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Appendix I 
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Matlab m-file for Implementing Filtered Back-Projection Algorithm 

% filtbkproj.m 
% Implementation of the filtered back-projection algorithm 

% This program (function) reconstructs an image from MRI projection data collected 
% from parallel beam projections. Projection angle theta is a vector specifying the 
% angles at which projections are taken and these theta values must be uniformly 
% spaced. Type of filter to be used for frequency domain filtering is available as a 
% user input. 

% Inputs = projection data(p), projection angles(theta), and type of filter. 
% Output = reconstructed image(image) 

function image = filtbkproj(varargin) 

if nargin<2 
error('Invalid input arguments'); 

end 

p = varargin{l}; 
theta = pi* varargin {2 }/l 80; 
filter = 'ram-lak'; 
string_args = {'ram-lak', 'shepp-logan', 'cosineVhamming','hann'}; 

if nargin==3 
p =varargin{l}; 
theta=pi*varargin{2}/l 80; 
filter = varargin{3}; 

end 

if nargin>3 
error('Invalid input arguments'); 

end 

1 = size(p, 1); % Length of projections 

k = nextpow2(2*l); 

L = 2 Ak; 

p(L,l)=0; 



% FFT of projection data % 
%%%%%%%%%%%%% 

P = fft(p); 

%%%%%%%%%%%%%%%%%%%%%% 
% Filtering projections in frequency domain % 
%%%%%%%%%%%%%%%%%%%%%% 

H = Design_Filter(filter,L); 

for i=l:size(p,2) 
Q(:,i)=P(:,i).*H; 

end 

%%%%%%%%%%%%%%%%% 
% 1FFT of filtered projection data % 
%%%%%%%%%%%%%%%%% 

f=real(iffi(Q)); 
f(l+l :end,:)=[]; % Truncate filtered projections 

%%%%%%%%%%%%%%%% 
% Size of reconstructed image % 
%%%%%%%%%%%%%%%% 

N = round(size(f,l)/sqrt(2)); 

% The factor l/sqrt(2), is the worst case at a rotation of 45 degrees where the object 
% always fits inside a square whose edge dimension is the largest dimension of the 
% original object. This factor, i.e. sqrt(2), has been put in the denominator so that 
% rays always fit within the object. 

%%%%%%%%%%%%%%%%%%%%%%% 
% Co-ordinates of image reconstruction space % 
n / n y n / r w M / n / r w n/n/n/n/n/n/n/ft/n/n/n/ii/n/n / ft/0/ 

xaxis = (l:N)-ceil(N/2); 
x = repmat(xaxis,N,l); % 'x' co-ordinate 
y = rot90(x); % V co-ordinate 

costheta = cos(theta); 
sintheta = sin(theta); 
mid = ceil(l/2); % centre of projections 
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%%%%%%%%%%%%%%%% 
%Memory allocation for image % 
%%%%%%%%%%%%%%%% 

image(N,N) = 0; 

% % % % % % % % % % , ^ % % % % % % % % o ^ % % ( M . % % % % o / o % % 
% Back-projection, interpolation and image reconstruction % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

for i=l:size(p,2) 
proj = f(:,i); 
t = round(x*costheta(i) + y*sintheta(i)); 
image = image + proj(t + mid); 

end 

image = image*pi/(2*length(theta)); 

%%%%%%%%%%%%%%%% 
% Sub-function: Design Filter % 
%%%%%%%%%%%%%%%% 

function flit = Design_Filter(filter,L) 

^ % Inputs - string specifying type of filter, integer specifying length of projections 
% Output - Fourier transform of filter 

filt = 2*(0:(L/2))./L; 
w = 2*pi*(0:size(filt,2)-l)/L; % Frequency values 

switch filter % Select type of filter 
case 'ram-lak' % Default filter 

case 'shepp-logan' 
^ filt(2:end) = filt(2:end) .* (sin(w(2:en'd)/(2))./(w(2:end)/(2))); 

case 'cosine' 
filt(2:end) = filt(2:end) .* cos(w(2:end)/(2)); 

case 'hamming' 
filt(2:end) = filt(2:end) .* (.54 + .46 * cos(w(2:end))); 

case 'hann' 
filt(2:end) = filt(2:end) .*(l+cos(w(2:end))) / 2; 

otherwise 
error('Invalid filter selected.'); 

• end 

filt = [Alt'; filt(end-l :-l :2)']; % Symmetry of filter 
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A p p e n d i x II 
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GUI Designed with Matlab 



GUI Layout and Call-Backs 

The call-back code indicates what happens when a push button gets pushed or an item 
from the pop-up menu gets selected. The data for this GUI is stored in a war-file 
named data.mat, which consists of matrix of data (A) and an array of angles (theta). 
The following diagram indicates the call-back code for each push button and pop-up 
menu. 

Load('data.mat'); 

Value=get(gcbo, 'Value'); 
String=get(gcbo, 'String'); 
filter=(String{Value}); 

B=filtbkproj(A,theta,filter); 

imshow(B, [0 255]); 

imshow(O); 

close(gcbf); 
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A p p e n d i x III 

Matlab Functions used in the Program and GUI 

1. CASE SWITCH statement case. 

CASE is part of the SWITCH statement syntax, whose general form is: 

SWITCH switchexpr 
CASE case_expr, 
s t a t emen t , s t a t emen t 
CASE {case_exprl, case_expr2, case_expr3,...} 
s t a t emen t , s t a t emen t 

OTHERWISE, 
s t a t emen t , s t a t emen t 
END 

2. CEIL Round towards plus infinity. 

CEIL (X) rounds the elements of X to the nearest integers towards infinity. 

3. CLOSE Close figure. 

CLOSE (H) closes the window with handle H. 
CLOSE, by itself, closes the current figure window. 
CLOSE ('name') closes the named window. 
CLOSE ALL closes all the open figure windows. 
CLOSE ALL HIDDEN closes hidden windows as well. 

STATUS = CLOSE (...) returns 1 if the specified windows were closed and 0 
otherwise. 

4. ERROR Display message and abort function. 

ERROR ('MSG') displays the text MSG and causes an error exit from an M-file to the 
keyboard. If the string is empty, no action is taken. 

5. FFT Discrete Fourier transform. 

FFT (X) is the discrete Fourier transform (DFT) of vector X. If the length of X is a 
power of two, a fast radix-2 fast-Fourier transform algorithm is used. If the length of 
X is not a power of two, a slower non-power-of-two algorithm is employed. 

For matrices, the FFT operation is applied to each column. For N-D arrays, the FFT 
operation operates on the first non-singleton dimension. 

FFT (X, N) is the N-point FFT, padded with zeros if X has less than N. points and 
truncated if it has more. ; , ; 



FFT (X, [], DIM) or FFT (X, N, DIM) applies the FFT operation across the dimension 
DIM. 

For length N input vector x, the DFT is a length N vector X, with elements 
N 

X (k) =sum x(n)*exp(-j*2*pi*(k-l)*(n-l)/N), 1<= k <= N. 
n=l 

The inverse DFT (computed by IFFT) is given by 
N 

x(n) = (l/N) sumX(k)*exp(j*2*pi*(k-l)*(n-l)/N), 1 < = n < = N . 
k=l 

The relationship between the DFT and the Fourier coefficients a and b in 
N/2 

x(n) = aO + sum a(k)*cos(2*pi*k*t(n)/(N*dt))+b(k)*sin(2*pi*k*t(n)/(N*dt)) 
k=l 

is 

aO = X(l)/N, a(k) = 2*real(X(k+l))/N, b(k) = -2*imag(X(k+l))/N, 

where x is a length N discrete signal sampled at times t with spacing dt. 

6. FUNCTION Add new function. 

New functions may be added to MATLAB's vocabulary if they are expressed in terms 
of other existing functions. The commands and functions that comprise the new 
function must be put in a file whose name defines the name of the new function, with 
a filename extension of '.m'. At the top of the file must be a line that contains the 
syntax definition for the new function. For example, the existence of a file on disk 
called STAT.M with: 

function [mean,stdev] = stat(x) 
%STAT Interesting statistics. 
n = length(x); 
mean = sum(x) / n; 
stdev = sqrt(sum((x - mean).A2)/n); 

defines a new function called STAT that calculates the mean and standard deviation 
of a vector. The variables within the body of the function are all local variables. See 
SCRIPT for procedures that work globally on the workspace. 

A sub-function that is visible to the other functions in the same file is created by 
defining a new function with the FUNCTION keyword after the body of the 
preceding function or sub-function. 
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For example, avg is a subfunction within the file STAT.M: 

function [mean,stdev] = stat(x) 
%STAT Interesting statistics, 
n = length(x); 
mean = avg(x,n); 
stdev = sqrt(sum((x-avg(x,n)).A2)/n); 
% 
function mean - avg(x,n) 
%MEAN subfunction 
mean = sum(x)/n; 

Sub-functions are not visible outside the file where they are defined. Normally 
functions return when the end of the function is reached. A RETURN statement can 
be used to force an early return. 

7. GCBF Get handle to current call-back figure. 

FIG = GCBF returns the handle of the figure that contains the object whose call-back 
is currently executing. If the current call-back object is the figure, the figure is 
returned. 

When no call-backs are executing, GCBF returns []. 

The return value of GCBF is identical to the FIGURE output argument of GCBO. 

8. GCBO Get handle to current call-back object. 

OBJECT = GCBO returns the handle of the object whose call-back is currently 
executing. This handle is obtained from the root property 'CallbackObject'. 

[OBJECT, FIGURE] = GCBO returns the handle of the object whose call-back is 
currently executing, and the figure containing that object. 

During a call-back, GCBO can be used to obtain the handle of the object whose call
back is executing, and the figure which contains that object. If one call-back is 
interrupted by another, the root CallbackObject is updated to contain the handle of the 
object whose call-back is interrupting. When the execution of the interrupting call
back has completed, and the execution of the original call-back resumes, the root 
CallbackObject is restored to contain the handle of the original object. 

The root CallbackObject property is read-only, so its value is guaranteed to be valid at 
any time during a call-back. The root CurrentFigure property, and the figure 
CurrentAxes and CurrentObject properties (returned by GCF, GCA, and GCO 
respectively) are user-settable, so they may change during the execution of a call
back, especially if that call-back is interrupted by another call-back. As a result, those 
functions should not be considered interchangeable with GCBO, because they are not 
reliable indicators of which object's call-back is executing. 

When no call-backs are executing, GCBO returns []. 

43 



9. IFFT Inverse discrete Fourier transform. 

IFFT (X) is the inverse discrete Fourier transform of X. 

IFFT (X, N) is the N-point inverse transform. 

IFFT (X, [], DIM) or IFFT (X, N, DIM) is the inverse discrete Fourier transform of X 
across the dimension DIM. 

10. IMSHOW Display image. 

IMSHOW (I, N) displays the intensity image I with N discrete levels of gray. If you 
omit N, IMSHOW uses 256 gray levels on 24-bit displays, or 64 gray levels on other 
systems. 

IMSHOW (I, [LOW HIGH]) displays I as a gray scale intensity image, specifying the 
data range for I. The value LOW (and any value less than LOW) displays as black, the 
HIGH (and any value greater than HIGH) displays as white, and values in between 
display as intermediate shades of gray. IMSHOW uses the default number of gray 
levels. If you use an empty matrix ([]) for [LOW HIGH], IMSHOW uses [min(I(:)) 
max(I(:))]; the minimum value in I displays as black, and the maximum value displays 
as white. 

IMSHOW (BW) displays the binary image BW. Values of 0 display as black, and 
values of 1 display as white. 

IMSHOW (X, MAP) displays the indexed image X with the colormap MAP. 

IMSHOW (RGB) displays the truecolor image RGB. 

IMSHOW (...,DISPLAY_OPTION) displays the image, calling TRUESIZE if 
DISPLAY_OPTION is 'truesize', or suppressing the call to TRUESIZE if 
DISPLAYOPTION is 'notruesize'. Either option string can be abbreviated. If you do 
not supply this argument, IMSHOW determines whether to call TRUESIZE based on 
the setting of the 'ImshowTruesize' preference. 

IMSHOW (x,y,A,...) uses the 2-element vectors x and y to establish a non default 
spatial co-ordinate system, by specifying the image XData and YData. 

IMSHOW (FILENAME) displays the image stored in the graphics file FILENAME. 
IMSHOW calls IMREAD to read the image from the file, but the image data is not 
stored in the MATLAB workspace. The file must be in the current directory or on the 
MATLAB path. 

H = IMSHOW (...) returns the handle to the image object created by IMSHOW. 

Class Support 

The input image can be of class uint8, uintl6, or double. 
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Remarks 

You can use the IPTSETPREF function to set several toolbox preferences that modify 
the behaviour of IMSHOW: 

'ImshowBorder' controls whether IMSHOW displays the image with a border around 
it. 

'ImshowAxesVisible' controls whether IMSHOW displays the image with the axes 
box and tick labels. 

'ImshowTruesize' controls whether IMSHOW calls the TRUESIZE function. 

11. LOAD Load workspace variables from disk. 

LOAD FNAME retrieves the variables from the MAT-file 'fname.mat'. 

LOAD FILENAME retrieves the variables from a MAT-fde given a full pathname or 
a MATLABPATH relative partial pathname (see PARTIALPATH). 

LOAD, by itself, loads from the file named 'matlab.mat'. 

LOAD FNAME X Y Z ... loads just the specified variables. The wildcard '*' can be 
used to load variables that match a pattern. 

LOAD FNAME.EXT reads ASCII files that contain rows of space separated values. 
The file can contain MATLAB-style comments that begin with a percent character 
'%'. The resulting data is placed into a variable with the same name as the file 
(without the extension). If the file name begins with a digit or an underscore, a X is 
prepended to the name. All non-alphanumeric characters in the file name are replaced 
with underscores. 

LOAD FNAME -ASCII or LOAD FNAME -MAT can be used to force LOAD to 
treat the file as either an ASCII file or a MAT file. 

S = LOAD (...) returns the contents of a MAT-file as a structure instead of directly 
loading the file into the workspace. The field names in S match the names of the 
variables that were retrieved. When the file is ASCII, S will be a double precision 
array. 

Use the functional form of LOAD, such as LOAD ('fname'), when the file name is 
stored in a string or when an output argument is requested. 

12. NARGIN Number of function input arguments. 

Inside the body of a user-defined function, NARGIN returns the number of input 
arguments that were used to call the function. 
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NARGIN ('fun') returns the number of declared inputs for the M-fde function 'fun'. 
The number of arguments is negative if the function has a variable number of input 
arguments. 

13. NEXTPOW2 Next higher power of 2. 

NEXTPOW2 (N) returns the first P such that 2 A P >= abs (N). It is often useful for 
finding the nearest power of two-sequence length for FFT operations. 

NEXTPOW2 (X), if X is a vector, is the same as NEXTPOW2 (LENGTH (X)). 

14. OTHERWISE Default SWITCH statement case. 

OTHERWISE is part of the SWITCH statement syntax, whose general form is: 

SWITCH switch_expr 
CASE case_expr, 
s t a t emen t , s t a t emen t 
CASE {case_exprl, case_expr2, case_expr3,...} 
s t a t emen t , s t a t emen t 

OTHERWISE, 
s t a t emen t , s t a t emen t 
END 

The OTHERWISE part is executed only if none of the preceding case expressions 
match the switch expression. 

15. REAL Complex real part. 

REAL (X) is the real part of X. See I or J to enter complex numbers. 

16. REPMAT Replicate and tile an array. 

B = REPMAT (A, M, N) replicates and tiles the matrix A to produce the M-by-N 
block matrix B. 

B = REPMAT (A, [M N]) produces the same thing. 

B = REPMAT (A,[M N P ...]) tiles the array A to produce a M-by-N-by-P-by-... block 
array. A can be N-D. 

REPMAT (A, M, N) when A is a scalar is commonly used to produce an M-by-N 
matrix filled with A's value. This can be much faster than A*ONES (M, N) when M 
and/or N are large. 

Example: 
repmat(magic(2),2,3) 
repmat(NaN,2,3) 
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17. ROT90 Rotate matrix 90 degrees. 

ROT90 (A) is the 90-degree counter clockwise rotation of matrix A. 
ROT90 (A, K) is the K*90 degree rotation of A, K = +-1, +-2,... 

Example, 

A = [12 3 B = rot90 (A) = [3 6 
4 5 6] 2 5 

14] 

18. ROUND Round towards nearest integer. 

ROUND (X) rounds the elements of X to the nearest integers. 

19. SIZE Size of matrix. 

D = SIZE (X), for M-by-N matrix X, returns the two-element row vector D = [M, N] 
containing the number of rows and columns in the matrix. For N-D arrays, SIZE (X) 
returns a 1-by-N vector of dimension lengths. Trailing singleton dimensions are 
ignored. 

[M, N] = SIZE (X) returns the number of rows and columns in separate output 
variables. [Ml, M2, M3,..., MN] = SIZE (X) returns the length of the first N 
dimensions of X. 

M = SIZE (X, DIM) returns the length of the dimension specified by the scalar DIM. 
For example, SIZE (X, 1) returns the number of rows. 

20. SQRT Square root. 

SQRT (X) is the square root of the elements of X. Complex results are produced if X 
is not positive. 

21. SWITCH Switch among several cases based on expression. 

The general form of the SWITCH statement is: 

SWITCH switchexpr 
CASE case_expr, 
s t a t emen t , s t a t emen t 
CASE {case_exprl, case_expr2, case_expr3,...} 
s t a t emen t , s t a t emen t 

OTHERWISE, 
s t a t emen t , s t a t emen t 
END 
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The statements following the first CASE where the switch_expr matches the 
case_expr are executed. When the case expression is a cell array (as in the second 
case above), the case_expr matches if any of the elements of the cell array match the 
switch expression. If none of the case expressions match the switch expression then 
the OTHERWISE case is executed (if it exists). Only one CASE is executed and 
execution resumes with the statement after the END. 

The switch_expr can be a scalar or a string. A scalar switch_expr matches a case_expr 
if switch_expr==case_expr. A string switch_expr matches a case_expr if 
strcmp(switch_expr,case_expr) returns 1 (true). 

Only the statements between the matching CASE and the next CASE, OTHERWISE, 
or END are executed. Unlike C, the SWITCH statement does not fall through (so 
BREAKs are unnecessary). 

Example (assuming METHOD exists as a string variable): 

switch lower(METHOD) 
case {'linear','bilinear'} 
disp ('Method is linear') 
case 'cubic' 
disp ('Method is cubic') 
case 'nearest' 
disp ('Method is nearest') 
otherwise 
disp ('Unknown method.') 
end 

22. TIC Start a stopwatch timer. 

The sequence of commands 
TIC, operation, TOC 
prints the number of seconds required for the operation. 

23. TOC Read the stopwatch timer. 

TOC, by itself, prints the elapsed time (in seconds) since TIC was used, 
t = TOC; saves the elapsed time in t, instead of printing it out. 

24. VARARGIN Variable length input argument list. 

Allows any number of arguments to a function. The variable VARARGIN is a cell 
array containing the optional arguments to the function. VARARGIN must be 
declared as the last input argument and collects all the inputs from that point onwards. 
In the declaration, VARARGIN must be lowercase (i.e., varargin). 

For example, the function, 

function myplot (x, varargin) 
plot (x, varargin{:}) 
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collects all the inputs starting with the second input into the variable "varargin". 
MYPLOT uses the comma-separated list syntax varargin{:} to pass the optional 
parameters to plot. The call, 

myplot (sin(0:.l:l),'color',[.5 .7 .3],*linestyleV:') 

results in varargin being a l-by-4 cell array containing the values 'color', [.5 .7 .3], 
'linestyle', and':'. 
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