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the hologram of a 2-point object. 
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a. Prediction 
errors over 
the aperture 
for the 
hologram of 
a 1-point 
object 

b. Prediction 
errors over 
the aperture 
for the 
hologram of 
a 2-point 
object 
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Hologram: A=1, M=4, N=16 

Linear 
model 

Hologram aperture 

Fig. 4.13 : Comparison between the performance of the polynomial 
model and the linear model when expanding the holograms 
of 1-point and 2-point objects. 
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a. Prediction 
error over 
the aperture 

Hologram: 

A=l 
M-8 
N=16 
Object: 

xo1=3x 

xo2=-3a 

z -105x 

-15.5X 0 15.5A 

b. Reconstructed 
images 

Fig. 4.14 : Prediction errors and reconstructed images obtained 
when using the optimum hybrid model (p=5, q=2) to 
double the size of a 16-point hologram of a 2-point 
object. 
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a. Reconstructed 
images with 
prediction 
performed 
using the power 
series 
polynomial 
model 

b. Reconstructed 
images with 
prediction 
performed 
using the 
linear model 

Hologram: A=1, M-8, N=16 

Object: xo1=3a , xo2=-3a , z-105X 

Fig. 4.15 : Reconstructed images obtained when using the polynomial 
and linear models to expand the hologram of Fig. 4.14 
for a 2-point object. 
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a. Prediction error 
over the aperture 

Hologram: 

A=l 
M=8 
N=16 
object: 

xo1=3a 
xo2=-3a 
z =105x 

b. Reconstructed 
images 

Fig. 4.16 : Prediction errors and reconstructed images obtained 
when using a 5/2 hybrid model to double the hologram 
of two points with different radiation strengths. The 
point at the R. H. S. has 0.8 the radiation strength of 
the other point. 
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a. Reconstructed 
images obtained 
when using a 
power series 
expansion 

-31.5X 0 31.5X 

b. Reconstructed 
images obtained 
when using a 
Fourier series 
expansion of the 
optimum fundamental 
spatial frequency; 
aoptimum-0.104, 
cf. eqn. (4.44) 

-31.5A .0 
31.5X 

Hologram: o=1, M=8, N=32 

Object: xo1=1.7X, xo2=-1.7X, z=80X 

Fig. 6.17 : Comparison between the performance of the power 
series and Fourier series expansions in the 
polynomial part of a 5/2 hybrid model when used to 

expand the hologram of a 2-point object four times. 

35 
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aperture 
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Fig. 4.18 : Hologram geometry for constructing and 
using the corrective model 
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Fig. 4.19 : Constructing and using the corrective 
model 
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a. Errors over the 
aperture in 
the predicted ae 
and corrected 
holograms ö 

Object: CD 
xo=0 0 

z= 100a 

C) 64 CL 

0 

b. Errors over the 
aperture in 
the predicted 
and corrected ae 
holograms 

0 
Object: N 

X =0 ö 
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z= 60X 
"ý 
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0 
0 

Hologram : A-1A, M=B, N=16 

Object : 1-point'on the hologram axis 

cted 

Hologram aperture 

ed 

Hologram aperture 

Fig. 4.20 : Effect of object range on the improvement in 
prediction accuracy obtained using the corrective 
model for the case of a 1-point object. 
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a. Errors over the 
aperture in the 
predicted and 
corrected 
holograms �% 

Hologram: 

n=1, M=4, N=16 

Object: 

xo1=2.5a 

xo2=-2.5x 

z= 100a 

b. Reconstructed 
images from 
the small, true, 
predicted and 
corrected 
apertures 

Pre 

Cl 

-15.5x 0 15.5X 
Predictive model : 1/2 hybrid 
Corrective model : 0/4 (linear) 

Fig. 4.23 : Improvement in resolution obtained through the use of a 
corrective model. The two points in the object can be 
resolved only after the predicted data is corrected. 

40 

-15.5X 0 15.5X 



.c C) r-4 
cc 

O 

r 

anTen >lead awes aq 01 pazTTewsou sTXe wel6oTo4 
ayl UO sa5Bwt palonzisuooas Jo XltsualuI 

41 

co 0) 
v 0 

m E 

co 
01 

U 
> 

C ý 

cti 94 94 

O n' 
t- ý 

. 
t! 1 U 
NO U 

U 
4) 

C 
ca 
0 -8 CD . N 

C 

u1 C 
un0 

0 
a 

4 U 
O7 t9 
t1% H 

N 
co 
C 

0 
ý-" 

L! 1 0 
L) Ö 

1 
C 

O co 
is 

C 

ßr1 
M a) 

a) Q1 
(C 

co 
M 

E 
", I 

N Ü 
-4 Co 

c-' " CD . 13 8 N CC 

O 
IA 0 

a 

O 
N 

N 

LL- 



Ul% 
CC) 

O 

r 

anjen >lead owes ayl of pazcTewsou STXB 

wea5oTo4 a41 uo sa6ewt pajonslsuooas jo 'ltsualuI 

Co "" 

O U 
Co al 

C 0 
) C 

M C) C) 
C 

U 
OC "ý 

a) cý 
U Ci- 

u1 C 
Co 

. i1 
Cl) U 

". i cu 
OO 

Ö 
C 
O 

5, a 
O Co N 
u1 C 

O N 
U 

ßf1 U 54 
O O 

ý 

a) O O 
zt c 

L4 

u1 C 
M "rl 

Co 
C) 

O O 
M O 

E 

N C) 
. 1-1 " 
O "D 
7 "-4 
94 " N 

+ >L 
N >s 
CL 

VN 0 
C 

O 
Ir- 

N 

r, 
, 

Q1 

L. 

42 



N r 

c 

a) aý >v 
co 0 
3E 
C a) 

. P4 41 > 
C ", -1 

co -4 Aj 
. 11 OU 
cC).. r. 4 

"- I ID 
0NO 
CL p co a 0 

cv 
N 

cn. n 
ýº ct 

--4 cOm 
0) ar 
am sv 
C) c a) 

c rn (1) $4 c a) co 
". 4 30 U -1-J C 
c0 O .1 
CL .0 V) cm 

CL 
-i+. ) 
U) 

(6- 
a0 
U) 
OU 

LC 
+0 co 

E 
Qt N 
Co 

". i 4- 
U7 G4 
N G) 
C) CL 
N 
U G) 
CL 

", "1 

4- C 
OO 

41 41 
UU 
OO 

4- "''7 
4- -0 Li 0 

N 

D ý7 

"rl LL. 

co 
rn 
M 

43 

%L 01 ant-4eTa3 sqp uT 
v asnlsade eql sann Bossa uoTlaTpasd wnwtxew 



27 dbs 

4N 
0-0 
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3a 
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Hologram: e=1, M=8, N=16 

Fig. 4.27 : Effect of increasing the points taken to represent 
an object of a given width on the performance of the 
hybrid and linear models. The plots are for a number 
of object widths at the same range. 
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Fig. 4.28 : Effect of increasing the points taken to represent an 
object of a given width on the performance of the hybrid 
and linear models. The plots are for a given object 
width at a number of values for the range. 
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Fig. 4.29 : Spatial and angular spectra of discrete objects 
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a. Prediction 
error over 
the aperture 

Hologram: 

M=8 
N=16 

Object: 

two points; 

range = 95X 
do = 5.6X 

In 

b. Reconstructed 
images 

Fig. 4.30 : Prediction errors and reconstructed images obtained 
when using the 5/2 hybrid model to double the size 
of the hologram of two points symmetrically positioned 
about the hologram axis. 
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a. Prediction 
error over 
the aperture 

Hologram: 

A=1a 
M=8 
N=16 

Object: 

two points; 

range = 95x 
do = 5.6x 

-15.5A 0 15.5A 

b. Reconstructed 
images 

-15.5X 0 15.5A 

Fig. 4.31 : Prediction errors and reconstructed images obtained when 
using the linear model to double the size of the hologram 
of two points symmetrically positioned about the hologram 
axis. 
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a. Prediction error 
over the aperture 
Hologram: 

e_1A 
M=8 
N-16 

object: 
range = 95X 
do = 5.6a 
w =4x 
p= 25 points/A 

_15.5x 

F 

b. Reconstructed 
images 

-15.5X 

11.7 
M. E. 1=1.5°ö 

0 

0 

Fig. 4.32: Prediction errors and reconstructed images obtained 
when using the 5/2 hybrid model to double the size 
of the hologram of two quasi-continuous segments 
symmetrically positioned about the hologram axis. 

Prediction 
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a. Prediction error 
over the 
aperture 
Hologram: 

0=1 a 
M=8 
N=16 

object: 
range = 95) 
d=5.6x 
w° = 4x 
o 25 points/A 

5a 

In 

b. Reconstructed 
images 

Fig. 4.33 : Prediction errors and reconstructed images obtained when 
using the linear model to double the size of the 
hologram of two quasi-continuous segments symmetrically 
positioned about the hologram axis. 
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a. Prediction error 
over the aperture 
Hologram: 

e_1x 
M=8 
N=16 

Object: 
range = 95A 
d=5.6A 
wo = 4a 
o= 50points/A 

b. Reconstructed 
images 

Prediction 
error, 

F. 
w w 

do 

-15.5X 

12.2 

M. E. 1 = 1.6°b 

0 0 

Fia. 4.34 : Prediction errors and reconstructed images obtained 
when using the 5/2 hybrid model to double the size of 
the hologram of two quasi-continuous segments symmetrically 
positioned about the hologram axis. 
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a. Prediction error 
over the 
aperture 
Hologram: 

M=8 
N=16 

object: 
range = 95x 
d=5.6x 
wo = 4X 
o= 50points/a 

In 

b. Reconstructed 
images. 

Fig. 4.35 : Prediction errors and reconstructed images obtained 
when using the linear model to double the size of the 
hologram of two quasi-continuous segments symmetrically 
positioned about the hologram axis. 

52 



Figures for Chapter 5 



nk 
Additive noise 
in measurement 
and qantization 

ho (k) °-- 

Noise-free 
hologram data 

Noisy 
hologram data 

ah (k) 

adk 
Errors in the 
position of the 

ek hologram samples 

h(k) 

Fig. 5.1 :A model representing the effects of additive 
noise and distance errors 

Fig. 5.2 : Probability distribution of the distance error ek 
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Fig. 5.3 : Effect of the composition of the hybrid predictive model 
on the performance of the model with and without noise. 
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a. Square model: 
Effect of 
sample 
spacing 
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b. Comparison 
between the 
performance of 
the square 
and triangular 
models for the 
same sample 
spacing 
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c. Triangular 
model: 
Effect of 
sample 
spacing 
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Fig. 5.4 : Effect of the matrix-size on the error magnifying parameter 6 
for the square and triangular polynomial models for various 
values of the sample spacing A, cf. eqn. (5.62). 
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Fig. 5.5 : Effect of the matrix size on the norm product I1AI) IIA 111 

for the square and triangular polynomial models for 
various values of the sample spacing A. 
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Fig. 5.6 : Effect of matrix size on the relative norm of the 
solution error for both the square and the 
triangular polynomial predictive models. Noise 
level : 10% 
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Fig. 5.7 : Geometry for constructing and using the 
triangular predictive model 
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Fig. 5.8 : Effect of matrix size on the prediction accuracy of both 
the square and triangular polynomial predictive models for 
noise-free and noisy hologram data. 
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Fig. 5.9 : Effect of the noise level on the performance of the 
square and the triangular polynomial predictive models. 
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Fig. 5.10 : Geometry for constructing and using 
the triangular corrective model 
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a. Noiseless data 

b. Noise level: 

0. I lß 

Hologram: o=1, M=8, N=16 

Object: xo=0, z=1OOX 

Fig. 5.11 : Effect of noise of 0.1% relative amplitude in the 
hologram signal on the reconstructed images obtained 
using the square polynomial predictive model. 
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Fig. 5.12 : Prediction errors and reconstructed images obtained 
when using triangular predictive and corrective models 
to double the aperture size to image a 1-point object 
with noiseless data. 
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a. Prediction errors 
over the 
aperture 
Hologram: 

A=1 
M-8 
N=16 P 
Object: 

x =0 0 
z _100) 

b. Reconstructed 
images 

Fig. 5.13 : Effect of noise of 10% relative amplitude in the 
hologram signal on the prediction errors and 
reconstructed images obtained when the hologram of a 
1-point object is doubled in size using polynomial 
predictive and corrective models of the triangular 
type. 
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a. Reconstructed 
images, 

noise level = 20ö 

b. Reconstructed 
images, 

noise level = 30% 

-15.5X 0 15.5X 
Hologram: A=1a, M=8, N=16 

Object: xo=0, z=100a 

Fig. 5.14 : Effect of increasing the noise level on the 
reconstructed images of a 1-point object. 
Predictive and corrective models : Triangular 
polynomial type. 
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a. Reconstructed 
images, 

noise level = 20% 

Noise values: 

set 1 

b. Reconstructed 
images 

noise level = 20% 

Noise values: 

set 2 

Hologram: e-1a, M=8, N=16 

Object: xo=0 , z=100a 

Fig. 5.15 : Effect of using different random values to simulate 
noise in the hologram on the reconstructed images 
for a 1-point object. Models: triangular polynomial 
type. 
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a. Prediction error 
over the 
aperture 

Hologram: 

, &=l ,X M=8 
N=16 

Object: 

xo1=2.6X 

xo2=-2.6Jº 

z= 105x 

b. Reconstructed 
images 

Fig. 5.17 : Results obtained when the linear predictive model is 
used to double the size of a 2-point object assuming 
noiseless data. 
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a. Prediction error 
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N-16 

object: 

xo1=2.6X 

xo2=-2.6X 

z= 105x 

b. Reconstructed 
images 

-15.5x 0 15.5X 

Fig. 5.18 Effect of 10% noise in the hologram data of Fig. 5.17 
on the prediction errors and reconstructed images 
when the linear model is used for prediction. 
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a. Reconstructed 
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b. Reconstructed 
images with 
30°% noise 

Hologram: 0=1, M=8, N=16 

Object: xo1=2.6X, xo2=-2.6X, z=105A 

Fig. 5.19 : Effect of increasing the noise level on the 
reconstructed images of the 2-point object in 
Fig. 5.17 and Fig. 5.18. Predictive model: linear. 
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a. Reconstructed 
images with 
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Noise values: 
set 1 

b. Reconstructed 
images with 
20°% noise. 
Noise values: 
set 2. 

Hologram: A=l, M=8, N=16 

Object: xo1=2.6X, xo2=-2.6X, z=105A 

Fig. 5.20 : Effect of using different values for the random 
components representing noise on the performance 
of the linear predictive model for the imaging 
configuration used in Figs. 5.17-19. 
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Fig. 5.27 : Results obtained when using the linear model to double 
the size of the hologram of two quasi-continuous 
segments in the presence of noise. 
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a. Prediction error 
over the 
aperture 
Hologram: 

&=1x 
M=8 
N=16 

Object: 
x01=2.6X 

x02=-2.6x 

z= 105X 

-15.5x 0 15.5x 

b. Reconstructed 
images 

Fig. 5.28 : Imaging of two points with different radiation strengths 
by doubling the size of the aperture using a linear 
model in the presence of 10% noise. Relative radiation 
strength between two points is O. B. 
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Fig. 6.2 : An overall view of the Experimental Holographic 
Imaging System 
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Fig. 6.3 Electronic circuits for the Experimental 
Holographic Imaging System 
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Fig. 6.6 : The hydrophone detector 
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Fig. 6.7 : The low-noise pre-amplifier 
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Fig. 6.8 : Experimental set-up and the mechanical 
scanning arrangement 
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Fig. 6.13 : The ECL board 
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Amplitude Phase 

Hologram : Number of samples = 32x32 Sample spacing=1X 

Object :1 point on the hologram axis, range = 50X 

Fig 6.16: Samples of hardcopies obtained using the 
electrostatic picture recorder. The two 
examples-are for simulated holograms 
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Set service request 
to 4051 

/Va1i No 
ata from 
4051 ? 

Reset 
service request 

Read, verify, and 
acknowledge receipt 
of device address 

/4051 
ready to 

receive 

Send data byte 

No Last 
data ata byte? 

End 

Microprocessor side 

Read data byte 

No Last 
data byte? 

LEnd 
4051 side 

Fig. 6.17 : Flow charts for the interface software between the 
microprocessor and the Tektronix 4051 minicomputer 

5ervicc 
request 
receive 

Send a 'Talker' 
device address to 
microprocessor 

No Valid No data from 
up? 
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Horizontal 
clock, pj 

Period: Clk 
0.8 usec Horizontal 

(x) 
counter 

LSB 

Microprocessor 
data bus 

Vertical 
clock 

Period: Clk Vertical 

1 line interval (Y) 
counter 

8 

8 
Data 

'it 
ý> 

multiplexer 
Column (x) 
address 

16 

Select 
To 
Display 
memory 

8 

8 
Data 

8 multiplexer Row (y) 
address 

Select 

Display memory Read/Write control 

Fig. 6.19 : Derivation of the display memory address 

98 



64x1 bits 

/P 

Di. - 
dat 
I/F 

Fig. 6.20 : Layout of the arrangement used for reducing the speed 
requirements on the display memory by using two line 
buffers each made up of 4 separate RAMs. 
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/ 

Horizontal 
y1 clock 8 

Period: Horizontal 
0.8 usec counter 

(Write clock) Address to 
Clk 1 line buffer 1 

Dual 

multiplexer 

Horizontal 
4'2 clock 
Period: Clk 
0.2 sec g 
(Read clock) Horizontal 

counter Address to 
Select 2 line buffer 2 

Line/2 

Fig. 6.21 : Derivation of the Read/Write addresses for the two 
line buffer memories 
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N: Size of data 
Load Nj 

matrix 
T: Type of 

transform Load row of data from data RAM 
(forward into I/O buffer RAM of SFT 
/inverse) 

Perform 1-D FFT 
on row of data 

Load resulting row transform 
from I/O buffer RAM of SFT 
into original locations in 

data RAM 

'Last 
No 

row of 
data? 

Load column of row-transformed 
data in data RAM into I/O 
buffer RAM of SFT 

Perform 1-D FFT on 
column of transformed data 

Load resulting column transform 
from I/O buffer memory of SFT 
into original locations in data RAM 

/Last No 
column of 
,, data? 

End 

Fig. 6.23 : Flow chart for the 2-D FFT routine (DFT) 
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Figures for Chapter 7 



25.4 

Geometric 
focal 
point 

Piezoelectric 
spherical 
shell 

Air backing 

Perspex 
: housing 

30 

Fig. 7.1 : Construction of the focused transducer 
(Dimensions in mm) 

21.6 

50 
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. Phase 
. Amplitude 

Hologram : o-0.5X, Number of samples : 64 and 128 
in x and y directions resepctively 

Object : 1-point located at a distance of 60X from 
the hologram 

fig. 7.2 : Effect of relative tilt between the hologram 
and object planes on a measured two-dimensional 
hologram 
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. Hologram : e: 1.11X, 32 samples 
Object : 1-point located at a distance of 120x from the 

hologram 

Fig. 7.3 : Effect of relative tilt between the hologram and 
object planes on the phase function of a 
measured line hologram. 
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sed transc 

a. Proper Alignment 

Hologram 
-I--- 

Fig. 7.4 : Alignment between the hologram plane and the 
base of the acoustic transducer 
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b. Exaggerated tilt in the 
hologram plane 

Hologram 



IA-1 rl_ 

, 5, ' 

Nnlnnrnm 7ir 

5x 

-31.5X 0 31.5X 
c. Tilt angle : -2.50 

Hologram: e-1a, 64 samples. Object: 1-point; xo-yo-0, z=100X 
Fig. 7.5 : Effect of hologram tilt on the phase function 
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a. Tilt angle : 00 

b. Tilt angle : 5L1 



11-1 ----_' ^- 

-31.5x 0 

a. Shift in the direction parallel to the line hologram: 
xo=4a, yo=0 

-3 

Hologram: A=1a, 64 samples. Object: 1-point; z-100X 

Fig. 7.6 : Effect of lateral shifts in the position of a point 
object on the hologram phase function 

31.5X 
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b. Shift in the direction perpendicular to the line 
hologram: xo=0, y0: BX 



Tilted 
Hologram 
Plane 

tal 

' 
i 

i 

P2 P1 

Reconstruction 
planes 

Fig. 7.7 : Geometry for recording and reconstructing a 
tilted hologram of a 1-point object 
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Normalized 1.0 
intensity of 
reconstructed a. Tilt angle : Oo image 

-15.5x 0 15.5a 

.... 1.0 

Normalized 1.0 c. Tilt angle : -2.5° intensity of 
reconstructed 
image 

A 

-15.5X 0 15.5x 
Hologram: o=la, 32 samples. Object: xo=yo=0, z=100X 

Reconstruction distance : 10OX 
Fig. 7.8 : Effect of hologram tilt on the reconstructed image for 

the case of a 1-point object on the hologram axis. 
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Fig. 7.9 : The focused acoustic transducer mounted on a 
brass plate with three adjustment screws in a tripod 
arrangement. 
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a. Reconstruction distance = 65A 

b. Reconstruction distance = 97x (object in focus) 

c. Reconstruction distance = 129A 

Fig. 7.10 : Measured (left) and simulated hologram and reconstructed 
images at 3 distances. Hoingram : A=1.11x, 32x32 samples. 
Object: 1-point; x0=0, yo: 0, z=97A 
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Hologram 

phase 

Intensity 
of 

Reconstructed 
Image 

a. Picture Layout 

Hologram 

amplitude 

Spatial 
frequency 
specturm 

of hologram 

Colour Data 
Value 

Black 0 

Red 1 

Green- 2 

Yellow 3 

Blue 4 

Magenta 5_ 

Cayan 6 

White 7 

b. Colour code 

Fig. 7.11 : Layout and colour code for 
two-dimensional holograms 
12,13 and 31-38. 

the photographs. of the 
and images in Figs. 7.10, 
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a. Reconstruction distance = 96A 

b. Reconstruction distance = 144A (object in focus) 

c. Reconstruction distance - 192x 

Fig. 7.12 : Measured (left) and simulated hologram and reconstructed 
images at 3 distances. Hologram : A=1.11x, 32x32 samples. 
Object: 1-point; xo=0, yo=0, z=144X 
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a. Pulse width :4 cycles 

Fig. 7.13 : Effect of the width of the transmitted acoustic pulse 
on the accuracy of the measured hologram and the 
quality of the reconstructed image. Hologram: 0=1.11x, 
32x32 samples. Object: 1-point; xo=O, yo=0, z=144a 
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b. Pulse width : 15 cycles 



a. Intensity of 
image 
reconstructed 
at 93X 

b. Intensity of 
optimum image., 
reconstructed 
at 90X 

Hologram: t-1,32 samples. Object: 1-point; xo-0, z=93a 

Fig. 7.14 : Reconstructed images from the hologram recorded at 93x 
at both the measured and the optimum values of the range. 
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a. Intensity of 
image 
reconstructed 
at 144x 

b. Intensity of 
optimum image, 
reconstructed 
at 132x 

Hologram: A=1,32 samples. Object : 1-point; xo=0, z=144X 

Fig. 7.15 : Reconstructed images from the hologram recorded at 
144X at both the measured and the optimum values of 
the range. 
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a. Hologram 
phase 

-15.5X 0 15.5X 

b. Normalized 
hologram 
amplitude 

-15.5A 0 15.5X 
Measured and simulated, holograms: 6-1,32 samples 
Object for Measured hologram: xo=0, z= 93x 

Object for Simulated hologram: x0=0, z=90.15a 

Fig. 7.16 : Measured phase and amplitude of the hologram recorded 
at 93X together with those of a simulated hologram for 
an object at a distance approximately equal to the 
optimum range of the measured hologram. 
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Measured 1.0 



a. Hologram 
phase 

-1 

b. Normalized 
hologram 
amplitude 

Measured and simulated holograms: 0=1,32 samples 
Object for measured hologram: xo=0, z=144a 
Object for simulated hologram; xo=0, z=132.1). 

Fig. 7.17 : Measured phase and amplitude of the hologram recorded 
at 144x together with those of a simulated hologram 
for an object at a distance approximately equal to the 
optimum range of the measured hologram. 

A 
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a. Intensity of 
the reconstructed 
image with a 
simulated error 
of 5% in the 
sample spacing. 

b. Intensity of 
the reconstructed 
image with a 
simulated error 
of -5% in the 
sample spacing. 

Hologram: e=1,32 samples 
Object: xo=0, z=93A 

Fig. 7.18 : Effect of error in the sample spacing on the 
reconstructed image for the hologram measured at 
93X 
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I 

a. Intensity of the 
reconstructed 
image with a 
simulated error 
of 5% in the 
sample spacing. 

b. Intensity of the 
reconstructed 
image with a 
simulated error 
of -5% in the 
sample spacing. 

Hologram: b=1,32 samples 
Object: xo=0, z=144A 

Fig. 7.19 : Effect of error in 
reconstructed image 
at 144X 
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the sample spacing on the 
for the hologram measured 
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Prediction 198.4 
error, 'o 

M. E. 1=71.9 
M. E. 2=47.3 

a. Prediction 
errors over 
the aperture 

edicted 

Corrected 

-15.5A -0 15.5X 

b. Normalized 
intensities of the 
images from the 
small, true, 
predicted, and 
corrected apertures 
reconstructed at 
the optimum range 
of 90X 

Hologram: e=1, M-8, N=16 Object: xo=0 , z=93a 

Fig. 7.20 : Prediction errors and reconstructed image 
obtained when the inner half of the measured 
hologram at 93X is expanded to twice its size 
using triangular polynomial models for prediction 
and correction. 

122 

-15.5X 0 15.5X 



a. Prediction 
errors over 
the aperture 

-15.5X 0 15.5x 

b. Normalized 
intensities of 
the images from 
the small, true, 
predicted, and 
corrected apertures 
reconstructed 
at the optimum 
range of 132X 

A 

Hologram : &=1, M=8, N=16 Object: xo0 , z=144a 

Fig. 7.21: Prediction errors and reconstructed images obtained 
when the inner half of the measured hologram at 144x 
is expanded-to twice its size using triangular 
polynomial models for prediction and correction. 
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a. Intensity of 
reconstructed 
images at 
93a 

Hologram: 

e=1, M=8, N=16 

Object: 

xo=0, z=93X 

5X 

b. Intensity of 
reconstructed 
images at 
144X 

Hologram: 

e=1, M=8, N=16 

Object: 

xo=0, z=144). 

Fig. 7.22 : Reconstructed images at the measured ranges from 
the small, true, predicted apertures for the 
holograms measured at 93x and 144x. Predictive and 
corrective models : Triangular polynomial type. 
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a. Smoothed function 
of the hologram 
phase over the 
middle half of the 
measured hologram 
obtained with a 
smoothing factor 
s=300. The plot 
also shows the 
original 
ohase data. 

n_ 

b. Hologram 
phase over the 
total apertures 
with the values 
at the middle half 
replaced by the 
corresponding 
values of the 
smoothed 
function in (a) 
above. 

Hologram: e=1X, 32 samples Object: xo=0, z=93a 

Fig. 7.23 : Smoothing the phase function over the middle half 
of the hologram measured at 93x 
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0 

a. Smoothed function 
of the hologram 
phase over the 
middle half of 
the measured 
hologram obtained 
with a smoothing 
factor s-200. 
The plot also 
shows the original 
phase data. 

b. Hologram phase 
over the total 
aperture with 
the values at 
the middle 
half replaced 
by the 
corresponding 
values of the 
smoothed function 
in (a) above. 

-1 
Hologram: e-1A, 32 samples Object: xo=0, z: 144x 

Fig. 7.24 : Smoothing the phase function over the middle half 
of the hologram measured at 144x 
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Prediction 199.8 
error, % M. E. 1=78.2°S 

M. E. 2=24.8 

a. Prediction Predicted 
errors over Corrected the aperture 

-15.5x 1 1.0 15.5a 

b. Reconstructed 
images at 
the optimum 
range of 90X 

Hologram: A=1a, M=8, N=16 Object: xo=0, z=93a 
Fig. 7.25 : Improvement in the correction accuracy and in the 

quality of the image reconstructed from the corrected 
hologram as a result of, smoothing the 16-point 'available' 
aperture as shown in Fig. 7.23 for the hologram 
measured at., 931 
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Prediction 199.9 
error, % M. E. 1-70.3% 

M. E. 2-28.9 

a. Prediction Predicted 
errors over 
the aperture 

Corrected 

V I, 
-15.51 0 . 5a 

b. Reconstructed 
images at the 
optimum range 
of 132x 

-15.5 o 15. 
Hologram: e=1, M=8, N=16 Object: xo=0, z=144a 

Fig. 7.26 : Improvement in the correction accuracy and in the 
quality of the image reconstructed from the corrected 
hologram as a result of smoothing the 16-point 
'available' aperture as shown in Fig. 7.24 for the 
hologram measured at 144X 
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- --- ^ 3.15a 

b. Images reconstructed at 132X for the hologram 
recorded at 144X 

Hologram in both cases: 0=1, M=16, N=32 

Fig. 7.27 : Reconstructed images obtained at the optimum 
ranges from the holograms recorded at 93a 
and 144X when the measured 32-point hologram is 
doubled in size through prediction and correction 
using triangular polynomial models. 
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I 

-31.5X o 31.5x 

a. Images reconstructed at 90X for the hologram 
recorded at 93A 



a. Smoothed.. phase 
function over the 
whole of the 
measured hologram 
obtained using a 
smoothing factor 
of s-2000. The 
plot also shows 
the original phase 
data. 

w 

b. Hologram phase 
over the total 
aperture with the 
values at the 
sampling points 
replaced by the 
corresponding 
values of the 
smoothed function 
in (a) above 

Hologram: e. 1,32 samples Object: xo=0 , z=93A 

Fig. 7.28 : Smoothing the phase function over the whole of the 
hologram measured at 93x 
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a. Smoothed phase 
function over the 
whole of the 
measured hologram 
obtained using a 
smoothing factor 
of s=2000. The 
plot also shows 
the original 
phase data. 

b. Hologram phase 
over the total 
aperture with 
the values at 
the sampling 
points replaced 
by the 
corresponding 
values of the 
smoothed 
function 
in (a) 
above 

A 

li 

-1). )A 0 15.5X 
Hologram: A-1,32 samples Object: xo=0 , z=1441 

Fig. 7.29 : Smoothing the phase : function, over the whole of the 
hologram measured at 144x 
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a. Images reconstructed at 90x from the small and corrected 
apertures of the hologram recorded at 93X after smoothing. 

.71 92A 

b. Images reconstructed at 132x from the small and corrected 
apertures of the hologram recorded at 144X after smoothing. 

Hologram in both cases: 0-1, M=16, N=32 

Fig. 7.30 : Reconstructed images obtained at the optimum ranges 
from the holograms recorded at 93X and 144A when the 
smoothed 32-point holograms, Figs. 7.28 and 7.29 
respectively, are doubled in size through prediction 
and correction using triangular polynomial models. 
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Xo=ý , Yo=O, z=96X 

xo=8a, yo=8A, z=96a 

Fig. 7.31 : Effect of a lateral shift in the object position on 
the hologram of one point. Hologram: a=1a, 32x32 samples 
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Object on the hologram axis: 

Offset object: 



a. Object : x0=0, yo=0, z=97A 

b. Object : xo=0, yo=0, z=144A 

Fig. 7.32 : Effect of increasing the object range on the resolution 
and the spatial frequency bandwidth of the hologram 

of a 1-point object. Hologram: e=1.11x, 32x32 samples 
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a. Properly sampled hologram: 
object: xo=0, yo=0, z=96A 

b. Undersampled hologram : 
object: xo=0, yo=0, z=16X 

Fig. 7.33 : Effect of undersampling of the hologram and the 
generation of multiple images. Hologram: n=1X 
32x32 samples. 
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a. Reconstruction 
distance : 80X 

b. Reconstruction 
distance : 96X 

c. Reconstruction 
distance : 112x 

Fig. 7.34: Images 
obtained at a number 
of reconstruction 
distances to 
indicate the depth 
of focus of a given 
hologram. 
Hologram: e=1a, 

32x32 samples 

Object: xo=O, yo=O, 
z=96A 
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a. Object points separated 
in the x direction. 

Object 

xo1 -3A 
xo2= 3a 

yo1'z 
96x 

b. Object points separated 
in the y direction. 

Object 

xol'xo2 03a 

yo°ýg 3a 
z= 96x 

Fig. 7.35 : Resolving two points in the lateral dimension 
Hologram: A=la, 32x32 samples. 
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a. Spacing = 4A, 
points unresolved. 

Object 

xol'xo2 02a 

yo1 
- 

2A 
zog = 96A 

b. Spacing = 6A, 
points resolved. 

Object 

xo1'xo2 0 
Y°, 

og - 3x 
z= 96A 

Fig. 7.36 : Effect of point spacing on the resolution of two points 
Hologram: o=1A, 32x32 samples. 
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a. Number of samples: 16x16 
points unresolved. 

b. Number of samples: 32x32 
points resolved. 

Fig. 7.37 : Effect of doubling the linear dimensions of the 
hologram aperture on the resolution of two points. 
Both Holograms: A=la. Object: x01 =-3A, xo2=3a, 
yol'yo2=0, z=96a 

139 



a. Focusing at point 1, 
Reconstruction distance: 
48x 

b. Focusing at point 2, 
Reconstruction distance: 
96A 

Fig. 7.38 : Resolving two points in the range dimension 

Object: point 1: xo1=0, yo1=-8x, z1=48x 

point 2: xo1=0, yo2= 8a, z2=96A 

Hologramm=lx, 32x32 samples. 
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Appendix A 

Listing of an Interactive Program in BASIC 

for the Simulation and Expansion of the 

Hologram of 1-point Objects Using 

a Power Series Predictive Model 



100 
110 
120 
1311 
140 
15f_I 
160 
170 
181, 
1911 
20ri 
210 
22CI 
230 
240 
250 
260 
27 17 
280 
290 
300 

310 
320 

330 

3411 

350 
360 
370 
380 
390 

400 

410 
420 
431) 
440 
45Il 
460 
470 
480 
490 
500 
5111 
520 
530 

5411 
550 
560 
570 
580 
59( 
600 

610 
620 
630 
641) 
650 
660 

REM ++HOLOGRAM EXPANSION: 1-POINT OBJECT: POLYNOMIAL MODEL 
REM +ARRAY R CONTAINS PREDICTION ERORPS 
IHIT 
PRINT "TOTAL NO QF POINTS IN EXPANDED APERTURE "; 
INPUT 112 
PRINT "SPACING IN W. L 
INPUT B 
A= (N2-1) +F 
PRINT "HOLOGRAM APERTURE="; 
PRINT A 
PRINT "ENTER XQ OF POINT SOURCE 
INPUT X0.2'1 
PRINT "NO OF POINTS IN HALF THE APERTURE IS: "; N2''2 
PRINT "ENTER HALF THE NO OF POINTS IN REDUCED APRETUPE"; 
INPUT N1 
PRINT "ENTER NO. QF LAST PT TO BE PREDICTED " 
INPUT Nc 
N=N1-1 
P8=N 
M=l REM ++++QFTAIN TOTAL HOLOGRAM**** 
DELETE R1"A2, B1, E29H, 00R 
DIM Al (N " N) , A2 (N! N) ,Fl (N, M MAX 1) P B22 (H, M MAX 1) PH (N2r2.2? 
DIM G(N6a2)'Y(N6} aR(t'16) 
A2=0 
Al=0 
R=0 
FOR I=1 TO M2/2 
R'1=SGR (Z0 2+((1-1+0.5)+B-XU) "`c) 
P1=t+PI+Ri 
HCI91)=COS(P1)/RI 
H(I. 2)=: IN(P1), R1 
IF I>Nl THEM 450 
G 'I31)=H(I 1) 
G (1,2)=H(I2) 
NEXT I 
REM "GET MAX QF MODULUS OF H 
FOR I=1 TO N6 
Y'(I)=SCR(. H(I. 1)^2+H(I. 2)^2) 
NEXT I 
HI=Y(l) 
FOR J=2 TO N6 
IF H1=>Y(J) THEN 540 
HI=Y(J) 
NEXT J 
REM+GEMERFTE DATA VECTOR' & (: FFT 
Rr=N-P8 
FOR I=2 TO N1 
I1=I-1 
FOR J=1 TO P8 
J1=J-1 
Al ýI1"J>=((11+0. ýý+Br''J1+HcI1+1? 
A2 (I Ii J) = (c'I 1+i, ß. 5). B) ^J1. H' l1ý 2) 
NEXT J 
B1 (I1q 1)=H(I. 1) 
B2(I1p 1)=H(I, 2) 
NEXT I 

MATP IX FROM REDUCt+ APPETURE 
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670 
6S0 
690 
7 00 
71 0 
720 
730 
740 
750 

760 
770 
(80 
790 
Soil 
810 
820 
83 0 
840 
85') 
860 
870 
880 
890 
90la 
910 

, 20 
930 
940 
950 
960 
9? 0 
980 
990 
1000 
1010 
1020 
1030 
1040 
1050 
1060 
107+ 
1081) 
1090 
1100 
111+: ' 
1120 
1130 
1140 
11517 
1160 
1170 
1180 
1190 

REM SOLVE MATRIX ECOUNT I ON 
DELETE P8, P4" 0? a Ii 
DIM P9(N)'P8(H). D( ), Q (2) 
REM INITIALIZE LETER11IMANT AND PIVOT ELEMENT ARRAY 
P(1)=1 
D(2)=I) 
p9=') 
REM PERFORM SUCCESSIVE PIVOT QPERAT I ONS (GRAF' B LOOP) 
FOP P3=1 TO N 
REM SEARCH FOR PIVOT ELEMENT AND 
P5=0 
FOR P1=1 TO N 
IF P9(P1) «l0 THEN 890 
FOR P2=1 TO N 
IF P9(P2)<>Cl THEN 880 
P4=A 1 (P 19 P2) ^2+A2 (P 1, P2) ^2 
IF P4<P5 THEN 880 
P6=P1 
P7=P2 
P5=P4 
NEXT P2 
NEXT P1 
Pc (P3) =4itab*Ph+F7 
P1=Pö 
r7(1)=A1 (P1, P7) 
c! 7 (2) =A2 (Pl' P7) 
01=0(1) 
11 (1)=07(1). 0(1)-07(2) +U (2) 
D(2)=07(1). 0(2)+07(2). 01 
REM CHECK FOP SINGULAR MATRIX 
P9(P7)=P5 
REM INTERCHANGE RDl.. lS TO PUT PIVOT 

IF P6=P7 THEM 1210 
D(1)=-D(1) 
D(2)=-D(2) 
FOP P2=1 TO N 
Q1=A1 (P1, P22) 
02=A2 (P 1: P2) 
Al (P1, P2)=A1 (P7, P2) 
82 (P 1, P2) =A2 (P7, P2) 
Al (P79, P2) =01 
A2 (P7, P2) =Q2 
NEXT P2 
IF M<=0 THEN 1210 
FOR P22=1 TO M 
Q! 1 =R1 (Pi, P2> 
02=B2(P1, P2) 
B1 (P1 P2) =Bl (P7, P2) 
B2 (P1, P22) =B2 (P7--t P2) 
B1 (P7, P2) =l? I 
1: 2 (F'7, Pc) =t, 2 
NEXT P2 

EXTEND DETERMINANT PRODUCT 

ELEMENT ON DIAGONAL 
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1200 REM DIVIDE PIVOT POW BY PIVOT ELEMENT 
1210 Q1=07(1) 
1220 02=07(2) 
123 0 08=1 / (01.01 +ý; 2.02) 
1240 FOR P2=1 TO N 
1250 IF P2<>P7 THEN 1280 
1260: Al (P7" F'2) =1 
1270 F12 (P7 P2) =O 
1280 r3=H1(P7gP2) 
12910 Al (P7, P2) = ('A1 (P7, P2). 1. )1+R2 (P7, P2). 02). 08 
130') H2 (P i± P2) = t. H2 (P7. P2) . 01-0" '-. 02) . 08 
1310 NEXT P2 
1320 IF M<: =0 THEN 1390 
1330 FOR P2=1 TO M 
1340 03=B1 (P , P2) 
1350 E: 1 (P? " P2) = (E l (P7" P2)+O1+B2 (P7. P2)+L)2) +008 
1360 B2 (P7, P2) = (. B2 (P7, P2) +01-1 3.02) . 0! 8 
1370 NEXT P2 
1380 REM REDUCE NON-PIVOT ROWS 
1390 FOR P1=1 TO H 
1400 IF P1=P7 THEN 1560 
1410 01=81(P1, P7) 
1420 C2=R2 (P1 " P? ) 
1430 Al (P1 " Pr) =0 
1440 F12(P1"P7)=O 
1450 FOR P2=1 TO N 
1460 G! 3=A 1 (P 7a P2) 
1470 Al (P19P2)=H1 (P1! P2)-(Al (P7, P2)"Q1-Ac (P7 "P2). 02) 
1480 82 (P 19 P2) =R2 (P 1' P2) - (03+l:! 2+H2 (P7, P2) . 01 
1490 NEXT P2 
1500 IF M<=0 THEN 15600 
1510 FOR P2=1 TO M 
1520 03=B1 (Pr +P2 
1530 B1 (P1, P2)=B1 (P1"P2)-(B1 (P7. P2)*01-B2(Pr"P2)*02) 
1540 B2 (P1 " P2) =B2 (P1 " P2) - (G! 3; i! 2+82 (P7" P2) "G! 1) 
1550 NEXT F'2 
1560 NEXT P1 
1570 NEXT P3 
1580 REM INTERCHANGE COLUMNS AFTER PERFOPMING ALL PIVOT OPERATIONS 
1590 FOR 03=N TO 1 STEP -1 
1600 P2=IHT (P8 (03): 4096) 
1610 P? =P2 (03) -4096*P2 
1620 IF P2=P7 THEN 1710 
1630 FOP P1=1 TO N 
1640 G! 1=N1 (P1, P2) 
1650 02=R2(P1"P2) 
1660 Al (P1, P2)=F1 (P1"P? ) 
167': 0 82 (F'1 " P2) =A2 (P1 " P7) 
168¬' Al tP1"Pi? =C! 1 
1690 F12(P1±P7)=G'2 
1700 NEXT P1 
1710 NEXT 03 
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172 0 REM +*OBTA IN PREDICTED DATA 
1730 FOP N3=1 TO ME 
1740 IF 113<111+1 THEN 1850 
1750 14=113-1 
1760 V1=0 
177tß V2=0 
1.780 FOR I=1 TO P8 
1790 V1=V1+E1 (I, 1)+((114+(i. 5). B), (I-1) 
1800 V2=X12+Es2(I. 1)+(CN4+0.5)"B) (I-1) 
1810 NEXT I 
1820 G (N'3.1) =G (N4,1) *Y 1-G (M4,2) . V2 
1830 6 (N3,, 2) =3 (114,1 ). V2+G (114,2) . V1 

R c: Pý ý=i tl n. rýý c. CC, i fs , 1) -H c: M ai }) ^2+ 1lä ß'M3,2} -H ý Nýý ý 2)) ^c) 'H 1 1840 
1850 NEXT M3 
186': ' END 
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Appendix B 

Description of the Basic Phase 

Measuring Circuit 



Appendix B: Description of the basic Phase Measuring Circuit 

The basic circuit for measuring the phase is shown schematically 
in Fig. B. 1. The two square wave signals, A 

. 
and B, for which the 

relative phase is to be measured are gated to produce two signals AB 

and AB 
. Referring to Fig. B. 2a, the signal AB represents the phase 

delay between the two waveforms when A leads B and the positive going 
pulse in this signal extends from the leading edge of A to the leading 

edge of B. If A is taken as a reference, the phase in this case is 

considered positive. When A 
'lags 

B the phase delay is represented by 
JAB which extends from the leading edge of B to the leading edge of A and 
the phase is negative as shown in Fig. B. 2b. 

The sign of the phase can be determined using a. D-type flip flop 

whose clock input is driven by signal A while the D-input is driven 

by signal B, as shown in Fig. B. 1. Signal A therefore continuously 

samples signal B. When A leads B, the Q output of the flip flop is 

at logic 0 while this output will be at logic 1 if A lags B. Therefore, 

the Q output represents the sign of the phase. Using a dual multiplexer, 
the sign signal selects the appropriate AB or AB signal which 

represents the phase delay, together with the leading of the two 

input signals A 
. 
and B. From Fig. B. 2. it is noted that in both cases 

of positive and negative phase indicated in a and b, the phase delay 

signal is always enclosed between the leading and the trailing edges of the 

selected (leading) input signal. Therefore, the trailing edge of the 

selected input signal can be used to store the value of the phase 
delay (including the sign) and to clear the phase counter, which counts 
the number of pulses of a high frequency clock for the duration of the 

selected phase delay signal. The higher the frequency of this clock 
the greater the accuracy of the phase measurement. 
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A 

Ä 

B 

B 

Fig. B. 1 : Basic phase measuring circuit 

1 

3ding) 
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D-type 1: Negative Phase, 
flip-flop B leads A 
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Appendix C 

Listing of the TMS 9900 Microprocessor 

Software for Calculating the Fast 

Fourier Transform. 



C. 1 Listing of the One-dimensional FFT Routine : 

0001 +FFT PROG DOES ONE PIMEt'IS: ONPL FFT 
0002 ILT 'FFT' 
01003 IIxOP E93 
00 04 DEF h1S+Fr4G" AtIG&a ANGLE, ANGLE22a FUFFa E IFF2a PES., PES2 
0005 LIEF PETUPM, RETAKE', E: UFF4a BUFF6 
001: 16 LIEF 0" RE, IM. Pl , P2, P3, P'9, P2, P92a 012,022P O9,092 
000? IIEF r! 1a1 $a0tiaI_ý4. P`_'hll:! 1aF'4aP42 P äP62 
0008 DEF 05,052,062,06, r 0? a G 08,082, 

.. 
cs? STF". 'a Q7STR2 '2 ar 

0111: 19 DEF 02STP 9 QSSTP2 a siiri 1a SUM 12 a SUti2 a SUM22 
0010 REF FI; XCIR" F'IXG'F'I a F$$XHP9 F ; XS'R'" F$ MF: a F. XIIP 
o': ii1 REF S'INE, C"DSItqE 
0012 DBUG EC'LI >C970 
(1013 (kiSXDP EISAU >E0 
0014 *INPUT DHTH 
0015 NS: FAS: 5 2 
0016 I. DATA 4 U: FFT, 1: IFT 
0011? RE F55 128 32PTS (MAX) , REAL PART 
0018 IM BSS 128 32PTS (MAX), I MAG PAIP'T 
01: 119 *PAM FOR PA'OGPAM 
002 0 P1 F, sS 2 
00121 RETURN P55 2 
0022 R: ETRDR R55 2 
0023 P? ItIV BSS 4 
0024 P2 P55 2 
0I}25 P3 P55 2 
01026 PS BSS 2 
0027 P9 BS'--K 2 
0028 P92 P. 55 2 P9/2 
0029 P8 PISS 2 2^P2=P9=M 
0I: I30 Q1 BSS 2 

0031 012 BSS 2 
0032 02 BSS 2 
00.3 022 ESS 2 
0034 03 . S5 2 
0035 03FP ESQ 2 
0036 03FP2 BSS 2 
0037 04 ES2 
00: 18 09 BSS 2 

0039 092 P. 55 2 
0040 PSMO1 BSS 2 P5-01 
0041 P4 BSS 2 
0042 P42 Bs". 2 
0043 P6 B 5S 2 
01: 144 P62 Bs s2 
0045 P9FP 855 4 
0046 05 F, 5 2 
0047 Q`2 : 55 2 
0048 06 F, 55 2 
0049 062 P55 2 
0050 07 r BSS 2 
0051 072 P. 55 2 
0052 07STR $: '` 2 
0 053 I075TP2 P, 55 2 
0054 08 P. 5'5: 2 
0055 082 BSS. 2 
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[I 1156 

0057 
0058 
0059 

0060 
0 061 

0062 

01163 
0064 

0065 
ºl º, I r'. ¬. 
006 7 

0 068 
0069 
0070 
0071 
0072 

0(13 
0074 
0I: I? 5 
0076 
0077 

0078 
007 9 

0(18 Cl 
0081 
01082 
0083 
0084 
0085 

10 086 

0087 
0 088 
0089 
0090 
0091 
0092 
0093 
0094 
0095 

1'1096 009? 
0098 

0099 
01 00 
0101 
¬1102 
0103 
0104 
0105 
01': 
01ß: 0t 
0108 
0109 
0110 

C18STR P. -: S 2 
C! 8 TR2 BSS 2 
S: UM1 ).: 5' 2 
_i M12 E2 
SUM2 BSS 2 

,,. t. 2 
*RAM FOP USE BY OTHER FO UT I FIES 
ANN F.: Sti 2 
Ar G2 P. :2 
ANGLE BS's 2 
ANGLE2 BSS 2 
PUFF ES'S: 2 
EUFF2 ESS 2 
P UFF4 BSS 2 
EUFF6 ES: S 2 
RES BS. S: 2 
RES2 BSS 2 
"EPROM FROM HERE 
*FIXED DATA 
PI DATA >4132 
PI2 DATA >43F1 
D180P DATA >4239 
D1SOPE DATA ; >4EB8 
QNE DATA >1 
UP DATA >4120 
P22 DATA >0000 
Iii DATA >4110 
P1E DATA >00(11) 
ZEPO DATA >0000 
*SET UP XOP DATA 

LI 1PWSXOP 
MDV 1, '>4C 
LI 1YERROR' 
MDV 1,. '>4E 

+FFT FROM HERE 
+CALCULATE THINGS FIRST 

MDV 'N ! äP9 P9=N 
LI 9+P9 
LI 10 P9FP 
EL @F$XC IR P9FP 
E1 

"GET PS 
May @N P1 
CLR 0 

SHIFT SRA 1.1 
INC 0 
May 1.1 

. IGT SHIFT 
DEC 0 
May 0. ö'P8 

"GET P6 
MDV ä't' 1a Wir+G 
MOV ö@DD12 ; 'Ar1G2 
LI 7, F7BIV 
LI 9iP9FF 

HAS PS IN FP 
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0111- L. 1 10' ANG 
0112 BL @Fg. xI'R 
0113 E1 
01114 M04' ä'ANG, ß'P6 
0115 MO's' s'ArIG2, 'PE2 P6=1/P4 
0116 *GET 06 
0117 MOV ; 'P6ý n'06 
01 18 MDV ; 'P62! %, 062 
0119 LI 9 PI 
cii20 LI 117.06 
0121 BL ä'F$XMP C'6=PI+P5 
0122 E1 
0123 + 
0124 C @0p'ZERO 
0125 JEQ FRI. IRII 
0126 MDR' %s 'Ii 1a @F'6 
17127 MOV ; 'D12, 'P62 P6=1 
0128 MDtir ä'G 6+ ii 
0129 Al 00 8000 

0130 MDV 0, @06 06=-06 WE WAS KNOWN TO ICE +I YE) 
0131 FRWRD MDV @P9, P5 
0132 A ä'DNEP ä'P5 P5=P9+1 
0133 MOB' ä'P99 0 
0134 SLR 091 
0135 MDV 0 'Q1 01=2+P9 
0136 *GET P9'2 
0137 SPA 0a 2 
0138 MOV (' 'P92 
0139 +END OF SET UP PART: DATA STARTS TO MATTER FROM HERE 
0140 +3 MA IN NESTED LOOPS 
0141 MDV 1DNE+ö'P1 P1=1 
0142 LOOP1 MDV pol' o 
0143 SRA CI91 
0144 MDV 0! ä'O1 01=01/2 
0145 SPA O1 
0146 MOY 09@02 Q2=0112 
0147 LI 99D2 
0148 LI 10Q6 
0149 EL 4'F$XMR 06=2.0.06 
0150 E1 
('151 MDV ONER äP2 P2=1 
0152 MDV ä'P5, %s'FSM01 
0153 Sä '01 " g'P5M0i PSMQI =P5-01 
0154 LOOP2 MDV @069 0 
0155 CI 0! 1>800t0 
0156, JL POS 
0157 LI 1'>800 
0158 5: 1r, 
0159 JMP FINSH 
0160 P05 AI 0 >8; II00 

01161 FINSH MOV 09-P05 C'5=-06 (GENERAL) 
01 r. 2 MOV @062P@052 
0163 MDR' ä'P2p ä'F'4 
0164 5 @0NE" ä1P4 P4=P2-1 
0165 MDV @DME " . 'P: P3=1 
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I 

I 

0166 LOOPS 
0167 
0168 
0169 
0170 
0171 
0172 
0173 
0174 
0175 
0176 
0177 
0178 
0179 
018: 0 
0181 
10182 
0183 
0184 
0185 
0186 
0187 
0188 
0189 
0190 f. 
0191 
0192 
0193 
0194 + 

. 0195 
0196 
0197 
00198, 
0199 
0`0ii 
0201 
0202 
0203 
0204 
0205 
02 0rß 

0207 
0208 
02[I9 

0210 
x'211 
0212 
0213 
0214 
0215 
0216 
0217 
0218 
0219 
0220 

LI 9q C6 
LI1O, 05 
FL 'F$XAR C05=C'5+C'6 
E1 
MOY @P4, 'I? 3 
A @P34@03 C'. =F3+F4 
MQV @03, @04 
A. @0299104 C'4=04+Oa 

MDV @C'5! 4'A1{G 

Mop ; Q52, zuRNG, 2 
LI 9" Ii18oP 
LI 1 ia" At1l 
EL ä'F r1R 

, 
At'1G HAS 05.180 PI 

E1 
EL . 'SINE 
MOY @PES " ö'c! 8 
MOV @RE: S2, @C 82 
MDV SPE :a @98STR 
MDV @RES29ä'QE: STR2 
EL @COSIME 
MDV @RE :+ @G'? 
MDV ö'RES: 2r @Q72 
NOV . 'FES, n'C! r S: TR 
NOV ä'RES2, a'G! iS TR2 

BOTH O8 , O8 : TR HAS SIN(Q5) 

BOTH QF G'? STR HAS: COS(05) 

MOY ; 'G-13. @BUFF 
MOV '04, . 'ELIFF2 03 Y 04 ARE ARRAY POINTERS 
BL ö'GOHVRT P13 HAS EO+UIV(03) RR14 HHF: EQUIV(04) 

MDV ä'RE (13) . 91AHG 
MOV 'IM(i3) " IHM GLE 
IMCT 13 
MDV 'a) PE (13) " AMC; 2 
MOV Gl IM (13) " ä'ANGLE2 
MD's! ö'RE(14) " ä'PES 
MD's ö'IM (14) " ä'BUFF 
I MCT 14 
MDV s'PE(14) " ä'RES2 
MDV @IM (14) &'EUFF2 
MDV & HNG. ö'sup11 
MOV @RP1G2+@; UM12 
LI 9" RES: 
Ll 10 RNc 

RN G HHF. P C0 , 1) , AFIGLE HAS' P (Q342) 

RES HH S: P (17 14 91? " SUFF HAS P (04.2) 

rUM 1 HAS P (03,1) 

BL @FS, XSR ANG HAS Fi CQ3,1)-R (c'4.1) 
EI 
LI 9-., PES 
LI 1Ü"SUMi 
EL ö'F'LXAP SUM I HAS F (Q3 " 1)+P c Q4.1) 
E1 
L 19, AHG 
LI 10-107 
EL . 'F$XMR i1r HHF:: 
E1 
MOV . BUFF" @SUM2 
NOV ä'BUFF2 . SLIM2E 

151 

07+(FrC'3,1)-F (Q4,1? ) 

SUt"1 HH=" P(C)4,2.1 



0221 
0222 
0223 
0224 
0225 
0226 
0227 
0228 
0229 
0230 

0231 Lýý' 

0233 

('234 
0235 
0236 

0237 
023's 
0239 
(124(1 
0241 
0242 
1724 
0244 
0245 
0246 
¬1247 
¬1248 
0249 
0250 
0251 
0252 
0253 
0254 
0255 
0256 
0257 
0258 
0259 
0260 
0261 
0262 
0263 
0264 
0265 
0266 
0267 
0268 
0269 
0270 
fiert 
0272 

r, 2ýý. _ 
0274 
0275 

LI 9" FINGLE 
LI1 Ci+ F: UFF 
BL ä'F$XS'F' BUFF HFG: P (Q4. E')-P (03,2) 
E1 
LI 9 ANGLE 
LI 11, SUM2 
BL @ F$; XAP' S: LIN2 HHS: P (0, "?. 2) +P (C! 4.2) 
E1 
LI -P LU FF 
LI 10-108 
EL . 'FI, <11R 08 HAS: 
E1 
n ov' @07" ; '04 
Maur @0729@092 
LI 9"Q8 
LI 10, Q9 
EL 'F$XRP 09 HAS 
E1 
LI 9" ANG 
LI 1Ü"QBSTR 

08. (F'(u4"2)-P (034 2)) 

(; -'?. -P (Q4,1) ) +08 (P (Q4.2) -P (Q3 a c) 

FL 'z)F$X, MF' OED-STR HAS 08" (P(: 03.1) -P (04,1) ) 
E1 
LI 9"BUFF 
LI1Ü"Q! 7STR 
BL @F$XMP n? STP HAS G7+ (P (C'ý4 a 2) -P (Q3.2) ) 
E1 
MOV a-108STP n'QE 
MDV ä 08STR2" ö'QO& 
LI 9, C STR 
LI 10.08 
EL z'F$XSR Q0 HAS 
E1 

*TFER CALCULATED QUANTITIES 
*1ST: POSITION 03 

MD S'SUM l 2, ö'PE (13) 
MDV ä'SUt'122 ä' IMC 13) 
DECT 13 
MOV @ UM1 a äIRE (13) 
MDV ö'SUM2, 'IM (l ) 

*THEN 9ROSN 04 
MOV '@092 . 3'PE (14) 
MOV @082-@M(14) 
DECT 14 
MD äQ! 9" ä'RE (14) 
MOV ä'08gz'IPt(14) 

*END OF IST 3 LOOPS 
A @ONE"; lP3 
C @P39@02 
JGT DP3 
B . 'LOOPS 

QP3 A @01%@P2 
C @P2. ä F51'101 

,. SGT 0P2 
B ö'LODP2 

0P2 A ä'ONE " @F 1 

08+tF'c: Ctj" 1)-F'(04.1i)-C'? +(P(Q4"2)-P(Q3, c 

TO THEIR' POSNS 

2ND LJOPID 1ST (x'13 WAS STILL POINTING 

NOW 2Ht' (sIORtS 
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0276 
0277 
0278 
0 2-? 
0280 

0281 
0282 

0283 
0284 
0285 
0286 
0287 
0288 
0289 

0290 
0291 
0292 
029 : 

0 294 
0295 
0296 
0297 

0298 
0299 
0300 
0301 
03 02 
17: 303 
0304 
0305 
03(16 
0307 
0308 
0309 
0310 
0311 
0312 
0313 
0314 
0315 
0316 
0317 
0 318 
0319 
(I ti 2 Il 

0321 
0322 
0323 

0324 
03,25 
0326 
0327 
0328 
0329 
0330 

C z'P 1, 'P8 
JGT QP1 
B ö'LQQP1 

" 
fNQI. I TWO NESTED LOOPS 
QP1 Moir' n'QNE" ä'P1 P1=1 
LQP1 MQV n'P1". 110: 

S . 'QNE,; I'O3 03=F1-l 
CLF: '04 04=0 
MQ. ä'QNE"; 'P2 P2=1 

LOP2 MQV @041,0 
S LH 0± 1 
MQV 0, ä'04 04=2"G'4 
LI 9. -, CZ3 
LI1o C3FP 
EL @FI. XC IR GET 03FP 
E1 
LI 9PD2 
LI 1Ü"Q3FP 
LI 7R PIV 

NE 
EQ 

. SlkIF1P 

E1 
LI9 PANG 
LI 10, BUFF 
BL S'F$XCIR SUFF HAS 
E1 
C @BUFF 9 @P4 
JNE NE 
C @BUFF22, @1422 
JNE NE 
JMP EQ 

LI 99P4 
LI 1O, ANG 
EL @F . XCRI ANG HAS HINT (P4a " KEEP IT 

BL ä 'F$»1W 03FP HAS 03/2.0 
EI 
M0V 9G'3FP" ö'P4 
MOV ä'O3FP2 äF42 P4 

JHAS: 
03/2.0 

MOV ä'P 1" ö'BUFF IST POINTER IS PI 
MOV @049; 'EuFF2 2ND POINTER IS 04 

A. ONE, ä1F'2 
C ä'R2, ; 'P8 
JLE LOPE EMIL QF LDPE 
A ä'0HE"äGä4 
C ; i'G'4 "'P 1 
JLE QUTS I Ii 

NINTcPO IM FP 

F 'ONE QO4 04=04+1 ONLY IF P4> <N I NT (F4) 
MOY @ANG " ä'Q3 03=N I NT CF4a AT ANY CASE 

EL KONV1 T 
MDV 3MOV 

n'IM(13)9ä08 
INCT 13 
M0V 31 RE (1.: ý: ý "; 1'92 
MQtir' 09 
PECT 13 

C'4 PLFCE INTO Pi PLACE 

HAS: P(P1+1), C! 8 Hfi_: P(P1.2) 
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0 331 MQV MEc1a), 'REc1 .' 
0332 MQV @IM (14)' 4'IM (13) 
0333 IMCT 13 
0334 I MCT 14 
0335 MQV ME (14WP'E (1 ) 
0336 MQV 'IM(14), 'IMt: 13) 
0337 IIECT 13 
0338 DECT 14 
03 ;9" 

0 340 MQV ß'Q9 'PE c14) 
0341 MQV 4'08 TIM(14) 
0342 INCT 14 
0343 MQV ä'O92 , n'PE (14) 
0344 MQV @G'82 " s' IM (14) 
0345 OUTS I I' A @Q NE, ä'P 1 
0346 C ä'P 1! ä'F9 

NOW P(Pl, 1)=P(04,1)'P(P1,2)=P(L-J49C) 

FCG! 4,1)=099 P(04"2)=08 

0347 JGT QP11 END QF LOPS 
0348 B ö'LQP1 
0349 *** 
0350 QF11 C ä'P6"; 'U1 
0351 JNE QK 
0352 C ö'PG29@D12 
4353 JEQ LAST 
0354 QK MQV @ONE" 4'P1 P1=1 
0355 LP6 MOV @P1 " a'BUFF 
0356 FL &' QNVP'T P1 IS THE PQ I h1TER (QHLY 1) 
0357 M1V ARE (13) "'RrNº_ 
0358 MIN 'IM (13) ' @Rr1GLE 
0359 INC T 13 
036.0 MOY 4'RE(13)'@HNG2 
0361 MOV I r1(13) ! ä'NNGLE2 
0362 LI 9P6 
0363 LI 10±AMG 

FING HF P(P1-t1)iANGLE HAS P(P1+E) 

0364 EL @F , XMR FING WiS P (P1.1) +P6 
0 X65 E1 
0366 LI 9±P6 
0367 LI 1Q"ANKLE 
0368 BL a@F$XMP ANGLE HHS P (P 19 2) +P6 
0369 E1 
0370 MDV ä'ANGcp @PE (13) 
0371 MDR' @ANGLE2, IMtl 3) 
0372 IiECT 13 
0373 MDV 'ANG. @RE (1 3) 
0374 MOV @HMGLE" @IM (13) 
0375 A ä'O NE" äF'1 
0376 C 4'F 1,4'P9 

NOW NEW VALUES ARE IN PCP1,1)'P(P1"cl 

0i 77 JLE LP6 Ett I QF LP6 
0378 fNO W LAST LOOP L? 
0379 LAST MDV ä'F'9" ä'F'2 
0380 LI 092 
0381 MDy 0" 'F1 
0382 L7 MDV @P 1! @BLIFF 
0383 MDV @P2±; i1F, OFF2 
03, D4 EL @C Or1VPT CONVERT 
0385 110 V ; ';; E (1 ) .; i+() 1 

POINTEPS P1"P2 
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0: 386 M0V äý IM (13 ý" äßl ! 
038? INCT 13 
0388 MDV 'PE (13) . 4_i; ' 12 
03 9 MDV @IMt 13) , -1ßr! 22 
0390 DECT 13 
0391 *S61AP 14 INTO 13 
0392 MDV @PE (14) ,; PRE (l3) 
0393 MCV 4'IM(14)" 'IMt13 
0394 INCT 13 
0 395 I MCT 14 
0396 MOV 31RE (14) . SPE (13) 
0 97 MO's! @IM(: 14)"&'IMci3) 
(11-1-98 EJECT 13 
03 99 I'ECT 14 
0j4 00 MOV ä'C! 1R ä'RE (14) 
1)41)1 MDV ä'Q2gä&IM(14) 
0402 IMCT 14 
1)403 MOV ö'Q 12q @RE (14) 
0404 MOB; ö'G! 22, 'IM (14) 
04 1) 5C ä'OME, ö'P2 
0406 A 4'CtHE,; P1 
0407 C @P1"dP92 
0408 JLE L? 
0409 *END OF FFT 
0410 B @I'BUG 
0411 *CONVERSION SUB ; CONVERTS 
0412 *INTO MEMORY PDRES INDICES 
0413 CONVRT MDV s'BUFF" 13 
0414 DEC 13 
0415 SLA 1392 
0416 MOV @BIUFF22"14 
0417 DEC 14 
0418 SLA 14'2 
0419 RT 
0420 *ERROR SUB 
0421 ERROR LI 120600 
0422 SBQ 14 
0423 LI 1a DBU'= 
0424 MO's 114 
0425 RTLJP 
0426 END 

O1=P(P1: 1) 02=P(P192) 

P(P1,1)=P(P2,1), P(P1a2)=P(P2.2) 

P (P2,1) =G! 1, P (P2 % 2) =Q2 

ARRAY PARAMETERS L1, L2 IN TUFF, f, UFF2 
Ml, M2 INR 13, R 14 RESPECT I VELY! M= (P-1) .4 
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C. 2 'Listing of the SINCOS Routine : 

0001 IIIT 'SINCO' ' 
0002 DROP E, 3 
000 3 DEF SINE, CO; INE 
0004 REF SIN"COS 
0005 REF F$XCPI " F$XCIR... F XSP. F$XAR" FI; XMP 
0006 REF ANG, ANG2, ANGLE. ANG, LE84 BUFF-, F: ES, RETURN 
0 007 " ALGORITHM TO EVALUATE SINE AriD COSINE 
0008 " OF A REAL ANGLE SF'ECIFIEIi IN FLOATING POINT FORMAT 
001: 9 " THE ANGULAR VALUE(Ir! DEGREES) SHOULD BE CONTAINED 
0(110 " AT THE ADDRESS i'Rr+GLE " n'ANGLE+c 
0011 "A FOUR WORD BUFFER FLOCS: SHOULD BE MADE AVAILABLE ADDRESSED 
0012 " BY BUFF " PROVISION FOP INTERMEDIATE STORAGE OF RETURN VECTOR 
0013 " SHOULD BE MADE VIA A ONE WORD LOCATION LABELLED RETURN 
0(114 " THE RESULT OF THE FU NNCTION WILL BE RETURNED 
0015 " IN A TWO WORD BLOCK LABELLED RES 
0016 " TOTAL RAM REAL ºI PEMENT (i N EXCESS OF WORKSPACE) =9 WORDS 
0017 " SINE (ANGLE) =SINE (X+; ') ; X. =INT (ANGLE)' ö'=ANGLE-X 
0018 " =5I NE (X, ') +o'"CO _: (X) 
0019 " COSINE (ANGLE) =SINE (AN(: -, LE+90.0) 
0020 " 
0021 NINTY DATA >425A1 
0022 PI180 DATA "-3F479>7D1B "PI/180 
0023 " START WITH SINE 
0024 " FORM THE INTEGER ANGLE 
¬1025 SINE MOV 11 a @PETURN 
0026 MOV RANI;. @RNGLE 
0027 MOV 'AN62 @ANGLE2 
0028 LOSE LI 9, ANGLE 
0029 LI 10: ' BUFF 
0030 FL @F$XCRI EVALUATE X 
0031 E1 
0032 LI 1, BUFF 
0033 Al 1,4 
0034 MOV a'FUFF" "1 
0035 " CONVERT X BACK TO FLOATING POINT FORMAT 
0036 LI 9, BUFF 
0037 LI 1¬' 9 BUFF 
0038 EL ä'FTXC IR 
0039 E1 
0040 " EVALUATE @=ANGLE-X 
0041 LI 1aANGLE 
0042 LI 2, FES 
0043 MOV "1+, "2+ 
0044 MOtir "1 " "2 
0045 LI 10" RES 
0046 LI 9"BUFF 
0047 BL a'F ;R 
0048 E1 
0049 " CONVERT TO RAD i ANZ-. 
0050 LI 109 RES, 
1: 0051 LI 9 F'I180 
(11: 152 EL F ; XMP 
005: 3 E1 
0 054 """ RES = 
0055 " EVALUATE SINE ANIS CO, -NINE 
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0056 LI 14BUFF 
0057 Al 1.4 
0058 MDV "1P7 
0059 EL ä'S IN 
4060 LI 19BUFF RELOCATE BUFF 
(11: 161 MDV 79+1+ 
0062 MQV 89+1+ 
006: MOV *lp7 
0064 FL @CO3 
0065 MOV 79+1+ 
0 066 MOV 8.1 PLACE CO-S' IN FLUFF+4. +6 
00I67 L1 10. FES 
0068 UECT 1 
0069 MQV 199 
007il EL @F$ ; MR 
0071 E1 
0072 LI 1 il" RES 
0073 LI 9, EIOFF 
0074 ESL ä'F'IXAR 
0075 E1 
0076 " RES NOW CONTAINS SINE (X) 
0077 QUT MOs @PETLIRN 11 
0078 RT 
0079 "COSINE.. AIID 90 TO ANGLE iS. T 
0 080 COSINE MDV 11, 'PETURN 
0081 MDV o'ANG" ö'ANGLE 
0082 MOV a'Rr1G29@RNGLE2 
0083 LI 10-, ANGLE 
0(184 LI 9, NINTY 
C1085 BL @FSXPR 
0086 E1 
008? .. IMF' COSE 
0088 *RES NOW CONTAINS COS (X) 
0089 " COSINE ADD 90 TO ANGLE FIRST 
0090 END 
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C. 3 Listing of the SINTAB Routine : 

0001 IDT 'SINTRB+' 
0002 IiEF SIND COS, TRBL 
0003 SINE DATA >OP>04789>OSEFP>OD66P>IIDC*>1650P>IAC2 
0004 DATA >IF33, >23AI, >28OC: ">cC: 7ý">34tº a>353A, >3996 
0005 DATA >3DEF">42429>46909>4RIº9p>4F1R")53589)578F 
00I-16, DATA >`RBE, >5FE664(17 ">6$20-v >GC31, >7039 , >7439 
0007 DATA > 8EF">7CIC>>8iºi. ºtº. >83r, R. >87R9, >8F: E+Iº">8F27 
0008 DATA >92Iº6">9679. >9A11, >9119C>>A11E>R48E">R7F3 
0009 DATA >AE4C">RE9 , >P 1D5 P >B! "i 05. >B827">I, F. 3R, >BE3F 
0010 DATA >Cl35, >C41B9>C'6F3">C9F, B">CC73">CF1C9 >Iº1B4 
0011 DATA >Iº43C">D6BS, >D91R. >IºR6F. >IºtºF. 4">DFE79>E204 
0012 DATA >E419">E617">E8I14, >E9AE">EEA6, >EIºSR, >EEFF 
0013 DATA >F086 >F2fIE">F3? 8">F4IºCº">F615, >F747 ">F865 0014 DATA >F9 0 >FR6R">F'B4Ca>FC1C, >FCD9">FIºR2">FE18 
('015 DATA >FE99 >FF07, >FF6(º. >FFRA. >FFL2">FFF6a>FFFF 
0016 TREL EOLI SINE 
0017 SIN MOV 7.8 
0018 LI 2,2 
0019 LI 3,181. ) 
00211 LI 4.360 
0021 CI 7-10 
01: 122 JLT NEGT 
0023 JEC OUT 
0024 LI 704000 
0025 OK CI 8490 
0026 JGT OT 
0027 JEC NTY 
0028 SbIPB 7 
0029 MPY 892 
0030 MDV 'S: INE (3) . *9 
0031 MOY'B 9.7 
0032 ShIPfs 7 
0033 St, IPE 9 
9034 CLR 8 
0035 MOVE 998 
0036 RT 
0037 NTY RI 711>0110 
(' 0a CLR. 8 
00 j9 P.. T 
('040 HEGT LI 70>COOO 
0041 NEC, 8 
0042 JMP OK 
0043 0T CI 8.180 
0044 JGT OT! 
0(145 S 893 
0046 MOB; ' 3.3 
0047 imp Eli:, 
0048 OT1 CI 2,270 
0049 JGT 0T2 
('0501 5 3,2 
0051 NEC 7 
0052 imp OK 
0053 0T22 CI 8.360 
0054 JGT OT. 
1.1055 JEc! OUT 

SIN (90. - 
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0056, 5 8 14 
0057 TIDY 498 

0 0518 NEC, 7 
0059 Jf9F OK 

o06¬' Co_: AI 7,9r. ß 0061 JMF SIM 
0062 0T3 AI S"-36o 
0063 JMP OK 
(1064 PT 
0 Cir, 5 OUT CLR 7 
(1066 r; LP 8 
0067 PT 
0068 END 
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Reprinted from: Acoustical Imaging, Vol 12, 
Plenum Press, New York, 1982. 

EXPANSION OF ACOUSTIC HOLOGRAM APERTURES 

USING ARMA MODELLING TECHNIQUES 

RE Abdel-Aal, CJ Macleod and TS Durrani 

Department of Electronic and Electrical Engineering 
University of Strathclyde 
Glasgow Gl 1XW, Scotland 

ABSTRACT 

As distinct from optical holography, the wavelengths in acoustic 
holography are large and therefore the numerical aperture is small 
for a given physical aperture. Further, the number of points at 
which the hologram can be sampled is limited due to time consider- 
ations when mechanical scanning is used and the high cost of building 
large arrays to sample the hologram. In order to achieve adequate 
resolution large apertures are necessary, therefore, a requirement 
exists for investigating signal processing techniques for increasing 

aperture size from available data. 

In this paper a method is proposed for enlarging a limited holo- 

gram aperture in the space domain by extrapolating, computationally, 
additional points outside the available aperture using estimation 
techniques. The paper is concerned with two particular aspects of 
hologram extrapolation: 

(i) Moving Average (MA)/Autoregressive (AR) processing techniques 
based on the available data. 

(ii) The effect of disturbing noise in the measured hologram sig- 

nals on the estimation accuracy. 

Results obtained by computer simulation show the effectiveness 

of this method for enlarging the aperture with corresponding improve- 

ment in resolution with and without disturbing noise. 

697 
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698 R. E. ABDEL-AAL ET AL. 

INTRODUCTION 

Signal processing aimed at increasing lateral resolution is of 
particular importance in acoustic imaging because numerical apertures 
(i. e. aperture values expressed in terms of multiples of the wave- 
length) are normally much smaller than those available in optical 
imaging. Improving the resolution in this way would achieve consid- 
erable savings in time and cost by reducing the area over which the 
data is collected. Moreover, situations arise in the field of 
acoustic imaging where the available aperture is physically restric- 
ted, for example, when imaging the inside of the chest through narrow 
spaces between the ribs. A considerable amount of such signal pro- 
cessing can be conveniently carried out using a digital computer, 
which most holographic imaging systems use nowadays for reconstruct- 
ing images. 

The possibility of resolution beyond the diffraction limit has 
been recognised in optics for a number of years (1), and several 
techniques have been developed for this purpose (2). These include 

a process of analytic continuation on the spatial frequency spectrum 
of the image (3), and an object restoration technique based on expan- 
ding the aperture function in terms of prolate spheroidal wave func- 
tions (4). Other methods which are more robust against noisy envir- 
onments include the error energy reduction method proposed by 
Gerchberg (5) and the maximum entropy technique by Frienden (6). 

A number of techniques to improve lateral resolution in acoustic 
holography have been reported in the literature. A sequential 

estimation method based on the minimization of a mean square criterion 
function in the frequency domain have been used by Takuso Sato et s1 
(7) to expand the hologram aperture. Other methods attempt to 
improve resolution without expanding the available aperture, such as 
a more exact reconstruction method proposed by Williams et al (8), (9), 
Another method is that suggested by Ikeda et al (10) where the resol-' 
ution is improved by artificially increasing the frequency of the 
hologram signals before reconstruction. 

This paper describes a new method for enlarging a limited holo- 

gram aperture in the space domain using estimation techniques. The 

method is based on modelling the hologram signal over the available 
aperture and using the model so constructed to predict new points outo 
side that aperture. The models used are in general of the ARMA type 

containing both space variant and space invariant terms. The paper 
also describes a technique for correcting the predicted signals in 

order to improve the prediction accuracy. The effect of noise in 

the hologram signals is discussed and numerical examples are given 
to illustrate the effectiveness of the method as a tool for improving 

resolution when imaging single or multiple-point objects with and 

without disturbing noise. 
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EXPANSION OF HOLOGRAM APERTURES 

NATURE OF THE PROBLEM 

Hologram signal and simulation of noise 

Expanded Aperture G(k), P(k) 

Aperture Available Aperture 
Extension Aperture, H(k) xtensionl 

A 
-...... +. +. 

++I++.. 

N2 Nl k 21.12 

zo 

I/ri 

.. +-* ".. " "1- 
k Nl N2 

Hologram 
plane 

object 
_ .. 

) 

plane 
(Xi, Z0)I 

Q 

Fig 1. Geometry of the imaging system 

A 
H (k) ri exp R ri = Otk tj ßk 

1=1 i 

699 

Consider the hologra- 
phic imaging system shown 
schematically in Fig 1. 
For simplicity the object 
is assumed to consist of 
a finite number of point 
sources which radiate 
acoustic energy coherently. 
The hologram is sampled at 
2 N1 uniformly distributed 
points in the available 
aperture, spaced at dis- 
tance A wavelengths. The 
object lies in a plane 
parallel to the hologram 
at distance Zo from it, 
Zo is assumed to be known 
beforehand. 

The complex hologram signal 
at sampling point k in the 
avavilable aperture is 
given by: 

where ß is the number of points in the object, K is the wavenumber, 
K= 2n/a, A is the wavelength, Ai is an amplitude factor, and ri is 
the length of the vector joining point i on the object to point k on 
the aperture. 

kALA 
a= Ei cos (K r ), ß= Ei sin (K r) k i=1 ri ik 1=1 ri i 

We assume in practice that the hologram is obtained by measur- 
ing the quantities and ßg at the sampling points. The measured 
quantities, a' ands' k, will contain random noise which can be sim- 
ulated by relak ting a'kand ß'k to ak and $k as follows: 

a'k=0lk+nk 

k-ßk+ k 

where nk and ýk are white noise processes with zero mean and vari- 
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700 R. E. ABDEL-AAL ET AL. 

ance prescribed by the input signal to noise ratio. The noise level 
is expressed throughout as the relative peak amplitude of n wrt the 
hologram signal ak. This is taken to be equal to that of k wrt ßk. 

Prediction and the definition of errors 

This paper is concerned with expanding the aperture in the space 
domain by predicting new points. The prediction of signals to the 
right of the available aperture is based on a model derived from the 
signals at the RH half of the available aperture. Similarly the LH 
half is used to predict points to the left. The following defini- 
tions are made, (see Fig 1): 

" H(k), k 4, N1 is the true hologram signal over the small 
available aperture 

" G(k), k. N2 is the predicted hologram signal over the 
expanded aperture, 

G(k) = 
{H (k) k N1 

Predicted signal at point k N1 <k< N2 

" P(k), k N2 is the true hologram signal over the expanded 
aperture. 

Let G(k) = gI(k) +J g2(k) 

P(k) = p1(k) +j p2(k) 

The percentage error at point k(k=N1+1, N1+2, ... N2) is defined as: 

E(k) = 100 {(g1(k)-p1(k))2+(g2(k)-P2(k))2}/ 

{(P1(k))2+(P2(k))2}1 (1) 

k N1+1, N1+2, ... N2 

A better expression for the error, which takes into account its 
effect on the image reconstruction, is obtained by weighting the 
error in eqn (1) by the ratio between the modulus of the true holo- 
gram signal at point k and the modulus of the maximum signal over the 
whole of the true aperture, Amax' where: 

Pmax A max {IP(k)I} k=1,2, ... N2 

This leads to: 

E(k) = 100 {(gl(k)-pl(k))2+(B2(k)-p2(k))2) /pmax (2) 
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EXPANSION OF HOLOGRAM APERTURES 701 

THE MOVING AVERAGE (MA) MODEL 

Referring to Fig 1, consider a single-point object and assume a 
total available aperture containing 2N1 points and an expanded aper- 
ture of 2N2 points. Considering the RH side of the aperture, the 
Moving Average (MA) or space variant model for the hologram signal in 
the available aperture is obtained by relating the signal at point k 
to that at point (k-1) by: 

H(k) = i(k) H(k-1), k=2,3, ... N1 (3) 

where J(k) is a function of the position of point k relative to the 
centre of the aperture. If j(k) is assumed to be a polynomial func- 
tion in the distance dk from point k to the centre expressed in wave- 
lengths (see Fig 1), then: 

fi(g) = al + a2(dk)l + a3(dk)2 
N 

=Eai (dk)i-1 

where ai is 
ä complex 

coefficient, 
the polynomial. 

+ ... + aN(dk)N-1 (4) 

and N is the number of terms in 

Writing eqn (3) for all values of k and substituting for ý(k) 

from eqn (4) we have the following set of equations which are solved 
for the model coefficients al, a2, ... aN: 

H(2) H(l) H(l)dl H(1)di H(l)di-1 a 1 

H(3) H(2) H(2)d2 H(2)d2 H(2)d2-1 a2 

aN 

H(N1) H(Ni 1) H(Nl_l)dNl-1 H(Nl 1)d2l-1 . H(N1 l)dN 
ll1 

For an exactly determined system, the number of terms in the 

polynomial is assumed to be equal to the number of equations, i. e. 
N=Ni 1. 

To use the model for prediction we assume that the relationship 
in eqn (3) holds outside the available aperture, with j(k) now def- 

ined by the model coefficients al , a2, .. aN . Thus the signal at 
the first predicted point G(N1+l) is obtained from the signal at the 

last point in the available aperture H(N1) by: 

G(N1+1) _ J)(N1+1) H(N1) 
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N 
_ {ill aj(dNl+1) 

1_i) H(N1) 

Similarly G(N1+2) is obtained from G(N1+l), ... and so on. The 
process of constructing and using the model is repeated for the left 
half of the aperture with prediction from right to left. 

The model has been used to expand a total aperture of 16 points 
(N1=8), spaced at 1A, four times (N2=32) to image a 1-point object on 
the centre at a range of 100 X. Fig 2a shows the percentage predic- 
tion error, as defined by eqn (2), over the aperture. The images 
reconstructed from the small available aperture, the expanded predic- 
ted aperture, and the expanded true apertures are shown in Fig 2b 
normalised to the same peak value. Backward wave propagation has 
been used throughout to obtain the reconstructed images. The images 

(a) Percentage prediction 
error over the aper- 
ture 

(b) Intensity of recon- 
structed images 
normalised to the 
same peak value 

Fig 2. Expanding an 
aperture four times 
using an MA predictive 
model to image a 
1-point object 

1 13% v 

Hologram: 
bt 

E. 
0 Nl8 

N2 32 

0 
Ob ect: 

0 
b xl=0 

Zo = 100a 

-31.5X 0 31.5X 
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obtained from both the true and predicted holograms are in good agree- 
ment with a corresponding improvement in the width of the point image 
over the case of the small aperture. 

For the case of 1-point object at the centre in the Fresnel zone 
and beyond, it was found that the prediction error is inversely pro- 
portional to the object range. It is interesting to note that for 
this case the spatial frequency over the aperture also varies inversely 
with range. Obviously, the higher the spatial frequency the greater 
the errors that would be expected in prediction due to the larger 
variations in the signal from one point on the aperture to the next. 

Several types of polynomials have been tried for the model func- 
tion 'P. Orthogonal Chebyshev, Legendre and Hermite polynomials gave 
almost identical results to those obtained with ordinary polynomial 
expressions. In the case of the Fourier series polynomial, it was 
found that the predication accuracy depends on the choice of the 
spatial fundamental frequency of the series, -which should be optim- 
ized for maximum accuracy. 

THE MOVING AVERAGE/AUTOREGRESSIVE (ARMA) MODEL 

When attempting to use the MA model for predicting the hologram 
of a 2-point object the errors were too large to allow for useful 
expansion ratios. The concept of the ARMA model was then introduced. 
In this model, the signal at one point is related not only to the 

signal at the previous point by a space variant function but is also 
linearly related to the signals at a number of the preceding points. 
Assuming an ordinary polynomial expansion for the space variant func- 
tion we have: 

H(k) =I ai(dk)i-1} H(k-1) +E cj H(k-q+j-1) (7) 
i=1 j=1 

with 
k=2,3, ... Nl 

H(k-q+j-1) =0 for j4 q-k+l 

where: 

p is the number of MA (space variant) terms, q is the number of 
AR (space invariant) terms, ai(i=1, ..., p) are the MA coefficients, 
c(j=l, ..., q) are the AR coefficients. 

As both the MA and the AR parts of the model have to share the 
number of degrees freedom, and assuming an exactly determined system, 
then: 

p+9=N=N1-1 

Writing eqn (7) for all values of k over the available aperture we 
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have N equations which can be solved for the model coefficients al, 
a2, ... a, cl, c2, ... c. The model is then used to predict points 
outside tRe available apelture. First, G(N1+1) is obtained from 
H(N1) together with signals at the preceding q-1 points. In general, 
G(Nl+R) is obtained as follows: 

p iq G(Nl+L) _{E a1(d +A)-1}G(N1+L-1)+ 
E ci G(N1+R-q+j-l) 

i=1 1 j=1 

It was found that for the case of 1-point objects the optimum 
model is an MA model (no AR terms). For 2-point objects, however, 
an ARMA model gives better results. Fig 3 shows the reconstructed 
images obtained when doubling the size of a 16 point total aperture, 
spacing 1x, to image 2 points separated by a distance of 6X, range 

Fig 3. Intensity of 
reconstructed images 
obtained when expand- Hologram: 
ing an aperture twice 0= 1ý 
using a 5-2 ARMA pre- 
dictive model to image N1 =8 
a 2-point object N2 = 16 

Object: 

Xl = -3A 
X2=3X 

Zo = 105X 

-15.5X 

1.0 
true 

predicted 

small 

0 15.5X 

105X. The prediction is performed using the optimum ARMA model 
with 5 MA terms and 2 AR terms. The figure shows that while the 
small available aperture fails to resolve the two points, they are 
clearly resolved with the expanded predicted aperture which gives 
an image similar to that obtained from the expanded true aperture. 

TIE CORRECTIVE MODEL 

An attempt has been made to improve the prediction accuracy by 
correcting the predicted signals using a corrective model based on 
comparing the predicted data with corresponding data which are known 
to be true. To construct such a model the known data over one half 
of the available aperture is related to the data at the same points 
obtained by prediction using a predictive model based on the other 
half. The corrective model is then used to correct predicted data 
outside the available aperture. The performance of the corrective 
model depends upon the structure of both the predictive and corrective 
models employed and a search for the optimum model is often required. 
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THE EFFECT OF DISTURBING NOISE 

When random perturbations were used to simulate noise in 
measured hologram signals, the prediction errors were too large and 
no satisfactory images were obtained even for relative noise ampli- 
tudes as low as 1%. The increased errors are due to the sensitivity 
of the matrix solution to perturbations in the data vector and it was 
observed that this sensitivity increases as the matrix size increases. 
It was also noticed that the larger the number of AR terms in an ARMA 
model the less the sensitivity of the matrix colution to noise. 
Referring to eqn 7, for a totally AR model (p=0, q=N), the system 
matrix reduces to a triangular form. It was found that the solution 
of this form of matrix exhibits better stability with noise than in 
the case of a square matrix. 

Fig 4. Intensity of 
1.0 

reconstructed images Hologram: true 

obtained when expand- A= lX predicted 
ing an aperture twice 
to image a 2-point N1 =8 
object. Relative N= 16 
noise amplitude: 10%. 2 
Predictive model: AR. Object: small 

X1 = -2.6A 
X2 = 2.6X 

Z= 105X 
0 

-15.5X 0 15.5X 

Fig 4 shows the image reconstructions obtained when using an AR 
predictive model to double the size of a 16 point aperture, spacing 
lA, in the presence of noise with relative amplitude of 10%. The 
object consists of two points spaced at 5.2A, range 105X. Although 
the AR model is not the optimum model without noise, it gives better 
results in the presence of noise and the two points in the object are 
clearly resolved. 

To image 1-point objects in the presence of noise the MA model 
had to be modified such that the system matrix takes a triangular 
form. Although this achieves better stability with noise, it also 
reduces the prediction accuracy of the model and a corrective model 
of a triangular matrix form had to be employed. Fig 5 shows the 
image reconstructions obtained when doubling the size of a 16 point 
apertures, spacing 1A, to image a 1-point object at the centre, 
range = 10OX with the hologram signals perturbed by noise having 10% 
relative amplitude. It is clear from the figure that in this case 
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1.0 
corrected true 

Fig 5. Intensity of 
reconstructed images Hologram: 
obtained when expand- 

= 1ý ing an aperture twice 
to image a 1-point N1 =8 
object. Relative 

noise amplitude: 10%. N2 = 16 

Predictive and correc- Object: 
tive model: MA type, 

=-0 ý triangular matrix. small 

ZO = 100X 
predicted 

-15.5X 0 15.5X 

the use of a corrective model is essential for achieving the improve- 
ment expected from expanding the small aperture. 

COMMENTS 

In this paper a method for increasing the lateral resolution in 
acoustic holography is described. The approach is essentially based 
on modelling the hologram signal at the available aperture and this 
aperture is then expanded in the space domain by using the model to 
predict the hologram signal at new points outside the aperture. An 
MA model gives optimum prediction in the case of 1-point objects while 
for multiple-point objects an ARIA model gives better results in 
general. The accuracy of determining the estimated signals can be 
increased by employing a corrective model based on the knowledge of 
both predicted and true data in part of the available aperture. 

The effect of noise in the hologram signals is also discussed 
and it was found that a triangular model matrix, has better stability 
with noise than a square matrix. This, however, is at the expense 
of some deterioration in the prediction accuracy. Typical results 
obtained by computer simulation show the effectiveness of the tech- 
nique described for improving the resolution with and without noise 
for both single and multiple-point objects. 
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Digital phase meter updates 
measurement each cycle 
by R. E S. Abdel-AaI 
Qrpartmsnt of Elscf'cw* Sc*". U efslty of Strathcyde. Glasgow, Scotland 

Because this meter measures the phase delay between 
two low-frequency square waves once every cycle, it is 
useful in applications where instantaneous readings of 
this delay are continuously required. The circuit resolu- 
tion is within 1% for signal frequencies of up to 250 
kilohertz. 

Generally, the meter counts the number of pulses of a 
25-megahertz clock for a time equal to the phase delay 
between the two incoming waveforms. Then it strobes 
the measured value into output latches once a cycle. The 
result is a continuously updated value expressed as a 
15-bit binary number plus a sign bit. 

To achieve this, the cycle is viewed as one that varies 

LEAST SIGNIFICANT BIT PHASE"DELA'' OUTPUT 

A, 
74265 

QUADRUPLE 
COMPLEMENTARY-OUTPUT 

ELEMENTS 

A 

INPUT 
A 

B 

INPUT (- 
B 

MOST SIGNIFICANT BIT 

NC p SIGN 
BIT 

A, 0 74LS374 
OCTAL FLIP"FLOPILATCH 

All 
74LS374 C20 

WW 

tm 

"Oý 

A8 4 !3 iz Iý 
A3 4 ENT DATA A6 A 

AB 3 Y' 
45163 SYNC 4 BIT 715163 74S163 

74LS157 ENP COUNTER QUADRUPLE C LDADtLR 2-LINE-TO- 
1-LINE r9 To 
DATA 

A% SELECTOR! 
MULTI- 

PLEXER 
r OI 25.0 MHz EXTERNAL 

aB 
6S"321 

SELECT 
As 10011 

X74504 INVERTER 

5V 

kf2 10 kn 10 kS2 
41 10 pF n- 10 PF 

oS0Sr IS 4s6 
%741S74 

CEýT/ 
Cl., D CE%'/ tExT 

C DUAL 
FLIP-FLOP A2 CEA9" ` Age 

,r CLR CLR ClR V 

3 it 

Y 
74LS123 DUAL MONOSTABLE 

Instantaneous. Circuit continuously compares phases of two incoming square waves, providing a 15-bit and plus-sign output that has 

resolution of (f.,,, /250)%. With a 25-MHZ clock, the practical upper frequency limits that can be handled for incoming signals is 250 kHz, will 
lowest-frequency boundaries being about 400 Hz. Lower limits can be reduced further by decreasing the clock frequency. 

from plus to minus 180'. By using only one half of the 
cycle for measurement, the circuit is free during the 
other half to store the results in the output latches and to 
clear the phase counters for the next measurement. 

The circuit automatically determines which of the 
signals is to be the reference, with the phase delay 
measured from the rising edge of the leading signal to 
the rising edge of the lagging waveform. The falling edge 
of the reference serves as the latching signal and to set 
up the counters for the next cycle. 

In operation, the two incoming signals, A and B, are 
applied to two gates of A,. Here, the complemented 
signals A and B are obtained with negligible differential 
delay. The other two gates in the chip generate gating 
signals corresponding to AB and AB. Flip-flop A2 deter- 
mines which input signal is the reference. 

If A leads B, then the Q output of Ai goes low and 
gating signal AB, together with input signal A, drives 
the 74LS157 selector chip, A,. Otherwise, gating signal 
AB together with input signal B will be selected. 

The selected phase-gating signal is used to enable a 
chain of synchronous counters, A4-A,, which are driven 
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from a crystal-controlled 25-MHz clock built around 
three inverters in As. When the phase-gating signal 
drops, A"-A, stop counting, holding their final result, 
which indicates the phase delay, at their parallel outputs. 
Following this, a short pulse from one-shot A9,, latches 

the results of the count in A, o and All. Then the pulse- 
counter chain is cleared by a second pulse from A9B. To 

ensure a proper count and store cycle, the sum of the 

widths of the two short pulses should be less than half 

the period of the highest-frequency input signal. Also, 

the short pulse used to clear the counters should be 

greater than the clock period. 
The upper limit on the frequency of the input signals 

Pocket computer tackles 
classical queuing problems 
by Cass R. Lewart 
System Development Corp.. Eatontown. N. J. 

is set by the resolution of the phase measurement that 
can be tolerated. With this circuit, the resolution is given 
by (f/250)%, where f is the frequency in kilohertz. 

The lower limit of the signal frequency is set by the 
overflow of the phase counters before the end of half a 
cycle of the input signal (that is, the maximum phase 
delay measured). With a 25-MHz clock and a 15-bit 
binary number representing the magnitude of the phase 
(excluding the sign bit), the minimum input frequency 
will be 25(106)/(2(2"-1)) = 381 hertz. At low input 
frequencies, however, a lower-frequency clock can be 
used while maintaining good resolution, and thus the 
frequency limit can be brought down even further. 11 

This program, written in Basic, permits pocket comput- 
ers such as the Radio Shack and the Sharp PC-1211 to 
tackle problems in classical waiting-line (queuing) theo- 
ry that has proved so useful in solving the tradeoffs that 
have to be made between utilization and capacity in 
telecommunications systems. The program can easily be 
translated to work on other machines. 

The classical queuing considerations assume an expo- 

10 "Z' CLEAR: USING 
15 PAUSE "QUEUING FROG. C. R. LEWART" 
20 INPUT "ARRIVAL RATE? "9L: IF L <: = 0 0010 44 
25 INPUT 'SERVICE FATE? "; M: IF M -: = 0 COTO SS 
30 INPUT '# SERVERS? " +5: IF (S 0 INT S)4( S ". ' 0) GOTO 45 
40 X=L/M: U=X/S: V--I--U: 'IF (V : 0)#((S-1)*LUGX =: 100 )* 

(S < 70) COTO 50 
45 BEEP : GOT020 
50 Y=S: COSUB 200 
55 T=Z: FOR I=0 TU S-1: Y-1: COSUb 200 
60 F=F'+X^ I/Z: NEXT I 
65 Y=S: GOSUH 200 
70 F=1/(F'+X - S/T/V ): B=X ^ S#F'/T/V 
75 W=B/SMV: ft=W+1/M: BEEF' i: F'Fc1Nr "READY' 
80 "B" PRINT "P(ALL BUSY )= "; B 
85 "X" PRINT "UTILIZATI011= ": U 
90 "A" PRINT "P(0)=" i f" 
95 "S' PRINT 'AV. WAIT="; w 
100 "V" PRINT "AV. RESP. =", R: G' `iI2 BTflS. VV)*W/IG 
105 PRINT *ST . DEV. ( TR ); "i1 
110 "N" G=LR: PRINT "AV. 114 £; YS. " "iD 115 "G" U=LW: PRINT "AV. IN QUEUE' "iU 
120 "F" INPUT "i ITEMS IN ;: YS1LM? *; U: G I'. i^hl: 

IF N<S COTO 130 
125 E=U/TS ^ (N-S ): GOT() 140 
130 Y=N: COSU8 200 
135 E=D/Z 
140 PRINT "F'(N="iNi")="iE 
145 "C" INPUT "TIME? "; Ij 
150 F=B*EXP -SMVH: Af=""W" 
155 PRINT USING 

USING "$t. II ^ "iF 
160 G=V-1/S: A$="f(": UV EXF' MH: IF G-0 (AUTO 170 165 F= G#( 14B/S*( 1- CXF "M , GII )/6 ): GOTU 1ý . 
170 F=D*(14BMH ): GUTO 155 
200 Z=1: FOR "1=1 TO Y: Z-JL: NLXT J: RLIUkN 
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