.  -7.521,¢ 01t 10.53),t  T.52) t -5.32)
. EEEEE N N 0DOD PPPP H M AAA N N
€ NN ND O P PH HA A NN N
EEE NNND D PPPP  HHHHH A A
€ N NN.D D P H H AAAAA N NN
EEEEE N N DDDD 3 H HA AN N

= + ) 1
-.3750E+01 -.2851E+00 .4855E+01 .71S1E+01 .8827E+01 .1070E+02 .125TE+02

z X A M 8 ) 8
«1420E+02 .153TE+02 .1654E+02 .1611E+402 .2168E+02 .2331E+02 .2518E+02

€ . . . « . L] . []
L2682E402  .3032E+402 .3453E+02 .3686E+02 .38T3E¢02 .4060E+02 .4224E+02

.
+6294E402



ERRORS IN THE RECONSTRUCTED IMAGE

XMIN = [ XMAX = «13E+00 XSUM = +3477E403

P R O S Y
R ER R RT AN RN

"
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CCC 000CO N N V Vv 0DOODO
[+ co O NN NV v o 2
c o ONNN VvV © [}
c co 0N NN VvV O 4

CCC QUOOO N N v 00000

PARAMETERS FOR SUBROUTINE CONVO
DESCRIPTION

1ERR = 1 CALCULATE ERRORS

BACKPROJECTION AND PROJECTION/CONVOLUTION/FILTER ROUTINES
PERFORM THE FOLLOWING FUNCTIONS

L R N AR

FRREB AR R RS RN

- . . ) 1 3
0 +9540E-02 .2353E-01 .298SE=01 .3434€-01 .3943E-01 .4432E-01

z X A L 8 ] ® [ ]
«489TE-01 .5215€-01 .5533E-01 .6232E-01 .&932€-01 .7377E-01 .T8B6E-01

[ . [ ] s « ] | ] .
+8331E-01 .S285E-0L .1043E+00 .1107E+00 .115TE+00 .1208E+00 .1253E+00

»
+1272E+00
$SS EEEEE TTTTT U U PPPP
T V] ue P
$SS EEE T U U PePP
S E T u uP?P
SSS EEEEE T uuy P
INTEGER PARAMETER ARRAY ([IPAR)
I TPARLID DESCRIPTION
1 b4 LINEAR DIMENSION OF THE RECCNSTRUCTION ARRAY
2 0 RECONSTRUCT IN A CIRCULAR aRPAY
3 2 GEOMETRY FLAG
FAN BEAM GEOMETRY {FLAT DETECTGR)
4 12 NUMBER OF PROJECTION ANGLES
5 5 MODE 'FOR PROJECTION AMGLE INPUT (SEE FOLLOWING LINES)
ANGLES GENERATED BETWEEN ZERQ AND 2#PI :
STARTING AT ZERD
) 100 NUMBER OF RAYS FOR EACH PROJECTION
7 1 TRANSMISS ION DATA
8 2000 DIMENSION OF THE FLOATING PCINT USERS BLANK COMMON BLOCK
9 - 1 NUMBER OF WORDS FOR A FLOATING POINT VARUABLE
10 ] EXECUTE THME RECONSTRUCTION {NIT JUST STORAGE SIZE TEST)
11 12 PRINT FLAGS (OPTIONS SELECTED ARE ON THE FOLLOWING LINES)
PRINT SETUP VALUES FROM IPAR AND PAR ARRAYS
PRINT FILTER FUMCTION FOR CONVOLUTTON AND FILTER ROUTINES
12 0 LOGICAL UNIT NO. FOR ATTENUATION FACTOR STURAGE

FLOATING POINT PARAMETER ARRAY {PAR}
1 PAR(D) OCESCRIPTION
1 1.330 OIXEL WIDTH IN UNITS OF PROJECTION BIM WIDTH AT CENTER OF
ROTATION
2 £0.500 LOCATION OF THE RGTATION AXIS IN THE PROJECTION ARRAY
3 125.000 OISTAMCE FRQOM SQURCE TC CENTER OF ROTATION FOR FAN BEAM IN

UNITS OF PROJECTION BIN WIDTH AT CENTER CF ROTATIOM

A TOTAL 9F S4 ¢ 4 THRU 97) OF THE 100 USER PPOJECTION BINS WILL BE USED

94 PROJECTION BINS WILL BE USED OF WHICH

MAXIMUM SIZE OF BLANK COMMON THUS FAfe

0 HAVE BEEN ZEROED 8Y THE PROGRAM

1605 FLOATING POINT WOPDS.

EEEEE N N 0DDD SSS EEEEE TTYTT U u PPPP
€ NN N D D s E T u P 14
EEE NNND b 8558 EEE T v U PPpP
E "N NN D o T u e
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ARG FUNCTION PAY WEIGHTING ATTENUAT ION FAN BEAM
BCK BACKPROJECTION INTERPOLATION NO YES
CNV CONVOLUTION N/A NO YES
THE VALUES FDR THE FILTER IN REAL SPACE (CONVOL(I),I=0, 93)
+7B5E+400 =+ 318E+00 o =.354€-01 0
~e127E-D1 ] —.650E-02 L) -«393E-02
Q ~.263E-02 o -+188E=02 o
=+ 141£-02 0 -+110€-02 ] -.882E~03
0 -.T22E-03 =+ 602€-03 [}
= .509E~03 . 0 ~+43TE-03 o ~+378€=03
~.331E-03 4 =+292E-03
= +260E-03 = «233E-03 ~.209E-03
0 -+ 189E-03 0 ~«172E-03 o
~+157€=-03 o =+144E-03 0 -+1336-03
o —.122E-03 o =+113E-03 o
-.1056-03 -.SB0E~04 0 ~.914E-04
Q - 855E-04 ~+B02E-04 o
~+T53E-04 | ] ~+TO09E~04 a =+ 669E~04
0 =+ 631E~04 =.59TE-04
—.566E-04 ] ~.537E-04 ~+510E-04
=+ 485€-04 [} =+ H62E-04
=+441E=04 —.421E-04 ] =+402E~04
] ~+3B84E-04 o = 368E=04
THE WEIGHTS USED FOR THE FAN BEAM CONVOLUTION {WEIGHT(I) ,I=1, S4)
+93TE+00Q «S40E+00 «94ZE+00 «GALE+00 +94TE+ 00
«948E+00 +951E+00 +354E+00 «956E+00 +958E+00
+960E +00 +962E+Q0 G 64E+00 « 966E+00 »968E+00
+970E+00 +S7T1E+00 ~9T3IE+00 «9T5E+00 »9T7E+00
«9TBE+00" +980E+00 -981E+00 »983E+00 +GBHE+O0
+986E+00 +SBTE+00 +98BE+00 +G89€+00 «990E+00
+9S1E+00 «992E+00 «993E+00 «S94E+00 +S95€+00
+9I6E+00 +996E¢00 +997E+00 «998E+00 +998E+00
«999E+00 «$99E+00 +999E+00 «100E+01 «100E£+01
+100E+01 +100E+01 »-100E401 +100E+0L +100E+Q1
»100E+01 +999E+00 +9S9E+00 «999E+00 +998E400
+GG8E+00 «SSTE+00 «996E+00 +996E+00 «995E+00
«994E+00 «993E+00 «992E+00 +991E+00 +990E+00
+9BSE+00 +98BE+00 +9BTE+00 «98EE+00 «904E+00
» $83E+00 +S81E400 «$80E+00 «97BE+00 +9TT7E+00
<9TSE+00 «9T3E+00 +9TLE+00 «970E+00 «968E+00
+966E+00 «364E+00 «962E+00 «960E+00 -958€+00
+9546E+00 <G84E+00 «951E+Q0 « 949E+00 <G4TE+00
+944E+00 «942E+00 +940E+00 «937E+00
PPPP H H AAA N N
P PH HA AN N
N PPPP HHHHH A A N N N
(4 H H AAAAA N NN
P H HA AN N
PHANTOM GENERATEC
ARRAY SIZE &4 X 64 INTEGRATION FACTOR = 10 SCALING FACTOR = 752
NUMBER OF ELIPSES AND/OR RECTANGLES « “
THE PARAMETERS FOR THE ELLIPSES AND/OR RECTANGLES ARE
Xs¥ - CENTER
448 - LENGTH OF AXIS OR SIDE A ANO B
PHI - ANGLE OF AXIS DR SI1DE A
DENS - INTENSITY
THE PARENTMESIS INOICATES THE SCALED VALUE
ITYPE X Y PHI BENS
1 - ELLIPSE 09 40,00 ¢ 40,00 [} 5.00
( 0) 4t 0¥t 30.08),¢ 30,08) 64653
1 - ELLIPSE o » =10.00 10.00 10.00 o 27.00
t 0rst =T7.52)10 T.52kel 7.52) 35.91)
1 = ELLIPSE 10.00 4 Q 14,00 o 10.00 1.57 -4.00
{ 7.52)4t 030 10.53)41 7.52) -5.32)
1 = ELLIPSE =10.00 ] 14.00 10.00 1.57 ~4.00
€ =T.5214¢ 0)l 10.5314l .52} =5.32)
EEEEE N N DDDD PPOP H N AAA N N’
E NN N D b L4 P H H A A NN N
EEE NNND [} PPPP  HHHHH A A N N M
£ N NN D o P H H AAAAA N NN
EEEEE N N DOOD P H H A AN N
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XMIN =

0 XMAX = «43E+02 XSUM = - 5656E+04
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z - x -A [ 8 . (] .
«1639E+02 JL1T4S5E402 L1851E+402 L2085E+02 .2320E402 .24EBE+02 ,2639E+02

[ . e [} [ [ L] L [}
<2780E+02 .310TE+02 .3490E+02 .3T03E+402 .3873E+02 .4043E¢02 .4192E+02

a
«4256E402

MAXIMUM SIZE OF RLANK COMMON THUS FAR=

EEEEE N N 000D cce 00000 N NV v 00009
'E NN N D o . tec ONN NV v o 0
EEE NNND [ 4 o DNNN VV O o
E N NN D o 4 cn ON NN VYV O Q
EEEEE N N 0DDD €CC 00000 N N v 20000

1605 FLOATING PQINT WORDS.

RECONSTRUCTION FOR FAN BEAM GEQMETRY - FLAT DETECTOR USING LAKS COMVOLVER
TRANSMISSION 0ATA

XMIN = -«%0E+01 XMAX =

<A3E+02 XSUM = »5623E¢04
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- = + H 1
—+4022E+01 ~.5000E+00 .46&5E+0F LTOL3E+01 .B8657E+01 .1053E+02 .12641E+02

z x L) M 8 e L)
$1406E+02 .1523E+02 14406402 .18%S9E+02 L215TE+02 +2321€+02 .2309€+402

L] L] * L] . . L]
+2674E402 .3026E+402 .3448F+02 ,3683E+02 .3BTLE+02 .405SE+02 .4223Ee02

L]
«4294E+02

ERRORS IN THE RECONSTRUCTED IMAGE

XMIN = o XMAX = «14E+00 XSUM = +357SE403
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3. Example 3 - Back-Projection of Filtered Projections

The program XBKFIL uses the back-projection of filtered projections
algorithm to reconstruct parallel-beam projection data utilizing the
filters HAM, HAN, PARZN, and RAMP with a cutoff frequency FREQX set to
0.5 and the filter BUTER with parameters FREQX = 0.52 and ORDERX = 388.
The parameter ORDERX is used only for the filter BUTER and is therefore
set to zero for the other examples. The RAMP filter and BUTER filter
for this example have narrow real-space convolution windows and thus
the reconstructed images have sharp contrast but increased background
artifact as compared to the other filters that have wider windows and
decreased amplitude in the side lobes for their respective convolution
functions. These latter filters give less background artifact but
also poorer resolution in the reconstructed image than available for
the RAMP and BUTER filters.

~ The subroutine GETUM gives simulated projection data for a heart
phantom. A rectangular object in the upper right is added in order
to compare the sharpness of the reconstructed image for the different

annannn

.
filters.
PROGRAM XBXKFIL (INPUT,OUTPUT,TAPE2=OUTPUT) ° E3.001 10 ORDERXeO.
£3.002 FREQX=.5
EXAMPLE 3 £3.003 CALL BKFIL (B,RAMP,BRF,ORDEFX, FPREQX}
€3.,004 WRITE (LUNOUT,22)
THE PROGRAM XBKFIL USES THE BACK-PROJECTION OF THE £3.005 GO T0 20
FILTERED PROJECTION ALGORITHM TO RECONSTRUCT PARALLEL BEAM €3.006 [4
PROJECTION DATA FOR VARIOUS TYPES OF FILTERS E3.007 12 QRDERX= 0.
N €3.008 FREQX®=.5 -
DIMENSION B(4098),AG1180) £3.005 CALL BKFIL {(B,MAN,BRF,ORDERX, FREQX}
COMMON/TYPE/LTYPE E3.010 WRITE (LUNQUT,24)
COMMON WORK {2000) E3.011 GO0 TO 20
[4 E3.012 [4
COMMON/QUTCOM/LUNOUT 180132 £3.013 14 ORDERXe0.
c £3.014 FREQX=,5
4 LUNOUT - OUTPUT FILE E3.015 CALL BKFIL (B,HAM,BRF,0RDERX,FREQX)
4 180132 - OUTPUT LINE LENGTH FLAG E3.016 WRITE {LUNOUT,26)
[4 =0 EACH LINE WILL BE WITHIN 80 CHARACTERS E3.017 GO TO 20
c (OTHERWISE 132 CHARACTERS) €3.018 [+
[4 N £3.01¢ 16 QRDERX=Q,
COMMON/ PARM/IPAR(L2) ,PARI3} E3.020° FREQX=.5
[4 E3.021 CALL BKFIL (B,PARIN,B8RF,ORDERX,FREQX)
EQUIVALENCE (NDIMU (IPAR{ L)}o(ICIR o IPAR( 2}},{1GEOM ,IPARL 3}), £3.022 WRITE (LUNOUT,28)
1 {NANG o IPAR( 4) ) {MODANG,IPART 5)},(KOIMU IPARL 611, E3.023 GO TO 20
2 (IMIT L IPARC 7)), (NWORK ,IPARL 8)),(NFLOAT,IPARL ©)), E3.024 [4
3 (ISTOREZIPARCION) y L IPRINT, IPAR(L11) ), {LUNATN,IPAR(L2)), £3.02% 18 ORDERX=z388.
L} {PWID » PARC 11)4{AXISU , PARL 2}),{RFAN , PARL 3)} £3.026 FREQX=.52
c . E3.027 CALL BKFIL (8,BUTER,BRF,ORDERX,FREOX)}
c . €3.028 WRITE {LUNNUT,30)
EXTERNAL BRFyHAN,HAM, PARZN ,EUTER yRANP E3.02% [+
c E3.030 . 20 CALL ARRAY (ByNDIMU)
LUNOUT=2 E3.031 4 N
18013220 €3.032 4
C E3.033 C
C THE INPUY PARAMETERS ARE E3.03% 22 FORMAT{LX//37H RECONSTRUCTION USIMG THE RA“P FILTER)
c ) £3.035 24 FORMAT(1X//36K RECONSTRUCTION USING THE HAN FILTER}
ND MU= 64 E3.02¢ 26 FORMATLLX//736H RECONSTRUCTION USING THE HAM FILTER)
1CIRe ) £3.037 28 FORMAT(1X//38H RECONSTRUCT ION USING THE PARZIN FILTER]
IGEOQM=0 . E3.038 30 FORMAT(1X//762H RECONSTRUCTICN USING THE BUTER FILTER {OQDERX=388,
NANG=T2 . £3.039 1FREQX=.521)
MODANG=S £3.040 .
KDIMU=100 E3.041
TMIT=1 - . E3.042
NWORK=2000 E3.063
NFLOAT=} E3.044
1STORE=O ) E3.045
IPRINTa13 E3.046
LUNATN=Q E3.047 SUBROUTINE GETUM (M,DATA,ERP)
PHiD=1. E3.048 14
AXISU=50.5 . E3.049 4 EXAMPLE 3
AFAN=Q. E3.050 c
[4 E3.051 4 THE SUBROUTINE GETUM GIVES SIMULATED PROJECTION DATA FOR
CALL SETUP (IPAR,PARAG) E3.0%2 4 A CHEST PHANTOM CONSISTING OF A HEART, LUNGS AND SURRCUNDING
c £3.053 C TISSUE.
00 20 LTYPE=],5 E3.054 C
GO TO (10¢12914916418)5LTYPE E3.055 DIMENSION DATAULl)ERR(1)
C E3.0%6 DIMENSION B(4096)
- DIMENSTON AMAJUS), AMIN{S), XAUE),Y2I5)ePHITIS},Z(5)4ITYPE(S)
COMMON/TYPE/LTYPE
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‘0 antona

CIMMON/QUTCOM/LUNOUT, 180132

LUNOUT - QUTPUT FILE
180132 ~ QUTPUT LINE LENGTH FLAG
=0 EACH LINE WILL BE WITHIN 80 CHARACTERS
| {OTHERWISE 132 CHARACTEAS)

COMMON/PARM/IPAR(12) 4PARI3)

N

DATA ITYPE/Lylylsle2/

DATA AMAJ/40,310.41%e91b4006./
DATA AMIN/40.910.¢10.410.06./
DATA X1/04904910.4=104426,/

DATA 1049Duy 00926,/
DATA 0.¢1,5707963341.57079623,0./
DATA cr=hor=b.432.

IF (M.NE.1} GO TO 10
IF tLTYPE.GT.1) 6O T 10

IF {IMIT.NE.O) PWIDTH=PWID
IF (IMIT.EQ.0} PWIDTH=-PWID
CALL PHAN (5510, ITYPEyZeX1,Y1AMAJ,AMIN, PN!,B'NDIMU.PH]DTNI

CALL ARRAY (By4NDIMU)

L0 CALL PHANL (5,ITYPE,ZyX1sY 1eAMAJ,AMIN,PHI 4 DATA (M)

we wne

-
—C 0 oo

W

BLANK

BLANK

BLANK

BLANK

BLANK .

A TOT

82 P

CRDER.
FREQX

RETURN . -

END

EQUIVALENCE (NDIMU , JPAR( 1)), (ICIR ,IPAR( 2)3,{IGEOM ,I1PARL 31}),
(NANG 4 IPAR( 4)1),(MODANG, IPARL 5)),{xDIMU , IPLRI
(IMIT  , IPARC 7)), (MWORK oIPARL 8)1 ,{NFLOAT,1PARL S}),
(ISTORE,IPAR(LQ) )y ( IPRINTy IPARCLL) )y (LUNATN, IPARL12)),
(PWID o PARL 1)) 4(AXISU 4 PARE 201, (RFAN , PARL 3))

$§5S EEEEE TTTTY U
u
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$SS  EEE T U U PPPP
3 TOuU yvr
§SS EEEEE T wu P
INTEGER PARAMETER ARRAY (IPAR)
1PAR(I) DESCRIPTION
64 LINEAR DIMENSION OF THE RECONSTRUCTION ARRAY
1 RECONSTRUCT IN A SQUARE ARRAY
o GEOMETRY FLAG
PARALLEL BEAM GEOMETRY
72 MUMBER OF PROJECTION ANGLES
5 MOOE FOP PROJECTION ANGLE INPUT (SEE FOLLOWING LINES}

ANGLES GENERATED BETWEEN ZERD AND 2%PI
STARTING AT ZERO
100 NUMBER OF RAYS FOR EACH PROJECTION

E3.l44
E3.145

ARG FUNCTION

BLANK COMMON REQUIRED 618 ¢ 1150)
BLANK COMMON REQUIRED 1226 T 2312)

BACKPROJECTION AND PPDJECTION/CONVOLUTION/FILTER ROUTINES
PERFORM THE FOLLOWING FUNC\'IUNS

RAY WE IGHT ING ATTENUATION
BCK BACKPROJECTION UNIFORM SQUARE NO
FIL FILTER N/A NO
BLANK COMMON REQUIRED 1482 t 2112}
BLANK COMMON REQUIRED 1610 t 31121

FAN BEAM

NO
N/&

THE VALUES FOR THE FREQUENCY SPACE FILTER (FILT(I'vl'OolZB) WITH A FREOUENEV

SPACING OF l/256 = ,391E-02 CYCLES PER PROJECTION BIN ARE

<391E~02 «781E-02 -  L117E-01 -156E-01
«195E~ Ol «234E=-01 «2T3E-01 +313E-01 «352E-01
«391E-01 « 430€~01 «469E-01 +508E~01 +E4TE-OL
© +586E~01 «625E-01 «b564E-01 »T03E-01 » T42E-01
~781E=01L -820E-01 .B5GE=-0L - 898E~01 -938E-01
«9T7E-01 +1Q2E+00 «LOSE+00 «109E+00 - .113€+00
«117E+00 +121E+00 -125E+00 «129E+00 «133E400
+137E+00 «141€+00 +<L45E+00 +148E+00 «152E+00
+156E400 +160E+00 +164E+00 . +1€8E+00 <1T2E+00
«1T6E+00 «1BOE+0QQ «184E+00 - 18BE+00 «191E£+00
+195E+00 +19GE+00 «203E+00° +20TE*00 «211E+00
+215E¢00 «219E+00 +223E+00 «227E+400 +230E+00
+234E400 +23BE+00 «242E+00 2 246E+400 «250E+400
«254E+00 +258E+00 »262E+00 «266E+00 «2TOE+00
«273E +00 +277E€+00 +2BL1E+00 +288€E+00 '« 289E+00
«293E+00 «29TE+00 +301€+00 «305E+00 «309€+00
. «313E+00 +316E+00 +320€+00 +324E+400. +328E+00
+332E400 +336E+400 +340E+00 +344€+00 «348E+00
«352E400 +355E+00 «356E+00 «363E+00 +38TE400
«3TLE+OO «375€+00 «379E+00 +383E+00 +38T7E+00
+391E+00 «395E+00 +398€400 «402E+00 «406E+00
+410E+00 +414€+00 +418E+00 «422E+00 «426E+00
«430E+00 «434E+00 +438E+00 +441E+00 <445E+00
+449E+00 «453E+00 +4STE«00 «461E+00 +465E+00
«66SE+00 <4TIE+00 <4TTE+00 +480E+00 +&84E+00
+488E+00 +452E+00 +496E+00 +B800E+00
PPPP N H AAA N N

A A NN N
PPPP HNHNH A ANNN
P H H AAAAA N NN
P H H A AN N

PHANTOM GENERATED X
ARRAY SIZE 64 X 64 INTEGRATION FACTUR = 10
NUMBER OF ELIPSES AND/OR RECTANGLES =
THE PARAMETERS FOR THE ELLIPSES AND/OR RECTANGLES ARE
XY - CENTER
AsB  ~ LENGTH OF AXIS OR SIDE A AND B
PHI « ANGLE OF AXIS OR SIDE A
DENS - INTENSITY
THE PARENTHESIS INDICATES THE SCALED VALUE

1 TRANSMESSION DATA
2000 DIMENSION OF THE FLOAT ING POINT USERS RLANK COMMON 8LOCK
1 NUMBER OF WORDS FOR A FLOATING POINT VARIABLE
0 EXECUTE THE RECONSSRUCTION (NOT JUST STORAGE SIZE TEST)
i3 " PRINT FLAGS {CPTIONS SELECTED APE ON THE FOLLOWING LINES)
PRINT REQUIRED FLOATING POINT RBLANK COMMON HHENEVER CHANGED
PRINT SETUP VALUES FRCM IPAR AND PAR ARRAYS
PRINT FILTER FUNCTION FOR CONVOLUTION AND FILTER ROUTINES
o LOGICAL UNIT NO. FOR ATTEMUATION FACTOR STORAGE

FLOATING POINT PARAMETER ARRAY (PAR)

PARLI} + DESCRIPYION

1.000 PIXEL WIDTH IN UNITS OF PROJECTION BIN WIDTH

50.500 LOCATION OF THE ROTATION AXIS IN THE PROIJECTION ARRAY
O NA NOT 2PPLICABLE (NOT FAN BEAM GECMETRY)

COMMON REQUIRED T2 t 110)

COMMON REQUIRED 144 { 220)

COMMON REQUIRED 216 t 3300

COMMON REQUIRED 416 t £40)

COMMON REQUIRED 544 1 1040} .

AL OF 92 ( £ THRU 96) OF THE 100 USER PRQJECTION BINS WILL BE USED

ROJECTION BINS wIlL 8E USED OF WHICH,

MAXIMUM SIZE CF BLANK COMMON THUS FAR=

EEEEE N N 000D §SS EEEEE TYTTT U U PPPP
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8K X F 1 L
8888 K K F 11T LLLEL

PARAMETERS FOR SUBPOUTINE BKFIL
DESCRIPTION

X - Q9

- +500 FREOUENCY PARAMETER FOR THE FILTES

FILTER PARAMETER USED ONLY BY THE FILTER BUTEF.

0 HAVE BEEN ZERODED BY THE PROGRAM

544 FLOATING POINT WORDS.

SCALING FACYOR =

ITYPE B PRI
1 - ELLIPSE 0 40.00 o 40.00 []
Ol'( 0}t 40.00),( 40.00) 1
1 - ELLIPSE v '~10.00 10.00 ¢ 10.00 o
0)'( -i0. 00)( 10.0005 ¢ - 10.00) {
1 - ELLIPSE 10.00 14.00 o 10.00 1.57
1 10,0004 Ol( 14.00)+( 10.00}
1 -~ ELLIPSE -10.00 » o 14,00 ¢ 10.00 .57
€ =10.00) +( 0l 14.000,{ 10.00) .
2 = RECTANGLE 26400 » 26.00 6.00 4 6.00 o
26,0010 26.00%1 6.00)y{  6.00) ¢
EEEEE N N DODD PPPP N H AAA N N
E NN NDOD O A NN N
EEE NNND 0 PPPP NNNNN A A
N NN D D H H AAAAA N NN
EEEEE N N 000D P H H
XMIN = o XMAX = +32E402 XSuM = +8678E+ 04
[ e
suTsEE
ea
saasmm
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0 .2400E+01 .5920E+0L .7520E+01 .B8640E+01 .9920E401

z X
«1232E+02 L.1312E+02

[] L] L] ] L] [ . [ ]
«2096E¢02 .2336E+02 .2624E¢02 .2784€402 .2912E+402 .3040E+02 .3152E+02

]
+3200E+402

BLANK COMMON REQUIRED 1650 (31623

BLANK COMMON REQUIRED 1610 ¢ 3112)

BLANK COMMON REQUIRED 1354 {. 2512)

BLANK COMMON REQUIRED 1226 ¢ 2312}

MAXIMUM SIZE OF BLANK COMMON THUS FAR=

EEEEE N N DDOD 8E88 K K FFFFF 111 L
E NN N D 1] 8 8 K K F 1 L
EEE NNND D BBBB KKK FFF 1 L
E N NN O D B 8 K K F 1 L
EEEEE N N DDOD BRBS X K F 110 Ll
RECONSTRUCTION USING THE RAMP FILTER
XMIN = —«51E+01 XMAX = «33E402 XSUM = +8401E¢ 04
——— e —— .
o
Py 1222

B R U R————
ete))e)elmatn)e)e)es)enn -
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-+S146E¥0L -.2262€+01 L196TE+OL .3890F+01 .5235E+01 67T73E+O0L

1 X A L] a e L] [ ]
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PARAMETERS FOR SUBROUTIME BKFIL

DESCRIPTION

1 1
+1120€402

A L] [} [] -] ?
1392E402 .1568E¢02 .1744E402 .1856E+02 .1984E+02

1650 FLOATING POINT WORDS.

1
«8311E+01

[ ] .
«3273E+02
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THE VALUES FOR THE FREQUENCY SPACE FILTER (FILT{I1,1#0,128) WITH A FREQUENCY

SPACING JF 1/256 = .391E-02 CYCLES PER PROJECTION BIN ARE
0

+391E-02 +78LE~02 «117E-0L «156E=-01
+195E-01 +233E-01 «271E-01 +309E-01 «347E=-01
+385E-01 +422E-01 «455€-01 «495E-01 +531E-01
+566E~01 «401€-01 «636E-01 « 6¢9E-01 +T03€-01
+735€-01 «TETE-OL +798E-01 +829€-01 -B59E~01
+BB87E-01 +S16E-0L +943E-01 «9T0E-01 +995E-01
+102E+00 «104E+ 00 «107E+00 »109E+00 . 111E+00
«113E+00 «115€+00 +117€+00 +118E+00 +120E+00
+122E+00 »123E+00 -124E+00 «125E+00 +126E+00
<12TE+00 +128E+00 «12GE+00 +130E+00 «130€400
+131E+00 «131E+00 «131E+00 - 131E+00 «131E+00
»131E+00 +131E+00 +130E+00 +130E+00 -129€E+00
+129E+00 «128E+00 «127E+00 «126E+00 - 125E+00
«124E¢00 «123E+00 +121E+00 «120E+00 «118E+00
+117E400 «115E+00 «113E+00 +111E+00 «L09E+00
+10TE+Q0 «105E+00 +103E+00 «-101E+00 +588E-01
+965E-01 +941E-01 «917E-01 -892E~01 «86TE~0L
-B42E-01 «816E-01 +790E~01 «T6AE-01 «737€-01
+T11E-01 «£B4E-01 «657E-01 +630E-01 +603E-01
+5T6E-QL «549€-01 +522E~01 «496E-01 -469E-01
~443E-01 «418€=-01 +392E-01 +367€-01 +362€=-01
«318E-01 «295€-01 «271E-0L +249E-01 «227€-01
+206E-01 +1B86E-01 «167€-01 +148E-01 +130E~0L
s 113E-01 «976E~02 -828E-02 +691E-02 «565E-02
+450€-02 +348€-02 +258E-02 +181E-02 +117E=02
~662€-03 «296E-03 ~T74TE-04 ]
SLANC COMMON REQUIRED 1¢50 € 3162}
BLANK COMMON REQUIRED 1610 t 3i12)
BLANK COMMON REQUIRED 1354 { 2812)
BLANK COMMON REQUIRED 1226 t 23123

MAXIMUM SIZE OF BLANK COMMON TH_US FAR® 1650 FLOATING POTNT WORDS.

EEEEE N N DODD BBBB K K FFFFF 111 L

E . NN N D [ ] 8 K K F 1 L

EEE NNND 1) BBBB  XKK FFF 1 L

13 N NN O 0 8 BK K F 1 L

EEEEE N N DDOD B8BBB K K F 111 LLLLL

RECONSTRUCT ION USING THE HAN FILTER
XMIN = -« 17E+01 XMAX = +32E*02 XSUM = +B8402E+04
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-.1747E+01 .8LE3E+00 .45TGE+0L .6284E+01 +T480E+01 .8847E+UL

1
«1021E+02

z x A L4 & 2 ]
«1141E+02 .1226E+02 .1312€+02 .15006402 .1688E+02 .1B0TE+02 .1944E+02

ORDERX - ]
FREQX =~ +500

FILTER PARAMETER USED ONLY BY THE FILTER BUTEF
FRECUENCY PARAMETER FOR THE FILTER

BACKPROJECT ION AND PROJECT ION/CONVOLUTION/FILTER ROUTINES

PERFORM THE FOLLOWING
ARG FUNCT ION

BCK BACKPROJECTION
FIL FILTER

BLANK COMMON REQUIRED

BLANK COMMON REQUIRED

FUNCT 1ONS

RAY WE IGHT ING
UNIFORM SQUARE
N/A

1482 « 212y

1610 t 3112)

ATTENUATION FAN BEAM
NO NO

NO NZA

] [ ] ] ] . [ ]
+2064E+02 23208402 .2628E+02 .2799E+402 .2935E+02 .3072€+02
)
«3243E402
BBBB K K FFFFF 111 L
B 8 K-X F 1 L
BBBB KKK FFF 1 L
B 8K K F 1 t
BBBB K K F 1171 L

PARAMETERS FOR SUSROUTINE 8Kl

ORDERX - ()
FREQX - +500

DESCRIPTION

FIL

FILTER PARAMETER USED ONLY BY THE FILYER BUTER

FREQUENCY PARAMETER FOR THE FILTE®

L]
+3152E+02
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SACKORDJECTION ANO PROJECTION/CONVOLUTION/FILTES POUTINES
PERFIPM THE FOLLOWING FUNCTIONS

425 FUNCTION RAY WEIGHTING ATTENUATION FAN BEAM
BCK BACKPPOJECTION UNIFOFM SQUARE . NO NO
FIL FILTER N/A NO N/A
BLANK COMMON FEQUIRED 1482 t 212y
BLANK CN4MON REQUIRED - 1610 { 3112)

THE VALUES 'FOR THE FRECUENCY SPACE FILTER (FILT(1),1%0,128) WITH A FREQUENCY
SPACING DF 1/25¢ © L3S1€-02 CYCLES PER PPOJECTION AIN ARE
o]

+351E-02 +781E~-02 -117€-01 +156E-01
«+195E-01 +233E-01 «272E-01 +3108-01 «348E-01
«3BEE=01 «%23E-01 <4 E9E=-01 4G EE-0L .£32€-01
«¢03E-0L +638E-01 JET2E-OL +706E-01
- T71E-0L +803E~0L < 834E-01 +R&SE-0L
+S24E-01 «GE2E-0L .S80E-01 +101E+00
+103E+00 -+ 106E+00 «108E+00 + 110E+00 +113E+00
<L1SE+00Q <LLTE+GO +LLSE+00 «121F430 «123€+400
«124E+00 «l24E+0C <127E+00 «12€E+00 «130E+30
+131E+00 +132E+400 «1'33E400 +134E£+00 «135E+00
«136E+00 «136E+00 «13TE+00 «137E+00 « 1376400
«13BE+00 +138E+00 <13PE+Q0 «13BE+00 «137E¢00
«137€400 +137E+00 +13¢EE+00 +136E+00 -135E+00
+134E+00 | .133E+00 +132E+00 +131E+00 «130€+00
- 12%E+00 «128E+00 - 127E+00 «12ZE+00 +124E+00
«122E¢00 -121E+00 +112E+00 +117E+00 «116E+00
«114E+00 +112E+00 +110E+00 «108E+00 +104E+00
+104E+00 -102E+00 2 €95E~0Q1 . 97BE-0O1 «98TE-O0L
+935€=01 «Cl4E-0L" «892E-01 .870E-01 +849€-01
+B82TE~0Q1 «BOSE-OL +T84E-01 «TE2E~01 +T41E-01
. «T20E-01 - T00E-01 - .679€-01 <65 CE-0L » 640E-01L
«£21E-01 +602€=01 +£84E-01 +5€7E-0L +550E-0L
+534E~0Q1 «E18E-01 +503E~01 «48%E=-01 «4THE-OL
<464E-OL «4£2E-01 ~h42E-01 «432E~01 «424E~01
+416E-01 +410E-0L +40RE-01 +601E~01 «3S8E-01
«397E-01 +366E-01 +398E-01 +400E-01
BLANK COMMON REQUIRED 1650 t 362y
BLANK COMMIN REQUIRED 1610 « 3112y
PLANK COMMON FEQUIRED 1354 « 2512}
BLANK COMMON REQUIRED 1226 G 23123

MAXTMUM SIZE OF BLANK COMMON THUS FAR= 1650 FLOATING POLINT WORDS.

EEEEE N N 0DDD B8BE K K FFFFF 111 L
13 NNON D D B B K ¥ F 1 L
EEE NMNNO D BBRE  XKK FFF 1 L
E N NN D ] 8 Rk % F 1 L
EEEEE N N 2DDD BBBB K X F ITI Ll
RECCNSTPUCT ION USING THE HaM F!LT.ER
XMIN = -«19E+01 XMAX = =32E+02 XSuM = ~B402E+04

-
i
1
}
1
H
'
|
'

—= | me-mEEnsmcercrwsssazgEmoEEETEETRS———
——e=csscomnE=

———zmp ~eme} b}
=+

z

—— el

~e—cmsscoz |MOOBEEEN Los sz sam

e—ecsuzwazselllltace-esn-

crEmrscEEEm—EEmme- -

B R R E R R R R E R R R R B R R R R Bk
)
i

- * ) 2
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PARAMETERS FOR SUSROUTINE BKFIL

DESCRIPTION
ORDERX - 0 FILTER PARAMETER USED ONLY BY THE FILTER BUTER
FREQX - +500 FREQUENCY PARAMETER FOR THE FILTER

BACKPROJECT ION AND PROJECTION/CINVOLUTION/FILTER ROUTINES
PERFORM THE FOLLOWING FUNCTIONS

ARG FUNCTION RAY WEIGHT ING ATTENUATION FAN BEAM
8Lx BACKPROJECTION UNIFORM SQUARE ND - NO
FIL FILTER N/ NO N/A
BLANK COMMON REQUIRED 1482 - ( 212}
RLANK COMMON REQUIRED 1610 3112}

THE VALUES FOR THE FREQUENCY SPACE FILTER (FILT(1),1=0,128) WITH A& FREQUENCY
SPACING OF 1/286 s ,391E=-02 CYCLES PER PROJECTION BIN ARE

@~ .3S50E-02 +T80E-02 .117E-01 «155€-01
-194E-01 «231E~01t +26%E~01 <306E-01 «3428-~01
«377€-01 +412E-01 +446E-01 +480E-01 «212E-01
+543E-01 «ST4E-01 +603E~0L +631€-01 +659E-01
«685E~01 +T10E~01 +733E=-01 «T56E=Q1 «TT7E-OL
«7S7E-01 «815E-01 «B833E-01 +848E-01 +B63E-01
«B876E~01 +88BE-01 +898E-01 « 908E-01 «<915E-01
+922E=-01 «927E=01 «930E-01 L +932E-01 «533E-01
+933£-01 +931E-01 +929E-01 +924E-01 +919E-01
+913E-0L +905E-01 +896E-01 +886E-~01 +875E-01
» B63E-01 +851E-01 +B837E-01 «822E-01 «807€-01
+T91E=01 < TT4E-01 «757€~01 - T39E-01 «T21E-0L
+702E-01 +€B3E~01 «664E-01 +685E-01 «625E=-01
«605E-0L +586E~01 «56TE-01 «547E-01 «528E-01
«509€-01" +490E-01 - 2471E-01 +452E-01 «434E-01
«hl6E~0L «398€-01 +381E=01 +363E=01 «346E~01
+330E-0% +313e~-01 2297E-01L »282€E~-01 «267E=01
+252E-01 «23TE-01 +223£-01 +210€E-01 «197E-01
«184E~01 «172E-01 +160€-01 +149€-01 +138E-01
«127€-01 «117€-01 ~108€-0L. «986E~02 .899€~02
«818E-02 «T41E=02 »668E-02 «500E-02 «536E-02
«476E-02 +420E-02 «369E-02 - +322E~02 «279€E~02
+239E-02 +203E=-02 <AT1E-02 +142E-02 «117€E-02
«941E-03 «T4TE=03 «580€~03 ~ .440E-03 +323E-03
»229€-03 +155E-03 «982E-04 «5T3E~08 «296E-04
+126E~04 «376E-05 ~4T3E-06 o

BLANK COMMON REOU‘XiED 1650 « 3162}
BLANK COMMON REQUIRED 1610 « 31121
BLANK COMMON REQUIRED . 1354 { ZSIZi
BLANK COMMON REQUIRED 1226 ¢ 2312)

MAXIMUM SIZE OF BLANK COMMOM THUS FARe 1650 FLOATING POINT WORDS.

EEEEE N N DDDD. BSBB K K FFFFF 111 L
E. NN N D o 8 8 X kK F 1 L
EEE NNND o . BBRB KKK FFF I L
E N NN O b . 8 8 K K F 1 L
EEEEE N N 000D 88BB K X F 1S S IR RNRRR
RECONSTRUCTION USING THE PARIN FILTER
XMIN = =.94E+00 XMAX = +32E402 XSUM = +835TE+04
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PARAMETERS FOR SUBROUTINE BKFIL
DESCRIPTION

CRDERX - 388.0
FREQX - .520

FILTER PARAMETER USED ONLY AY THE FILTER 8UTER
FREQUENCY PARAMETER FOR THE FILTER

BACKPROJECTION AND PROJECTION/CONVOLUTION/FILTER ROUTINES
PERFORM THE FOLLOWING FUNCTIONS
ARG FUNCTION

RAY WEIGHTING ATTENUATION
NO

BCK BACKPROJECTION UNIFORM SQUARE
FIL - FILTER N/A NO
BLANK COMMON REQUIRED 1482 {« 2mna2y
BLANK COMMON REQUIRED 1610 « 3112)

FAN BEAM
NO

N/A

THE VALUES FOR THE FREQUENCY SPACE FILTER [FILT(I1,120,128) WITH A FREQUENCY

SPACING OF 1/2%6 « .391£-02 CYCLES PER PROJECTION BIN ARE

o +361E=02 * +TBLE~02 «117€-01 +156E=-01
+195€-01 «234€-01 +273€-01 «313E-01 «352E6-01
«391E-01 « 430€-01 +469€-01 +508E~01 -547€-01
+586E-01 «62SE-01 +E64E-0L «T03E-01 «742E-01
+781E-01 . 820€-01 +889E-01 « B9BE-01 +938E~01
+917E-01 +102E+00 1056400 +109E+00 «113E+00
+117E+00 «121E+00 «125€E+00 «129E+00 «133E+00
+137E+00 «141E+00 +1435€+00 +148E+00 +152E+00
+156E400 «160E+00 <164E+00 +L68E+00 +172E¢00
«1T6E+00 +180E+00 +184E+00 »188E+00 «191E+00
+195E+00 +199E400 «203E+00 +207E+00 +211E400
< 215E+00 «219E+00 +223E+00 +227€+00 +230E+00
«234E+00 +238E+00 «242E+00 +246E400 +250E+Q0
+254E 400 +288E+00 «262E+00 «266E+00 »270E+00
«273E400 «277E+00 +-2BLE+00 +285E+00 +289€+00
«293E+00 «297E+00 +301E+00 «305€+00 +309E+00
+313E+00 +316E+00 +320E+00 «324E+00 +328E+00
+332E%00 «336E+00 «340E+00 +344E+00 «34BE+00
«352€+00 «355E+00 +359E+00 «363E+00 «367E+00
+371E+00 «3T5E+00 «3T9E+0Q0 +383E+00 «387E+00Q
«391E+00 +398E+00 +398E+00 +402E+00 «40¢E+00
<410E+00 +AL4E+00 +418E+00 <422E+00 «4286E+00
«430E+00 «434E€400 «#38E+00 +441E+00 «445E+00
+H4FE+00 «453E400 «48TE+00 +461E+00 «465E+00
«469E +00 +4T3E€Q0 +4TTE+00 +480F+00 +4BAE+00
«488E+00 « 4926400 «49¢LE+00 +500E+00

BLANK COMMON REQUIRED 1650 {31623
BLANK COMMON REQUIRED 1610 ¢ 3112}
BLANK COMMON REQUIRED 1354 ¢ 2512}
BLANK COMMON REQUIRED 1226 23122

MAXIMUM SIZE OF BLANK COMMON THUS FAR=

1650 FLOATING POINT WORDS.
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EEEEE N N DODD B888B K x F TIT Ltk
RECONSTRUCTION USING THE BUTE® FILTER (DRDERX=388, FRENX=m,.52)
XMIN = =+51E¢0] XMAX = +33E+02 XSUM = +FAOLE+OS
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4. Example 4 - Filter of the Back-Projection

The program XFILBK uses the filter of the back-projection

algorithm

to reconstruct simulated projection data for paraliel-beam geometry,

fan-beam geometry with curved detector, and fan-beam geometry with

flat detector.

These three geometries are reconstructed using the

filter subroutine HAN which is declared as an external in statement

E4.029. This method of reconstruction requires a larger allocation for
the blank common array WORK than is required for either the convolution
algorithm (Example 2) or the back-projection of filtered projections

algorithm (Example 3).

The output results show good agreement between XMAX of'the
reconstructed images and the original phantom. However, the sum of
the total intensitiés XSUM of the original phantom does not compare

1 4
«8311E+01

+1869€+02

L ]
+3273E¢Q2
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well with XSUM of the reconstructed images.
in mind that the algorithm reconstructs an array that is four times as

The user should keep

large as the image array that is returned to the user by the subroutine

FILBK.

This is necessary in order to minimize the error due to the

convoTution_resul; of one period overlapping the convolution result

of the succeeding period when implementing the discrete Fourier transform.
The XSUM for this larger hecOnstructéd array is zero since the filter
zeros the dc component of the Fourier transform of the back-projection.

However, the XSUM for the reconstructed array returned to the user

does ‘not equal zero since it represents only a fourth of the larger
array; but even so it only approximates XSUM of the original phantom.
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PROGRAM XFILBK (INPUT,OUTPUT,TAPE2=0UTPUT)
EXAMPLE 4
v THE PRCGRAM XFILBK USES THE FILTFR OF THE BACK=PROJECTION
ALGJIRITHM TO RECONSTRUCT PROJECTION DATA FOR PARALLEL BEAM,
FAN BEAM — CURVED OETECTGR, AMD FAN BEAM - FLAT DETECTOR
GEOMETRIES. - .

DIMENS ION B8{+096),AG{180)
COMMON WORK(18500)

COMMON/ QUTCOM/LUNQUT, 180132

LUNOUT - QUTFUT FILE
180132 = QUTPUT LINE LENGTH FLAG
EACH LINE WILL B2E WITHIN 30 CHARACTERS

=0
. {OTHERWISE 132 (HARACTERS)

COMMON/ PARM/ TPARTL2),PAR(3)

EQUIVALENCE (NDIMU ,IPAP( L)1), (1CIF ,IPARL 211, (IGEOM , IPARL 3)),
(NANG o IPARE 4} ), (MODANG, IPAF( S))4(KDIMU ,IPARL &)}),
CIMIT ¢ IPARL 7)) (NWOKK o IPAR( R) )4 (NFLOAT, IPAR( Sil,
(TSTORE ZIPA2 {100 ) 4L IPRINT, TPARILLI )y (LUNATN, [PAR(L2}),
{PWID o PAR( 1}},(AXISU 4 PAR( 2})4(RFAN , PAR( 3))

EXTERNAL BRF,BRFF2,HAN

LUNIUT=2
180132=0

THE INPUT PAGAMETERS ARE

NDIMU =64
ICIR=1

MODANG=5
KDIWU=12%
IMIT=1 .
NWORK=18500
NFLOAT=1
15TIRE=0
IPRINT=13
LUNATH=Q
PHID=1.
AXISU=50.5
RFAN=0.

CALL SETUP (IPA&R,PAR,AG)

RECONSTRUCTIUN OF THE TRANSVERSE SECTION FOR PARALLEL BEAM
GECMETRY .

ORDERZ=0.
FREQX=.E

CALL FILBK (9,“AN,RRF,0ROERX,FREDX)

WRITE (2,2¢1

CCALL 8R&AY {8yNDIMU)

PRINTOUT THE VALUES FOR THE RECONSTRUCTED TRANSVERSE SECTION

HMAT=NOTMUs=2

KK1=1

KUENDIMU/1S¢1

D3 12 K=1,KU

ARITE (2422)

KK2=15%K

IF (KK2,GT.NDIMU) KK2=NDIMU
D310 J=1,NDIMY
ISUBL=NMAT=J*NDTMU+KKL
ISUB2=NMAT=J SNDTNUSKK 2
WRITE (2,241 (8011, 1=1SU31,15UB2)
KK1=KK2+1

CONTINVE

IGEOM=1
IPRINT=E
PWlD=1.33
RFAN= |25,

TALL SETUP (iFAR,PAR,AG)

E4.001
£6.€02
£4.003
£4.004
£4.005

€4.027
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22
24
26
28

30

RECONSTRUCTION OF THE TRANSVERSE SECTION FOR FAN BEAM GEOMETRY
WITH CURVED OETECTOR

NROER X=0u
FREQX=.5

CALL FILBK {8,HANBRFF2,0RDERX,FREQX)

WRITE (2,28)
CALL ARRAY (ByNDIMU)

PRINTOUT THE VALUES FOR THE RECONSTRUCTED TRANSVERSE SECTION

KKl=]

KU=NDIMU/15+1

DO 16 K=1,KU

WRITE (24221

KK 22 1 58K

1F {KK2.GT.NDIMU} KX2sNDIMU
DO L4 J=1¢NDIMU
TSUBL=NMAT=J*NDIMU+KK L
ISUB2aNMAT—S#ND I MU+KK2
WRITE {2,24) (B{I),1=1SUBl,15UB2)
KK]l=KK2+]

CONTINUE

1GE0M=2
CALL SETUP (IPAR,PAR,AG}

RECONSTRUCTION OF THE TRANSVERSE SECTION FOR FAN BEAM GEOMETRY
WITH FLAT DETECTOR

ORDERX=0.
FREQX=.5

-CALL FILBK (ByHAN,BRFF2,0RDERX, FREQX}

WRITE (2,30}
CALL ARRAY (B,NDIMU}

PRINTOUT THE VALUES FOR THE RECONSTRUCTED TRANSVERSE SECTION

KK1=1

KUsNDIMU/15+1

D0 20 K=l,.KU

WRITE (2,22}

KK2=15%K .

IF (KK2.GT.NDIMU) KK2=NOIMU
DO 18 J=1,NDIMU
ISUBLaNMAT~J*ND I MU+KKL
ISUB2 =NMAT=J*ND IMU+KX 2
WRITE (2,24) (BLI),1=1SUBL,ISUB2)
KK1eKKZ+1

CONT INUE

FORMAT(LIX/ 777717}
FORMAT{1X, 15F5.1)
FORMAT (1X/ /424 RECONSTRUCT ION FOR
FORMAT(1X//584 RECONSTRUCTION FOR

PARALLEL BEAM GEOMETRY}
FAN BEAM GEOMETRY WITH CURVED DE

1TECTOR)

FORMAT(1X//56H RECONSTRUCT JION FOR FAN BEAM GEOMETRY WITH FLAT DETE

1CTOR}

END

SUBROUTINE GETUM (M,DATA,ERR}
EXAMPLE 4

THE -SUBROUTINE GETUM GIVES SIMULATED PROJECTION DATA FOR
A CHEST PHANTOM CONSISTING OF A HEART, LUNGS AND SURRCUNDING
TISSUE. .

DIMENSION DATA(L)4ERRCL}

DIMENSION B(4096)

DIMENSION AMAJ(4),AMIN(4) X1(4aY1(41,PHI(4}42{4),ITYPE(S)
COMMON/OUTCOM/LUNOUT 180132

LUNGUT
180132

=~ DUTPUT FILE
- OUTPUY LINE LENGTH FLAG
=0 EACH LINE WILL B8E WITHIN 80 CHARACTERS
(OTHERWISE 132 CHARACTERS)

COMMON/PARM/IPAR(12}4,9AR(3)

E4.156
E4.155
E4. 156
E4.157
€4.158
E4.159
E4.160
E4.161
E4.162
£4.163
Eh.lb4
E4.1865
Eb.1£6
E4.167
E4.168
E4.169
E4.170
E4.171
E4.172
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€4.173 FFFFF 111 L 88BE K K
EQUIVALENCE (NOIMU , IPARC 101,(ICIR ,IPAR( 2)1,(IGEON ,IPAR( 31), E6.174 £ I B 8K X
1 (NANG o IPAR{ 4 ), {MODANG, I9AR{ 5114 (KDIMU , IPAR( 611, E€4.178 FFE 17 BBBB KKK
2 (IMIT o IPAR( 7)) ,(NWORK ,IPAR( 811, (NFLOAT,1PARE )}y E4.176 F [ 8 BK K
3 (ISTORE, IPARC10) ), (1PRINT,IPAR(L11) ¢ (LUNATN, IPAR(121)s E4.177 F 11 LLitt B8BE K K
. (PWID , PAR{ 11),{AXISU , PARL 211, (RFAN , PAR( 3)) E4.178
c : E4.179
DATA ITYPE/LyLy1y1/ : E4.180
DATA AMAJ/40.410. 41441407 . €6.161
DATA AMIN/40.0104910.910./ £6.182 . -
DATA X1/0.40.410.4-10./ £4.183 PARAMETERS FOR SUBROUTINE FILEK
DATA Y1/0.0=10450090./ E4.184
DATA PHI/0.40.,1.57079633,1.57079633/ £4.185 DESCRIPTION
DATA 2/5.92T0s=bey=bs/ E4.186
c £4.187 ORDERX = 0 FILTER PARAMETER USED ONLY BY THE FILTER BUTER
IF (M.NE.1} 5O TO 18 E4.188 FREQX =- .500  FREQUENCY PARAMETER FOR THE FILTER
3 4.189
IF (IMIT.NE.O) PWIDTH=PWID E4.190
IF (IMIT.EQ.0) PWIDTHe=PWID £4.191 BLANK COMMON REQUIRED 6Te U 1262)
CALL PHAN (4,10, ITYPE,ZyXL, Y1, AMAJy AMIN, PHI, 8 (NDIMU,PHTDTH) £4.192
¢ E4.193
CALL ARRAY (B,NDIMUI £4.194 BLANK COMMON REQUIRED 1286 U 2408}
¢ £4.195
c PRINTOUT OF THE VALUES FOR THE PHANTEM £6.196
c €4.157 BACKPROJECTION AND PROJECT KON/ CONVOLUTION/FILTER ROUTINES
NMAT=NDIMUws2 £4.198 PERFORM THE FOLLOWING FUNCTIONS
XK1= 1 £4.199
KUsNDIMU/LS#1 £4.200 ARG FUNCTION RAY WE IGHTING ATTENUAT ION FAN BEAM
DO 12 Kal,Ky E4.201 BCK BACKPROJECTION UNTFORM SQUARE NO NO
WRITE (2,161 £4.202 FIL FILTER | N/A NO N/&
KK2715%K E4.203 : -
IF (KK2.GT.NDIMU) KKZeNDINU €e.204
DO 10 J=1,NDIMY E4.205 FILTERED BACK~-PROJECT1ON RECONSTRUCTIONS MUST BE EXECUTED IN AN
ISUB1=NMAT-JSNDINU+KK1 E4.206 ARRAY WITH DIMENSIONS AT LEAST TWICE AS LARGE AS THE FINAL IMAGE.
1SUB2 SNMAT-J#ND IMUSKK 2 . Es.207 THUS, THE EFFECTIVE SIZE OF THE RECONSTAUCTION ARRAY WILL NOW
10 WRITE (2,18) {B(1),1~15UB1,150B2) E4.208 BE INCREASED.
KKL=KK 241 £6.209
12 CONTINUE £4.210
¢ : £4.211 BLANK COMMON REQUIRED 1912 ( 2604)
14 CALL PHANL (45 ITYPE,Z4XLo¥ 1eAMAJAMING PHIOATA (M) E4.212 :
[ €4.213
RETURN E4.214 A TOTAL OF 129 1 THRU 129) OF THE 129 USER PROJECTION BINS WILL BE USED
4 E4.21E
c £4.216 .
c €4.217 182 PROJECTION BINS WILL BE USED OF WHICH 53 WAVE BEEN ZEROED BY THE PROGRAM
16 FORMAT(LX/////11) €4.218
18 FORMAT(1X,15F5.1) £4.219
END . . E4.220 BLANK COMMON REQUIRED 17796  ( 42604)
BLANK COMMON REQUIRED 17978 ( 43072)
THE VALUES FOR THME FREQUENCY SPACE FILTER (FILTUI,J)¢1205d o Ju0y 64) WITH &
$$§ EEEEE TITTT U U PPPP . ,FREQUENCY SPACING OF 17126 « .7816-0Z CYCLES PER PIXEL ARE
s £ U up P
Js 1 .781E-02  .110E-01
SSSEEE T by 3= 2 J156E-01  .ITAE-01  .220E-01
sss” EEEEE T uw b Je 3 .233E-01  .246E-01  .2T9E-OL  .328E-01
J= 4 .309E-01  .31SE=-01  .34SE-01  .385E-01  .433E-01
J= 5 .383E-01  .392E-01  .413E-01  .446E-01  .4BBE-01
.536E-01
Ja & JA59E-O1  .465E-01  .A82E-0L  .S10E-01  .S46E-OL
.588E-01  .6356-01
INTEGER PARAMETER ARRAY (IPAR} Ja 7 .B31E-01  .536E-01  .SSIE-01  .ST4E-01  .606E-01
L643E-01  .684E-0L  .729E-OL
T IPARLD) DESCRIPTION 4t 8 .601E-01  .606E-01  .6L8E-0L  .639E-01  -666E-01
.698E-01  .T3SE-01  .TTSE-01  .B1TE-OL
H 8 Rt P RECONSTRUCTION ARRAY Je 9 .689E-01  .6TIE-O1  .6BAE~01  .7026-01  .725€-01
H H GEOMETRY FLAG J754E-01  .T87E-01  .823E-01  .861E-01  .900E-01
PARALLEL DEAW GEOMETRY 4o 10 .T356-01 L 738E-01  .T48E-01  .763€-01  .T84E-01
A 72 NUMBER OF PROJECTION ANGLES ct roLLOvING LINES) -009E-01  .838E-01  -871E-01  .G05E-0l  .94iE-ol
s s MODE FOR PROJECTION ANGLE INPUT (S| O +9TTE~ _ - - ~
ANGLES GENERATED BETWEEN ZERO AND 2¢P1 . S 400 -+t S+ 430+ B+ et R4 04
STARTING AT LERD J10LE«00  -10BE+00 : .
H 123 R o Lon Sarah EaCH PROJECTION 4+ 12 .859E-01  .B61E=-01  .BOBE-OL  .880E~01  .B96€-01
8 18300 DIMENSION OF THE FLOATING POINT USERS GLANK COMMON BLOCK -ftgg:g; -:3:5:35 -::tg:gg +991€-01 -102e+00
9 1 NUMBER OF WORDS FOR A FLOATING POINT VARIABLE - - . -
Je 13 L916E-01  .918E~01  .924E-01  .934E-01  .949E-01
10 0 EXECUTE THE RECONSTRUCTION (NOT JUST STORAGE SIZE TEST) oy J1ee-ol Jue-01 braries P43
1 13 PRINT FLAGS (OPTIONS SELECTED ARE ON THE FOLLOWING LINES) SJeeELOL  nnectol  cloaEnoo 10NNt
PRINT REQUIRED FLOATING POINT BLANK COMMON WHENEVER CHANGED . . - .
PRINT SETUP VALUES FROM IPAR AND PAR ARRAYS J= 14 .ST06-01  .9T1E-01  .97TE-0l  .986E-01  .998E-01
L101E*00  .103E+00  .1O5E+00  .1Q7E+00  -110E+00
PRINT FILTER FUNCTION FOR CONVOLUTION AND FILTER ROUTINES -lo1e+00 Lose~00 l03€+00 1076200 clieENoe
12 0 LOGICAL UNIT NO. FOR ATTENUATION FACTOR STORAGE e 15 IeEeee  llemEeas  iloaEess  llaicean  llasEsas
.106E+00  .107E+00  .109E#00  .LL1E+00  .113E+00
JL156600°  .117E400  L119E400  .121E+00  .123E+00
.125E+00
J= 16 .107E+00  .107E+00  .10TE+Q0  .10BE€00  .10SE+00
FLOATING POINT PARAMETER ARRAY (PAR) L110E400  .111E¢00  .113€400  .115E¢00  .116Ee00
I eartD) DESCRIPTION -LIBESO0 120400 .1226400  .123Ee00 L125E400
1 1.000 PIXEL WIDTH IN UNITS OF PROJECTION BIN WIOTH dmaT AULERO0 L ALLEe00 L lEede e liateos
2 50.500 LOCATION OF THE RDTATION AXIS IN THE PROJECTION ARRAY IS0 S -0 S T30 S 3611
3 O NA NOT APPLICABLE (NOT FAN BEAW GECMETRY) cA21Ee00 1226400 .l2tEw00 .
4= 18 J11SE€00  .115E400  .115E400 .116E+00  .117E+00
L1176400  .LIBE400  .119€+00  .121E400  -122E+00
BLANK COWMON REQUIRED 2t ua LL23E400  .124E+00  .126E400  .127€+400  .128E400
JL29E400  .1306+00  .130E+00  ,131E+00
4= 19 .L18E+00  .119E400  .119E€00  .LL9E#00  .120E+00
BLANK COMMON REQUIRED. 402200 T120E400  .121E+00  .1226400  .1236e00 . 126£+00
(1256400  .126E¢00  .127E+00  .128E400  .129E400
L130E+00  .130E400  .131E¢00  .131E+00  131E+00
BLANK CONMON REQUIRED 216t 330 J= 20 .122E400  .122E400  .1226400  ,122E400  .123E+00
L1236+00  .124E+00  .125E400 1256400  126E¢00
L127E+00  .128E400  .129E+00  .129E¢00  .130£400
BLANK COMMON REQUIRED 474 ¢ T2 J131E400  .131E400  .131E+00  .131€+00  .131€400
1318000
Ja 21 .124E+00.  .124E+00  .124E400  .125E400  .128E+00
- BLANK COMMON REQUIRED s0z  t 1132) [126E400 .126E400  .127€+00  .127€+00  .12BE+00
(129400  .1296400  .1306400  .130E+00  .131E+00
A TOTAL OF 92 { 5 THMRU 96) OF THE 129 USER PROJECTION BINS WILL BE USED 3LEs00  L13E00  «131Es00 1316400 +131E+00
. Jm 22 .126E400  J126E+00  .127E+400  .127E¢00 L 127E+00
92 PROJECTION BINS WILL BE USED OF WHICH O HAVE BEEN ZEROED 8Y THE PROGRAM :iggg:gg ::g%g:gg :igig:gg ::gz::gg :i;fz:gg
. (131E+400  .131E400  .131E+00  .130E400  .130E+00
L1296¢00  .12BE+00  .127E+00
MAXIMUM SIZE OF BLANK COMMON THUS FAR= 602 FLOATING POINT WORDS. 2 e e e Ll2eEe00  129E400
J129E+400  .129€400  .130E400  .130E+00  .130E+00
C13LE#00  -131E400  .131E+00  .131E¢00  .131E+00
EEEEE N N 0DDD §SS EEEEE TTITTT U U PPPP -}gé::gg ::2;5:33 -:g:g:gg :}ggg:gg <129E+00
Ee WunG ® sss Gee v b beee J= 26 <130E400  .130E400  .130E+00 1306400  .130E+00
B NWDO D T U ue : L130E400  .130E¢00  .131E+00  .131E+00  .131E+00
J131E400  .1316€+00  .131E+00  .131£400  .131E+00
EEEEE N N DOOD Sss EEEEE T Ul P L131E+00  .L30E#00  .129E400  .129€¢00  .128E+00
L127E400  J125E400  .124E400  .1226400  .120E+00
/ J= 25 .131E+00  .131E+00  .131E+00  .131E¢00  .131£+00
J131E+00  .131E+00  .131E+00  .131E+00  .131E+00
. .131E#00  .131E400  .131E+00  .131E400  .130€+00
L130E+00  .129E+00  .128E400  .127E+00  .126E400
L125E400  .1236¢00  .122E400  .120E400  .118E+00
J115E+00
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J=

=

J=

J=

Je

3=

J=

o,

Je

d=

Je

J=

32

34

35

39

“1

«131E+00
-131E+00
«131E+00
+125E+00
+123€400
+113E+00
C131E+00
+i31E+00
.130€+00
+127€+00
«L2LE*Q0
+110E+0D
+131E+00
«130E+00
+129E+00
.12¢6€+00
.l1s€E+00
-107€+00
“130E+00
+125E+00
«128E+00
<123E+00
-11£E+00
<104E+00
«129E+00
+12BE+00C
.1 28E+00
-121E+00
.113E+00

~«101€+00

.846E-01
«127E+00
«126€+00
«126E+00
«118E+00
+110E+Q0
+9T73E~01
+860SE-O0L
+125E+00
<124E400
+L21E+00
+L16E+0Q
-1 00E+00
+93€E-01
«7T1E-0OL
+123E+00
W122E €00
+118€+00
<112E+00
+103E+00
. 897E-01
4 732E-01
«120€¢00
«11SE+00
SALEE400Q
+10%E+00
+$90E-01
-837E-01
«892E-01
+L17E+00
«113E+00
«LL1ZE+00
«L05E+00
«930E=01
+8léeE-0t
+652E-01
«470E-01
«113E+00

SA12E400 .

«108E+00
i DLE+DQ
.G08E-01L
«773€-01

s10E-01
«432E-0L
+LO0SE+CO
- LOBE+00
«104E+0D
«SEBE-CL
.804E-01
+723E-01
«359E-01
«350E~-01
. 103€+00
+104E¢ U0
«997E-01
+524€-01
.819E-01
+085F=01L
.5276-01
+359E-01
«101E+00
+596E-01
+S52E-01
.879E-01
«TT3E-01
+539E-01

. «wBSE-O1

.323€-01
LS4SE-3L
.¢50€-C1
+906E-0L
.831€-01
.720E-01
L594E-01
L %43E-01
.288E-01
VL4ZE-0L
LS1TE-0L
.S02E~01
.857€-01
.T82E-01
L6TBE~01
. 348E-01
«402E-01
.253E-01
L121€-01
.857E-0L
.B852E-01
.807E-01
«732€-01
 525E-01
.502E-01
.3E1E~01
.220E-01
.SToE-02
LB1EE-01

« To4E~02

+131E+00
-131E+00
-131€400
«12BE+00
+121€+00
+110E+00
»131E+00
«13LE+00
« 130E+00
«126E+00
«119€+00

. «107E+00

-131E+00
+130E+00
<129E+00
+L24E00
-117€+00
+108E+00
. 130E+00
-125€+00
«127€+00
41226400
-114€+00
+101E+00
+125E+00
+123E+00
+125E+00
+120E+00
S1LLE+00
+579€-01

«127E+00
+126E+00

< 123E+00 -

«117E+00
- 1C8E+00
«$43E=01
«T72E-01
«125E+00
«124€ +00
+120€+00
«L14E+00

*+ LO#E+ 0O

+«G06E-QL
-735E=01
«123€+00
<121E+00
<117E400
«111E+00

© «10lE+Q0

+8ETE-OL
+£9¢f=01
«120E+00
«118E+00
+114E+00
< 107E400
+C66E=01
+B826E-0L
+656E~01
+117€+00
+112E+00

_ -111E+00
"+103E400

- S2¢E-0)
«785E-01
«0l€E-01

»L13E+Q0
+l11E+Q0
«107E+00
+5526~01
»883E-01
«T42E~01
«E76E-01
+3%7E~01
«10GE+00
+«107E+00
«103E+00
«530E~01
« 840E-01
«£9%E-01
«f3%E-01
+3ELE-0L
-l0SE+Q0
«103E+00
«285€-01
«GOLE~QL
+795E-01
+655€6-01
«4%4E-01
»32&E-01
«101E+00
- $€0F-01L
+S4QE-01

.+8595~01

« 74 8E-01
«¢10E-01
+4Z3E-01

. «251E-01

+CE4E=-0L

© «€43E-QL

+893E-01

.812E~01

»701E-01
- EESE-0L
«412E~01

.+ 257E-01

" Ls1eE-01

- 8955-01
« B44E-0OL
- T63E-01
«€23E-0L
-520E-01
«372E-01
»225E-01
+S81E-02
+867E-01
+846E-01
-795E-01
= T14E-01

L -£05E-01

+47SE-01
+333E-01
«193E-01

- «T73E~02

~816E-01
« 7SEE-01
«T43E-01
+t63E-01
«357€-01
«430E-01
»264E-01
«153E-01
«5PEE-02

«131E£+00
+131E%00
+130E 400
<12TE+QO
« 120E+00

«131E+00
«131E+0Q0
+ 129E+00
+125E¢00
-117E+00
«105E+00
<13LE+00
+130E400
«128E+00
«123E+00
- LL5E+00
- 101E+00
«130E+00
«129E+00
«126E+00
<121E+Q0
+112E+00
+582E-01
«129E+00

T «127E+400

« 124E +00
«118E+00
» LOSE 00
+C4BE-0L

«127E+00
- 12SE¢00
«122E+00
<115E+00
«105E+00
-S11E-01

- »125E+00

< 123E+00
« 119€+00
.112€+00
< 102E+00
-BT4E=01
<£97€-01
+122€+00
<121E+00
- L16E +00
< 109E+00
+980E-01
- 8356-01
L6fSE-0L
.120E+00
<11BE+00
S113E+00
< 105€+00
~941E-01
-753€-01
<620E-01
“116E +G0
L114€+00
« 10SE +00
<101E+00
- 200E-01
ST53E-01
-£80E-01

«L13E+00
«111E+00
+10EE+00
-$73E-01
«8E8E=-01
«T11E-01
+540E~GL

«109E+00
«107€+00

" $101E+00

+$30E-01
=Bl4E-0C1
«£EBE~OL
+500E-C1
«327E-01
«105E+00
- 103E+00
-972E-01
«886E~CL
- T¢9E~01
«624F-01
+4E0E-01
+293E-01
«1CLE+00
- 982E~Q1
-G26E-0L
+840E-01
»723E-01
«380E-01
«&20€E-01
«2€0E~01
SQLLF-01
+93EE-0L

.87SE-01

.792E~01
L67¢E-0L
+535E-01
-381€-01
.228€-01

+914E-01
+888E-01
-831E-01
« T43E-01
+628E-01
+451E-01
+342E-01
+1S7E-01

«845E-01
+838E-01

+781E-Q1°

~694E=01
.581E-01
S44TE-OL
+304E-01
21686-01
+590€-02
<B14E-01
.787E-01
.730E-01
L 644E~01
.533E-01
+404E-01
L2¢TE-01
. 140F-G1
-4276-02

* «131E+00
+131E¢00
-130E+00
«126E+00
«11BE+00

«13L5+00
«131E400
+125E+ Q0
«124E+00

«L15E+00

<131E+00
-130E+00
L127E+00
+122E+00
<112E+00
+983E~01
-130E+00
«129E+00
~125€400
< 119E+00
< 1Q9E+00
+S50E-0L
+124E+00
<127E+00
.123E¢00
- L1TE+00
.106E+00
+513€~01

«127E400
<129E+00
-121€+00
116E+00
~103E+00
+87SE~0L

» 1256400
< 123E+00
- 118E+00
»111E«Q0
«962E-01
=BG1E-01

+122E+C0
- 120€E+00
«l15E+00
«107E+00
«S34E-01

«802E-01.

.£21€-01
< 115E+00
S117€+400
~112E400
-103E+90
+G14E-01
2751E-01
.£82E-01
<11EE+Q0
S114E+00

«109E+00 -

-5 -1
«873E-0L
«T20E-01
SLRE-01

«113E+00
+110€E+00
«104E+00
«€53F-0L
-83LE-01
«678€=01
-502E-01

«10SE+0N
+106E+00
«100E+0Q0
+Gi0E-01
+787E-01
+63ZE-01
+HESE-OL

+105E+00
+102€+00
«9E7E-01
+BE€ZE-0L
«T62E-01
«£92€-01
«426E~01
.2¢l1€-01
+101E+00
«ST3E~01
«S11€=-01
«BLSE~01
.0C6E-01
- «54SE-01
+3A8E-OL
+229E-01
+GE9E-01
»5276-01
<B&4E-01
«T71E-01
»£4SE=-01
+505E=01
«349E-01
«159E-01

- S11E-01
+B879F~01
«8loE-01
.723€E-01
«t02€=01
«462E-01
«312E-01
+170E~01

.862€-01
«B29E-Q1
«T56E~01
+£73E=-01
+535E-01
«416€-01
-2 756-01
+1w3€-01

+811E-01
+T78E-0L
L3F=-01
24E-01
+308E-01

«3T€5-01 |

«260F-01
<117E-01
«2%0F=12

+131E+00
+131E+00
+ 129€+00
«125E+00

<115€+00

«131E+00
«130€+00
+128E+00
«123E+00

.« 113E400

+131E+00
- 129E+00
+ 1286E+00
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