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Preface

The Air Force Weapons Laboratory (AFWL/ALO) expressed

a need to know what characteristics of reflected laser

radiation could effect the operation of the Adaptive Laser

Optical Techniques (ALOT) tracking and pointing system.

Because the radiation that is used for tracking is reflected

from rough surfaces , the far field intensity pattern has a

complex distribution of irradiance. This complex distri-

bution of irradiance is called speckle.

A computer model to calculate and plot laser speckle

patterns was developed and tested. Because a rough surface

scatters laser light in all directI~ \s~ predicting the ampli-

tude and phase of the electric field of the scattered light

is very difficult. A complex aperture function model, used

to describe this electric field , was incorporated into the

speckle 1nodel. This complex aperture function model enables

the user to input to the program the surface height measure-

ments, the surface reflection coefficient distribution , and

the incident laser radiation profile at the scattering

surface .

The program was developed to run on the CDC 6600 com-

puter. It was tested with simulated surface height data and

compared to experimental observations . The results obtained

from the program compared very favorably with theory . The

results of this thesis and further application of the

speckle program should be very valuable in understanding the

ii
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effects of speckle patterns on the operation of the ALOT

system.

I appreciate the counseling of my advisor, Major Richard

Potter, and the assistance of my wife, Karen , in the prepar-

ation and typing of this report.

William E. Landis
Captain, USAF
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Abstract

Speckle patterns produced by laser radiation scattering

from rough surfaces can be calculated and plotted using the

SPECKLE program developed in this report. The scattering

surface characteristics that are required by the program

are; surface height measurements , surface reflection coef-

ficient distribution, and incident laser radiation profile.

These three inputs are required to calculate  the complex

aperture function at the scattering surface , which is

Fourier transformed to produce the speckle pattern.

Through experimental investigation and program verifi-

cation it was determined that the typical speckle width in

a pattern is directly related to range and laser wavelength ,

and inversely related to scattering surface cross section.

The highest spatial frequency present in a speckle pattern is

proportional to the inverse of the typical speckle width .

The report also showed that the randomness of the scat-

tering surface reflection coefficient also effects the

speckle pattern. This is an important concept in camouflage

and very important in the investigation of the ALOT system

performance.

xi



MODEL FOR P REDICTING LASER

SPECKLE PATTERN S RESULTING

FROM ROUGH SURFACE SCATTERING

I. Introduction

The design of an optimum laser weapon system must

include provisions for pointing , focusing , and holding the

laser beam on target accurately enough to provide s u f f i c i e n t

damage . Conventional tracking and pointing systems using

radar , infrared , or visual techniques do not provide the

required accuracy . A concept for fine pointing and auto-

matic focusing of a laser beam , referred to as the Adaptive

Laser Optical Techniques (ALOT) system , is now being investi-

gated at the Air Force Weapons Laboratory (AWFL). The ALOT

system measures the intensity of the reflected laser radia-

tion from the target and then generates a set of corrective

pointing control signals to maximize the return. The ALOT

system has performed well throughout a series of laboratory

experiments. However, the experiments were run under near

ideal atmospheric conditions , and the effects of absorption

thermal blooming , and turbulence were not rigorously inves-

tigated. In addition , the phenomenon of speckle , a result

of rough surface reflection , was observed but its overall

effect on the ALOT system was not theoretically investigated.

1
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The goal of this thesis is to investigate rough surface

scattering of a reflected laser beam , excluding atmospheric

deteriorations, and to develop a computer model that calcu-

lates and plots a far field speckle pattern for a given

reflecting surface.

Origins of Speckle

Operation of the first continuous wave helium neon

(CW HeNe) laser in 1960 revealed that objects viewed in a

highly coherent light acquire a speckled appearance . The

physical origin of the observed speckle phenomenon was quick-

ly recognized by the early workers in the laser field (Ref.l ;

Ref.2). When monochromatic light is reflected from a rough

surface the optical wavefront resulting at a distant point is

the summation of many dephased wavefronts , each produced by

a different surface scattering element. The distances tra-

veled by the numerous wavefronts from a point on the scat-

tering surface to a unique point in the observation plane ,

may differ by several integer and noninteger wavelengths of

the reflected radiation . Interference of the dephased wave-

fronts produce the speckle pattern .

The random interference phenomenon of laser speckle

parallels other branches of physics and engineering . Some

of the more modern direct analogies are coherent imagery in

synthetic aperture radar (Ref.3), and radio wave propagation

(Ref.4:l88—267 , Ref.5)

2
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Theoretical Investigation

The overall goal of this thesis was to develop a com-

puter model to calculate and plot speckle patterns resulting

when laser energy is reflected from rough surfaces.  Before

the computer program was developed , an extensive l i terature

search was made to determine what theories have been hypo-

thes iz ed arid developed conce rning the predic t ion of speckle

patterns. The bibliography and supplemental bibliography of

this thesis lists numerous books and articles concerned with

the speckle phenomenon .

The initial  pa ragraphs of the theory section outline

the history of the investigation of speckle. The well known

H uygens—Fresne l di f f ract ion formula is the basic equation

used in the development of the computer model. Although the

Haygens-Fresnel diffraction formula can be formulated from

experimental observations, it can also be derived from the

classical scalar wave equation .

From the Huygens-Fresnel equation it is shown that the

far field diffraction pattern is the two dimensional Fourier

t ransform of the scattering aperture . As a review , the last

part of the theory section discusses discrete data process-

ing, including sampling theory and the fast Fourier transform .

Experimental Investigation

Before any attempt was made to develop a computer model

that would calculate speckle patterns , several laboratory

laser experiments were accomp lished to observe speckle

patterns . The two properties that were investigated were

3
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speckle size var iations related to range variations and

speckle s iz e var iations re lated to reflect ing aperture size

variations.

Direct observations and computer analysis of photomul-

tiplier data were used to analyze the experimental results.

The initial method used to observe and analyze the speck le

patterns was to record a portion of each speckle pattern on

film. Photographs provided an easy means of observing

trends in the speckle patterns as range and aperture size

were varied , but for statistical analysis the photographs

were a poor medium of recording . To provide a higher reso-

lut ion of contrast across the speckle pattern, a photomul-

tiplier was used to measure the reflected intensity at the

observation plane. The photomultiplier data was then ana-

lyzed , by a fast Fourier transform computer program , to

obtain the spatial frequency content of the speckle pattern .

This transformed data provided the best method of observing

the speckle pattern characteristics as predicted by the

Huygens—Fresnel d i f fract ion formula.

Con~puter Model Used to Calculate Speckle Patterns

After  an extensive literature search on the phenomenon

of speckle and an experimental investigation , the computer

model was developed . Basically , the computer model performs

the two dimensional Fourier t ransform of the complex ap~ r-

ture function. The complex aperture function describes , in

detail, the reflected f ield distribution immediately in

4

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4



- - _ - -_ . — . — _ ._ —‘-
~

“_ —-— , - -— ----_- __--- . .

front of the reflecting surface . For a smooth reflection

surface , the complex aperture function is a constant value

across the aperture , however , for rough surface reflection

there are amplitude and phase variations across the aperture .

The model used to predict the complex aperture function was

suggested by Goodman ( R e f . 6 )  in his study of the statistical

properties of laser speckle patterns .

The chapter describing the speckle computer model de-

tails the formats used for the computer data and describes

the possible outputs from the program . The input used to

calculate the complex aperture function is an array of sur-

f ace height measurements across the scattering surface . To

accurately describe a scattering surface , an enormous number

of height measurements are required , however , the computer

core available to calculate the two dimensional Fourier

transform is limited. This limited core size , which re-

stricts the number of input data samp les , is probably the

major deficiency in the computer model.

Analysis of the Speckle Computer Model

A maj or portion of this thesis is devoted to the pro-

cedure used in the verification of the computer model used

to calculate speckle patterns . Various complex aperture

shapes, with known two dimensional Fourier transforms , were

input to the speckle program and the results compared with

theory . Without exception , the computer model calculated

and plotted speckle patterns that compared very favorably

with theory . When the apertures were modeled as randomly

5
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rough reflecting surfaces , the speckle patterns could not be

compared directly to the known results , however , several

characteristic features were observed and compared to theory .

The two major characteristics of speckle patterns that were

observed and used for computer model verification were typi-

cal speckle size and intensity distribution across the

speckle pa ttern .

Ave rage speckle size is directly proportional to the

laser wavelength and range and inversely proportional to the

reflecting aperture size. This phenomenon is predicted by

theory (see theory section) , was shown in the experimental

investigation of speckle patterns (see experimental investi-

gation section) , and was also observed in tI~ calculations

and plots from the speckle model.

The intensity distribution in the far  field d i f f rac t ion

pattern is very complex when the reflecting surface is ran-

domly rough. To verify the computer model , speckle patterns

were first calculated for a series of smooth reflecting sur-

faces and the results compared very well with theory . For

a square complex aperture function , the first minor lobe

amplitude was approximately one order of magnitude lower

than the central maxima . Each succeeding minor lobe was

significantly less than the preceeding . When the scattering

surface is randomly rough , the speckle pattern appears as a

random array of bright and dark spot s and minor lobes of the

diffraction pattern can approach the amplitude of the central

maxima . This phenomenon was observed and presented in the

6 
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experimental section of this thesis.

Thesis Conclusion Applicable to ALOT System Design

The last chapter of this thesis gives a summary of the

thesis project results that are applicable to the ALOT sys-

tem design study. The two areas that are summarized are

average speckle size in a far field diffraction pattern and

the spatial frequencies within a speckle pattern .

7
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II .  D i f f r a c tion and Fourier Analysis  Theory

Laser light d i f f e r s  from common radiant l ight (sun ,

candle , light bulb , etc.) because it is composed of a single

freq uency and displays both temporal and spatial coherence.

Temporal coherence expresses the length of time that the

phase of the wavefront at a given point in space can be

accurately predicted . Spatial coherence is the ability to

predict the phase at one point in the laser beam relative to

another point, either longitudinally or laterally, at the

same instant of time. For a laser, the temporal and spatial

coherence characteristics are extremely large compared to

radiant light.

Finding an exact explanation and mathematical solution

to the scattering process of light has been a major area of

research throughout the history of physics. In 1678 the

Dutch physicist, Christian Huygens , formulated a theory that

stated: (Ref .7:60) , “every point on a primary wavefront

serves as the source of spherical secondary wavelets such

that the primary wavefront at some later time is the enve-

lope of these wavelets. Moreover , the wavelets advance with

a speed and frequency equal to that of the primary wave at

each point in space.” In the early 1800 s Augustin Jean

Fresnel recognized that the huygens principle should be

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



mod ified to include the wavelength of the d i f f rac ted  light .

He corrected this apparent deficiency with his theory which

stated (Ref.7:330), “every unobstructed point of a wavefront,

at a given instant of time , serves as a source of spherical

secondary wavelets (of the same frequency as the primary

wave). The amplitude of the optical field at any point be-

yond is the superposition of all these wavelets (considering

their amplitudes and relative phases).” This statement is

now referred to as the Huygens-Fresnel principle of diffrac-

tion.

Although the phrases of the Huygens-Fresnel principle

are relatively easy to understand , the mathematical state-

ment of the principle is very complex. Many brilliant theo-

reticians and experimentalists such as Helmholtz , Kirchhoff ,

Green , Young , Rayleigh , Sommerfeld , and Fraunhofer formu-

lated reliable approximations enabling the complex mathema-

tical model of diffraction to be reduced to a solvable

equation ( R e f . 8 : 3 0 — 5 4 ) .

Huygens-Fresnel Equation

Equation 1 is one of many mathematical representations

of the Huygens-Fresnel diffraction formula (Ref.8:60) .

E5(x ,y) = 
E xP ( ik z ~~ xp{j~~(x 2 +y 2 ) } ~~ E~~(u ,v)

EXp{~~~(u
2+v 2) }Exp{~~

2
~~(ux+vy) }dudv (1)

9 
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where :

E 5 (x ,y )  E Electric field strength in observation
plane (v/rn) (complex envelope)

Ea (u ,v) Electric field strength in scattering
pla ne (v/m) (complex envelope)

z E Range between scattering and observation
planes (m)

A E Laser wavelength (m)

k Propagation number = 2 f f / A  (l/m )

Equation 1 describes the relationship between the complex

amplitude , E 5(x ,y) , of the field strength of the scattered

monochromatic wave in the observation plane due to a complex

field strength , Ea(u,v), over an aperture in the scattering

pl ane . See Fig. 1 for geometrical layout. Note that E a (U ,v)

v
ii

/ y

E a (U
~~

V) ;j x
r~

0 
~~~

p E5
(x ,y)

A

Aperture

r1 = (z 2 + (x-u) 2 + ( y — v )  2 ) ½ Observation
Plane

Fig. 1 Aperture Diffraction Geometry

10
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is prod uced by the monochromatic wave i l luminating the scat-

tering aperture. It will be shown that Eq. 1 will simplify

slightly by using far field approximations and a complex

aperture function model.

Although Eq. 1 was formulated through the use of exper-

imental obse rvations , it can also be de rived from the d i f fe r -

ential wave equation . An equation for a scattered field

produced by a complex aperture function , Ea(u,v), is the

Fresnel-Kirchhoff diffraction formula

E (x,y) = _.L_ff_LExp~ jk r j }E~~(u ,v) dA (2)
5 jA A

Equation 2 is valid for small B’s (see Fig. 1) in the range

of zero to 15 degrees.

An approximation of r 1 can be obtained through the bi-

nomial expansion of

r1 = (z 2 + ( x_ u ) 2 + ( y_ v ) 2 ) ½ (3 )

When this expansion is completed , only those terms with

powers of two or less are retained. This is known as the

Fresnel approximation and is valid for

z~~>>~~~~~ { ( x — u )  2 + ( y — v )  2 } 2  ( 4 )

11 
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With the previous approximations , the Fresnel-Kirchhoff

diffraction formula (Eq. 2) reduces to the Huygens-Fresriel

diffraction formula (Eq. 1). For the problems investigated

in this thesis, Eqa 1 can be further simplified by envoking

the Fraunhofer far field approximation

k’ 2 + 2~~u v , MAX (5)
2

This approximation insures that the quadratic phase factor ,

from Eq. 1,

Exp{2-~~(u 2+v 2 ) }  ( 6 )
2z

of the incident radiation is appro~’irnately unity over the

aperture . Goodman states ( R e f . 8 : 6 l ) , “Fraunhofer d i f f rac t ion

pa tterns can be observed at distances closer than implied by

Eq. 5, provided the aperture is illuminated by a spherical

wave convL :ging toward the observe r, or if a converging lens

is properly situated between the observer and the aperture.”

In summary , it has been stated (although not proven in

this thesis) that the Huygens-Fresnel diffraction formula

(Eq. 1) can be derived from the differential wave equation

if realistic approximations are applied to the Fresnel-

Ki rchhoff d i f f rac t ion  formula (Eq . 2 ) .  In addition , Eq. 1 is

further  simplified by the Fraunhofer far  f ield approximation

(Eq . 5) to provide Eq. 7 on the following page .

12
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E 5 (x ,y )  = 
E x p ( j k z )  Exp {~~~(x 2 +y 2 ) }

jAz 2z

L a ,
~~~~

p{ vy)}th1
~~ 

(7)

Equation 7 represents the complex amplitude of the electric

field strength (v/m) distribution at an observation plane

resulting from the backscatter of an electric field incident

on an aperture. All the quantities in Eq. 7 are easily

measured or defined except Ea(u,V) , the complex aperture

function , when the aperture is a rough reflecting surface .

Complex Aperture Function Model

The complex aperture function , Ea(u,v), in Eq. 7 is a

representation of the complex amplitude of the electric field,

immediately af ter  the aperture , that propagates through

space to produce a diffraction pattern. It can be assumed

that Ea(u,v) is produced by an infinite number of fictitious

spherical point sources at the aperture , where each source

has a unique amplitude and phase. Each of these sources

contributes , by addition of amplitudes and phases, to every

point on the far field diffraction pattern. Therefore , the

relative phases of the sources , at the aperture , di rectly

effect the shape of the diffraction pattern. The funda-

mental problem then is to construct an Ea(u ,V) function that

properly describes the amplitude and phase of every point in

the aperture.

The simplest case that can be discussed is when the

13 
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aperture is illuminated by a coherent laser beam. The

upper drawing in Fig. 2 on the following page , illustrates

the geometry of the problem. The complex amplitude of each

spherical wavelet can be described by

Ea
(u ,v) Eo (b)Exp{j(kbn)} (8)

From the geometry shown in the upper drawing of Fig. 2 it is

obvious that at b=0 all relative phases are zero and can be

assumed equal to zero. Thus, Eq. 8 reduces to

Fa(u ,v) = E0 (b= 0) = Constant (9)

and Ea(u,V) in Eq. 7 can now be moved outside the double

integral.

When the aperture becomes a rough reflecting surface ,

as in the operation of the ALOT pointing system , the surface

height variations can cause a randomness in the phase distri-

butions of Ea(u,v). Rayleigh (Ref.9:9) suggested an elemen-

tary equation to determine the phase at each point of the

complex aperture function. The path difference (AC+CD-AB)

be tween waves 1 and 2 in the lower drawing of Fig. 2 is

~ Path = 2h(u ,v)Cos~ (10)

The phase d i f f e rence between the two waves is

= ~~ (~ Path) = 
4 C o ~~ (11)

14
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Equation 11 can be used as the phase modulation of the

reflected field. To complete the complex aperture function ,

E a (U ~
V) , terms should be included to represent the amplitude

of the field. Let P(u,v) be the absolute field strength

distribution at each (u,v) location of the incident radia-

tion and let r be the reflectivity of the scattering surface.

In this thesis the assumption is made that the incident

radiation is a plane wave from a coherent laser where the

field strength is a constant , E0 , across the beam and the

ref lect ivi ty  is a constant across the aperture . The complex

aperture funct ion becomes

Ea(u,v) = r E0 Exp{i~~h(u ,v)Cos~ } (12)

Goodman (Ref.6:65) states, “that a simplistic relation

(for Ea(u,v)) often used in analysis and reasonably accurate

if the surface slopes are small.” is

Ea
(u ,v) = r E 0 Exp{i~~ (l+Cos~ ) h ( u ,v ) }  ( 13)

A quick check of Eq.s 12 and 13 shows that the phase of Eq.l3

varies more slowly than that of Eq. 12 , however , at 10

degrees or less inclination (
~

) of the inc iden t r adiation

they d i f f e r  by less than .033 radians . Since both are sim-

plistic models and reasonably equal within 10 degrees and

Eq. 13 has been used by Goodman in the study of laser

speckle statistics, Eq. 13 wil l  be used in this thesis as

16
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the model of the complex aperture function, Ea (u,v).

With the addition of Eq. 13 , the Fraunhofer diffraction

formula , Eq. 7, becomes

E9 (x ,y) = E x p ( j k z )  Ex p f2~ .(x 2 +y 2 ) } r  E0
jAz 2z

f~Expf1~~ (l+Cos~ )h(u,v)}Exp{
J2
~~(ux+vy)}dudv (14)

It is recognizable that the double integral is proportional

to the two dimensional Fourier transform of the complex

aper ture function , Ea (U ,V) a Before any additional material

is covered on diffraction patterns , Fourier analysis theory

of disc rete data processing mu st be discussed.

Fourier Analysis

This subsection of theory is devoted to Fourier analysis

and , in general , the relationships between Fourier inte-

grals , discrete Fourier transforms (DFT), and fast Fourier

transforms (FFT). In addition , the provisions for the

existence of each transform type will be discussed along

with the pitfalls associated with discrete data Fourier

transforms . The DFT is defined to be

g(r) =~~.~~~0
x(k)Exp{_j27rrk/N} (15)

17 

-_ ,- - - . _ ~~~~~~~-~~~~~~~ .-- ~~~. _ , - _  ~~~~~~~~~~~~ -~~~~ _ . -~~-_ _~~~~~_ -“,_ - _ . . . . A



-~~
_. .—  -~~~~~~. . -  

- -
~~~_ .--.— ~~~~~ _ -

where :

g ( r )  = r th coeff ic ient  of DFT (sample)

x ( k )  = kth coefficient  of spatial series (sample)

N = Total samples in spatial series

The connection between discrete and continuous Fourier trans-

form representations are shown below .

Discrete Fourier Transform

The Fourier series is represented by

af ( t )  = ~
_L + ~ a~ Cos(nirt/p)2 n=l

÷ 
~ 

bn Sin(nirt/p) (16)
n= 1

where

= I j f(t)dt (17)
P 0

1a~ = — I f(t)Cos(nirt/p)dt (18)

b = I í f(t)Sin(nnt/p)dt (19)n

and p is the period of the time series. If the Dirichlet

conditions are met plus the integral of j f ( t )  j from minus to

plus infinity exists , then the Fourier series (Eq. 16) can

be replaced by the Fourier integral. Equations 20 and 21

are the Fourier integral transform pairs.

18
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+00

x(t) = I g(f)Exp{j2rrft}df (20)
-c~

+00

g(f) = f  x(t)Exp{—j2ffft}dt (21)

Equations 20 and 21 can be used to derive the DFT ( R e f . l O :

280). Start with Eq. 20 and let

t = t. = i~ t i = 0,±l ,±2 ,~~~• (22)
1

F = l/~ t ( 2 3 )

to yield

+00

x( t ~~) = 1  g (f)Exp~ j 2 r r i f/ F }df  ( 2 4 )

or

+00 (k+l)F
x ( t ~~) = ~ I g(f)Exp{j2irif/F}df (25)

k=-oo 
kF

The exponential is periodic in f with period F, so Eq. 25

can be wr it ten as

F
x(i~t) = I g~~(f)Exp~ j2irif/F}df (26)

where

+00

g ( f )  = I g(f+kF) (27)
P

Since g~~( f )  is periodic with period F , it has a complex

Fourier series expansion in powers of the exponential where

19
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coefficients are given by (l/F)X(i~t), as shown in Eq. 26.

Thus,

g (f) = 
1 ~ x(i~ t)Exp{—j2rrif/F} (28)P F j=_00

Now , sample in the frequency domain at points f =ntxf,

n=0 ,±l ,±2 ,.a . , where t~f=l/T, and Eq. 28 becomes

+00
g ( n s f )  = I x(i~t)Exp{—j2rrin/TF} (29)p F 1=_00

If TF=N is an integer, the exponential is a periodic func-

tion of i with period N. Therefore

g (nt~f )  = I x (i~ t)Exp{—j2rrin/N } (30)P F i=0 P

where

+00

x ( i t t )  = I x((i+kN)At) (31)p k=-oo

The sum in Eq. 31 gives the sampled values of

+00
x ( t )  = I x(t+KT) (32)P

which is a periodic function of t , with per iod T , and is

formed from x ( t )  in exactly the same way as g~~( f )  is formed

from g ( f )  (Eq . 21) . Substituting L~t=T/N for 1/F , Eq. 30

becomes Eq. 33 on the following page . Note if x ( t ) = 0  for

20



tI>q, x ( t) x(t) (i.e.; space limited function) .

N-i
g (nt~f )  = I I Tx (iAt)Exp{—j2irin/N } (33)
P N i = 0 ~

which is the DFT (Eq. 15). In the DFT the following approx-

imations apply :

x ( i )  = Tx~~( iA t )  ( 3 4 )

g ( n )  = g~~(n~ f )  ( 35)

This proof was extracted from Rabiner and Rader (Ref.lO:280)

and provides the DFT pairs of

N- 1
g~~(n )  = I 

k=O 
x~~(k)Exp{_j2 rrnk/N} (36)

N-i
x~~(k )  = 

n~ 0 
g (n)Exp{j 2~iink/N } (37)

and

g (n )  = n th coeff icient  of DFT

x~~(k)  = k th coeff ic ient  of spatial series

N = Total samples in series

k and n = 0, 1, 2~~•~ N-l

Equations 36 and 37 are the DFT pairs provided Eqs. 20 and

21 exist and the approximations of Eqs . 34 and 35 are used.

The FFT is an efficient method for calculating the DFT

on a computer. This thesis will not discuss the development

of the FFT but Ref. 10 part 2 gives in depth details of the

algorithm. There are several FFT routines that are used in

21
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the signal analysis field , however , the one used in this

thes is and most widely used is by J. W. Cooley and J. W.

Tukey .

The number of multiplications for the FFT is 2NLog2 N

compared to N 2 for the DFT for a one dimensional data array

of leng th N samples. Besides this computational e f f ic iency,

the FFT uses only one data array for input to the routine,

internal routine calculations, and output from the routine .

There are two major problems associated with using the

DFT and FFT algorithms compared to the Fourier integral;

aliasing and leakage . Aliasing refers to the fact that

high frequency components of a time function can impersonate

low f requencies if the sampling rate of the data is too low

and therefore , two widely d i f f e ren t  functions can have the

same DFT. An example of this can be seen in Fig. 3 on the

following page . Curve A is the time function sampled ,

however , it is sampled at a frequency lower than its fre-

quency . With data samples available , curve B frequency may

be assumed since two or more data samples per time function

period are required to determine a frequency . To avoid

aliasing a sampling rate of at least two times the highest

frequency component of the time function is required. This

is known as the Nyquist sampling rate.

When working with systems that are band-limited it

is a good practice to sample at more than twice the highest

expected frequency of the function . An engineering rule of

thumb is to sample at a rate of four to ten times the 

~~~~~~~~~~~~~~ _~~~~-~~~~~~ - _  - --~~~~~~~~ _ - - - -~~~~~~_
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Fig. 3 Aliasing Phenomenon

w ( t )

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t ) w ( t )

Fig. 4 Finite Buffer Length Sampling
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highest expected frequency . The maximum sample rate is, of

course , dependent upon the data handling and storage charac-

teristics of the overall sampling and computer system.

The second problem associated with DFT is that of leak-

age resulting from a finite length record of data. Consider

the continuous sine wave shown in the top part of Fig. 4 on

the previous page. To analyze that sine wave, it is sampled

until a finite record length buffer is filled . The finite

length buffer is shown in the middle of Fig. 4 and the

result of sampling the sine wave is shown in the bottom

of Fig. 4.

In the frequency domain , the Fourier transform of the

continuous sine wave appears as shown in the top drawing of

Fig. 5 on the following page. This diagram shows only the

positive frequency of the transform and it is an impulse

function positioned at a frequency equal to the sine wave

frequency . The Fourier transform of the finite length

buffer is shown in the middle drawing of Fig. 5, which is j
a Sinc(x) function . The result of sampling the sine wave

with a finite record length buffer is the convolution., in

the frequency domain, of the impulse function and the Sinc

(x) function , as shown in the bottom diagram of Fig. 5.

This result is known as windowing and produces a maximum peak

at the frequency of the sine wave and also a series of side-

lobes associated with the finite buffer length .

In addition to the problems of aliasing and leakage

24
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associated with DFT there is also a frequency resolution

problem with the data returned from the FFT. The top

drawing of Fig. 6 on the following page represents the com-

mon data array in the FFT subroutine

N E Maximum array dimension

2q+l Total non zero data samples in array

x (k) E Magnitude of data in array position k

where

1 l~ k~ 2q+l
x ( k ) =  {

0 2q+l <k~N ( 38 )

F(f)

— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 f 1 f

W ( f )

w *w~~)

/

~~~~~~~~~

Fig. 5 Windowing Phenomenon
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Recalling the DFT equation (Eq. 36) and replacing the

sequence k = 0,l,2,.”N—l with k = l,2,3,•”N , the result is

g~ (n) = 
~~~~~~~~~~~~~~~~~~~ 

(39)

where ~~~~~~~~~~ Since x(k) equals zero for k>2q+l , Eq. 39

can be replaced by

2q+l
g~~(n) 

k~l
xP~~~~~~~~

J / }  (40)

and since x ( k )  1 for all l~ k~ 2q+l , as shown in Fig. 6 on

the previous page , Eq. 40 is approximated by

g(n) = 2qSincf2rrnq/N}Exp{—j2tTn/N(l+q/2)} (41)

The exponential in Eq. 41 results from the pulse not cen-

tered around zero, and thus is a frequency sh i f t  in the

frequency domain. For the analysis in this thesis , the

exponential term can be neglected .

The function g(n) of Eq. 41 goes to zero when nq/N

equals an integer. Let the first integer be one , therefore

nq/N = 1 ( 4 2 )

or

n = N / q  (4 3 )

27



Equation 43 shows that there are N/q samples between 0 and

x, as shown on the bottom diagram of Fig. 6. Therefore ,

to provide excellent resolution between 0 and x on the

l Sinc(x) 1 2 funct ion returned from the FFT , N should be large

and q small. As an example , if N = 128 and q = 8 , there

will be 16 data samples between 0 and the first null on the

Sinc(x) 2 function .

In summary , the Fourier analysis review has shown that

the DFT and FFT are excellent representations of the Fourier

series and integrals if the Dirichlet conditions are met and

the integral of I f ( t )  I exists. To accurately represent a

continuous time function with discrete sampling , the contin-

uous function should be sampled at a rate greater than twice

its highest frequency component. This sampling procedure

will reduce or eliminate the aliasing problem. In addition

finite record leng.th buffers will cause leakage and corrupt

the data returned from the FFT. Because it is desirable to

have a high resolution of data between nulls of the function

returned from the FFT , the actual number of data samples

input to the FFT buffer should be considerably less than the

total size of the input buffer. With this Fourier transform

review , it is now possible to complete the development of

the Huygens-Fresnel diffraction formula used to develop the

computer model of speckle in this thesis.

Intensity Distribution at an Observation Plane

Equation 7 is the Huygens—Fresnel diffraction formula
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used for speckle analysis in this thesis. This form of the

Huygens-Fresnel equation is sometimes called the Fraunhofer

dif traction equation because of the Fresnel and Fraunhofer

assumptions (Eqs. 4 and 5). For convenience , Eq. 14 is

repeated in Eq. 44.

E5(x,y) = 
EXP(ikZj~xp{j•~•(x 2+y 2 ) } r  E

jA z 2z

+00

IfExp{i~ L (l+Cos~~)h(u ,v) }Exp { J2
~~(ux+vy) }dudv ( 4 4 )

A Az

Although not evident , Eq. 44 is a time varying function

and the intensi ty dis t r ibut ion can be obtained from

E5
(x ,y)Exp{jwt} by taking the time average . Thus

I(x,y) < eE~~~~
7
~~

2> (45)

where < > denotes time average which reduces to

I(x,y) = ½E (x ,y)E*(x ,y) (4 6 )

for monochromatic light .

Since Eq. 46 contains the electric field at the obser-

vation plane multiplied by its complex conjugate , the expo-

nentials outside the integrals of Eq. 44 disappear. The

resulting intensity distribution at the observation plane is

given by Eq. 47 on the following page , where I ( x ,y )  is in

WATTS/m 2 and is sometimes called i r rad iance . Recalling

Fig. 1 shows the geometry of the diffraction problem .

29
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rE +00

I ( x , y )  = ½ I ffExp{i~JL (l+Cos~~) h ( u ,v)}
A z A

Exp { 3 2
~ (ux+vy) }}dudv l 2 (47 )

Az

The proper scaling per unit at the observation plane

can be determined by solving Eq. 47 for a simplified aper-

ture function . Let the aperture be square with linear

dimension b the total width. Also let r and h(u ,v) equal

one across the aperture with a ~ of zero. From Eq. 47,

I ( x ,y)  becomes

I(x ,y)/I~ 
= 

Sin ()~~~~ 
2 Sin ()~~~~ 

2 

(4 8)

Az A z

The distance out to the first null in I(x,y) is determined

by

(49)
Az

or

x = I~ (5 0)
b

and also

y = I~ (51)
b
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Although not proven here (Ref.7:352) the intensity

pattern produced by a circular aperture is

3 1 (2lrrR/Az) 2

1 (R)/ I = (52)
0 nrR/Az

where

r E Radius of aperture

R Radius out in intensity plane

Bessel function of first order

and the distance out to the first null of the intensity

pattern is given by

R = l.22Az (53)
2r

From Eq. 43 of the FFT discussion , there are n data

values between zero and the first null in the intensity pat-

tern returned from the FFT subroutine (n = N/q). Recall

N was the total samples in the input buffer and q was the

total samples of real data in that buffer. Therefore, the

linear distance per sample at the observation plane is

= 
~
y = x/n = y/n = 

Az/b ( 54 )

However , b was the total pulse width subdivided into q
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samples , therefore

A x Ay = . (55 )
N b

Equation 55 gives the linear distance per sample of the

speckle pattern in the observation plane when the input is

a square aperture. It is obvious that the resolution dis-

tance at the observation plane is directly proportional to

A and z and inversely proportional to N (total record

length of data buffer). Equation 47 will be programmed to

calculate the speckle phenomenon for rough surface scatter-

ing and Eq. 55 to determine the unit  sample distance at the

observation plane.

Summary of Theory Section

As revealed in the introductory paragraphs of this

chapter , the search for a mathematical solution to the dif-

fraction of light began 300 years ago. In the early 1800’s

the Huygens-Fresnel equation (Eq. 1) was developed as

hypothesized from experimental data and later proven to be

a valid solution of the scalar wave equation . The general

Huygens-Fresnel equation was simplified by using the Fresnel

approximation to replace the spherical waves by plane waves.

Equation 4 gives the conditions when the approximation is

valid. The Fraunhofer far field approximation (Eq. 5) was

also utilized to remove the quadratic phase factors at the

aperture. The generalized Huygens—Fresnel equation (also

called Fraunhofer diffraction equation) was then revised to
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include rough surface scattering. The term added to the

equation is called the complex aperture function (Eq. 13)

as suggested by Goodman (Ref.6). The fir.al result was an

equat ion that predicted the electric field strength (v/rn) at

an observation plane when an incident laser beam was scat-

tered from a rough surface (Eq. 14).

Before the intensity field (irradiance) formula was

developed , a detailed investigation of Fourier analysis was

accomplished. It was shown that the Fourier integrals ,

disc rete Fourier transforms, and fast Fourier transforms

are analogous if several conditions exist. As stated , to

represent a time function by the Fourier integral instead

of the series , the Dirichlet conditions must be met and the

integral of I f ( t )  I must exist for all time. The discrete

and fast Fourier transforms are valid approximations to the

integral transform, however , the time function must be

sampled at the Nyquist rate or greater to remove the alias-

ing problem. Leakage was covered in detail and it was shown

that discrete and fast Fourier transformed data are cor-

rupted by the use of finite record length data buffers . The

Fourier analysis section was concluded by proving that the

input array to the fast Fourier transform should be large

and the actual data samples should fill only a portion of the

array. This restriction was required to provide high reso-

lution of the ISinc(x) 2 envelope between zero and the first

null at the observation plane.

The final section of the theory chapter developed the

33
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equation to predict the intensity pattern (Eq. 47) at an

observation plane. As stated , the intensity pattern is

actually proportional to the magnitude squared of the two

dimensional Fourier transform of the complex aperture func-

tion. The last equation to be developed (Eq. 55) provided

the proper scaling of distance at the observation plane.

Equation 47, the far field diffraction equation , was used

to develop the computer model for the speckle phenomenon.
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III. Experimental Investigation of Speckle Patterns

A laboratory experiment was conducted to measure the

intensity distribution in speckle patterns and identify the

trends, from pattern to pattern , as the incident laser beam

size and range between scattering and observation planes

were changed. By observing and cabulating these quantities

and then comparing them to the theoretical computer model ,

a qualitative estimate of the model “goodness” was estab-

lished. This section of the thesis covers only the experi-

mental investigation, while the comparison of the computer

model patterns with the experimental data is covered in a

later chapter.

Experimental Set-Up

Figure 7 shows the layout of the laboratory equipment

used in the experimental investigation of the speckle pat-

terns. The equipment used was available in the physics

laboratories of the Air Force Institute of Technology at

Wright—Patterson Air Force Base , Ohio. Table I, lists the

equipment shown in Fig. 7. It should be noted that measure-

ments of the reflecting surface roughness were not obtained

and the consequences of this are discussed later in this

chapter.

Experimental Procedure

To provide an understanding of the diffraction proper-

ties of speckle patterns two experimental procedures were
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Table I

Laboratory Equipment Nomenclature

Laser: HeNe 50 mW spectra physics model 125
A = 6 3 2 8 ~~

Laser collimator: Model 336 multiple wave-
length collimating lens, spectra
physics

Reflecting surface: Oxidized aluminum sc rap
metal (7.5 x 7.5 x 0.5 cm~

Photomultiplier: Photomultiplier micropho—
tometer No~ 10-213

Photomultiplier tube: Type “5” , EMI

Focusing lens: 4 cm diameter , 20 cn~ focal
length

Traversing micrometers : Standard laboratory
traversing micrometer with 1 ~.im.
resolution

Camera: Graphix , apertur e and focal plane
shutters

Film: Polaroid , black and white , Polapan/
type 52

developed . The first procedure was to observe the speckle

patterns at various observation planes while keeping the

beam focused on the reflecting surface (smallest incident

beam spot). Features of these speckle patterns (a pattern

formed by a series of bright and dark spots) were identi-

fied and could be recognized at several observation planes.

Photographs of one section of each speckle pattern , at

three observation planes , were obtained. For the next part

of the experiment the scattering plane was traversed paral-

lel to the incident radiation . This operation defocused
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the radiation on the scattering surface which increased the

spot size, however, a constant distance between the scat-

tering and observation planes was maintained . Three scat-

tering plane locations were used and a photograph of a

section of each speckle pattern was obtained .

The second procedure was similar to the first except a

photomultiplier was used to measure the speckle pattern

intensities (irradiance). Use of the photomultiplier pre-

sented some problems that had to be solved. The first

problem was the enormous area of the input aperture (approx-

imately 25 sq. cm.) of the photomultiplier. Since this

area encompassed many bright and dark spots of the speckle

pattern , speckle intensity (actually a measurement of the

electric field strength) resolution was very poor and, in

fact, an average was obtained. This problem was solved by

decreasing the aperture of the photomultiplier tube with a

piece of metal that contained a 2.50 ± 0.05 mm. diameter

hole. Tin foil was then taped over the metal and a pin

hole (0.75 ± 0.05 mm. diameter) was made to coincide with

the hole in the metal plate. Because of the reduction in

the aperture area of the photomultiplier , intensity measure-

ments obtained were relative and not calibrated. The second

major problem with using the photomultiplier to measure

relative intensity strengths of the speckle patterns was the

large amount of data samples required to characterize a

pattern . The solution to this problem was to search the

speckle pattern , at the observation plane, for the maximum
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reflected radiation and then obtain a one dimensional set

of data values (parallel to the isolation table and perpen-

dicular to the scattering plane) through this point.

Through trial and error investigation , it was dete rmined

that sample points equally spaced 0.5 mm. apart would charac-

terize the speckle pattern and provide enough resolution for

analysis. This one dimensional sampling approach was used

by NcKechnie (Ref.li) in his experimental measurements of

second order statistical properties of speckle patterns .

Speckle patterns were compared when the range was held

constant and the reflecting aperture size was changed. The

smallest incident radiation spot size was obtained when the

scattering surface was placed at the focal plane of the

focusing lens. The spot size increased when the scattering

surface was moved 5 mm. from focus condition and also at

10 mm. off focus. In all cases , the incident radiation

spot size was not accurately measured . The object of this

part of the experiment was to observe the trend in the

speckle size as the aperture size increased.

Photographic Evaluation of Speckle Patterns

Photographs are an easy way to record speckle patterns

in the laboratory, however, measurement of contrast is

usually very hard to accomplish from photographs. Figure 8

shows a speckle pattern photographed 0.5 ± 0.005 m. from the
scattering plane with the incident laser beam radiation

focused on the scattering surface. Areas of intensity
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Speckle , rou gh
0

surface sca tter ing,

range=0.5 m

Fig. 9

0 Speckle , rough
‘10

surface scattering ,

~ ,‘j  range l.0 m

Fig. 10

0 Speckle , rough

surface  scattering ,

range=l.5 m
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Fig. 11

Speckle , rough

surf ace scat tering ,

range=0.5 m , aper-

ture less than

0.L mm diameter

Fig. 12

_______  

Speckle , rough

surface scattering,

_______ 

range=0.5 m , aper-

____ ture less than

0.5 mm diameter

Fig. 13

Speckle , rough

______  surface scattering ,

_____  
range=0.5 m , aper-

ture less than

__wrl 0.8 mm diameter
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enhanceme nt and cancellat ion are readi ly apparent , and in

addition, areas with unique speckle shapes can be located.

The centimeter scale overlay on Fig. 8 highli ghts a speckle

and shows its length to be 14 .5 ± 0.5 mm. Figure 9 is a

photograph of the same speckle pattern area with the obser—

vation plane at 1.0 ± 0.005 m. The speckle is now 29 .5

± 0.5 mm . long . Figure 10 is a photograph of the same area

at 1.5 ± 0.005 m. with the speckle now 43.5 ± 0.5 mm. long .

These three photographs illustrate one of the prin-

ciples of diffraction theory . Recalling from the theory

sec tion, (Eqs . 52 and 33) the linear extent of a typical

speckle lobe is directly propor tional to the range between

the scattering and observation planes. The measurement

values from the three f igures  suppor t the d i f f r ac t i on  theory ,

i.e., when the range is doubled or trip led so does the

speckle spot diameter.

For the next experimental investigation, the range from

observation plane to scattering plane was held constant at

0.5 ± 0.005 m. Figure 11 is a photograph of a section of

the speckle pattern when the incident laser beam radiation

was focused on the scattering surface. Although an accurate

measurement of the scattering spot size was not obtained ,

it was less than 0.2 mm . diameter. Figures 12 and 13 are

photographs of the same speckle pat tern area as in Fig. 11

with the scattering plane moved 5.0 and 10.0 ± 0.5 mm. from

the focus position . The incident radiation diameters at

these locations were less than 0.5 and 0.8 mm. respectively .
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It is very di f f i c u l t  to make any quantitative statement

about the cha racteristics shown in Figs. 11 through 13 ,

however , qualitatively the speckle sizes were reduced as the

aperture size increased. To obtain more quantitative infor-

mation abou t the speckle phenomenon , increased resolution of

intensity contrast in the speckle pattern was required. A

photomultiplier was used to provide the increase in reso-

lution .

Photomultiplier Evaluation of Speckle Patterns

As shown in Fig. 7, the photomultiplier entrance (pin

hole) aperture was positioned at the speckle pattern obser-

vation plane. After a maximum intensity in the speckle

pattern was located , the photomultiplier apparatus was

aligned to traverse parallel to the scattering surface

through the maximum intensity . As stated earlier , the photo-

multiplier aperture position was incremented in 0.5 mm .

steps. After each increment , an indicated voltage (propor-

tional to the intensi ty of the speckle pattern over by pin

hole was recorded in the laboratory notebook . This proce-

dure was repeated for four speckle patterns : 1.) Range one

meter , scattering surface at focus plane , 2.) Range two

meters , scattering surface at focus plane , 3.) Range two

meters , scattering surface five millimeters from focus plane ,

and 4 .) Range two meters , scattering surface ten millimeters

from focus plane .

To aid in surveying the intensity data , a computer
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program was wr i t t en  to normalize the data and provide plots.

Figures 14 throu gh 17 show the normalized speckle patterns

for the four cases described in the previous paragraph . To

obtain the frequency content of each speckle pattern a pro-

gram was written to perform the Fourier transform on each

recorded speckle pa ttern and to produce a frequency plot for

analysis. Figures 18 through 21 show the Fourier trans-

formed data f~ r the four speckle patterns recorded.

The speckle patterns were sampled every 0.5 mm. or at

a rate of 2 cycles/mm . Recalling from the theory section

that a sample rate of twice the highest frequency content

of the data is required to prevent aliasing , the sample rate

used provided valid frequency information below 1 cycle/mm.

Inspection of the Fourier transform plots (Figs. 18 through

21) reveal that the frequency content of the speckle pat-

terns was far below the Nyquist rate. Thus, the sample

rate was much greater than required to characterize the

speckle patterns .

Analysis of the Speckle Patterns

A FFT routine was used to calculate the Fourier trans-

form of the speckle pattern data collected with the photo—

multiplier. The Fourier transform of this intensity data

provided the spatial frequency conten t of the segment of

each speckle pattern sampled. Although each speckle pattern

segment was only a small portion of the total speckle

pattern , the spatial frequencies obtained should be
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representative of the total pattern .

To explain the analysis procedure , Fig. 17 (intensity

data) and Fig. 21 (Fourier transform of the data on Fig. 17)

will be used. Note that on the Fourier transform plot ,

Fig. 21, the re is a hi gh spatial frequency content around

zero cycles/rn. This amplitude at zero frequency results

from the Fourier transform of the zero frequency level of the

input intensity data , Fig. 17. The three REF marks on the

spatial frequency plot , Fig. 21, highlight three dominant

frequencies that were present in the segment of the speckle

pattern sampled. Note that there was a frequency peak at

± 37 units on Fig. 21 that was not highlighted. That fre-

quency was not highlighted because its normalized amplitude

was less than 0.01, and only peaks greater than 0.01 were

referenced. Since the amplitude and spread of a frequency

peak , on the Fourier t ransform plot , are a measure of the

dominance of that frequency in the spatial data , the 0.01

value is an analyst benchmark . Since the Fourier transform

plots do not provide the resolution necessary to pick the

frequency amplitudes which are greater than 0.01, the tabu-

lated frequency/amplitude data from the program was used.

A typical speckle width was also calculated for each

speckle pattern segment analyzed. To obtain the typical

speckle width , Eq. 56 was used.

Typical speckle width = 
• 

1 (56)
Highest REF frequency

53



r - , • —-— • -

~~~~~~

-- .--- - .•

~

,-

~~~~

- • --  
_ _ _ _ _ _ _

0 0 In
4-4 . .

N 4-4 m cfl 00
V ~~~ CO +1 -H (1) +1
0 N a . .  0
CT) 5 0 , 0  C\ 0

S A v  . a
S N — m

0 N a..
N N

0 0 0 In
0 4-1 . .

CO N ‘4-4 m m m 00 0
V N In +1 +1 +1 +1

4-) m I.) N
U) CT) 5 CD 0 ~~ ‘ ~-4 ~~ ‘ In

5 A V  . a

I-i (fl In N ~~0) ~—4 U) CO N (N
4.) ~ 4 N
0
CT)
1-c
IT)

N

~~ ~~ H

54

-



-• . - . - -—— - •—-~~~~~~~~~~~~~~~~
.

Since the highest  REF frequency was an analyst choice based

on normalized amplitudes , the typical  speckle width  may be

subject to error and should be verified. As an example use

Figs. 16 and 20. The REF frequency on Fig. 20 is 16 units

or 222.4 cycles/m. Using Eq. 56 this gives a typica l

speckle width of 4.5 ± 0.1 mm. or 9.0 ± 0.2 units on Fig. 16.

A close inspection of the intensity  data shown on Fig. 16

reveals that 9 uni ts  is a good typical  speckle width  for  the

• data. Figures 17 and 21 ~1so reveal that Eq. 56 is a good

evaluation of the intensity data. Table II surnniarizes the

• photomultiplier data analysis.

Discussion of Experimental Results

The most tangible conclusion f rom the experimental

investigation of speckle patterns was that when the range

from scattering to observation planes was doubled or tripled

• so did the typical speckle size. This phenomenon was sup-

ported by theory (Eqs. 52 and 53), Figs. 8, 9, 10 , and the

results shown in Table II. Theory also predicts that speckle

size should decrease as the reflecting aperture size in—

creases. Although accurate measurements of the scattering

spot sizes were not obtained , the experimental resul t s  ~~p-

• port the theory . This phenomenon can be seen in Figs. 11,

12 , 13 , and the results shown in Table II.

Although the s~~~face roughness of the scat ter in g p~~~~c

was not measured , it was obvious that the height variations

were greater than the laser wavelength . Recalling ~ron~ the
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theory section , when the r e f l e c t i n g  aper ture is smooth , the

far field diffraction pattern is an Airy pattern where the

minor lobes are more than an order of magnitude below the

central major lobe. When the scattering surface is rough,

hei ght var iations greater than the laser wavelength , the

secondary lobes can approach the ampli tude of the cen tral

peak . This characteristic is observed in Fig. 16 where it

is very easy to pick out the diffraction lobes. From Eq. 53 ,

of the theory section , the linear dimension of a speckle

produced by a circular  aperture is

= 
1.22Xz (57)

2r

or the diame ter of the aper ture is

D = 2r = l.22Xz ( 5 8 )
R

From Table II, experiment 3, if we use the typical speckle

size (R) of 4.5 mm., range (z) of 2 m., and wavelength (X)

of 6328 L and Eq. 58, the aper ture  diameter should Le

approximately 0.3 mm . Note that this value is in the range

of the estimated spot size. Rough surface diffraction will

be discussed in greater detail in the computer model yen-

fic..ition chapter.
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IV. SPECKLE Program

A principle part of the time allotted to the completion

of this thesis was devoted toward the development of a reli-

able and accurate computer code to calculate and display

speckle (diffraction) patterns. This program was written

to satify two requirements: 1.) to provide a simulation

tool for the systems control engineers involved in the ALOT

system investigation and 2.) to provide visual aids on

Fourier optics and diffraction theory for the electro—optics

systems engineer.

The SPECKLE program was designed to calculate and plot

the far field diffraction pattern resulting from the rough

surface scattering of a laser beam . The user of this pro-

gram must supply two subroutines. The first subroutine ,

HEIGHS , provides the SPECKLE program with input data includ-

ing an array,DATA , that contains the scattering surface

height measurements normalized by the laser wavelength . The

arrangement of the normalized height data , in the array

DATA , defines the aperture cross section . The second sub-

routine , COMAPE , calculates the complex aperture function

and returns the result to the SPECKLE program through the

array DATA . In the COMAPE subroutine , the normalized sur-

face height data is modified by the complex aperture func-

tion model which includes the incident radiation field

distribution ,AIFIEL (u,v), and the surface reflection coef-

ficient , REF (u,v). These subroutines along with the
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SPECKLE program are explained in detail in this chapter

Overview of SPECKLE Program

The SPECKLE program was coded in Extended Fortran and

designed to run on the CD 6600 computer at Wright—Patterson

AFB .. Dayton, Ohio. The core requirements are large , 245 ,000

(octal) words , with the following approximate assignment for

major routines:

SPECKLE Main program 75,000~ words

DATA Array 100 ,0008 words

FOURT FFT subroutine 2,000 8 words

DISSPLA Plotting package 67,000 8 words

The DATA array is used for input , common storage for FOURT

and DISSPLA , and output routines. This is a two dimensional

complex array, thus requiring two consecutive core loca-

tions (real and imaginary parts) for every data value . The

overall dimensions of this array determines the frequency

resolution of the data returned from the FOURT subroutine

(see theory section of this thesis). The DISSPLA package

is a library program available on the CD 6600 computer at

Wright-Patterson AFB .

The computer code consists of a main program (SPECKLE)

and six subroutines which are listed on the following

page.
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HEIGHS User supplied subroutine to input
surface height data

COMAPE User supplied subroutine to cal-
culate the complex aperture function

FOURT FFT subroutine

SHIFT Moves data in array DATA

DISSPLA PiotL~~ig package

VALU Function subroutine to assist
DISSPLA

The following paragraphs describe the operations of the sub-

routines , the input data descriptions , and finally the flow

chart and operation of the main program.

Subroutine HEIGHS

Subroutine HEIGHS is a user supplied routine that in-

puts data to the SPECKLE program . The following is a list

of variables that must be supplied by HEIGHS:

DATA (IROW , ICOL) Normalized surface height
measurements

IROW Maximum row size of DATA array

ICOL Maximum column size of DATA array

MRDAT Maximum number of height data
samples in u direction (row)

MCDAT Maximum number of height data
samples in v direction (column)

ALAMBA Laser wavelength in meters

RANGE Distance from scattering to obser-
vation plane in meters
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AMESC Linear d i s tance  between s u r f a c e
height samples in meters

IN2D Set to 1 if a two dimensional plot
of surface height data is desired ,
0 otherwise

IN3D Set to 1 if a three dimensional
plot of surface height data is
desired , 0 otherwise

INT2D Set to 1 if a two dimensional plot
of speckle pattern is desired ,
0 otherwise

INT3D Set to 1 if a three dimensional
plot of speckle pattern is
desired , 0 otherwise

ISFRE Q Set to 1 if a plot of the Fourier
transform of the two dimensional
speckle pattern is desired ,
0 otherwise

ISQAP 1 signifies a square aperture shape

ICRAP 1 signifies a circular aperture
shape

ICOAP 1 signifies a complex aperture
shape

ISMSU 1 signifies a smooth scattering
surface

IROSU 1 signifies a rough scattering
surface

Subroutine HEIGHS is called from the SPECKLE program by

CALL HEIGHS (IROW , ICOL, MRDAT, MCDAT, ALAMBA ,
RANGE , AMESC, IN2D , IN3D , INT2D , INT3D ,
ISFREQ, ISQAP , ICRAP , ICOAP , ISMSU , IROSU)

The array DATA is passed through common by



• .~~~~~~~~~

COMPLEX DATA
COMMON /A/ DATA (128, 128)

The information that is transferred to the SPECKLE

program through DAT A is the normalized surface height mea-

surements , i.e., actual surface height measurements divided

by the laser wavelength . In addition , the normalized height

data is centered in the DATA array and the data arrangement

describes the aperture cross section . The array DATA is

complex, however, the surface height measurements are real ,

therefore , the data must be entered into the real part of

each DATA location . As an example, if the size of the DATA

array was 128x128 and a square aperture cross section l5xl5

samples was to be represented , only the central 15x15 sam-

ples of the DATA array would contain normalized surface

height data. All other locations in DATA will be filled

with zeros.

The maximum size of DATA must be specified by IROW and

ICOL at l28x128 , 64x64, 32x32 , or 16x16. The maximum number

of data samples across the aperture cross section is provid-

ed tc .he main program by MRDAT and NCDAT. MRDAT and MCDAT

must be less than IROW and ICOL, and to provide good reso-

lution in the data returned from the fast Fourier transform ,

the ratios of IROW to MRDAT and ICOL to MCDAT should be

large . As an example , let IROW and ICOL equal 128 and MRDAT

and MCDAT equal 15 or 31.
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Subroutine COMAPE

COMAPE is a user supplied subroutine thai- transforms the

normalized surface height data into the complex aperture

func tion distribu tion

ADA T A ( I ,J) = REF(I,J)*AIFIEL(I ,J ) *

Exp{j2-cT*DATA(I ,J)*(l.-Cos (GLAZ))}

ADATA(I ,J) = 0 if DATA(I ,J) is zero (59)

The complex aperture func t ion  distribution is returned to

the SPECKLE program through the array DATA (I ,J). The input

variables to the complex aperture funct ion  are as follows :

REF (I ,J) Surface  ref lection coeff icient
dis t r ibut ion

A I F I E L ( I ,J) Incident field radiation distri-
bution (v/rn)

GLAZ Ang le between incident f ie ld
normal and scattering sur face
normal (~~0.26 radians)

The variables REF and AIFIEL permits the user to vary

the reflection coefficient across the aperture and provide

an incident field profile other than a plane wave. For the

examples seen in this thesis , REF( I ,J) and A I F I E L( I ,J) were

set to constant , REF and AI FIEL , to reduce the core require—

ments.

Subroutine SHIFT

Subroutine SHIFT was designed to rearrange data in the

complex two dimensional array DATA . The data returned from
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the FOURT subroutine (FFT) has the zero frequency magnitude

of the Fourier transform positioned in DATA (1 ,1). Recall-

ing that IROW and ICOL def ine  the maximum dimensions of the

array DATA , the highest frequency of the transform is posi-

tioned in DATA (1, ICOL/2 ) in one direction and DATA

(IROW/2 , 1) in the other direction . The remaining three—

four ths  of the array DATA contain redundant information.

SHIFT rearranges the data to position the zero frequency

component in the center of the array and provide a symmet-

rical Fourier transform function around DATA (IROW/2 ,ICOL/2).

Subroutine FOURT

The FOURT subroutine (multi-dimensional FFT) used in

this program was obtained from the Electrical Engineering

Department of the Air Force Insti tute of Technology , Wright-

Patterson AFB , Ohio. The subroutine performs the Cooley-

Tukey fast  Fourier t ransform

IROW ICOL
TRANSFORM {DATA(x ,y) } = E E DATA(u ,v)

u=l v=l

E x p {— j 2 T I { ( x—l )  (u—l )  + (y— 1- ) (v— l) }} (60)
I ROW ICOL

where IROW and ICOL are the maximum row and column dimen-

sions of the array DATA.

Subroutine DISSPLA

The DISSPLA subroutine package is present on the CD6 600
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computer user l ibrary at Wri ght—Patterson AFB , Ohio. This

display package was used because it contained the three

dimensional plotting routines used in this thesis.

Funct ion Subroutine VALU

The VALU func tion is called by the DISSPLA package when

a three dimensional  plot is desired. The complex aperture

function and intensity data are always stored in the comp lex

array DATA , however, DISSPLA plots only real data. VALU

assists DISSPLA by providing a real array of data.

SPECKL E Main Program

This section covers the flow of data through the SPECKLE
I

program as outlined in Fig. 22 .  The operations of the sub-

routines and the input data forma ts have been discussed in

previous paragraphs and will not be covered in detail in this

section of the thesis.

The first operation performed by SPECKLE is to call

subrou tine HE IGH S which wil l  inpu t the normalized sur face

hei ght measurements and the other program variables. Con-

trol returns to the main program where the normalized sur-

face height data is output on the line printer to provide

a numerical record of the input data. The program then

checks the plotting option flags (IN2D and IN3D) and deter-

mines if one and/or three dimensional plots of the normal-

ized surface height data are requested.

SPECKLE then calls COMAPE to calculate the complex
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P LSTART
D 

PROGRAM SPECKLE

1 User supplied subroutine
Inputs :

CALL I IROW , ICOL , MRDAT , MCDAT ,
Plotter requests

HEIGHS~~~J Aperture shape
Normalized height data

r~IN±~~~~ 1
PRINTER Output normalized height data

N

~ 1~YES One dimensional p lot of
height data

PLOTTER

3-D NO
PLOT

YES Three dimensional perspective
plot of height  data

PLOTTER

A

Fig. 22 Flow Chart of the SPECKLE Program (1 of 4)
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CALL User supplied subroutine to
calculate complex aperture

COMAPE funct ion

CALL 1 Call FOURT subroutine
FOURT

~1~
INTENSITY I Calculate in tensi ty  f ie ld  from

I electric field distribution
PATTERN

DATA TO Save central row of intensity

SECFFT I pattern for  frequency content

L 
analysis

NORMALIZE Normalize intensi ty f ie ld
LINTENSITY distr ibution

~~~~~~D NO
PLOT 

~~~~~~~~~~~~

YES One dimensional plot of
intensi ty pat tern

PLOTTER

Fig. 22 Flow Chart of the SPECKLE Program (2 of 4)
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PLOT 
-

Three dimensional perspective
— plot of intensity d is t r ibut io n

LTR I
LINE Output central row of
PRINTER intensi ty f ie ld  to line

printer

CALL Send content of SECFFT to
I FOURT routine for  frequency

L~~~~
U
~I1~~~J analysis

r _ - -
NORMALIZE Normalize frequency content

data for  plott ing
DATA

• 

~~~~~~~ER 
Output normalized central

Fig. 22 Flow Chart of the SPECKLE Program (3 of 4)
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YES One dimensional plot of
frequency data

PLOTTER

END End of Program SPECKLE

Fig. 22 Flow Chart of the SPECKLE Program (4 of 4)
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aperture function . The resulting data is passed to the

FOURT subroutine , which returns the two dimensional fast

F O U R I E R  t r a n s f o r m. The SHIFT ~;,~h ro ut i n c  then  completes  the

symmetrical rearrangement on the data to obtain the zero

frequency magnit ode at the center of the DATA array. The

far field idffraction pattern is finally obtained by

DATA(I ,J) DATA(I ,J) (Complex Conjugate DATA(I ,J)) (61)
(2) ( ALAMBA) 2 ( RANGE ) 2

where  the d i s tance  between samples of the i n t ens i t y  p a t t e r n

in the observation pl ane is

AMEOB = 
(ALAMBA ) ( RANGE ) (62)
(IROW) ( AMESC)

This completes the calcu la tion of the in tens ity speckle

(diffraction) pattern , in the f ar f i e ld , as given by Eq. 47

from the theory chapter.

The max imum v ~1ue of the speckle pattern is located and

used to normalize the intensity data in the DATA array a

The results of this  normaliz ation is an intensi ty pattern

with  a maximum of one . P lo t te r  f l ags ( INT2 D and INT3D)

are checked to see if one dimensional and/or three dimen-

sional plots of the speckle pattern are desired. In

addition , the in tensi ty data along row IROW/ 2 of the array

DATA is stored in a r ray  SECFFT for  f u t u r e  use and is also

pr in ted  out on the l ine p r in ter for  a numerical  record and
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to obtain better resolution than provided on the plots.

The remaining portion of the program computes the fre-

quency content and proper scal ing fac to rs  fo r the center row

of the two dimensional speckle pattern. This is accomplish-

• ed by f i r st send ing the data previously saved in ar ray

SECFFT to FOURT fo r  a one dimensional Fourier t r a n s f o rm and

then performin g a single row sh if t operation (recal ling

that SHIFT is used on two dimensional a r r a y s )  . The pattern

is normalized , plotted if requested , and a listing of the

amplitudes is provided on the line printer. The program is

t 
then terminated.

-
~ SPECKLE Program Deck Structure

Figure 2 3 shows the deck structure required to run the

SPECKLE program on the CDC 6600 computer at Wright-Patterson ,

AFB .

SPECKLE Program Example

For this example , the normalized surface height data was

an 15x15 array (square aperture shape) and the DATA array was

dimensioned at l28xl28. The laser wavelength was 6328 L

range was 1000 meters , and the distance between sur face

height measurements was 0.1 millimeters. All output plots

were requested.

Figures 24 through 28 are the five plots produced by the

SPECKLE program. Figures 24 and 25 show the normalized scat-

tering sur face  height dis t r ibut ion for the roug h surface ,

a one dimensional cut and a three dimensional perspective .

_ _

~
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FUNCTION VALU (

SUBROUTINE SHIFT ( )

SUBROUTINE FOURT (

PROGRAM SPECKLE (

~~~j~~~~~~~~INE .

_ 
_ _  

~~~~~~~~~~~~

LA~~~~~

I 
DISSPLA .

ATTACH , DISSPLA , ID = X 6 5 4 3 2 l .  J
Job Card

Fig. 23 SPECKLE Deck Structure
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Fi gures 26 and 27 show the speckle (diffraction) pattern at

the observation plane. Figure 26 shows a one dimensional

cut through the center of the intensi ty  pat tern , plotted on

a log—linear graph. Figure 27 is a three dimensional per-

spective of the intensity pattern , plotted with three linear

axis. Figure 28 is a one dimensional plot of the Fourier

transform of Fig. 26. By noting on Fig. 28 that the normal-

ized frequency content goes to zero at 15.0 units or 2.37

cycles/meter (15.0 units x .158 scale factor) , the typical

width of the intensity lobes in the intensity pattern should

be 0.422 meters (1/frequency) . On Fig. 26, 0.422 meters is

equivalent to 8.54 units (0.422/4.94E—2) , which is the width

of a typical speckle lobe.

Recalling from the theory chapter , the typical diffrac-

tion (speckle) lobe width is related to the linear size of

the aperture by

Aperture Width = _____ 
_~~z (6 3 )

Typi . al Lobe Width

From the previous paragraph , the typical lobe width was

0.422 meters. Using Eq. 63 the aperture width should be

15E—3 meters. This was the size of the reflecting area.

Conclusion

The SPECKLE program is designed to calculate and plot

the speckle pattern , in the fa r  plane , produced by rough

surface scattering of a laser beam. The user is required to
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provide two subroutines , one which inputs the normalized

surface height measurements to the program and one which

calculates the complex aperture function model . The scat-

ter ing aperture cross section is described by the arrange-

ment of the normalized surface height measurements in the

array DATA through the subroutine HEIGHS. The profile of

the incident radi ation f ie ld  and the distr ibut ion  of the

surface reflection coefficients can be modeled in the com-

plex aperture function subroutine COMAPE . One model for

the complex aperture function , as described by Goodman

(REF.6), has been described and used in this thesis, howeve r ,

COMAPE enables the user to use a different model if desired.

This chapter was wri tten to describe in detail the

operation of the program and the significance of each var-

iable . Appendix A contains a listing of the SPECKLE pro-

gram and the two user supp lied subroutines used by this

author to analyze  spe ckle patterns produced by rough su r face

(simulated data) scattering of a laser beam .
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V. Verification of the Speckle Program

This chapter wil l  address the va l id i ty  of the computer

model used to generate speckle patterns produced by rough

sur face scattering by comparing the computer simulations

with theory and experimental results. The speckle pattern

phenomena that will  be discussed are the a f fec t s  on typical

speckle size from range and scattering surface size varia-

tions and the changes in speckle pattern distributions

caused by variations in scattering surface roughness and

surface reflectivity . Because of the numerous computer

plots required to completely describe the various character-

istics, all data plots appear in Appendix B.

Speckle Patterns from Smooth Surfaces

The simplest diffraction patterns result when the scat-

tering surface is smooth , i.e., no phase variations across

the reflecting area. The two smooth diffracting apertures

that are always discussed and analyzed in optics text books

(Refs.7 and 12) are those with square (rectangular) and

circular cross sections . The square aperture produces the

well known ISinc(x) 2 normalized intensity distribution in

the far field , which was given by Eq. 48 and repeated here as

I ( x ,y)  = 

Sin)~~~~~ 
2 Sin~~~~~ 

2 

( 6 4 )
-iiby

~ X z Xz
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or

I ( x ,y )  = Sin ~ 2 Sin ~ 2 
( 65)

8 y

whe re 8 and y represent the arguments of the sine functions

in Eq. 64. Recalling from the theory section that X = laser

wavelength, Z = range , and b = aperture width .

The extrema of I ( x ,y) can be found by taking the den y-

ative of Eq. 65 and setting it equal to zero. In one dimen-

sion the der ivat ive is

d I ( x )  
= 

2 Sin 8 (I3CosI3—Sin8) (66)d8 I3~

From Eq. 66 the irradiance is zero (nulls) when 8 = niT , where

n = 1, 2, • “ ~~~~. The maxima are found f rom the solut ions  of

the t ranscendental  funct ion

8 Cos 3 — Sin 8 = 0 ( 6 7 )

which reduces to

Tan 8 = 8 (68) H

From Eqs. 66 and 68 the first three nulls occur at 8 = ~~~, 2~
- ,

and in and the first three maxima occur at 8 = l.4303iT,

2.4590ii , and 3.4707n .

Figures 29 through 32 of Appendix B are plots produced

by the speckle mode l program fo r a square aperture , simulated

by discrete data , where X = 6328 ~~~, Z = 1000 m., and
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b=l.5 millimeters. Table III lists the values of the

normalized peaks and locations of the nulls  as predicted by

theory and calculated by the pro gram as shown in Fig. 31.

The computer listing provided when Fig. 31 was p lotted was

used to obtain the resolution of the normalized peaks report-

ed in Table III. It should be noted that the first null of

Fig. 31 does not go to zero. The reason for this unexpected

result is that the zero value did not f a l l  on a d iscrete

data sample.

Table III

Smooth Sur f a c e  Square Aper ture
Figure 31 (Appen d ix B)

Diffraction Pattern Characteristics

Nul l  Nul l  Peak Peak
Location Location Amp litude Ampli tude
from from from from
Theory Cm) Program (m) Theory Program

First 0.422 0.420 0.0472 0.0448

Second 0.844 0.840 0.0164 0.0167

Third 1.266 1.260 0.0083 0.0091

Although not developed in the theory section , the nor-

malized intensi ty pat tern , in the f a r  f i e l d , for  circu lar

aperture reflection (Ref.7:352) is

2r r bx  2 ( 2
1( x )  = 

2 J 1 ( Az ) 
= 

2 J~ (28) ( 6 9 )
2iTbx 213

A Z
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In Eq. 69 , b is the rad ius of the aperture , x is the rad ius

in the obse rvation plane , J 1 is a first order Bessel func-

tion of the f irs t kind , and 3 , A , and Z are de f ined  as

before . Equation 69 , when plotted , is the wel l  known Airy

• function . The first three nulls are obtained when J 1 equals

zero , i.e., 13 = 3.831, 7.016 , and 10.17 (Ref.l3:250). From

the equation of 13, the x values can be calculated if A , b ,

and Z are given. The derivative of Eq. 69 can be set equal

to zero to obtain the maxima values , where d J 1 (213)/d8

J2 (213). The first three secondary peaks occur at 3 = 5.135 ,

8.417, and 11.619 (Ref.l 3:250).

Figures 33 throu gh 36 of Appen dix B are plots provided

by the speckle program for  a s imulated discrete circular

aperture where A = 6328 ~~~, Z = 1000 m., and b = 1.5 millirne-

ters. Table IV lists the values of the null locations and

normalized secondary peak ampli tudes for  the data shown in

Fig. 35 and as predicted from theory .

Table IV

Smooth Sur face  Circular  Aperture
Figure 35 (Appendix B)

Di f f r a ction Pattern Character is t ics

Nul l  Nul l  Peak Peak
Location Location Amplitude Amplitude
from from from from
Theory (m) Program (m) Theory Program

First 0.248 0.247 0.0175 0.0140

Second 0.456 0.454 0.0042 0.0037

Third 0.661 0.667 0.0016 0.0012
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• Figures 29 through 36 and Tables III and IV are data ,

for smooth scattering surfaces (square and circular) , cal-

culated from theory and by program SPECKLE . With the data

already analyz ed the re is a good correlation between theory

prediction and computer model results. The small differ-

ences in resul t s  observed in Tables III and IV , can be con-

tributed to discrete data processing.

E f f e c t  of Range on Typical Speckle Size

The typical speckle size is direct ly proport ional  to

ran ge as predicted by theory and as shown by the experimental

investigation of speckle. The chapter on the experimental

investigation of speckle patterns shows photographic and

photomult iplier  data that supported the theory .

Figures 37 through 45 of Appendix B are plots provided

r by the SPECKLE program to aid in the anal ys is of the e f f e ct

of range variations on typical speckle size. Figures 37 and

38 are plots of the normalized sca ttering sur face  height

variations and Fig. 39 is a three dimensional perspective

plot of the intensity pat tern at the observation plane.

Although these plots show a rough scattering surface , the

effect of the rough surface on the speckle pattern will not

be discussed in this subsection of the chapter. Figures 40

through 45 show one dimensional cuts through each of the

three dimensional perspective plots of the intensity pat-

terns and Fourier transform plots of the respective one

dimensional cuts. For these calculations, observation planes
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were located at 500 rn. , 1000 ni . ,  and 1500 m . from the scat-

tering surfaces as indicated on the one dimensional intensity

t 
- 

plots.

On Figs. 41, 43 , and 45 the reference (REF) marks m di—

cate where the normalized Fourier transform plot goes to

zero. The inverse of each reference spatial frequency pro-

vides a measure of the typical speckle width on the respec-

tive one dimensional intensi ty plot . Tabl e V lists the

re fe rence spatial f req uen cies and typical  speckle s izes for

the three ranges indicated. From the data in Table V it is

apparent that  the speckle model accurately calculated the

effect of range variations on typical speckle size.

Table V

Typical Speckle Size vs Range

Range (m.) 500 1000 1500

Reference Frequency
(Cycles/rn.) 4.74 2.37 1.57

Typical Speckle Size ( i n . )  0.211 0.422 0.633

Plots (Appen dix A) 40 and 41 42 and 4 3 44 and 45

E f f e c t  of Ref lect ing Surface  Size Varia tions on Typical

Speckle Size

In the theory section it was shown tha t the typ ical

speckle size is inversely proportional to the ro f l e~~~:r

surface size . The experimental analysis of spec~~H 
-

produced by rough surface scattering sutm~ort~

through photographic and photornu ltiplier J~i~

-3
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From Figs . 37 through 41, and 46 through 50 of Appendix B,

using the same analysis procedure as in the previous section ,

it is shown that as the reflecting surface size increases

the typical speckle size is reduced proportionally. Table

VI lists the results from the analysis.

Table VI

Typical Speckle Size vs Scattering Surface Size

Figures Surface Linear Typical Speckle
Measurement (in.) Size (in.)

37 through 41 l5E—4 0.422

46 through 50 31E—4 0.204

Percent increase in surface size +106.7

P.~rcent decrease in typical speckle size —106.8

Equally Spaced Apertures with Zero Reflectivity Betwean

Apertures

Before discussing speckle patterns produced by scatter-

ing surfaces with random surface height variations , pulsed

aperture shapes , where the reflectivity is zero between aper-

tures will be discussed. The term “pulsed” means that the

aperture is a periodic array of rectangular or circular

reflecting (transmitting) surfaces. The areas for each unique

aperture have a reflection (transmission) coefficient of

100% and the areas between apertures a zero reflection (trans-

mission) coefficient. Figure 51 shows a three dimensional

perspective of an array of square holes illuminated by a

plane wave coherent laser.
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Representations for single and multiple pulse one dimen-

sional apertures and respective intensity patterns are shown

on Fig. 52 on the following page. The single pulse discrete

data aperture and its far field intensity pattern have been

discussed throughout this thesis. Recall the normalized one

dimensional intensity pattern has the form of

I/b = 
Sin (~~~ ) 

2 
(70)

A Z

where the meanings of each variable are given on Fig. 52.

2:
/

/ /
/ 
/perture /

Coherent Laser Far Field Diffraction
Illumination Plane

Fig. 51 Periodic Array of Square Apertures
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Although not proven here (see Ref.7 or Ref.l2), the

far field normalized one dimensional intensity pattern pro-

duced by plane wave laser illumination on a periodic set of

square apertures is given by

Sifl(~~~~ ) 
2 
Sin (i~~~) 

2

I/Ia = ______._

~~

. Az (71)

Az Az

In Eq. 71, P is the number of apertures, q is the width of

the apertures, b is the interval between apertures. The

bottom drawing of Fig. 52 illustrates a sequence of aper-

tures where P = 4. Note, c = q + b is the period of the

sequence.

Several conclusions can be made by analyzing the bottom

drawing of Fig. 52 and Eq. 71. First, there are P-2 minor

lobes with nulls positioned at multiples of Xz/Pq between

each major lobe which are positioned at multiples of Az/q.

Second, as b-becomes smaller and q increases , the secondary

major lobe amplitudes, positioned at multiples of Az/q,

decrease. And finally , in the limit as q increases and b

goes to zero, Eq. 71 reduces to Eq. 70.

A sequence of reflecting apertures, with zero reflec-

tion between apertures, Fig. 53 of Appendix B, was formu-

lated to test the effectiveness of the speckle program to

calculate the far field intensity pattern as predicted by

Eq. 71. Note, the normalized amplitudes of the pulses were
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not made a constant of the laser wavelength . This was done

intentionally to keep the exponential term in the complex

aperture model (Eq. 59) from going to 1. Thus, the complex

aperture model returned a complex set of data to the SPECKLE

program. The plots returned from the SPECKLE program are

shown in Figs. 53 and 56 of Appendix B, with the following

analysis results:

a.) Figure 54 shows there are five pulses sepa—

rated by zero reflection areas. From theory

there should be three minor lobes between

major lobes in the one dimensional intensity

pattern. Figure 56 shows the correct results.

b.) The nulls in the intensity pattern associated

with the pulse separation of 0.3 nun. (Fig. 54)

should be at ±42.7 units on Fig. 56. The

correct results are obvious on Fig. 56.

c.) The first nulls in the intensity pattern asso-

ciated with a total aperture width of 3 .2 mm.,

five pulses, (Fig. 54) should be at ±4 units

on Fig. 56. Again , the program calculated

the nulls correctly.

For clarity , the j Sinc(x)12 curves on the intensity pattern

associated with the total aperture width and the pulse sepa-

ration interval are indicated on Fig. 56. The program cal-

culated and plotted the DFT, as predicted by theory, the

diffraction pattern for a series of pulse shaped apertures
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and zero reflection areas as depicted in Fig. 51.

Reflecting Surfaces with Arbitrary Height Variations

In the previous example, a scattering surface was repre-

sented by a series of pulses of equal width, spacing, ampli-

tude, and areas of zero reflectivity (Fig. 53). That data

was used to show the effect of zero reflection areas on the

speckle pattern. A rough reflecting surface can be repre-

sented by varying the amplitudes of the pulses that repre-

sent the scattering surface and not include areas of zero

reflection. A three dimensional perspective of this type of

reflecting aperture is shown in Fig. 57 of Appendix B.

Figure 58 shows a one dimensional cut through Fig. 57, how-

ever, since the pulses over the aperture do not have equal

amplitudes, Fig. 57 is only one of several different one

dimensional perspectives across the aperture. The three

dimensional perspective of the intensity pattern produced

by the complex aperture is shown in Fig. 5Q and a one dimen-

sional cut through the intensity pattern is shown in Fig. 60.

Some of the basic characteristics of diffraction theory

previously discussed are evident in the two dimensional

intensity plot (Fig. 60). First, the pulse repetition for

this aperture (Fig. 57) is the same as that for the previous

example (except there are no areas of zero reflection) and

the intensity diffraction null at ±42.7 units is retained.

Secondly , the diffraction null at ±4 units, associated with

the total aperture width of 3.2 millimeters is retained.
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Finally, there are five distinct pulses across the aperture,

one representation is shown in Fig. 58, and again as in the

previous set of data there are three minor lobes positioned

between each secondary major lobe in the diffraction pattern

(Fig. 60). The major change in this diffraction pattern

(Fig. 60), compared to the diffraction pattern of the pre-

vious example (Fig. 56), is the reduced amplitudes of the

secondary major and minor lobes.

To extend the simulated aperture representation closer

to that of a rough surface, three additional parameter var-

iations were added to the pulsed scattering surface of the

last example; random pulse width, random pulse repetition

interval, and sloped pulse edges. A three dimensional per-

spective of this type of aperture is shown in Fig. 61 of

Appendix B. Figure 62 shows a one dimensional cut through

Fig. 61, however, as stated before this is only one of many

cuts where each would reveal a different one dimensional

perspective. Figure 63 shows the three dimensional perspec-

tive of the intensity diffraction pattern and Fig. 64 shows

a one dimensional cut through Fig. 63. The most obvious

result is that all secondary peak amplitudes are greatly

reduced , when compared to the two previous examples. Other

phenomena are:

a.) There are three minor lobes positioned between

the central lobe and the first major secondary

lobe positioned at ±18 units on Fig. 64. This

91 

— -— — •— -~~~~— — —~~-- - - —.~~~



~- - ~~~~~~~~~- ------,--------, — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-- --~~~~ -- -.--- -

was expected since there are five pulses

across the aperture, although they are not of

equal width or separation.

b.) Figure 64 shows one minor lobe positioned

between two major secondary lobes at ±18 and

±27 units. A first intuition would be to

assume that some portion of the three dimen-

sional complex aperture was being represented

as three pulses, which would produce one minor

lobe between two major lobes. However , since

the intensity pattern is the two dimensional

Fourier transform of the complex aperture func-

tion this simplified generalization cannot be

assumed.

The next example is a scattering surface with random

height variations as shown in Fig. 65 of Appendix B. Figure

66 shows a typical one dimensional cut through Fig. 65.

Obviously, each unique cut through Fig. 65 will produce a

different one dimensional plot. Figure 67 is the three dimen-

sional persepctive of the intensity pattern produced by the

complex aperture function model and Fig. 60 is a one dimen-

sional cut through Fig. 67. Figure 68 shows that there is

a random distribution of secondary major and minor peaks. A

Fourier transform plot, Fig. 69, of the one dimensional inten-

sity plot, Fig. 68, reveals the spatial frequencies present

in the diffraction pattern . The frequency reference marks
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(REF) on Fig. 68 are related to the reference (REF) marks

on Fig. 69 through Table VII and Eq. 72.

Intensity plot units = (Frequency plot units x

Frequency plot scale factor x Intensity plot

scale factor)~~ (72)

Since 31 units on the frequency plot, Fig. 69, is equal to

4.9 cycles/meter, this converts to 0.2 in. for a typical

speckle width, Fig. 68. Transforming back to the scattering

plane, this data gives an aperture width of 3.1 milimeters .

This is the correct result as predicted by theory.

Table VII

Diffraction Pattern Frequency Content

Figure 69 Figure 68

REF 1 (units) 31 4.1

REF 2 (units) 18 7

REF 3 (units) 8.2 15

REF 4 (units) 3.7 35

REF 5 (units) 2 64

A final example for a circular rough scattering surface

is shown in Figs. 70 through 74 of Appendix B. Although not

discussed in this thesis, the analysis of the spatial fre-

quency content of the intensity plot is similar to that for

the square reflecting surface shape. The important factor

to remember when analyzing diffraction patterns produced by

circular cross sections is that the intensity nulls do not
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occur at integer multiples as they do for a diffraction

pattern produced by a square scattering surface.

Summary

The SPECKLE program was tested by first simulating

simple apertures that produced well known diffraction pat-

terns and then by making the apertures more complex to repre-

sent rough surfaces. The program calculated and displayed

the correct far field diffraction patterns for those aper-

ture shapes with well known results, i.e., smooth surfaces,

square , and circular reflecting cross sections. Although

the intensity patterns could not be compared to text book

results for rough scattering surfaces, there were certain

characteristics that were checked for program verification.

These characteristics were null locations associated with

the total aperture width and a complex distribution of

secondary major and minor lobes associated with surface

roughness characteristics. For all examples the program

provided correct displays and accurate numerical results.

It was shown, through example , that there are several

ways to represent the profile of scattering surface . The

electric field at the scattering surface after reflection is

represented by the complex aperture function model

• Ea(u,v) = AIFIEL(u,v)REF(u,V)Exp(1~!-h(U,V)

l.+Cos(GLAZ)) (73)
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If the profile of the incident radiation is represented by

the normalized height distributions of the scattering sur—

face , h(u,v), phase variations will be present in the com-

plex aperture function, Ea(U,V) data. When pulses are

represented in the reflecting aperture , a value of zero for

h(u,v) will not represent zero reflection between pulses.

As seen in Eq. 73, a zero for h(u,v) forces the exponential

to one and Ea(u,v) will have a real value. Areas of zero

reflection must be represented by the reflection coefficient,

REF (u ,v) , for correct results.

By using Eq. 73 it is possible to fill the entire array

DATA with normalized surface height data and model the inci-

dent radiation cross section with the field term, AIFIEL(u ,v)

or the surface reflection coefficient term , RE F (u ,v ) .  By

using the three major variables in Eq. 73 , AIFIEL(u ,v),

REF (u ,v ) ,  and h(u,v), it is possible to use the same set of

normalized su’~f ace height data to model complex reflecting

scenarios. As an example , consider a reflecting surface

with normalized height data, h(u,v), that is randomly pointed

with an absorption material resulting in a complex distri-

bution for REF (u ,v ) .  The incident radiation distribution ,

AIFIEL(u,v), can now be varied to represent different shaped

laser beams. Thus, the speckle model provides numerous

options for investigating far field speckle patterns.
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VI. Thesis Conclusion Applicable to ALOT System Design

This final chapter is provided for the ALOT systems

engineers , at the AFWL, who initiated this thesis project.

The major areas that were to be investigated were typical

speckle size in a far field diffraction pattern and induced

spatial frequencies caused by a speckle pattern . These char-

acteristics for speckle patterns have been answered in the

thesis and are summarized in the following paragraphs.

The typical speckle size in a far field diffraction

pattern is determined by the cross section of the laser beam ,

range from target to detector , and laser wavelength. Equa-

tion 74 gives the typical speckle size , at a f a r  f i e ld

observation plane , produced when a plane wave coherent laser

beam is reflected from a square rough surface ,

Typ ical speckle size = (74)
Reflecting width

For a circular aperture shape , the typical speckle size

will be approximately 1.22 times value given by Eq. 74. The

1.22 factor is a characteristic of the Airy pattern distri-

bution produced by the circular aperture. The term “approxi—

mate ” is appropriate because the intensity lobe widths in

an Airy pattern are not equal as they are in a Sinc(x) 2

pattern distribution produced by a square aperture . The

highest spatial frequency is the inverse of the typical

speckle size.
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It should be noted that variations in reflectivity and

surface roughness introduce secondary frequencies in the dif-

fraction pattern which are inversely proportional to the

characteristic length of the variation . That is , the high-

est spatial frequency is inversely proporticnal to the

total reflecting surface size but lower spatial frequencies

res ult from unique characteristic lengths of the reflecting

area.

97 

~ •~~~~~~•



Bibliography

1. Rigden, J. D. and E. I. Gordon . “The Granularity of
Scattered Optical Maser Light.” Proceedings I. R. E.,
50: 2367—2368 (October—December 1962)

2. Oliver, B. M. “Sparkling Spots and Random Diffraction .”
Proceedings IEEE, 51: 220-221 (January-March 1963)

3. Leith , E. N. “Quasi-Holographic Techniques in the
Microwave Region.” Proceedings IEEE, 59: 1305-1318
(July—December 1971) 

—

4. Ratcliffe , J. A. “Some Aspects of Diffraction Theory
and Their Applications to the Ionosphere .” Reports
on Progress in Physics, 19: 188-267 (1956).

5. Middleton , D. Introduction to Statistical Comrnuni-
cation Theory. New York : McGraw-Hill Book Co., 1968.

6. Goodman, J. W. Statistical Properties of Laser
Speckle Patterns, Vol. 9, Topics in Applied Physics.
New York: Springer-Verlag , 1975.

7. Hecht, E. and A. Zajac. OPTICS. Reading, Mass.:
Addison-Wesley Publishing Co., 1975.

8. Goodman , J. W. Introduction to Fourier Optics. New
York : McGraw-Hill Book Co., 1968.

9. Beckmann , P. and A. Spizzichino. The Scattering of
Electromagnetic Waves from Rough Surfaces. New York :
MacMillan Book Co., 1963.

10. Rabiner , L. R. and C. M. Rader. Digital Signal Pro-
cessing. New York : IEEE Press, 1972.

11. McKechnie , T. S. “Measurements of Some Second Order
Statistical Properties of Speckle.” OPTICS, 39:
258—267 (January 1974)

12. Born, M. and E. Wolf. Principles of Optics. New York :
Perganon Press , 1975.

13. Spiegel, M. R. Mathematical_Handbook . New York:
McGraw—Hill Book Co., 1968.



_ _ _ _ _ _ _ _ _ _ _ _

Supplemental Bibliography

1. AlLen, L. and D. G. C. Jones. Physics Letters, Vol. 7,
No. 5: 321 (1963)

2. Bracewell, R. The Fourier Transform and Its Applica-
tions. New York: McGraw Hill Book Co., 1965.

3. Burkhard, C. B. “Laser Speckle Patterns - A Narrow-

band Noise Model.” Bell Systems Technical Journal,
49: 309—316 (January—April 1970)

4. Dainty, J. C., et al. “Laser Speckle and Related
Phenomena.” Topics in Applied Physics, 9, New York :
Springer—Verl~~~, 1975.

5. Enloe, L.H. “Noise-Like Structure in the Image of
Diffusely Reflecting Optics in Coherent Illumination .”
Bell Systems Technical Journal, 46: 1479—1489 (July-
December 1967) .

6. George , N.  “Speckle .” Optics News: 14—20 (January
1976)

7. George, N. and A. Jam . “Space and Wavelength Depen-
dence of Speckle Intensi ty.” Applied Physics, 4:
201—212 (August 1974)

8. Goldfischer, L. I. “Autocorrelation Function and Power
Spectral Density of Laser Produced Speckle Patterns .”
Journal of Optical Society of America, 55: 247  ( 1965)

9. Leader, J. C. “Bidirectional Scattering of Electro-
magnetic Waves from Rough Surfaces .” Printed at Spring
Meeting of USNC/URSI of IEEE, Washington , D. C.: (16
April 1970)

10. Lowenthal , S. and H. H. Arsenault. “Image Formation
for Coherent Diffuse Objects .” Journal of Optical

-

‘ 

Society of America , 60: 1478 (1970)

11. McKechnie , T. S. “Reduction of Speckle by a Moving
Aperture — First Order Statistics. ” Optics Commun—
ication, 13: 35-39 (January 1975).

12. Ohtsubo, J. and T. Asakura. “Statistical Properties of
Speckle Patterns Produced by Coherent Light at the
Image and Defocus Planes.” OPTIK , 45: 65—72 (April
1976)

99 

~~~~~~~~~~~~~~~~~
- • - ~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~ -—-•_~~~~~~~~~~_ - •—“



— _ _ — --- -~~~---~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

13. Pedersen , 11 . M. “On the Contrast of Polychromatic
Speckle Patterns and Its Dependence on Surface
Roughness.” OPTICA ACTA, 22: 15-24 (January 1975).

14. . “Second Order Statistics of Light Diffracted
from Gaussian Rough Surfaces with Application to Rough-
ness Dependence of Speckles.” OPTICA ACTA, 22:
523—5 35 (June 1975)

15. Reed , I. S. “On a Moment Thereom for Complex Gaussian
Processes.” IRE Transactions on Information Theory, 8:
194—195 (1962)

16. Shmelev , A. B. “Wave Scattering by Statistically Un-
even Surfaces . ” Soviet Physics—Uspekhi , 15: 173-183
(1972).

17. Stroke , G. W. An Int roduct ion to Coherent Optics and
Holography. New York : Academic Press , 1969.

18. Williams , C. S. and 0. A. Becklund . Optics: A Short
Course for Engineers and Scientists . New York : Wiley—
Intersr’ience , 1972.

• 19. Wolf, E. “A Macroscopic Theory of Interference and
Diffraction of Light from Finite Sources.” Proceedings
of the Royal Society of London, 225 : 96-111(1954).

20. . “Three Dimensional Structure Determination of
Semi-Transparent Objects from Holographic Data.”
Optical Communication, 1: 153-156 (1969).

100



Appendix A

SPECKLE Program Listing

101 

—•_••- - •_ - - • • •



- _ . - - --
~~

•

~~~~

SPECKLE Program Listing (Page 1 of 40)

* *  * 4 *  * ** * * * * * ** * * ** *  4 * 4
* 4
* I •

* 7 *
* Li *
* H I S  4
* (‘)~~~~ 7 T C  *
* I 7~~.’T (_•~ 4
* 1 C - C ;~• — ‘ 7 *
‘. I— I—i ~~~O O
* I— (/) *4 ~: ( f’ I-~ H I-- 4
* I ;( t  *
* — C-S W *
* r 7~~~~O *
* C~~~,— &‘ C•l ( I I *
* • C )  r- r Y V
* •~~~ U F ~ I— I j r  *
* Li C T  C— C *
* ~~~ Li C— 7 ~~~C *
* (I’ ~~ ~~~~~~~~~ Li- *
* 7 0’ ti - ’ ‘~‘ T C: *
* i—s C 7 5 - s i —  a *
* •~~~ -~~ Ci- * • *
* I— V- C’S C.- • i— t--- • *
* a t H ~- T * c-
* ~~ H 7 C~) H * C
* C C — C~ C V 7  i~~~~ J.-  — *
* C’ C— ’ C H ~~ C - C * —

* .1— C.) C C — H ~~~~J t ?  C’ 4 Z

* CtI~~~~ C — T F - -  ~~~~~~~~ 2 *
* I—I Ct’ (~ C - ‘ ~~ 4— )( * -

— * S~) (P . . 5-4 H C T Ct- a’ * 1-
~~D * Z I— C • C J i-i 7i C) * C ~~ 4 Li

is * ~~ 7 ~-4 • V () ~ I * Li
C )  * .J I. P ~~ C’ ) -  (V C— 4 + C— 7 L” * C’
_I * ~~~C C  ~-- t ’ C T ’  T . s ~~ C- Z * 

‘
~

H * U! C I—I ((‘ 5-4 ) —4 2 ~~ 0 * Ct)
Ci. 4 Cs’ .‘ tf . ~~ C s/s C-— (~ * a
_J * T H C’ T 7 _J 4 * _J C 4 * —
e * Li LD , C’ — I, C.
•‘ * H C 7 H ~~ _J > > ~~ * C--

H * _J I C 7 H L I - 7 — *
7 * j  a’ ~~

- a’ s—s ~— s—i L’~ 7 L - )< * C’ Li. ~~a * H C T  I
C— * ~ 7 (P H 1.1 7 ~~ c’ ~ I- ~~ * .~ C )  C’
7) * C ~~ C ’  - a’ I— * C’ L. -~ i

* ~~~ C--i I~~~C H ( V T  *~~~~ U’ (P 4 * (P~~~~~~
* a’ I— I— ,. C H * CT ~~‘

c- * .~
- I- “C- F- * a • * —

n * C~~~ ’ .- i-- C C C  ( ‘ 1 *  C’ * C~~~ . 7 C
‘- 8 C ’ C (‘ .~ 

_ 7 C I • C .. . 4’ C C-
II “ (1 ~“ I 4- ..i C• Li t .  C C C-’ •

C— * C C) H C 7) 7 ..J * * I— —i * 7 •

= * _i V C C 7) I~ • = * 7)
a * - a c > C” . -s a ii * c~ ,~

- c~
7 * > C- H C” ~~ C 5—’ ~~ * I C-S — * — C”~ C
C- * U ‘ C) 0 0 Ls. C- • — — >  Ci’ >- . .-s
__ 4 C’ 7 . —~ C-- C I— C .-‘i
U’ * 5 H J U ’ 5 .  ~~~~I G ~~~

) Li’ )< *_I * V I- H .J 2 C . . C’ C C-i * .‘ C—i ...J CT

~~ * ~~ C’~ ~~ Li i-C ~~ C, . -4 F- C/’ — C >- 4 CT C--i C • (i
1. * X i-  7.J • ‘~~~~~~ t — ’  5- *
0 * )- C I” Cf II C’ > > H *
U- 8 C” Cf H T -r T -~ Cl’ > C- If’ 8 •‘ 7) 7) 7)

* ~~ I ‘ C’ ~~ 7) F C’ ) - — + H 7) * C C’ C’
7 * (V (V a’ C’ _ I •‘C~ C. )( (1’ ‘ * >( C—s H I-’-
~~ * (-C I—s C) C C~) s—C ...S H )C )i. 7 Z 5— * L’ V Li Li !
Ls~ * 0~~~~~~~~Ij !  C i - —  . C ~

) 
~~~L i I L  Li, Z * . J 2Z 2

e * (I 0 2 X 0’ ~~ U. Ls- ~~ * * * 5— 5—i * a ~ •~ ! Li
C * 0 I j I C H !  Q - > C  7) * ~~~~Ci * 0’ u H 0’ ~~ V C—S * C~ i—s C—’ 4-4
Q~ * V H >  V: l i~~~~~~~ * C C C ’ C

* 5-4 (/’ HC/ ’ CY I ’  *4 2~~~r L i t  T 0 7’ C f  7 *
* 4- X O C  F C ( f 4— C- *
C S

* *
* * 4 8 4 4 4 * * 4- ~- * * 4 * I Z * * * *

102



- ~~~~~~~~~~~~ —-

SPECKLE Program Listing (Page 2 of 40)

* 4 * 4  * 4 * 4 * 8 * 4 * 4 *  * * 4 *
I
*
* S I

* Ci 2 Li
* ( L I  I—i 0

* 5—
* H .~~~~

* 
t~

* C ) H 2
* C/’ I- D C ~-4
* 7) H O

* s, ~~ i..) 7’ C) Cl

* X _j ’c7 (/) (/, 7 _ J a

* HUl l— .~~0 <I

* ~~~~~ ~~~
a- C - I l

* l—~~~~~C ~~~ H I T
* D X I  —— (1) 7 1—

* 
, j  T I - ’

* 7 ( 4 -’ >- C f C I  C C/S

* H ‘~X 7 ~~‘ C—’ W ‘ .1

* 
- - 1- 7

* .J~~~~Ci’ C’ s-- 2 C H

* ,•j .j~~~ —— I 7 L

* i-— • C !

* X H T .  C c  7 C

* • ~~~ 0 s—i •

* H I,’ = • ~~ C.) 7) I
* ~~ 0 CC) 5—I Cu 0 ~~

* 7 4-4 (4- 5,, ~~ 
1-4 H

* H 0 7 0 I- C— ~~
* 7 HI —  H~~~ 

(l ~~~~~ C
C * 1 .  H 5—s ~~ •1’ 5—s fi’ 5
• * 7) 5’ C- C C )  _J 1, ’

C’ * H I t  <C b—s ft >-— 4 I — T C Y UJ 7 —* H( -~~~~ .‘C (4-
• * 0 0 H~~~

* Ci ).- Cs” H ~ T C’ C ~~
— * 0 0 ( P  C ( P  ~~~ rV

— * C! 7) a’ i--i 5—S Cf It ’
* C 7 ~ I I •~ 0,’ 0 7

C’ * H Li I—S ‘-0 <C ~~- I—
• * .JN4~~~~ L’ —J L ’

C’ * Q . H 7 2  CC ’  7’
— 0 H C )  5, 7 1,1  H

C * ~ ‘ I— H (P <i’ r
• * VS ~ 2 7 ‘-H ~-. ~Y H ~~

C * C) ’ C- r~ ~~ — a~ 1’ H
-
~~ * C’ C’ (~ C C’ C 7 ~~

— * s •  ‘ Of t  C) p. .4 C) ( ‘ C
C —  * r. 1- ~~~ l— • C’
.4 C 4 7 .‘ C, — a’ 0,

— • ~~ C Cf s— C’ ’ C • L~ ~r
• a~ ,-i * Cf ~~ I- C- • 7 .- .-i 2 1 H

~~ C’~~~ .’ * 1 ~~~C 1 r  C~’C ’  —‘ s — a
C’ ., .4 C’ I (I) C Li ’ 5— C—~ C”! ‘~~ <C Li

‘~ 0’ • • * 1-4 5-4 It. L H C- )— I C
LC ‘5’ C’ * 5 H CC 2 7 .“ .~

)- ,,J Cs
<C .4 C\J ~~ ‘I) * I C/’ I 7) • i—~ C- C 0 7
H 7. 4 .4 s-., C’ C’ * I C ~~ C- S • — ‘I -.~ 7. C C
<C _ I .4 C .-‘ .—s t -  t 4 Li Cf s-’ Ci’ 7 7) C . C <C (1’ H I—’

~ • ‘.- C’ • C (~ * 7 i--i ‘ , C-— ‘ s- r’ • .‘— Cf H
I—s •. .-‘ ,-i (I II * 5—’ i, 7 7 4— 7) • )~ C— Li H

“— s-’ C ’  II 54 — — * 5— 7 (/‘ ‘ -  — 5-- • 5 (1 T CT
U S  — C H’ 5-4 ) * 7) - , 5—4 C— C — >- ~~ c ‘ C-- C
Hi 7 — .‘ * C) Is - C <C C) C C’ Ci 7 7 a

z a 7) <C Lu- LC) 4— s—s 4 0 7) <C C— a’ 4’.) T 7
C’ Ci’ ~~ C-’ U, * U i—i Li. H V 7) Z C C C) a’ I Li
T w <C . ’ i < C  .-i . - l U< C  * 7 H ( V < C  C/ 5—s C.i 0 0  Lz ’ I’- I

~ ‘ H HH H  O H  * (P 7 C 7  (I’ H
C > ~~~~~<C~~~ C C W < C  * 0 (1) C’ 0 7 7
C.) Li, C ’  C C C’ C U) C * ,.j C) (P _I H H

* J 0) C H 7  ,_~ 
, ,

* < C 7) 7 2 C  C
5 ,  * L V I — 5-- ( U. C- L.  H
C,, S
.-4 *4 4 * * * * I * 5. 4 4 8 4 * 4 ‘ 1 1$ * 8

103

—‘ —
~~~~ ‘ ‘ -  —--“ 

- 
——~~~~~ — - -- —- ‘—~~——‘——-—— —-— “ - - ,,-— ———— ~~-‘—— —— ‘ ‘— —.



“ -_~“ ‘ “ ‘~~ ‘~~~~ “‘ .‘~‘ ‘ ‘~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~“--— — -—--—~~-‘~~~~~-‘5 ’ ” ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SPECKLE Program Listing (Page 3 of 40)

* 4 *
* * ** * ** * ** * ** * ** ii ** H * >- *
* 7 * ~~I *
“- H 5- ,J ‘4

* — * <C * 5 - ”
• * C * 7) *
• * C”) * i- I .  *
• * 2’ * 5.1 . * 2

)< * H * • * C
: 5  * — * C) • * C)

* C’ * 7 C--’ *
C * C’-J * <C Cf’ * , *7 * * C. * S..
o * i—’ * ‘5— * S.-.
C.) * * Cr c/_S 

* —
* C. * L ’ < C  * —

C’ * CC * ~J L  * S.. (J’
C’ * C~ ’ * ~~‘ * :

* I * < C C  * H i
— * <C * 5-4 7  * C/_S C-- *‘S * — * C’ s—s * _“ *

<C * (LI -— * <C Cs’ * 2 4
_i * C D t  ~~~ Cs * C *7) * 7)&) * <C * : *
0 * < C C*  >-~~~ * (1’ . *
a’ * (Y a ’ *  I * *H * ..Hi* T O _ S  * U’ • *
C * <C .i* 7) 7 * I

* C ’ D *  ( 77  * C .4 *
• * I CI) * 7) * (V i.

t. ’ * < C Y*  Li ....’ * : • *
o * ..J V) *  H O  * <C — : *
<C * <C 5—I * <C C.) * H H *7_S * * * J * <C (P 55 *
C * H Q * 7) * C~ LI *(I) * <C <C * 0 • * H (P *

* C’ C’ * .-i <C * 
- (/‘ U - *(I) * C’ C f *  < C ) —  * a’ ‘<C ,.J *

<C 4 7 1-5 * C) < C  * 7 Li. Q~ *
* “* C” * I— 7 *

2 * H C *  7) * C) C <C *
0 * Cl <C * L 5— * I: ’ 7) (P *

_S * (‘- (4- I 2 2  * (4 H *
C/’ * C” C * I- 1” * <~ C! ’ Ii *

4 7 5 ’ 4  I-~ * 0 C! 4
* • .‘4  — 5 , ’ 4 4— C~ _ j *

• -5 _‘ C  - C I  * 7 7- H C ”
Li * C < C *  IT * a (‘ 4
(‘4 * C’ C 4 7) I’ . * 7 CT Ii ~ *
7’ * i—s Cr * H Ci’ * H 7) 7 2 ~ t’ *
H * 5-4 * C) * : ~~‘ C • *Ci 4 2 .‘* <C I- * — 7. Ci — . 4 . 4  -~ Ci’ ..) *
I * C’ C’ 4 ! Cs “ )“ .J C ’  C ’ C ’~t 4 + ~~~ I~~~~~ C *
C * C s L ’ *  I! * 14’ 00 7  “..s-, C ~~ 0f l ’ (~’~~~~ C*
Cl 4 H’ (4-’~~ a. * C” L C r s— ~~~~~~~~~~~~~~~~~~~~~~~~~~ — s - :

* ‘— U. i U - €7 * .- Li : -~ _i _j _j ._i 2 _j —
4 (/) t. * T * s- — T  .i4’ 4 ’ j + - C I I + + C  ..>-

7 * 7 H * H I, ’ * s-. >“ < C >-  ‘s- s-. 5- 5-— 2 .J I .J (V H’ -t
C—4 4 C’ .- * 2 * s- P 1) 3 ..J <C C” C C’ 0 S.’ •
C- * I -1C’*  C C —  * s- C’, .. C’,j O C CC  Q ’ 0~~~~ C ..J .~~~-
C. !  * - C”) * 7) * rP —‘ ‘t — — (V C- C)-’ C) 2’ 7) 7 2’ Ii if
j  * 2 4— * C— H * 5— H C—’ H H 5 5 II II II II H H
j  * 2 * LII 7’ * 5-— Cl C-- Cl 5- Cl II II ~~ — 3 2 ..J H <C

U, * . . J H *  C / C O  * Z 7 7 ) S Z T X ...J II S I C  O C i f  7 7
1- * J — * * I—I (4” 5-4 ~ H ft- C C’ Ci C (C- C.) C) Cs H (V
(4- * < C C ’ *  C-- I- * C C - o C ( V C ) O C’~~~~~~~~~~~~~~ S.’~~~~ O C s O

* O C’ * ( P 7  * U U, a . L 0, L2 7 J_ j_J _j~~~~~~~~C Q L s ,
U * — 4 *  (V s—i *7 * * I-i a’ 4
C * * L C  * t-~ j  U

4 4 4

* * ** * 4 * * 1 *  * 4

104

“~~~~~~~-- -~~~~~~~~ -‘
-

~~~~~~ 
--

-—-‘~~~~ -- ~~~~~ - _ _ _ _ _ _



-~~ ~~~~~~~~~~ -~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ W~~~~~~~~~~
’ ----- ‘-- - 

~~~~~~~

- - - ‘ --— ------
~~~~~~~~

- - -

SPECKLE Program Listing (Page 4 of 40)

4 * 4 * 4  * 4 * 4 *  4 * 4 4  *
* * * * * * S
4 * 4 * * * 4

* * * C * * * C
* * * 5- * * ** * * 1— * * *
* * * Cf * * *

* * * * ‘I S * * ** * * * 7) * * *
* ‘5 ‘1 ‘5 C * * *
* * * * * * *
* * * * (Y * * *
* t * * * * *
* * * * (/s * * *
• * * * Cl * * *
* * * * I * * *
* * * * * * 4
4 * * * Cl * * *
- * * ‘1 C— * * *
* * * * Cl * * *
* * * * C- ’ * * ** * * * * * *4 * * * C-- * * *4 * * * I * * *
* 4 * * C * * *
* 4 * * H * * ** 4 * II * * ** * * * 2! * * *
* * * * * * ** * * * I,, * * ** * * * C * * *
* * * * <C * * Iii *
* * * * CL * * 7 4
* 4 * * (4- * * I—I *

* * * 
- * * I— *

— * * * C/i * 7’ ** * * * * C *4- * * * I- * * (4” *5., * * 4 7) * * *
* * * a * * s-- *

* —-. * * * 7) * * C *
__1 * * * C--I * * _I *: c- * * * * * Ci *— 0 * 4 * ELI * * *
S.’ * • * * I * * CC *s--s S.’ * - * * I— * * I *

• — * • * * 4 * C”.) *..j.— * I,. * * Li, * * *(~‘C.-. * Ci * I Cu * * J *
I C C” * <C * * * * .J *
& S.’~~~~~ * S. * * I ‘S * “‘ * —

4 (~ * * C * I~~~* (‘  
* -

(‘ 5I u ‘S ‘C _J “ * ~~ . 0
5%’ 7) . .  * Ci * * 4) * * C * — (C’
T •)-  * ‘S * * 0*  7) 1 • 7)
H — C’.- * C * * C” * I— * <C * ‘s-i ‘-‘

— ‘ 4 —  * 7 * * I * * * <C
— C”) * C—S * * C~ * C’ ~ 

V- * — F-
• I- -  • * H ‘S ~S 4 IT ,’  f_S -‘

P”- ‘-‘C ’ -  * H * * C’- * * * C ) C CC
s- < C L  * C * * 4 — . 4  Li * C L ’ C

— 5 - - . .  * J * * (,s * C D*  U. * 7I-~~~..j H
>- * C’ * V * s—i 4 • * 7’ * — — <C —5.. C” t~~ * * C’ * * 5~ 5 * CT’ * H .-4 U C .4

* <C * O *  I, ’ * j *  * < C I I C’S ’ II t”
~‘ * .-4- * J * 2 *  1~’ * . 4  I— * C 7) I l~~~~~ II
7 * r— — * Ci * 0 * (I) * C’ * 0 * J — --.7) 4 1— * C/! * C.) * * C’i * _J * U. -~~ 7) C” 7)
,.J * I— Cl * (1) * * 0 * Z * 0.- * — C) C) —

C * 7 7 * C-’ * .J * H * C-S * * I a) Li’ a) 0.
0 * 5-4 (Ci * C * .J * * * Ci * ‘- H .J

* 0 ’O  * * <C * S.( * U- * 7) * U C’ 7) C’ I- -

*~~~~ U. * .J * C t  C _ S  4 I—S t * C / Co d
* J * * Iii * * H *
* Cl * * I * * C *

L F— * C * * C * * (~ * 4
‘S ‘1- ‘C C-

* * * * * ** * * 1 *  4 * *~~~ 4 * * * 4 *

105

- -—~~~~ ‘- -~~~~~~~ --  ‘
~~~

--- 
~~~~

- —-- - —-~~~~~~~ 
- 

~~
--



r ~~~~~~~~~~
— ---

~~~~
--

~~~~~~~~~~~~~
--- ---

SPECKLE Program Listing (Page 5 of 40)

‘5
*
* • ‘S
* C- 4
* - -  ‘5-

* 5— *
* CC *
* 5 ’ *
* 7) *4 CS
* ‘ , 

*
* 0’ *
* ** C/C *
* <C *
* 2 *
*
* <C *
* H *
* <C *
* C-’ *
* *
* C-- *
* I *
* C *

—-. — * C--i *C”, — 5’ * h S  *
—‘ — C’,, Cr * 2! *
C\J ‘-4 — C’ * *

— — ‘s-s • * 55 C 
*

.4 .4 * C.’ *
— C) C) I * <C *

C’ — * U. *
— C’ I ‘-‘ . —‘ * Ci’ *
C’ .4 — I —‘ C” * 7’ *• s : — — ‘-~ CT’ * C/) *

• ~~~ : — C’ . i C’ * *
— : Li’ s’s C’.) .. — . * 5- *C) — 44 4) .- ‘s-, 5.. .—‘ * = *
• e~ 

- u s  a ~~ .. -~ s * a. *a) — C !T <C — C’ 4 — — * 2’ *• It Cl 1/) 2! C) C’ — C” • * 5-4 *
‘-4 C” I Cf C’ .-

~ : o~ U” *
-4- • (P ‘.5 .4 - I-- C) • * U’ *

U’ ~~
‘ ‘ — <C . ‘s-I * 2! *

I,’  7) (4’ 5- •-l .4 * 5— * S
C’ (V C - -  7 ‘/- ‘ C_f’ —. lu 5 4- *: ~‘ a’ C-- u . C’ C) — • * U, *

‘-CI  C— hi (‘4 ’ C )  Cl C~j • <C Ci * C) *
‘s-S • 4- 0  4). I ,  <C L ‘‘1 7 . 1 -  * *
4 5  C ’ u C ’ C ’ I  .- Q , s- L i  C C’ C ’ C , , -’ C--” * 1— *

— 5 ’ C ’  •-“ (C < C C~~~fl’ 7) 1 7)  ‘5 C
: i -  .,,, (‘4 ~~

- C~ •‘. — =  ‘S -

C’ C’ C’ C Cl (1 *- (I’ (V C’ 5. 5’ 5’ *: — — H I - - )- ’ - ..J I H 7 C - H I ( .  * *— U_S .4 (4 ’ 7) ..J 2! 4-- . H — (4- ’ * C *
.-“ - S .’ C’ C ’ O < C  C ”  0 C C  C Lf’ C~~C4- ’ L ’ L  * I *(V T I f’ 7I 0 • ‘ L J VH  * C’) *

C’ C-S C C ~~C C ‘ C  *
C’ — — — 1/’ C. C.’ —. C’ 4/’ — — C) Cl 5 5 * Cl *

--. 2! 2! ,.-. : : : .4:  C’ Li C’ U : : — * *
.4 ‘s—S I If- . • . — — . — — — I I’ C) * Ii 4

— C’ C- 5” 7 7) C 7 7) (5 ’ CT (I’ _J (5’ * s—s *
.J U ’s-I 5— 5” 1 ‘ .5  C—i 5—I 5-4 C 5--I C-S S.’ S.’ 2! I’ C/C Cl 4/’ ..J * *(‘ j ) j ’,: • . •r’ ‘ ‘  C ,.C C ’ ( ’ ( ’ ( _ S  7- ’ I~ ’ I , ’ I , ~~C) * L’ ‘5

7) H 2’ (I’ CC 4) 0. <C L(’ <C IC’ Cl 7)’ Cl C’ <C 5-4 C—i <C (C ’ I 0’ 7 ci * i ’  *
C’ 5--i ...J Is] Cl Cl i i C” I - ‘ “ (/‘ Si - C” 1,1 H C— CC 7) J ,J ..J 7) * Cl’ *• CT H Ci (V C Ci 0 7 2 7) 7 I I )( )- CO  (4- Ci C) U~ * *V) 0 0 C 0 C/) 0 * C’ *

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H *
(IC ..J ~J ..J ..J — .J _.i _J ’-. _.S _ J ..i ..J .J .J ._I ..J J ._J * *II <C Cl Cf Cl U, U. Li. ~~ C Cl 0 <C U. <C C <C <C <C Cl Cl <C <C <C Cl * S( *
C/) C C- C C.) H C—. C— s C -‘ C CT IT C 5-4 C.) C) CT’ C’ 0 C,’ C) C.’ C’ C.) C * C.) *

* LII *
C” - 

* 2! *4 * C *
(‘ £ N -

C’ C’ ‘s-’ C’ C ’ C ”  * *
* * * * *

106

-— ‘-~~---~~—-



~— ‘ — ‘~~~~ w_ ___ _ ., ,., .

SPECKLE Program Listing (Page 6 of 40)

* * ** * *
* * * (P —

* * * L i lsi C’)

* * * CI.J sZ’

* * ** * • * F-  C l 0’ U~
* * ‘s-i *‘5 * — 4 W 5-—4 0’CP <C
* * - * C

* * ‘s—I *
* * • * _ J H  U~
* * C’ * 7) Cl LII 2! CT’
* * C’ * C , J C C I I—
* * ‘-I * .J H • Ci
4 * — *
* * 4’ * 0 2 !
• * — * C’, •T ~~~
* * 2! • *
* * C’, ‘5 ._ I (.  ~~ Ci” C/’
4 * — ‘s-I * 5-4 7 •C) (.)
* * C’ — * 2! 7 ) C 5- ’4
* * C’ ~~ * UI — O’ V

* * ‘-4 • *
* * — (Ci * < C < C I ,’ I
4 * 4’ • *
* * 2’ • ‘5 I - - aU - _ i

* * 0 ~~ ** * 5-5 — * Li V _ S C l C.) 1j 2

* * I—’ e * Z LLI H
* * C.) C)’ * 5-4 0 C) 0.
* * ~‘ - * 5— UI 2’ (I) 0.
* * a — * N: .C 0.
* * H f l  * 0 5--’ • ‘ , ‘ C l
* * C’ _j *
* * <C * 

a ’ < C~~~~ 5-—

* * ~~ 0 * 7 ) 7 •  U,

* 4 2! * ( / 3 07 ) 7 1 ,
* * C” 2! * 0 — C _ S C)’
* 4 ~~. .4 ir *
* * — — *
* * — c •~~~~ * C-I UJ O’ LI

* * If’ it_S C/) * ...J 2! • H ..J

* * C— ‘-4 3 Ui * 0.. H N) 0.- i,

* * • — .. ~~ - * C)
* 4 ~~~(C’ 5” • — *
* * CT — 7) C~J • * 4/’ C C C.) I

* * • C) 0 U’) .4 CI’ S
* * if • 4— ’ — — * CC’ U (/‘ ~j’
‘4 * .-~~~ I I t’  * I (T s-- s-

U” 4 * — C — — (‘ ~j  — * Cc 7 I’  ~r 1’
C’ “ C) • II • I, Cl • ‘5 C — - Li H

* 4 Cl’ a) C’ F” C) C’ .4 — * S—S CC 2!
C’ * - * . — • —‘ _ C--4 4/ •Q * <C H H C -
C- * Cl * —4 ‘-4 U,) ‘s-s • C 2! C’~. 0 * 0’ I—4 C

* 7) * • I • S.’ (Cd It’ — (/1 * (/ 2’ a’ ~~~‘
C * C—S * I~ ‘ -CC ’  Z I = ‘-7)  >- * 5-4 7) Cl ]
( “a  I ‘S 5’ P-~-~~~, •7 ..J 2! 4

* 7) * .1 .0’ •C ’  ~~~s~~~C l 0 .  * 15’ 7
.-‘ * C’ * - -- ‘s-4 ’s-~~C I r -” .- C ’ 3~~~~ I~~~~~* 0- 1 . S C Z s - -
C) * 4) 4 C”. I LI I —‘ ‘-‘ — C’ * Cl CC,’ 7) C—S
• * * — C’r C’ — — — C C/’ C 7 )—  — * 

“s 7’ Cl
C*  I— * _ i O C ’ _ S. 5F - ( P C ”  ‘ C”’ C — _ i *  C S —  C _ i

- 4 C’ 4 CC C~ _J S.” ‘ 5  C’ Cl’ C’ I. Li. I i  CC- * (3 Ci’ I U’
• * _J * 7 >- H 7 C/ <C us C—S Cl 0’ C/’ C ‘5 ‘ - ‘ Iii Cl 2’ C’
o * 0, * C ~~ I—I _i U 7) >5 5— CC 7) UI 2’ 4 (1 ‘.5 CC i— H 7’
C’) * * 0’ (1 5— 0’ C) <C C’.- C’ (I_ S 0’ Li) * • Z <C <C <C (I!
7*  C’ * 4 ) H C ’ _~i
H*  I * _ i _ i _i _ i _ i _ i . - _ ij J .J * C’ H) (  1 01  4

* C” * _J ~.J ..J ..J ~J _i , ..J _j ,.,.i .J _.j * CT 7)’ Cl’ >5 Cl
Li- * * Cl Cf Cl Cl <C <C Cl .4 Cl <C Cl <C Cl 4 C’ _J )- Lii (5
H * ~J * C,) C) C.) C C) L~ CT • C’ C’ C CT’ C.) * _i CC C) ~~ C

* .J * ‘s-I * _J CX3 i~~0’ U.t O
* <C 4 ‘5 -‘i 7 C C ’  C C ’ f l

* C.) 4 * C
* ‘5

(“ ‘ 4 * ‘5
1* * a * * * * * * * * * *

I

107 

---‘~~~~~~~~~~~~~~~~~ ‘—‘- - -~~~~~~~~ --



~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~ ~~~~~~ 
- ‘  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

- 

~~~~

—

~~

-- - —-----

SPECKLE Program Listing (Page 7 of 40)

* * * ‘ 5 4 * 4  * 4 * 4 * 4 4 *  * 4 4 * 4  *
* 4 * *
* ** * * *

* * * ** * * *
* * * *

* * 0 * ** * • * ** H * 4

— * * Cs * *
* * U * *— * * * *s-s * * C * *—‘ * * I * *<C * * (Cl * *

H * * ‘5 *
<C * * _i * *

* * __ J * *
• * * * Cl * *
• 1 * * C_ S * * - ‘
• 5,-s * * * *• (3 * * * *

7 * * * • * *
C • * * U~ * *I—I 4~ * * 7) * *
H * * * Cl * *
O —‘ * * __, ‘S *
7 ‘s-i * * CC * *7) * * * *U — * * 7 * *

5— * * C’ * *,I,, C)’ * * 5— * *
a’ c * * H ‘5 *7) 1” * * Cl 4 *
H * * > * *
CC CT, * * 0. * *
5 >5 * * Li’ * *
0 s - - * * (/3 * *
<C * 4 * Cf * *

— ‘5 * C * *
3< 7) * * *
C — • — ‘5 * C. * — *
_J C- • J * * I * C.) *
CC — • 0 * * H * (I’ *
T J • 4’ $ * * 5 5 C ’  *
C’ ts • 4.-S 4 * (V * 7’ — *C ’  C-’ C . * * C * Cl . *

Li. I. 2! U’ * * Li * 0 .1. *
Is H ,s C C)! * * * C/’ *
T . 4-- f ,—, * ~ ~ —‘ *5- ‘5 5- 5-- 4 — * C ‘5 ‘— I  ‘S

— I— ~~- ‘5 ..J S C-- “ ‘s- —
CC ~~‘ I I  Cs-f * C * (,~

) *
C — C ‘s-S * C * * I — C *
Cs 5.-s i— 0’ — * s—f * LI * C’ 7) CC’ *

Cl * ‘- * * 7 7 C -s *
• U C’ 5— 0 C-- * 2! * (2 * Cl — — *

1 “1 1,’ CT <C Cl * C’ 7) ~~
‘ 0

Ci (Y .J 7) 5 - - C  * (V * I-” * ~~~* 5 - C *
II C 7’ Ii- CT “s * C-i * ..~J * 3 CX <C C’ *

4—i _ - 7) • C ~~ * ‘-‘ * <C * CC CiT CT I—I *H 7) 4, ‘ C - ’  • - * IT * C T  * C ” 7 — 4
7) C 7 I— • >5 * Ci * (/3 * C--’ <C H C— *
C”) I—s C,’ 5— 7)’ • ~~~‘ 7)’ * Cl * * - ..j C” Is *
0 “-‘ 4 5-- C >5 _ i C  ‘5 I I  * Ci ’ * - C l , 7 ) H*
rn ~~~~~ 7) ri r C T  * ~~~C * 2! * C f — C 7 T*
7) H ,-4 C C ~~ * ~~~O * 5-— * C I I U .V ) *(I) <C - CC 7) C- U Cd) * H * * _i CC’) *

CC * Q’ (I’ Li C. C-) * H _I * C/’ * U, C> ._J .-J *
C/C 7) 2! * 7 ) _ i  * (P * 1 1 ” ...J_ i*
C--f Cl’) C) * 0 Cl * U * (/ 7’ <C ~Z *
I ..J 4 C - _ S C  * C * (T~~~~ C . ) C *

I.i ’ _.J * * 0 * *7) 2! C’ * 4 CC * *
5-- C- Li * ~~ * Cd * *

-T 5’ ‘5 “ ‘S

* * * *
* * * * ‘5 4 *  * * * £ 4 8 4 4  * * ‘ 5 *  * *

108



- — -—- fl- —- ‘—.- ‘-~~~-—- - ‘.‘~~~ ~~~‘ -- -- -

SPECKLE Program Listing (Page 8 of 40)

* * 4 * 4 *  * * 4  * * * ‘5 * * *
* * *
* ‘5 *
* ‘5 *

CT * * *
V_S ..i * * Ci’ *S- - I C C ’  * * 5--I *Cl * * ‘II *7)7 ) ’  * >, *C C C ”  * ‘5 _i
“ (1~ * * <C *
H * * 7) *
H I— * * Cl *
<C I”  * * *

‘5 * >5 4
C. * Ci *

* * 7 *C_ i  * * I,’ *
* * 7)’ *

C— Li ’  * * C’ *
* * *Cl * * 4

— ~‘ ) c~ * * U *
—“ U - H  * * *

— U * * ‘~ *5—4 5-4 _j  * * 2! *— C <  * * 1— *
C- 7) * * *H V_ S C ’  * * 2 *Cl Li t, > 

* * i—s *C 7’ * * *H V * * ~~ *
4—I * * 5 - !  *H ~d • * * 1/ *CT C T >  • 4 * 7) *

C’ 7) 1— • * * *= l—5 H Li * * 1 !  *7) ti_S C/_S _i * — * 
C’ *

z~~~
- 

* C) * *Cl 5 , 2 !  * * * CC *C . 5 - 1 , ,  * * * 5— *— C\ * — * *
* C” l—. C * * 5 - *
—. N” * ‘~, s * C *
7) •(r * C’ * _i *

— (i ’ l l ’  * * (3 *C--’ ( 2 <~~~ * Cf * *
• - < C ’ > C C-- ’ * CC C * >5 *
• CC CT’- 5— * * r’i * C-- *
• 5-.- * <C 4 * H *
- C) ( ( ‘ C * C’ ,.- , * 4’ *
• C” ( ‘ 5 5 ‘5 “ * ~

‘ • * —

~ 4 C - C - IC -
~ CT - ‘- 3. - ,‘

CT 5- *- C l  * _J ( C ’  * C- • *
• C _j 7) * Cl ~- * 7 7) * 2!

CT C”.> C C * — . * 5-~ CC * 0
I, s- C,) (I’ * s- ‘s-f * ‘~~ * 5’7) • (2 4-’> * • — * Li.H *C--I ‘s-i <C 5- 5- - ‘—4 4 C’ 5- *<C ‘- 7) Cl ~‘C - 

* 2! _i — * CT * _i C-
C— II <C 5 ~~ * C C — 4’. * 3 CC * 0 H
C — N O C )  * o L *  4 * C, * C T C )
Cl ‘ C? * ‘s—’ ‘s—S ~‘ 7) 4 ST * 1)-’ 1 * C’

— 5” 1 (2 * I 5 • . -  >5 I * _j * — II
Ct 5-- 7 C.’ C- * ~~ ‘s-I ‘s—I — ~~ + * .J V * -‘
I—i — Cl C 5’ * C’ C’) II II I—I ~~ ~‘ C’ —‘ 

* -‘ c~ * ‘ C 7)
H 7 5-1 * CC’ (3 s-s 7) — (2 * — * 5 , -  * ‘ —

~~
- 7 H 0 * 5—I H Cl _i •T * H * 5—’ CC * H

C-- H I 5’ ‘ I  * II II C’) C’— I— < 5 ~~ * 7) Cl) * (“-4 Li-
5--I <C C’) 1 * 2! ._J LI’ Ii’ - <C Li I—I — Cl * U U U
(I’ L ’ C T S- * c - C  C 0 C T —H  * f ’ ’ ’  * CT
7) 2! * CC’ Cd) C C II II II II <C * 2! * C’ C

1 (13 * 7) 7) C C 7) >5 >5 CT * C ’ C- - * C Cc
H sf 0 7 )  * * > *7) I C _ S _ i  * * < C L  *
I- ( L C d  * CX-. * (i_ S C. * C”—

*
* * ** ‘ 5 * 4  * l~ * 4 * 4 * * 4  * * *

109

~ 

-— -~~~~~~~~~~~~~~~~~
-
~~~~~~~~



SPECKLE Program List ing  (Page 9 of 40)

* * 4 * * * *  * * * * * 4 * * *
* * * ‘5 4 * ‘5

* * * * * * *
* * * * * 4 *
* * * * * * *

* * * * * * *
* ‘5 * * * * *
* * ..-‘ ‘4 -‘ * * *
* * ‘4 ‘5 ‘3- * ‘5

‘5 ,t 1,

* * * * *
* * C’ * * * ‘S *
* * 7) * * * * 4

* * C--, * * * *
* * 1-~ * * ‘C- * *
* * 4- ’ * * * * *
* * ._J * * * * *
* * Cl * * * • * *
* • S * * ,i - *
* • * (C’ * * * • * *
* • ‘4 CT * * * C” * *
* H * 7) * ‘S ‘5 I, * *
* * * * * H * *
* C’) * 

I> * * u * *
* * C’ * • * * - , !  * *
* C— * Cl * . * * 7)- * 4
* 

:- * Ii., * • * * c * *
* S--I * I . ’ * . * ‘S 11,1 * *
* C)’ * CC * ‘s-I * * Cl ’ * ** C * * * * * *
* * I~ l * U * * Sf * *
* CC * ~~ * C’ * * < * *
* 0 * _j * 4 * ~ *
* Li ‘5 ~ ‘ * ~ * * * *
* £ ~~ * 7) 7)

* 7 * * 7 * * 0” * *
* cC’ * >5 * 5—’ * * 3 ’  * *
* - * H * 3< * * C— * *
* I- -- * s—s * Cl ‘5 * I—’ * *

‘5 * H * (1) * T * * Cl * *
* s-~ * ~~ 4 * * Cl * *
* Li * C * CT * C I ’ S  * *
‘5 * 5— ‘5 * C ’ S  CT * 4

F * C * 7 * CC’ * * * _i * *
* _J * S—i * C’- * — *  Ci * *
* Ci’ * * Ii * > 5*  ( 1  * *
* (21 * L * * s-,~~~ ‘ ‘5 *
* U’ * C’ * 7) 4 . —*  C’, * *
* CC * * cC- * ,‘S (/C ‘S
* Cr i —. ‘ -  4 * ~~~* *• * ,‘- 7) ‘5 5- - ‘5 ,—. “ 1 3 -  * - ‘

*

* ‘ ‘  * .., ! ._J ‘5 5-- * — 5 - *  ‘ 1 4’ *
2! ‘- C — - < “ ~~ - — ‘ ~ ‘

$ 5- * C ~~‘ * C ‘I C < C  * ( “‘S

‘5 4 7) 4 * C I — *  U * 5 - *
* U~ * .- S * Lu * 7) CX * C * *
* C- * ~~ “ * ,,j 

* — c ’*  * C ’ S
* ‘5 CT ~ * V ‘5 3 ~~~ * s— ‘4 ( 2 *
4 ‘ ‘5 C 4 - . --’ ‘S IT ‘5 —:-‘ : .~J _ , i ’ 4  C ‘1
£ 7) * 7) >~~“~ ‘5 3 ’  * C ’ C C < C *  _i S

* _i * ,~~~
4 s -., * C 4 7 ) C x C d - . * CC * c 4

* CX I >- T ‘s- * C * ‘ 7) (S ‘S * • *
* ~~ * C— ‘-. * * l -~~~~~~‘*  C’ 4 > . *
* * < • s- s-. * I - 

* H ‘s—i ‘s—I II * 5 * ‘ *
* 7) 5 C’- i”— s-. — * 2! * < 5 5 — 4  C’ * .4

* 7) * — c -‘ ,~~ * I— * CT C-’- 7) ~~ ‘ ‘5 * 57) *
* 5’ * ..J j’— • * * — “ ‘ 5  < * (‘ 4’
* I—C * ~1 f r - C~ 4 i-i 4 _ i J .~~~5- * * 5 - *
* C” . 4 I F Cl ‘-I * I”—~ * CX C’ C) — * C * 7) *
* < * C ! 7 )~~~~ IU * C—i * U 4 i C T *  5-’ * 5-5 *

* 5’ * II  C-I Y — * ..J ‘5 Cl H * * —‘ *
* * >- (‘- C )< * Cl * I I C C C l*  C.’ * U *
* - * >~~U U 4  * 5. * ) ( C C ’ ) C ’ *  C -  *F * > * 

‘s--i * CC * * 1,3, * *
* <C * ‘5 ‘-‘ * 

if 7’ 
~
‘ if

• (1 * C * — ‘5 - J *  C, * *$ ‘C ‘ ‘5 ‘4 C 13

* * —1 ‘5 * -,C * 4 *

5 
* 4 - 4 * 4 * ‘5 4 ‘S * ~ ~ * *

110



SPECKLE Program Listing (Page 10 of 4 0)

‘4 * *- *
‘5
*
*
*
*
‘S
‘S

*

*
*
*

• *
• ‘4

* • C-
U •

‘S ‘T C”
5 .> ‘5 — I
H * 4” —

* (‘I C-
C__ S 

* +
(‘),‘ * — ‘-‘I —

* i (‘ -
5, 4 >5 — — N’
C * i-- : NT .-4 —
_J ~ ,~ -i 53> — * ‘s—I
CC * Sf C

* 7) .- C C’
CT * 

, .  . 5 C’ .4
I ‘S C- - I” - ~ I ‘s-i

4’ ‘5 — C- .4 • S
* Cl I :
* CC I~’ N’
* C’ : C T  ti” 4’
* — T *1 CC I. ‘s-I

* P — C ’  C’) I ’  C- Cl ‘s—i .‘
_J * 5—- • *—~ CC T Cl —
_J * Li I - < 11’ 1 C:, C)
.— 4 ( 2! ,“ C .—‘
I 

* ‘ • — CX CT, l~ ‘s—>

* (3 ç, ’s-> a o L.
C’ * C’ • Ii I I Ci 5”
7) * 7 C C  C ’ C 5- 7) 4
C) * ~~

. : c’— • k—i 7) s, I— - C’
• 1 .’> ,j C’ 5— , ,  (1 C ~~ -

31 4 7) .“ • — r~’ - - - ,-
~ l_

C * + i c  C r c f  - C ’  Li 4’
‘5 “‘ • • • I N” N” - ‘ (~ ~~‘ r ’

Li — C : t >  N I” 5 1’
Li * C C” — 5- ( ‘ C C  Cl I - C C’
= • : •c - - .-- ,~, s--- s- s- - ~~J L 5 —
C * ‘s-I - ‘i) • ‘s-I ~~‘ 7) 2! 5-—

‘S I CT .-i — ‘r C. C C C < (2 C Cl Sf C
5-’- 5 - p ~‘- • 7) C> CT (2 (2 7) Cl “ 7) C

,I 7 _J _J .-. — 1- ‘ - 
— ‘ C I- - C’

~~ * C C’  C r  • N C 3 7 — - . - - -- CT Cd’ (2 ,— c) V
C * o~~~ L’- ’ ---- 2 ! C )  .~~~~ : ,-.- .- : : : .-~~~:

* 7) ‘7) 7) ,~J N’ .- ‘ 5 ~~ ~~ — • • • — — — •
C’ — — —~~~

‘- ‘— — ~~-‘ — — 7 4’- - CT C’ 7) 7) C 7) 7)
I * H ‘s—I ~~~ S —_J I ‘s— s C’ C-’ I--’ L f 3 ’ ’  C—I 5—’> 5—I ‘2  5—I C

C ’ ’  * •‘ ii C” II - C’ - V If I C” . . • ~~ C” C’ • C” C’ T

* ( ‘ - 7 ) 1 1  7 ) l I 7) s- 7 ) 7 )V < Q Q. C l — . 4 < . 4 < 7) C T N ICT U
* J —. V C’— _J ,.J . ‘ H I Cl C’ if_S ‘ . ~~‘ 3 -  ‘f 1 (1 ~t t ~_S

2! * Li- c~~ 7) • . - ‘ 7 ) C C 5 — W ( ’ Q 2 ! C O C ’) ~ i ’ l  I - C
C- * — C ‘ ‘s—I C’ C]) C LI 0 0 Cf C’

“ I a C + I (1’) ~..1 _~J ,_J .J _ I ,J 5—, 4—4 5- -I _i 5- ’ _J H -,J H .,J C- .J _i
Cl * _I Cf H _i _, ,...J -.-i _,j —‘ .— — ‘ ._J _j —4 — .-J -.J _J

* II C L>- Il C” 7)~~~~~C l C l < C,
~1< U Li

* C,’ C 2! (1’ CC C_S C, LI ()  0 Lii s C- - 5-—’ V (2 (_ C’ (2 C--S C C C C,
H *5 ’ * C—

C * C —
C. “ c -,- C’ r

* ‘I 4’ - i ’  1 . -C
* ‘~ * if

111

- -  
_ _ _ _



SPECKLE Program Listing (Page 11 of 40)

~ * * * *
* *‘3- *
* 4
* *

* ** ** ** *
NT *I * • *

* • *C’ * C *
~~‘ * “, *

* 5— *
. * I’ *C) * I” 4
— * 7)- *
• * 

C-. *
N * I- *
IC’ * C’ *
I * *
— * C/’ *

C’>- * CX *
N’ * 7 *

‘s—S * *
— ‘ : *.4 N- H * Ct’ *
i-i - .4 Cl * t *

• * H *
• C 5— — * I- *7) 4’ * CX *
• • i >  I ‘S Cl *

iv- -v- ‘ s -  *
‘s—I ‘s—I I ’  C’ * I I

— .‘ C’s ‘r * ~_J *
CC C’ 7) N’) * C.’ *
‘s-I _-, ‘s- If • * C. *
-4’ .4 — —, C l — . C * I *
— — -~ i. : .— I, N” * * CC *
: ‘s-1 ,--I 4 I - .-. L l 5  ui S i  • * v> *$5 I I~~’ N’ ‘s—i 14” 5-’ 1’ - * *C’ L c- I,C’ • t ’ N ” > -~~~~~.--s ‘ I C ’ N T  * Ii I

— •- I • • C) 1’ • I— ‘s-I • 7)’ a” — * ~ *
• C’ 5-—- CD Cl * NT C’ 5--” 5 C’ Cl’ NT .4 * 5- *

‘s-I • CT •‘ • • - — ( I) N- _ I • ‘s-I * 1
• C’ C’ 7) CD • C c~ • 7 ‘s—I C’) (C CD — * Li ‘5

N-  — • 1 , 1  • ‘s-I C’>, — a , >  • • — !  * C) *
I -~~ P’-, _J _S~

’ (2 . • “ I— C’ N’ • I’— 15 ‘s ‘C
C ’ S ’  “ 4 C C  * 7 ) ’ >-’ C’ ‘ I ’  ‘~ I C’

C • ‘s > “) — “ •, ,3 ~
, C’ • 5--> ‘s—I ‘S C 

~
• ‘s-I .- ~~~ t\ — :  — — ~~L C- — :  -‘

‘s- I f !  2 ! I  i s - : T N  .- ---, < C ’ ’-. ~ Ci ‘S C’
I’  —‘ —‘ Cl I C/’ ‘7) -~ : C- ~~ I i> ’ * * I—

• ~~~C’ 7 ) C ’~~ NT C C T 5 )  I • C ’ s  3C — ( T I C ’  ‘- 5) 4 C *
• C- 1/ ~,

‘ -, I, ’ Cl I - s,~ ‘ - ‘ I - 5—f C’ H C’ L- ’ C’ 3 * I * C’
‘s—I ( • 7) C:- (1 7 I- 7) (2 5— >13 I 5—s C--I C, C H * N’ 4 (2
* .-. C _j ._i ~~ .1 C) ~-r c- , - • - ‘ — - - : ‘ -‘

st’i • — C : C’ _J (4’ ST • .J _J 
~ 4’) ’ <C S >5 7) 1 CT 7 7 * CX * ~~

.— C’ C • C. - c- : : : o ’ : : >- : : -~ : — * C:
—‘ 4— — ~~ I 2! Cf C) * C * •
( - I C  — — - - - — ‘.. ‘ S Ci- _J CP V _J C” f- ’ , JV ~~~~~ C’ ,J 1’ ’--- *  C- * C

* 1 ’
(‘l C T I” ? ” y’ ’ > I I C_ ” ’  ‘ ‘ 1 5 1  1 5 1 > 1 ’  - ‘ , ‘ I , C I -  ‘ ‘ I ’ C l *  ‘ I  * •
S—I C I—> 1” 7) C, (2 Cl- 5-s ~ C~’ Y 5’ II> 5’ 7 CC’ CT- 5’ Cl S C * i * C”

C-- _J C)~ 5 . ’ ~~
‘ ‘ ‘ “ -  ~J j  J ._J ,.J ,_i ~J J - - ‘  ~J .4 .4 7) * 1/_S 

* NT
C 2  C> 1CC ~3- C O  (1 (51 a t 21 C C C )  Cl I C - u  * * H

* C) * 7)
_I _1 

~~ .4 .4 ..J .4 .4 .4 .4 .~J -.4 .4 _J .4 _J -J .J ~J .4 ..J ..J _i * H * S—I
_J __J .4 .4 ...J _J .4 _i _i .4 .4 ,.J .,J .4 .4 .4 .4 _J _.J _i ~-J ...i _J * * —
C) Cl Cl CX Cl Cl Cl CX CT Cl Cl CX Cl CX CX C- Cl CC CT Cl CX ~~ CX * Ci’ * C
c C , C~~C, 0 L(  0 C C( 2 L 0 L : 0 C ’( (2 L~~LC’ C C - * C’ * C—

* I I  *
* *
* Cd *

* * C
* ‘S * ‘5 *

112

“ - - - --- --~~~~~ -~~~-—- ‘ -—“ -- - ‘ --‘
~~~~~
----- ‘-- -.----‘

~~~~~~~~~~~~~~~~



F, — ‘ - ---‘-- . —

~~

- - ‘.- —‘- -

~~~~~

‘--- ‘--- - - -‘ --——-- - -‘--- . 

~~

---

~~
-

--

~~~~~~~~

- . - — -

~~~~~~~~

-‘- - --—

SPECKLE Program Listing (Page 12 of 40)

* * * * * * *  ‘5 * *
* * 15 ‘5
* * *
* $ * 4
* 4 *
* * * 4
* * * 15

* * * ** * * • ‘S
* -‘ •
* * 15 -
~. 

* ‘S C]’ i5-

* * * C ** * * — ** * — * 5-4 *
* * ‘s-I * C” *
* * * CI ‘S
* * Ci’ * Li. *
* 15 CT i> 1’ *
* * a * *
* ‘S — I—> * 2! 15 —

* * C’ — * 5 - ‘S

* “ * C-- 4
* * . *‘- * 

-
~~ *

* * .4 7) * * -.

* * * C * “ ‘S “-. L
* * C: I—I 4 r’~ ‘S- : C’

* * I C  H * 5 . ‘S 7 C ’
15 * • * C— * C’ H
* * ‘s-I ST * 5— * - -
* * — I-S * Cl * 1— 7
* * N’ (V * C) * C--
* * I C-- * *
* 4 1, ’ If * Li * C

— I ‘S ‘s—i C- * _J $
* * • C’ ‘S Ci’ * >-

* * C’ 15 Cdl- * 5—

* * • >5 * * C--i C)

* 15 • H * C (P .4

* * CC’ 5- ’ * 1’ ‘5 7) I i
* * — s ( ’  C/’ * 15 5 ;  *
4 * C’, •~~ -i 7) 15 C, 4 C- -

* * * ‘s- • ___ : _ * 
- ‘5 c- ii

* * LI’ • Cl) H * I’—, * C--S

* 15 N-. • C C - 7) 15 I - * Cl
‘5 ‘5 • .4 >5 i-I It * ,,j 15 L 5--

* * ~~~L” — •  C\ ‘5 $ C ~l
* * C) * • • • C • * * C”
4 ‘5 • C  ‘s- .-It’ ‘ 1 S f  15 (1 ‘S C-
+ 15 • N - . -  * C ‘5 5- Li
‘5 ‘S .C’ c - • ‘s-- 5 C- ~ 7) ‘S C
4 ‘S — C — *. -r - .J 5’ ,4 ‘S C

C •L ,  •C , ’ C ’  • - - ‘~ “ Li ‘5 5-

* 15 N’ •~~— 4 ” 7 - —  * C * C
4 * . - . -  ..C .- .. C, ‘ s - f l  * ‘S I
* * ‘s-I ‘s- a-- —, • .- . ~-s 

~~‘ — C ‘S I * 51’
‘5 7) * • I * Ci’ C’ C” ‘-7  ‘s—~ (2’ * C 15 : -

* 5- ’  * t “ C ’ Z I  N ’ 7 )  - )  ‘C ~~ 15 • CC
-5 5 “ N - “- . 4  .‘c’- * ,.J C ’~~~~~ T - “ I-
* * . 2 !  •r  • . - . C XI C ) C  * .4 * C 7
* C * — ‘s—’ ‘- C: I N C ‘s-I > NI C 2! — ~ C) ‘S 4- - I-

* 3 * ~~~— - - I i f I — — — : C - -~~~1 C : ’ > * o * —

* * s - C C ’ - .~~~~~~~~ C’ C’ 7 ) ’—’ . -- ” --~~--’ 4 ~
,

4 5 - -  4 C N” ~~ I— If N’ N’ = Cl >- 5--- .4 * 7 * %.. >13

* C”' 15 5. sI _J I,’ ’ -  C ” I f L i  ( I ’ ’ C ’ I ’  5’ ‘5 I 15 ~~- .- 51-

* .4 * 7 ) > - 5--- Z V ) C X I ’ C X C C  7 C L P C’ *  C, 4 L S ’ ’s .i C”~
4 0, * , ‘, I C - > _J I , J >c (} ’ 7))~ I H ’ ; 7 )*  * 51’ ~~~~~~~~N’ ’-’
* * C CL C— Cr ~L ~~ Cl (2 C/’- .4 C]’) (4 ‘ >  * 5— * 5— 5--
* C’ * * 7) * 5 - -  ~: i— - 5— Cl

* I * _i _J ... J.4 ..J .J ~J ~J J . 4  ,J .4 .4 * C’ * 2’ 7 7 5
4 N_S 15 .J _J .4 .4 .4 — ‘ ...J _ J .4 _‘ .J . 4 . 4  * * C-I C’ C- C—I C>
4 * CX CX Cl CX Cl CX CX CX CX Cl <C CX CX * 5— * C) C’ Cl 0- CT’
4 .J 15 ( 2 C.,’ 0 C d  L C f C ’ cs L Lf Cd c’ L: * 7 * C , C O C I C
* _J * * C-I *
* <C 15 15 C 15

5- 4 (__ - 15 C ‘S ~ - L
>5 13 15 C - N

* * * 15 ‘s-i

* 1 5 1 5  * >1 ‘S * ‘ 5 *

113

I
U



- —- -_ --- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘ ‘ ‘ ‘

~~.lJ2 -- “ ‘ “ ‘ >  ~~~~~~
‘ ‘

~~~~~~~~~~~~~

SPECKLE Program Listing (Page 13 of 40)

4 *  * * *  * * 1 5 * .  * * ‘S
* * * *
* * * * *4 * 4 * ‘5-

* * * * *
15 * * * *
* ;‘ * * 4 *C’,J * i—s * * * *.4 15 CX * * ‘S *C -  ‘ I—” “

— * C * * *
4 0 * * * ‘5

* * * * *II 15 C) * * * *
* 5-— * * * *
* 4 * * *(2’ ~ - (7) * * * *7 15 L * * * *q > * 15 * *

S’s * CI ‘5 * * *
*- C/ * * * *— * * * * *>1’ 4 )- ‘5 * 15 *

CC * _-1 * * * *
-~ * (1- * * *

* 7) * * * 15
* C’ * * * *

• * C- * * * *
Il) * ~~ * * * *0-’ * ‘ . 15 15 15 15
( j S  

* ‘Y I 4 * *
H * 0 * * * *I, * * 4 * ‘S

* ‘S * ‘S * *
15 

7) 
‘5 * • * *

* 
-s .  * I • * *

* * C • 15 * • * *
If’ 15 5--- . * 15 CX 15 *
• * C 7  * * 5 - -  * *

C” * CI tY 15 * CX * 15
‘s-I * O C ~~ * * C * *

15 5- * * 15 *
— * i- * * r’ *

-3- .JCX * — *  5 15 15
II * C i ’ C )  * C D *  7 15 *

15 (‘5 15 . 15  fl’ * *
1 * s U  15 C’ 4 C’S 15 *
H 15 0 - 0  * . 4  C * 15

* ‘Sf’ ‘~ .-> ‘ 5  IfS 15 15
7) 15 (2’ * 5 *  ‘~ * 15

‘S L i’ -  * *
.4 ‘4 CT 5’  ‘5 ‘s-i 

‘5 C’ 4 *
C,! - -  C’ “ >- ~C F

‘~~~ ‘ ‘S -~ 4 ~~~~_J 15 5 - 1 5  ‘5 • I
15 C v-, 15 C - ’ *  U * C’ . ‘5

C- 3 — ) * CC Z 15 — 1 5  0 15 *— C C  7) .‘ 15 CX * 1 - 1 5  15 • 15
C) Ii — 7 ~~ 15 J 15 U * C,, 15 ‘s—’ *
C’ C,’ ‘.~ S- I .4 C’ 15 )- I’ Li $ C 7) ‘~
~~~~~~~~~~~ “ C C’  15 5’- ( ’  15 ( 2*  7) 15 C

~~~ _.s :  ~~c- z * 5 - 7 )  * L~ . * * * C
.4:  • C -, 15 7) (

~ * Cl- 15 C—S 15 C\J 15 *— .. çt 5’ .- -- * C - 7 )  15 - * 7) 15 .
~ — * 5-’- *

)‘ (5’ 7 .4 C- - * ( C’s 15 5-— * (2 * ‘s—I I—I — 15 II *
s 15 C ‘5 <C 15 I i

4 N ” H  - ‘ )C  — 1 5  L I ’  15 7 *  ~
‘ 

* —‘ 1- 2 ’ -’ 4 C - I *
‘f ’ ”—  s’ — c ’  * C- Li- * 0*  15

H S u .4 * 15 Li, * 
- 

* (‘4 Ci- .4 “-5 15 C- 4
5-— ~~ ‘~-4 H C) Cl C-- * H ‘P 15 15 C-- 15 LA Cd) CX 7- 15 Li 15
7 7 :  II ~~~~~‘ L i ’ 7*  C C ’  15 _ J *  Cl * ‘s-f L Li C- U *
C-’ Q - .7) s--I 0 H*  C L  15 - . 4*  .4 15
~~
‘ C) If 2’ (V 0 I~ 0’ * * ‘ ‘5 * 0 Ii II II II 15

C U  • 5 - — ’ 0 , C ) U *  ~~~~~~ * L*  Cd) * C’- S > 5 >- t’- V I
15 C i C -  * 15 .4 15 15

‘ 15 “~~~<C ‘S 1* Cl 15 C’ ‘5
__7 C :*  5 - C  * I L *
- 4 , , ‘5 1.

* * * 15 15
1 5 ’ .  I~ * 15 * * II * ‘5 * 15

114 

-‘-



~~~~ ---~~~~~ - - - - -~~~~~~- --------~ --- ---— -

SPECKLE Program Listing (Page 14 of 40)

. 1 5*  * 1 5 *  * *
• 15 ‘5
* 15 4
* 15 ‘5
15 * *
15 * *
* 15 4
15 * 4
‘5 * *

• ‘5 5’. 4

• * 15 4
* * 4

— 15 15 15

Li * * *C I * 4
7) 15 15 4
CC * * *

* 15 15
(_ * * 15
C * 15 4-

* 15 15
CC’ 15 15 4
I 4 * 4
5’- 15 * 157) * * *15 15 15
(_) 15 * 15

15 * 15
5— * 4 15
CX * * *

* 15 15
7 15 15 15
0-’ 4 * 15

4 15 15
C- * 15 15
5-— * 15 15
CX 15 15 15
Cl * 15 4-

* 15 15
U 15. * *
C * * *4 * 4

- 15 15 15
7’5 * * 15
.J * 15 *
CX * 15
~~

- 4 15 15
15 ‘5- -.

‘N 15 15 • 15
7)’ 15 15 • 15

15 II • 15
5- ‘5- ‘5 • ‘4
>( “ 15 ~ “
<C’ * * C -*
5 -. — $ CX 4- a’

15 .4 ~~ 5-- - ’ 15 C 15 .4
7) 15 C’ ‘- ‘ 15 * —
I—’ * 5-— C C-- * >5 * _-. — C  I — .
C) -f Li ‘ Li ‘s C’ “. ‘s- ” I- I C C -
C- 15 0 C C 15 7 * .- C~~~
C * C Cd ~~ Cd:’ 15 1 15 5 - f l C - C  5- 5.
0 * L i -  C 1> * 7)’ * L C—I L1, (2 — L

15 — (I’ C’ Il ’ * CC’ * t .- Ls
C 4 .4 II 7 II * 5- 15 C’ ’s-l C’ I I (
5-- * II — II — * CS 15- I’ - ‘5. 5-—’ 5

* H 7’ 7’S ~‘ 5—S Ci 4 5.1 * (~ 5-4 Cl • 5 : ’ V
CX 15 S I ‘ 75’ — 15 * —‘ ‘ 7) —
5-— 4- - t Z ~~ H L’S * 5-— 15 ~- * .4 ‘1 .4 ...J “ a- .4
C) * ~~~‘ C 0 Ci. ‘s-I fl CC, Li- * 51’- . * •~ a Cl • H ‘s” CX
C 15 .4 0! 0- Ci + ‘s-i I Ii 4 * H 15 - ‘s-S Li I )— H ~~~

15 C’ ) 7 ) ( 2 T C)  C- (.~~~~ * .4 4 CC 0~~~~~>’2 ’  CC
5—’-- 15 II C” 5 - I II 5-_i - II II C II ‘ — II * Cl * Ii C- Ii Li- II C:. C; II

U * 7’ C’ 
~( ~~ Cl’ 5 C Ci (1 5 * 7 15 C >5 5-4 >( C C >5

H 15 15 CV *
~ * 5, 15 C ‘I
Li ‘S 4 a 15 z *

‘5 ‘s-f 15 15 ‘s—I
* 15 * * 8 * - I  15

115

— , ~~~~~~



SPECKLE Program Listing (Page 15 of 40)

* * II * * * * *  * * * * * * *‘5 15 15 15 * *
* 15- * 15 15 4 *
15 15 ‘5 4 ‘5 • 15 15

* 15 * 15 4 • I 15
15 * * * CT 15 *
15 15 15 15 15 C ’  * 15
15 15 ‘1 * 15 C— * *
4- 15 * 15 ~ (P I 15
• * _J A 5 , S 4
15 * ‘5 7) * = * *
‘3- * 15 • C’ * 0 * 15

* * * * : * - *
15 15 15 * . * 0- * *
* * ‘4 15 )‘ 15 15 *
15 15 15 15 ‘C’ * C/’ * *15 ,$ * * 5’- ’ 4 CI * *
* 15 15 4 * ~~ 15 15

15 15 4 : * * 15

15 * 15 * ‘ ,; 15 CX 15 *15 15 15 15 “ I 5— 15 15

* 15 15 • * CX 15 <C 15 15
* 15 15 • 15 ,_ ) 15 (- 15 15
15 * * v’ * 15 * *
15 * * C,’ * * Cl 4 15
‘5 15 15 7) * ‘5 * C--’ 15 15
15 * * 5--i * C * (2 4- 15
15 15 * C’ * 5-4 15 >5 15 15

* ‘5 15 CX * H * .4 15 15
* 15 15 1, ! * CX 4 Cl * *
* 15 T * 

.
‘s. 15 7 15 15

* * * 15 C 15 CX 4 15
15 • 15 4 I * IS “s. * 4 15

* • * 15 S.C 15 Cf N-- 4 >- 15 44

15 • , 15 Cl’ 4 C • 4 (2 * 15
* CX 15 * C’ * CT C) * “ 15 *4 I’— 4 15 15 ‘s-I 15 ‘ * *
* CX * * CC’ 4 7 ) — ’  C . 15 ‘ 15 *
15 CT * 15 7) 15 C-I ’s., — * C * 15

* * ~~ * * ~ * *4’ >5 * 4 15 15 C’ *
15 C * 15 <C’ ‘5 5-— ”. sI * Ci- * 15
15 7) 15 15 C— * 4 ‘5 *
* 5 - ’ 4 * CX 4- v :  C— ,

~ i *
* 7)) ‘5 15 0 4 7 ) C  5--I 4 5 * *
15 C’ * 15 15 I’ ’ ? : ’ 7)’ 15 C -* *
* “~ 15 15 >5 * 5-—~~ J’( = * 15 15
* 5’ 4 * (2 15 77 )  4- Li 15 15
4 U I ‘5 7) * 5—’ (‘5 * CT’ 15 *
* * 4 15 ‘ 4 15 C 4

‘5 C ‘5 ‘S 7) I U T ”  0, * 5- ‘5 C ’ S
‘5 C’ 15 ,-. * C * 15 CT ‘5
‘s Li - C s ’ 5, ‘5 s-~ ). —i -. C , -

‘5’ 15 5’ 4 >‘ n *
15 C’ * 5- 15 Li 15 L i ” —- 7) ,s 15

C * 5 *  4 L i - S  C * C’ 15 0 *
C *  C- S C X *  CC’- 4 : 0 C ’  .. * 5 ‘S ( 2 1 5
4 *  (4 * * 4  L * * . 4C C  — 4 C’ 15 ‘5

N ) . ‘  C- l i 7)~~
(*  U 15 0*  H 4 (2 C ” I” (} ’ C —  4 CI

4’ 0 *  .4 4 ( ‘ I - L- L& LC H S ‘S .4
) -*  Ci - 5—’ * CI 4 — z c :  5--i C * Li * t , *
‘-‘ 4  _-J 4 “— 1 5  - ‘4 “— ‘ ‘ •- “ U  ‘5- ‘ . -‘  15 .4 ’S
1 1*  Cl 4 “.s . *  C’ * “., C  .‘ )‘5 ’s- L > ’ * ‘5

* C ’ ’  4- . 5 -  C * —~ ~ •s - I I I ’  * ‘ - ‘ * e *
5 - 1 5  If * ~~‘*  7) 15 ~~~~~~~ a IC”  C--’ (t 1 ‘ * 5 *
— 15 15 55 15 * “~ ‘ 5~

. ‘s-S .‘  .. ~ Cr , * C- 4-
C — *  14’ 15 5 . 5 . 4  H 15 5- C-s H~~~~~.4 4 15 L i*
Li 15 C— 15 5_C 15 7) 15 5-- CX 3 C— Cl C Cl 1- 15 0 15 Cd.  15
La ‘5 * C-’ 15 C 4- 7) ~ = 7 ‘s-I ii-’ 7) ‘5 5--- 4- C—s 15
( ‘5*  .4 15 ( 5 *  15 s-I C) ~~~H3  (5 s - ~~* 15
ISI * * U *  H * 0 0 0( C C C I I O *  Ci * L i*
(1 * Cd. * r * Cl Li- C’ C Li C- >5 Cl 4- C s 5— *

* .4 15 * 5—’ 4 N 4- 1 , 1  * *
C” ’) CX • * (‘5 4 C (“‘ I C! ‘5 15

(2 * Cd 15 N. ‘-1, 1, 1 5. ‘5 15
• ,6 ‘C ‘5 5’ ‘s • I ‘S ‘5

4 ‘5 4 15 4- 15
‘S * * I I 15 * 5 ’ . ’. 4 * * ~~~~~~4 *

116 



—.‘5•—’.-* ----” - ---’-’---.- -- ------ , - -‘- --- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SPECKLE Program Listing (Page 16 of 40)

8 * 1 5 *
*
*
*
*
*
*
‘5 51’ -

*4 Cl

*15 .5

* C’

* C)
* ‘s-s

* — I
* . .5

* 4
15 — 5’
4 • >5
* r’(” C-
4 — C-’
15 Ci- 1’
* C” 7
* + L

* ‘I — I— —.
• : 7) r-, —

5- * ‘—5 — — N-
7) * C’ N-) ‘s-s
5—I * t,i — — -s
5— * C- C ‘s-I c-
) * 5--S — ‘~~‘ C)

C * 4 7) CC’ .-4 C’
C,’ 15. C C, C) 5- ‘s-i

15 CC’- ‘s—’ .‘

5-- 4’ Cl Li $ : .. —.
C- ‘~- V • *“ —

C ~~‘ : C_i 5-’ r-”
CC * - C ~~ ’. CX Cl ‘ -  ‘s-S

‘5- C’- C ’ ,J 5-V I ’ S  “ C’ ‘s-4
C’ * C - .’ 5. (5 7) CX CC’

5- * .4U s.~ ~
, ,  1 ~ C~)

C” * C I( ’.J I -  7) (1- C)
15 T • I~ Cf (Ii ‘s’-l

4 4- C C C .  C - C ”  Li ’ — :
.4 15 C’ — Cv ‘ ,I ~~ a”.” 6”
CI 15 7 ) 0  7) CV 5— 7) 41 I
C,’ 15 : ~ C’ 7) CV I— I -  C

* 1 5— I - ~ CS-’ C ’ ’, Cl

0 4- - 4 .  C’ ~~ ‘ , s~, Li
7) 15 — 4 5  ~‘ .~~~1 a_” - C ’ ” L  C-
<C * — — ‘ J’ ~ - “ 5’- ~~‘ -. 5’ 7)

‘5 — : t  C - C,
(1 4- — ‘-‘ C’ 5.- C C C’  Cl > C T C
1’. * • C- : . — __i 5 - 5 5 - - ’ !  _J I ’ S  7)
1 * ‘s-S U .0’ ‘s-I CX Cs 7) — I I H
Si- * I U ‘s-I .‘Y~~~ C O C c I  C,’ CC C (2  C
Is * — C, I C ’ S ,  7) C’s (2 (2 Li’ C’ 7 1’ 7) CC’
7) ~- 5  S C  • 5 ’ _ I C T  C 5-- ’ C’ C
C’ * C) C C’ (‘ • C’ 7) — — Cl C C,) - CS CC’

* ~~~~ o ‘— -.- i c . 5 :  ~— I - . -:  : :
5— * 7) H 5—’ .4 C ‘s—’ I L’ ‘— . . •
C’ * ‘— - .. — C C- C 7) ~~ 7) C
.4 4’ 5- ‘s-I ~~~ 5- .~~ I ‘s-i H S—I I - ‘  1- - i ’ C-’ 5—s 5-- I ‘ 5-—’ 5--
CS 15 < C I I I’ II ‘5~~~5’ _ $ \‘ S - ’r ’  • , • CT ~~‘ C’ .0 0 ’1’

* C II ‘ II 7 C- 7) 1?’ CX C’- C” C ‘-- P-~ <C 5-”- Cl Cl C’- <C (I’
CC’ * .j —s. — ( “ 5- .4 - 5 .  C l C X C X t  j ’ . 4 - L ~ 1V’ l ~~~ : Cl
I * L a 1. C ) C C ’ - Q C i I C C C CJ I 7) ) 7 , I  1 0

CC; * - I
- ‘s-s U’ (4 C - C Ci U’ C

* I ‘s-’ Cl 4 — Sf’ _~J _.i _J .4 .4 H C - -  5—’ ~_J I— .4 C- .4 5--i .4 5— .4 .4
0 * .4 U’ 5-’- ~~ .4 _J .4 .4 ~~ ~.,‘ .4 .4 ‘.-‘ .4 _,I _ I

15 II C I - ’ I I O C X C X C X C l < C  Li L L L i C l C ’C X C ti-, C l C .~~ CX

15 Cd C T - C C C - 1 ) L ,L. L~~~~-. C-~~ 5-’4 C--i L C.C C , s ( C  5 - , L L ” 0 C
H 15 ‘s-I

*
U 15 0~ C-

4 ,~ 5 ‘ . 5
15 _, ~2 .d’ J

* * I *

117

LLLLT~~~~ , 
- ‘  ~~~ - — —



F ~~~~~

—‘--“-- — .- 
—‘:~=;•‘.~~~ ~

__
~4___ . - _ _  ---- —=

SPECKLE Progran~ Listing (Page 17 of 40)

‘5 * * * 1 5 *
* 15

* *
* 5. 5f 5’
* r 5—1 ~~

* 1” 15
* C- V

7 4- “ 5—4 15
— C-’ * 7 ) V 1  *cr — * s—s C- ‘5
Ci C” i ‘ - Cl *
‘s—i Cl; I C_) - ,  • 15
• ‘5 • ‘5

‘s 4 5—I * LI, 5— V *
• “ * CL’ CC’ *
• ( 5  * 7 ) ! - I C s  *

C)’ C’5C’ * i /’ I C l  *
5’ 5 ’  5-- C,  *I ‘5-’ - 5” ii
- Cl * - ‘7 ~~ ‘5

— * 5 ’ -~~ C *
* H 1’ *

.5 15 ._I C’ t. 15

~~~ci’ * ~~~ t
7) c IC )  * S 7 ) ”-z ‘5
5’ ( 5 5 ’S * C’ s-s- b-- 15

• C--I * ~~~ C l C l
H — * 7 ) _ I C • *
5.— —. C * Cl . 4-
Cl (, ‘~ 5 (/5 4- >5 If- • *
CC c’ Cl ‘! ‘ * Ii C’ - 

*
‘s-I .4 (15 * H C X C ) ’  ‘5

Cl i-” S ) ( ~ 5-- *
4 .. .. * 5 (5 Cl U- C

• 5, 5 ’ ,  15 7 ) ” ’ I 15
• 5’ C 15

5” C * 7) C’  I *
0 N- ( ) C  * C - s - t~ l C f C ’  *
(1 • ..J 1 *C— * C’ r t~~~~- I  *

4— C * C-- cC’ 5—’ 5. *
C • ci ‘.~ * 5- - I 15

a’ :  C C ’ , * - I~” T
5— CC’ 5.- C)’ (4 * 7) Cl 5 Ii ’ ‘5-

7) ,,s- C’ H I 5—4 ‘-‘ 1 15
I, ’ • ‘ 15 C- 5— ‘5

~-‘. H I 7 ) ’  _ I Q  I 7 ) . J L- *
C’ . ~~ 7) • I C Cl 15 C’ .4 C C *
• . C) • (~ 

- C’ C’ * C’s CX C -55
• C C’ C j  I— ’ 1’ 4- C ’ ’  ‘5

C) C ‘ s - 5  ~~ C’ 15 7) ,, ‘ C  ‘C
• _.I )~ . 5 5  .. 4 5” . “ t .  ‘5

CC’ — (  5”-.~~~ -2- c S ~~ S I  -

• U’ 7) C” ~ - 4 0 4
• 5 — I  •U  I—I ’S, ‘5 ‘5

~) - . 7 ) 7) 0 , I ’  ~~~U. I F- ’ ( .C ’ , .  C- *
‘s-’- T C C C’ . 4  V U ’  * .40 7) *
* (/C .., ~ s-. 5_) 15--I * t 1 s~- ( f C ‘5— - .- C l C  - )- ‘ ‘ c C C) 5-- - ‘C

5--S C * 7) 7 ) 5 -  4-
— ‘s-4 C N-’- 15 V~~. C I -  *

• 5 1 L’ ~ -‘ I H * 5—’ Li *
If —‘ C’ — V .4 Cr 4 7)’ 15 C ‘.1 — ‘ 

*(5 C I’-’ 4- C r I b’ S  *( ‘0  C’ I! ~~ C ’  ‘ I ’ ’ CS ¶ - 7) • 4- 5/’ 5- CS
5—i Cl S—s If- (5 5 Ci ~~ C L 7 C -5’~ * 7)’- ( 5 !  0 C-’ - 

*
C — C ’~; * I 7)  *e ~:) ~~‘ c (5 aj (5 C, • 7 Cl 5— 4 CX 5— C’ *

5--S 07  15 -“ *
.4 .4 4 4  .3 .4 .4 _.J .4 C- .4 (5’ 5—’ * (C’ C • C~ *
.4 .4 4.4 .4 . 4 4  .4 _i S _ I C (C’ • 15 5--4 5- C- 15

Cl Cl Cl Cl CX CX CI C) Cl 7 7)’ C * C) Cl *
(r N-) * ( i C l C  15

‘s-I * 5--S C— C C -  *4 7 ) c  C- 4
5 4 S C  u 7 )  4
C’ A -

15 15
I I II * 1 5  1~ 15

118

b— ~~~~~~~~~~~~ . - - — ~~~~~~~~~~~
- ~~~- --



~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~

SPECKLE Program Listing (Page 18 of 40)

* * * 4  * 1 5 * 1 5 1 5
15 15
4 I
* ‘5
* 15

* ** *
* 5 ’ ’ 15

* 1(/
4 5- C— C-S 15

7 ) 7 )  ‘5
* s-- ( r ([ 7) *
* 

7 C _ - *
15 (/ ,4 5--I H *
15 ~~~~~~~~~~~ *
* C ” ” C - I  *
* i-s ’5,’ 7  *
* 5— CC • *
* 7 ) C.- ’ (_” s--. 15
15 C 5—S ‘~5’ 15
‘5 C—s b — C l  15
15 ( 5 C l C l C’S 15
* ( — 5  Cl 15

* C J C ’ C l t -  > 15

* C - C d ’ S’ *
* 5” Cl *
* (/C’ C 7) *
15 H 5—’C T $---’ 15
* T I C -e  *
* C C -  Cl 15
* S—I Ls ’C 4- 5

* 5. C ) C -  *C * S • 15
- - 15 I CL  ii
5’ 15 ( S C - _ i S 15
U. 7) * IC’ I, s- *Cf U * H s — ~ *C- C) * !4 L ( /  * C’S’

* V_ i  7) ‘~ ‘s’
• 5—S * I—’ - — C— I—’ *

C- C) • * (/) Cl 55 —
Cl NC’ 15 I C X C ’ C-- * ‘s-I
C C— Li * C S5 ’~~~7 * II
C’ 7) ‘C’ 15 H’ t i C  * C-S
C’ L’ 5—I 1/’ * 1(1 C’ 15 —

s—s 15 ~~~~~~‘ ( ‘  15 —
• • 15 * C’

C—’ I C’ C’ 15 C - -‘-C” 5— .4 15

“1 CI (‘Si CX 15 C’) I I * .4
C’ C- C’ * 5- *

— 7) C ’  15 5 - 5  • L  ‘5 ‘s-”
“~~~~~‘ V 5- C - 1 5  5’ ‘C’ > ‘5 I’
C’ (~ 

- 5 — c C  ‘

‘s-’ . 7) • C’s 15 C C’ 7) ‘5
.‘ _I “ - C ‘-C * ~ ‘ L C C’ ‘5 —
‘I V Cs fr’ Cs * C cZ 52- * )

7) (_ — - * ~~~‘ ‘ ‘ 
* .5 5.-I

-‘-I I—- -‘ — S—i 5-5 ‘C 7) C/) ~< C- ” * C--’
• “ “ I  ‘C- (‘ I’ — .‘- 7

ci ~ — r C) ~ (5 * .4 ‘ - ‘ * ‘~., “s. <C 5’ C
5- ~~~~~~~~~~~~ s . C’ .CX .-, ‘5 15 —‘ --‘ H • s ~

~ : ~I C c, CI CC’ 5’ — C — 15 C’ - 5-- 7 C- * ‘s-I ‘s-I ci Li- C-
5- C’ C ‘s-4 .4 ‘s-i C’ C - C’ 5 ’  15 I’ 7) C’ ‘5 4 4 5” Ii
<C ~~ H 5—s CX ~ C-I C- C- • 5” * I • I C~ C’ 15 5— 5- ~~ ‘ CC C-
C’ <C ’ - ~~~~~~~~~~~~~~~~~ ’~- _’ 4 CX ( C ’  ~

‘ <C -
~~ 

-
- • (“S ~~~! ‘ • u - * H C, <C CI * 0 C ~r C-I -‘

>55 C) C’ - fr ‘- ‘s-’ 15 • I 1) 15 (5’ C’ — -C’
Z C’J C- (‘S 5-— C’-~ H N-i C- 15 1- U 7 C- * 7 T CCI C -V 7)

.4 C) ci Cl CI ci 15 5--I a * “— CS
(1 7 CC , C I C ~ 1 * = .4 CI * I( (I (2 5- .4
7 5  C X C ’  “ ‘ S O  d O  CI I’S” * I~~~Cl C I L  * (5 (‘- < C C ’  4 H C
C C Li CD C’ C’ U -  C Iii C * 7’ t i • 15 ~( ~~

‘ C - C CX 7)
(2 C (5 Li, 0 Li- ‘5~ ’ Li- ~l’ L * C C—I U .4 C * _ I j  Cl La L- 0

* C IC ’ C- CX O’ *
15 5 -  5 5— I ‘5

C 5’ 5’ * C C U - ( D t ’  ‘5 (

~

.j
C C’ 5’ ‘5 ‘C-

fr * 15
* * * 1 5 5 5  * * 15

119



- ‘~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~ ~~~~~~~~~~~~~ — -- - --fl----—- - - ,~~~~~~~, ‘-—

SPECKLE Program Listing (Page 19 of 40)

* 15 * I
* 15

15 *
4 15
15 15
15 15
‘5 15
15 *
15 l _ 4
~ (‘i’
* 7)’ ‘C
15 5-- 15
15 - t

_ 
• 15

4- C i  • *
* a C -  *
15 15
* C *
* V a .  *

* _ i ( %  *
15 (5 15
15 15
15 (7) 5—’ 15
15 (‘ C” 15
* • ‘ -  *
* ‘ ‘ 1 15
* ~~~C- 15
15 5--- 15

* ‘ - - 
*

* ( ‘ I *
15 C — C  -15
15 15
15 _J Cs

_ 
15

S ~~~~C ‘5
I- (~‘ ,C
15 _i~~~~

’ 
*15 ‘_, ci *

* ( ‘ C s  15 -

15 12 *
I C C’ 15
* I- - s-V 15
15 5.. 15 —
15 , * 5-
4 7 7 * “, Cl
15 S—I S--- 15 .-. .4

— 15 I— er 15 C) 1”
.4 4 * C
o C * C ’  C) (I
C’  15 -~i’ - - -  15 .5 CC
C- * C ‘5 ( ‘ S  ,—‘

• 4 7)_ C 15 <C .- .5 _I -+
— 4 1” ‘5 — i -’ r i
C ‘C 

~~~~C ‘—‘ 5- ‘s-I C’
I’S 4- C s - s 15 CC’ ’s- i ,.- Li — ‘- ‘C,

5- -i * . , -  * . 5•  —. 5-- i s-i-
‘-.‘ * I— C * C, ~~ CX

C’ - 4 . 4 ’  - 15 Cl ... . ~~‘ C’
O 4 ci- ‘ ‘5 ‘s —  C ‘s-S U. — — .4 C--
.5’ — C S - “ .5”— ‘“ .5 I _ _— - 

-

* 7 ) C l  * C IC l . -l c-’ ( 5  ~-I~~~~~_ J —  C - C
C * ( . 4  15 •I-  -t • • • C C - - zZ U.- ( 2
(2 15 a. * ~~~CI - C ) N  C ) ( 5 C 2C-- 5—’ 15

* s-, - ), ‘5. 5-- C” • ‘~ -‘ CX ‘s ’ s  C-- C-’ <C’ <C — ,-~
I * I’ - 

~- ‘  15 -~ fr’ 
~
. .4 Li .‘ — C” .-, * C’

15 CT 15 C’ ~ . 
( C ” ~I ‘s-a CS LL C ’ S  “5‘ —

i-I * 7)’ 12 15 .. ,~ C) • N-’ IS II Ii ‘— I - • t.’ I- ’
5— 15 <C 15 V H • -“ — S—I ~ ‘) 5—I (5 I” C ~C) C’ •
7) * CX * si.I Z (5 CI (‘S C- C) V ‘1 7) - - i Z —

C 15 — 4- 4 C ci C”, (‘~ * (4 ~‘. ‘-.. . • 0 (4 C- (‘a,
CS 4- ((I C * O . - T C l dD~~~~~ .-’ .-’ •* C S < C O 5 - - ’ C ’ C - - C l 7 )
(5 1 5-s C- 15 7’ 7 H H Cl (5 (5- Cl 55 ~ ‘ II Z C- H 5’
7) 4 C- 15 C C’ Cl CI I - C C C n s~ ci C Li. C) C’ C C X  ti 7)
V * 5 / C  15 ( 4 C , C C’ ) SL L C ’ C C~- r C I C X C- (2 C l C C ’ C 0 ’ ’

* 5-5 7) 15
‘5 7 ) 7 ) ’  15

‘C I Li * L L
‘5 ‘s-

15 * (5 ‘. C i,C’ .—

* 1 5 1 5 . 5  ‘5

120



-‘— - - - - — - — — --—-~~~~~ 

SPECKLE Program Listing (Page 20 or 40)

* * S I  4 15 * 1 5 * 1 5 1 5

121

- - — - ‘ - ---—- - --- —.--— - - ~~
. - — -—-‘-- --~~~~~~~-



~ —--- - -~~~~~~~~~ . I

SPECKLE Program Listing (Page 21 or 40)

I

I ’ 7 ’  I II ‘ 5 . 5 5 5  II SI C-- Il
( 5 ( ” ~~ C~~( 5 ’- 1 - 5* 7  ~~ * _s — ’ S~~~ ’ 7 ~ 5 — s I _ I

7) 5-—l C - - Z Z S - - I 5--S (“S C. (“~~C - + P - i  4- 5-4 ~~ 5-4 7)
II S I II II ( I  ( I CCJ I Is ‘s-S CCi I C ~ - 5” 1’ CCs ‘s-i .t 0 4’ —‘ 0

~~~_i Z _ i~~~~ 4 ~ - C ’ _I 4 C.it- ‘ ) ~~ ‘ C l 5 ’- C - I  C I 4 N C~~~5’., c~~~~)
7 C C C- C (2 C c II II II II II IS C- CC’ ‘

~~ C— ‘sr’ ~-4 5-’ 5- C’
C I C’s C’ C- Cs C ’  II C 1< 3’ II 7 C’ >5’ ~~ 7’ ~~ C II C II CX II C’ 1 0 CX I~
C’ 7) 7) _J .4 _I 7 C C-’ I-’ 7’ C _I 7’ C C ~‘ C” ~i( (7) C’ )s C’ C’ I-

5 -  C’
C I

122



r “—
~~~~~~~~~~~

- - -

- P.

- - - 
- .-

~

SPECKLE i-rogram L.~sting (Page 2” c~
’ 4 0

C’s C) C C’ C) C’ C C) C) C C -  C’ C) C) C” C” C”
CC * * 4 * 5 *  * .-~~C- ~ .3 ,. 2 ’ S  1 1 5’  CC . — , C C S ’  ~~ If ’ ç
Cs 15 .5 C’ C C’ C) I I C C C C. ‘s-S ‘s-’ ‘s-I — ‘ ,- ‘s—’

15 ‘1 a.’- C’ C— C) r’ c-’- CC ‘5— C” 
~~~ CC “~‘ C’ C C I”

C- * 4- I-- I- C - - i  I - C  5- C - C - I  C- I-- s— C-- C - I -
5 * • 15 C - 5 —  C- C - - C - I- 5- 5- 5 - I-- C - H I — C-- C- C’
Li- 15 5- L U  U U U , L L L i L U- L. L L L L  U
Is 4 - ’  • 15 L U  U L I L LI, U U L L , L L L 1 L L L L

15 Li • a• —
4 • 15 ‘s—I
— - “' S _ i C’

* )s ’ L - ‘C ~~~~_ I

‘5 C~ “ Cc 15 7 5- “S • C- CX ‘4-

* C C’ * Ci 7 .  • I

* a. T ry * ‘~~ C’ s-V • !L (1) 4-— ~~ (IC
‘C (1) 1, - CX * 4— (1) 0 ‘C,,) ~ 7) 5-” 5, 5-1

7) ( C ’  * ““ * La 5- - C--- . 5 ’  C — f l  —‘
C C- -  ‘1 ,‘— ( C ’ iC- .I , , 7 4 ,

15 I C Y L” 15 U, (I C’
4 C-- C * -L 15 • C’ I.- - 1  CX C) - 5 -I - C ’

* C-, * -‘ ( ‘a C’. S—I (5 (2 1 , 1  a. C. I— 5.’
15 1 a,’ 3 ~ C’. s—i * 7 CC, ., ~ Cl ‘5’ CT 7) C--S (1
* C - 7 ) ’ C 15 if 5,1’ 7 C’ -.~~~~~~’ .4 >5 C’ >- C- C
15 5 - 1 . 4  * Cf CX 5/ (f’ ’ 5 C - C ) C C H C~~7
* 3 C) .4 15 ‘, C” C- -’ 7 CX 5.” l s - (4- 4—5 CC C-i -

15 L C) * V If- • C C I~~~~~~V C ( i  s - - C C -
* 7 ’ Li 15 C’ S—I 5— -- C’ 7 ) C —

~~P - ’ L  7 ) 5 - 5 - 7 7 )
— 15 C 4 C- (f ’  ~— — 7) 4 - ’  7) C C I -  C’
Ia? * C-’I C- ’ * <C Cl O . - ~~CI • 7)I ’ C” 7 C’
fi * H (f 7) * “. 5/ 7< * “C C .5C (/) 5-- P-I >5- C LL ~—

C’S 15 ( 7) H * C) - • ‘s-I H 7) ‘
~ 

- I—I C’ CX ~ C +
* C’ i’S * • C’, ci C- C’ Cs “- C’

— * 7) 7) * 7) 7 -‘ 4- 7) C--i (5 7) ~~ C’ ‘5~ <C
7 15 ,,J C * • .  — ‘ - ‘ _I C - )- “~
- ‘s —, CX 4- .1’ ‘ C ) <C Li C ’ - >  C X L  :~‘ C’ >
C ~ C ( C  * p 7 • —~~~~~ V ’ . - ‘ T C C ’ I —
U, * CC’ I—’ 7) * 

- (5’  • 7 I C C” C” U I— C) 5
C--I * 7) * .~~ C (‘~ )“ = CX CI - C “4-’ CX C’ 5

15 I’ 
~— C’ 15 Is _I “-., C” 1/) - C- 7 C C U. -

15 5- 1’ I s ‘5 CX 1- ‘ C ’  ~ C- (1’ • C-- “ ‘

C ”  15 s ‘5 1 7 —“ -I C’ La C’- C C’ C’ I’— 1 7’ 1, 7) C-
S-I * C _

~J I I 4- CX I Ias C ~ 7) I- 5—I C 5—I .4
0 4 -.- s -  a) 15 ~i-— ‘~ ~ ‘ (5.1 ~ ‘/1 t’  U’ C C .4
5 -- - 15 (5 - T  * 

-- 5 - -  “ ( 5  C 7 7 )  IC
• * C’ * <C C -— C’ I - > • (5 5—’ C -  C (IC C) U,

15 . 4 7 )( 5  * 7 -‘-‘ 7 ) 5 ’  C I I  7 - 4 1 :- C-
i--i 4- ‘ - C— C’ 15 a -  ‘ ‘ “ CI C ”  5- 7 5.— —‘ C’ Sr
C 15 ~~‘ * • P-i “ i— . ‘7 ) t  ‘-‘S ‘ C l L ” rI 4 - ’
7)’ * C L C ” I  15 1! 5’. 7 5 — 7 ) c C ’ ( 5 -. 5” 7 ) 7 )  C—
• 4 CC’ C’ C’ z 7 7” 7)) C.. ,- C” (a a— .,. 7 I’S -

7 ‘C ‘5’ “- ‘I- C’ ‘ ‘ ‘—‘ C , ! >5’ C- ‘ - 5 .4 ~~‘ ‘S
7) -‘ C U  15 4 I ~~~~~~~~~~~~~~ 5. f , C ’ C

~l C ‘ ‘5 C I 1 4 ) ” i — ‘ 4 ” !  • Lj t ’s’ I
- ‘ : r ~~~ ‘I •,_ I - I : s  , — - C ’ r

5-, 15 5 ( 5  15 5.- C ~~~-~~( C  ‘ - - C C - -s ( 5 7 )
* 0 : 1- ‘a : • ‘-‘ 7 ) 5 - - C’ < 7 ’  .-C -:

C * C X C - C  * C U, .7 ) < C  ( 5 - - ( I C ! i7) : n
‘5 3 .’ I’’ 4 (2’ * 7) 5- C’ C’

C— 15 C- CC 15 >5’ • “, ,-‘ C- .4 )‘ 5’, ‘C C’
‘5- 1’ ‘5 — , C’ - ..— “ ‘ (  - I - > 1 I -

C’ ‘5 7) C , - 15 C Ia - ), ‘s-’ C’ 4-- 7 <C CI C C’ 5
C- 15 C-’ 7) 15 ~- = ‘ - I I  . 4 C C ’ 7 ) C L  C C ” ’ S  

—

Is 15 C- Ct 5- - * H 5— ‘-~ ‘s-’ V C-’ C) 5— - (~ C-’  (5 5’ Ii. •. -‘

‘I C ’ < C  15 
~~

- I \ ‘. 7 ’ 5 C ’ ’ C -’ < C ( ’ ’ ’  < C S -
I -  * C 7C ’  * “ >5- ‘-“ - - 7 ) 7 )  . “ N  > - U

“~ I’- * - - I I ‘s’ iS ‘ C ‘ I - ‘ ‘ - ‘ 4 5—’
5-’ 15 ( I C -  * 5’ .4 CS . — 5 ’ ( 1 ’ 7 ( 5 5 -- C C t S - Li ._ J
I-- * 7” 7)’ 1’ * U C’ C —. C- -s I—- CX 5 - I- -. CC’ CX

15 5. I’! - s 15 7) C La, I ‘s-’ C’ .~~ ~~ ,~ I—-’ •
0 15 (2.’ * I—S 5. - Ifs ‘s-S Ias - - 5-4 (J- .4 7’ (V I U’ C, ‘s—S
1) 15 1— 7 7 )  15 7 ) 7 )  C - H C - C I C 5 L , C s - - l ~~~(1 4- L i e’  - * (5 U Cl~~~ .‘l- _S C5 C~~~~~ C ’ 5 -  C’
7) * U 5 ’ 4 ” 4  * C ‘C’

U ’- ‘5 ( 2 ’  * U C-- C - *~~~~~ F ) C C - I - - C V 4 - -- - ,  C
* ( ‘ C C ’  *
15 15’  ‘5
* 5-- C- C ‘C

15 15

* * 1 5 1 5 1 5 * 1 1  C, C C ,  C C I - C C C ( C C  I C’ I I

123

- - - —~~



‘~ ‘ ‘~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

SPECKLE Program Listing (Page 23 of 40)

CC C’ C) CC C— ’ CC C’S C) CS C’S’ C’ C’ C’ C - C’ C C) C C CC C’ C C’ C)) CT) C C) C- C’ C’

C’ Sr C) (7 ~ S C’. F’ I Cf’ ,~ F’,~ I~ 5~ Cs ,-S (5 -  4” ~5- C ’ , 5- ~ C’- C’ ‘s-S C.- 5- 4 a,.
.-4 .— —I C’. C. (C” C C’ C ( S i  C.- C’ F- . C-’ F- 4’.’ F-”- I’~ 4’- £- F- - .~~ — I .‘ 4 J .~~
C” CC CT CC C’ C)’ ‘CT)’ C” C’ C- CC” CT “1 1 4”' C” (~‘ ~‘~~‘ C’ CC C 5’- ‘~~‘ CT C’S C’ CC CT)’ —. C”
5 - I -- C - I - I S  4 - — I S - I S - C - C - S - -I- 5 - C - S - H I -  5 - - C  I — C - C  -I- S-- C- s- S
I— C - - C - S  5 - C - C - C - C - C -  I- - S— C- S- S C - C - C - C - I  I-- S 5 - 5 — - C - S - C - l - C - I
IL Li Li- La L U. Li- Li- Is U. Ci U, Ls. U Is U Is U La U. L~ Cs La U U. Li Ci U La U
L U  U. Li Li- U U L  U. U C, L L a  Is ~~~~~U, La. Is U. C ILL La Ii LI, U U t  L U

C’ H •
C,” V ‘ ‘ ‘ V C’ -

4 7 )  7’ C 3 •
— (5 1--’ 4 ‘C - 5— 5— I-

‘-‘ 7’ — >- U + 1 -  - • C’ U
5-- (2- & ,-s C. ,a C’ 1. La.

7 ’ s  C .  .s 5— C’S’ 7 ’ ’ i  ~i7 ( 1 C C
: ‘ ~,

‘ 
~~ ‘

~‘ ~~~ 0 +  7 ) 7 )  ~~~ ( f e ’  C
I I  _J . (2 N 15 La V’4’ 7 5-- I. C’ ‘C” (1- C’ 7)

C 7) 4- 7’ ‘ a ? I C - -  7’ s--i
“~ ,.j Is C’ • Is I—I ‘5 s- C’ 5-’ 7” - I. C” > I’ C - - C (J)

7Th I--C I- - i - I- 4— 7) ‘ ‘C’ - 
-
‘ ‘C s-b .~: 

- 5’ 7) 7
C (I’S Cf ( ‘ S C 5 ’  C’ ,, ‘ 7 5-- i  i- ~ C- I- ~~ 5’ 5” H C’ C C’ C’
5- CC 7) 7 4 ’ )  I I  = C ‘~ 5~ ‘~ ( ‘ s  Cl 

~~ C If’ s—i
7) 7’ 1 I ‘ -  C’ — C 7) 4 5’ ‘.1 V — 5— CX 

~
— a-.

~ C - ’  C 7’ 7’ 5’! 5’ 5 - -  U + — . F ‘ 7- C- Li. “‘S C
>5- 5- C’ 7’ * 7 ‘ <C C”' 5,’ C’ 7) — C’ I’ C- ,,, ,‘ C-

C’ .5~~~~~C - C ’ U r J ’  4 5 - 4 = C - 7 ) ’  C I r c a  C - 1  C’S (5
7 (I (‘5 4-- (I’S >5.’ I ’S  5- -  -

~~ C 7 C’ C- I~ 5-i 5-
C ’ -  C 7 )~~~ C- C~~~ C’ II I-- ( 2 C- s - ’  - 5 - -  4 C ’ S I ( 2  V
1 ’ J C -~~~~~* (2 U  C - C ”  1 2 1 5  C - - a H f i (,) C ” ,  C - .  I’
-S~~~~~ 5-- ~~~ 7 ) ’4 7 ) 5- C ’  L H C C- C, , , ,,. - T) ( ‘ I ’ IS5-— U’ 5,5 -‘
‘ C- ~~‘ C’, ~~-- I—I 7) ‘Cs -4 t C- ,_J ‘5- Is C) 5--’ S~~ 7) 7 5’-”

C C’) C’ Cs ,J La ‘ 15 )~ If- IL -I’ CX C - ’ 7) C’ C) s .-
5 - - ’ (2 C’s C’ 7) .4 - a’ CI S-I C) “ C C 5” (2 ..J •- IC
I— CX “

~~ C- CX — 5-1 “ 4-’- CC 7 7 C 5-4 i ‘ e—

5’S .4 1- 7 C C ’  C X C I I  C ) C ’ L I ’ I / ...~~~5 ~~~~~~~~~~~~~~~~~ ‘C
7 > 7 ) —  I -  ‘ Q  - C - C T — -- ‘ I r  ~- 5 - -~~~ - C .j’ 5—

• 5 C - ’ 7 ) e! N’ * f_’ -’ . 7)  ( C’ . ”
— C (2 1 C - I C “ ‘-I C’ V 4- • ‘s-’ C” CI - C - “  ‘-4 C’~
..-l (5’ ‘- C- - 7 5’ C’ 7) C- C CX 5.. 15 4—S C’ C’S • 5— “

5” If 5’ C’S I-- ‘C C- 5’ . I- 5-- I ~
. 5 a- ’ F - C

CX’ I— C 7) ‘s. C’ i s ’ C’- (5’ 7” - 5-— — C - - (2 7) 7) 7) ‘-1
‘ 1 , 7’ “<C S- C S - - 7) C- I C - C’ C” C ’ ”’ 7 -  ~~~l 5 ’ 7 )  .4

Is s-a - It C .~~ CX Li 5- 2. + C- ‘~~ Cl 5-- - 7) ‘s—s C. C C’ C
C e ’ 7 ) ’ C  C V  1 . _ I 5,’ 7 . ’ -  C ’ L  5— 7
“‘S C- C- - C’ 

- 1-’ 7) 5-— —-‘5 ‘ . C” - - C 7 5- ~.‘ C- 5’
I 5’ C-’ ,J • C ’ S-~~~ - _j “ 4 — 5- C C ’ ’!- C- C’ , IC’

C’ I I - Ii C- F’ - “S 121 C’ 7)’ • • I - CC C) C’ C’  7) C” I ,  - 7) 5- 5-1 7” C’
7 ) T C 7’ s I  ‘ 7 • . “' 7 N 1 ’  CX C--’ L H s - r L - ’”’ Is

CX _ ’ 5-- Cs )— 5-i C’ C - 5 ’  • • C - 2 ’  (2 7)- Is C C’ 7 1i 5 — C - - - (I
S-- CC C,. 5 - C 1 ‘S’s C” • Ii C ‘ C — (S 5”, a , -  ‘ Is 1--- 7”

C U  4 C 15 ‘ 5  C
C _ I~~~~~C ’ 5  7’ ~ C~~~~~~ ; (  1’ • , • 5’

(‘ C’ “ V  ‘ —‘ C ’ ’ s 1 2 7 )  • 7 7) ’~~~ 5- 12 S
, T C ~~~~~~ 

) I... . 4 s - I S ’  s . C  ( ‘2
C’ CX C. C ‘t C’ ‘S4’ 5- ‘C, C’ 7) — C.- — S C (5 C C -

- - . V  C 7 4 4 c ’ ~~s V r  > r’ -s I’ C’ (S 4-— C 7 ) i -  -
C - C ,  C C -  ;. 5’~~ C, 7 ’ C *  Is- j f l 7_ i  I C 7 )  C C - -  4 - ’
5.5’ 7’ C ’ 7 ( j~~~- ’ C’ 

~~~~~~~~~ C’ I- 7 C s  .,j 7 5 - - C’ 7 IL  5’
. s C 7 ) I -  - d C ’ -  ,J ‘~j 7 ) +C ( 2< C ’ 5 L L  C X 7 )C ( 2  C’ 7)

- ‘ _ , - - ‘C’ 
‘ ‘‘ C: — ‘C 

-— • 5”' C 4_ C
C I -  . 1 47 ( 5 7  C - I~ I ’ (  7’ ’ C - 5  C— C , - C” ~T ) ( 2 7 C ’  Is

~~ C - ‘ L’ C) — I”' 5— 7’ (2 7’ 15 4 15 (2 1 — - -- ‘ - 7)
C C- .‘ 7) (I’ S -  _~ - - La Is C (S C’ 5- - -

~~ C’. C —C ’
• .‘1 4- C’ - 15 7 — ‘ -‘ C” ( 5. ’ — ,,5 7’ ‘!“ ‘s-’ 4_-

C -— C’ C ”  U ~ 5’ 5. - 5— ‘5 r’ N” ( 5--s C- >5 7’ 5-- >- — _ I C’ 
-

• C’ 1’ I.  - C’ 5- “- - ‘~~ I— C- “s‘ I-~ ‘C “ (5 CC s’ -
— 

.> ‘ 5” (j Ls • 7-- 7 C +7 ’  7- C X -  ( ,j C I . ’ ‘C
• C C 4 - ’ T - T 4- s 5 -  C ’ C * C X ’ I- C’ ,-. C . ’~’ U ) L, 5’ 7~~ -~~ L s  C]-’

I * a .~~~ - - a 7 ) _ -iI, 7) 5,, 7 ’ 7 - U , < a5 ~ — C •~~ ‘~~ S
C 7) .4 ft CX , C-i 7) C - ’  • 7) 7) 5—I Ci C S-- - C- .4 CX Is) S C

C l r ’,, — : ’ , ( ! s 7_ I-- 7 . . ’C.i’ . a , ( P 5/ ) * 7 ) 7 ’ C )  U ’ s-’ (I’S ) I
7 7  T C Y I’ 7)~~~~ * .‘ - ‘~ c 5 . 7 )  C-. C’ 7 ) 4  (5 -‘- C

)- 7 ) 7 5 - -, C C ’ C - O C C  7) 1-4 15 P - ’ C . U . C - C , S C U  (5 ‘5 4-~ P S ’  ‘C
C 7” C-I 7’i (2 C 7 s 14 15 CC + C ~— C. r.’. s-’- (‘S C (1 a. - (2 5 ’

C ( a C ( . 4 - I  C - C C C C I C C C a, C C . , .  C C I I, C C - C ,  C C

124

-

~

‘- --- - - - - -— -- —-- - - - - ---- - - - - - - - -

~

--—- -- --

~

-s - -  - -  J



- -- 

.‘,.,

—~~~~~~~~ - - - ~~~~~~~~- - - — -

‘—‘ .1 - ‘

SPECKLE Program Listing (Page 24 of 40)

C C,s C’ C C C CT C C’ C’ C’ CC’ C - C’S CT)) C’ C’ Ci’ C’ CT) C’ C C’ C”) C C) C C’ C)!’ C’
N~~~ i ’ ” C T J ’s- - C ’ 5 -  ~~ L5 ’ !  C4’C C’- C  . - P - F’ J L ”L’ - N - ’ ) ( C C ) ’ s - S J N ’ ~~~~~~L’- U

4’ I C ’  is - 5’  1 ‘2 55’ 1 15’ I ‘ I C ’  15 aS sf- . . -  s: sC. 5’ i-C a C’S .-,, F- . 4’ 5’ - 5 -  4 ’ - ’
5 ”  CT’ CT CC CC C C’ - C” C’ C’ ‘7) C’ C’ CC C) C” CC “ C’S CT C’ C’ C’ C ’ S C” C” 4” CC CC C

C - S -- C - I -  I- I 4 - 5 - C - S - C - C - I  C - C - C - I  5 - - C  - C - S  5- I - C - I - I - C -’ S - I-- S
C - S  H e — I C - I -  C - - C - S  C - s - - C - - C- - C - C - S - I - — C - - H I - C -  I- C - C - I C - C - C - C
U U L U Ij U L L i , U L ’  C U L U U L .  l i - L U  U L L t L z U U U U L i Li IL
Ls ii t’ t . U U U  Ii, La, Ls C, L L L L ’ L i - U L s , U I s L 1  U I LL i .L Li- L a L U  IL

I—
5’ ‘SD

‘ ‘ C C) Li.
C I— I C’ C-

= - C - C,  C. >-

C,’ If- & CX CX
C 7 ’ C .  7” “a
17’ 7 7 ’~ C” U
C - C ’  C C CX

‘S ‘. , , 7C - I  U
‘1 “ “ I — - ’, 5, 5’ .4

5 ’ -  4 -  ‘SI ’ “7’ -sl
L 5 - -  •‘ J <C C I -  ‘ S
(2 C/ U ‘S’S I, 1’
7” 7’ 

~~ - .“T C”'- C - I ’
<I’ ~~

‘ I- - - 5’- 7” C’ <C

C . 4”  1
4-- C’ U I ( ‘5” i’Y C- - Cs-

S- H ’ S  C
15 7’ (‘a • C’
7)- 4 (2s  C C 15- ‘1 Ci 5’

7) :-” ‘ -  -‘1’
I’. 5”. I—I CX C -2’ s- - :‘ CC

CI I-- ‘S’s S—i U.
CC’ ‘7 ’ C -  U <C’ S-  7’ (I’S

CD ‘5 . (“ S s—’ s-, -“ C’ 7’
7’ C C” 5 - — U, ,— —
7’ CL _ I C C ’  F’ C’

I V ’ ’  • Ci 7 ) > -~~~~ 5--
- - 7 ’ T ) - C —. 4-—’ D C ’

s— F- Z C - 7” C’
I -  (‘s- C - - - U • ’ (‘S C - ’ ~~~J — C’-

4 - -  (~ & “ C- 7’ 5” - 5” 5” — “F
“S 4 . 5- -- CT- C- CT- 7)
7 C (‘S C- -  7) s-s I’ > ‘S — ‘C
CX 5’ -/’ ( C’ C C- C ”  ‘Cs-’ C

4-’- ( 5  -‘1 * C- 5’ .4 ‘SC. D
CX ri - C ) , ,~~~V C - C  — ‘ S C -  Cs’ C”
5— C 5. — ‘ 7 ’  7 ’ 4 ” C  7’ .4 C”
-C ’ 7(5 ’ “- ‘ ‘  .L C C’ . CX —5’ ‘- - C - - 7’ I— C’ C- C 4~~ ‘s—i 5” C .-

- !P 7 I— ‘C, ’ 5/ ’ - — 7) — C • —
5- • ‘~~~~~~~~

‘ 
~~~~~

- 7 ) 7 5-  — ,— I

5” 5— 4 “4” ~ F a S C)’ ‘s- ~ I I - I- I
C, s- s I -  >- _, ,. 7 s -  ‘ •-
7” r~~~~ (‘ C- r ’  ~- r ” t ’  N I

I 5 - — I ,’ * ( . 5 - >  C : r >5’ — ~~5 5 5— —
5- Z’ C’ 5 ” ’ .’ ( ’  I I  5 7’ s- - C. :!” C’s .,-(

• C’ (2 5- - I I  
- - I C ‘. .4 7’ C’ I • C’ —

o - C, I _ ! 1. )— - .5 5—s C’ N’ I • 5 (‘.5 1
- :‘ :- ,‘ - f  C _ . “ - .- “ 

— ---- C’

C’ 5 - - -  5- S ~ 5- ( 2 J V  CX C C- 7’ U .4 C--
C,’ C 5,, I. -- 5 5- >5 I- Li C~, ~~- C 4-- - 5  CX

(‘S C - - 7’ 5— -’ CX ,. CX C” I C S ~ . -- • C
7’ e-’ - - u— - C)’ ‘ . I’ 5” C’ — ~ “ 4- - 5” 4 C’ C”

7” 5’ I— C’ a 7 C • 5” CX C’ F-” 1’ ~ — “s,‘ C- • s-i’ S I II C-
7’ I,. 4’ 7’ C C’ 4’ 4 . .-4 C’ C) 4” . C’ C’ t 7” — C

— C ’  C ’  - “ C- C C’ -. —~ ‘—4 .—i ‘S 7’ - C 5” .- - C-i 5”
- - ‘ 4-— —‘ 7 2 : - >- 1 - 7 -  7’ II  I’ I I  — C’ - - 5- II •‘ — C
‘ C C  Is- Is ‘ 5 - - - 11, .4 ~ Is 2 C - s ’7 ) ’ S . ’  I- LI, ~~~ ‘C C--’ .” C’ 1.

.5 -  C V .4 ‘ C C ’ S U- ,j . _J ‘-‘ u s ;
C-- C- C, a) 5 - -  (7 7 (1 1 Q~ ~~ 

-‘ .—‘ .-4 CX .4 ‘S ci’ ,, C-, “ .4
4— Il C ’ ’ 7 )  C’ C ’ 5 ’  7’ ’S’~~H C - . -) ~‘~~ 7 7  5 - — I -- ’

• 7’ • C” (S C’ (2- • I - 7” C 5- C ‘r1 C” C C’S’ CX C’ 7’ - C-’ C CX C’

C ’s- - - ( ’ i s I s p - C C ’ S) L C L C ’ C C C ’ C ( ,  - . , J C C CC L ,

“ -I C’

C C C C C. ( ( - C  C C C 4, 1 C ( . 1  C ( - (  C C C C s . C  4, C C a

125

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ b-.’~~-_ - 44



SPECKLE Program Listing (Page 25 of 4 0)

C’ CC C C’ C’ C’ C C’) C) CD C C’ r C C”- C’ C’ C’ C’ C C) C C) C) C
I’ ~‘ ~~ C .- -‘ C’s F’ - .1 CC’ s-~ F’ ‘\ ‘ ‘~C ’ C ’  ‘s- C’ F’ $ Is s-i- F— a (4’ C’ ‘s-S

I’ 4’s-- I ’  s . 1’ f ‘r ,a o a ~ U’ o’ 5 D C C ) C C  (‘S F’ (5
C’ C” C’ C’ C” C” CT) C’ CC C’ C’ C’ C’ C’ C” C’ C C” C 4”!’ 1” C’ ‘s~I

C- 5 5 - 5- C-- 5- C- 5 - -  H H I-- - 5’ - C- 5- - - 5— 5-- C- H C- C- 5-’— C- C- I’-
C- S I I- 5 — P  5- C - C - C — I- - C-- S — P - - C - C - C -  C - C - C - C - C - C - C - H
U U U , U U L U L I , U t . U L I U U U L i U U U L i~~ LI- U U, Li- U
U U U , U L . U L U . L t L L A U L L L U L L L Ia Li~~U L I s L L U Li,

-‘S

5’
C-

(\s
F’

5-
C —  7”
C) C
U 5 - s

C- C’ 4 - ’  —
7 5 -  — C’
7’ — , CT

a’- ? ’  C’, ,-. ‘C 5’
5’ - ‘s—a -‘— - 5 ’  C 4- - ~ C-

.4 C — 5’ — 5-- . CX C” I ’S’ C C’
4” ‘s-’ C -C’ C’ 2’ — 7’ I!’

.“F 5--i 1- • C C’- I - — CC C’ —
P I 1sf C 7’ C- ‘~~ “5 ‘s’-~ C -

a’. a—’ ,— C- a’ — 7’ C II 5’, * s—
C C ’  “ “  ‘s-s ..-- C ’  U ‘s”

5- ’ ~~‘ II T ,5- C—’s ,_ . C’ C H C-
— C) ,—‘ ~—‘ C-’ C CC “ 7’ C’ 5- - C I
C C  . . • I  s - i C C  C’ P ’ I - - * ”  7’ .-‘ ‘s-, 5-—. C-
4- . C CT ~‘ 5’ — 5-,, C- C ,- , -,. (1 ‘

~~
-

C .,i- I, II I S C-’s C’, P’ i ‘ ~‘S ._.i C’ s ‘ C ‘s-i 1 .5’ C’s-, I C

‘a ) • • I—s S— S CT IS 7’ II C’ . ‘s—’ S’S I C~ II SI 5’— I~ CC
- - C T ) C ’ SCl O C I Z C - C ’ Z C -  Z 5I ~~~~’ 7 ’ I I 5,’ I-

( ‘S II  II C- 5-— C “ C’ “-‘ C )  5_ -a ,-4 C’ C’ 7 7) I C 4 - 7
I-’ C’ C. C-- (1 Cl’ ~ Is 5— C U S C) CC’ C (‘a Li ~~ IS H Li C C’ 5” U
CL L ’ ~~~ ~ ‘C 3 H C - 7C  s—s 7 7’. 7 ) 5 .  75- I  It 7 7 )

CT

C’ ( , ( a s l  C I - C - I

126

— 
____



- ‘ C  - p
I

- - s._~~_ , d

SPECKLE Program Listing (Page 26 of 4 0)

C CC C” CC C’ C” CC C’ C” C) C’ C’ C- C’ C’ C C’ CC C C” C’) C C” C C) C’ C C’ C C’
C’ I” ~~ 1, D ” - ‘r! (’ C , - - C . N -~ LI a.. ~ “i” s’ C). -~~C’.J C’ ‘ L ’ S” ~. 4- ‘~
CT C’) C) C C) C CT C’ ‘s—i ,‘-I ‘,-i —‘ a-’ - a-’ ‘ “ a’S a-’ C’s-i C’ - C’, C’ C’~ C’. F’ C’ C’. C F’ 5’
‘s-’ ..5 ‘s—I ‘s-i ‘s”s -‘ a--4 ~~ ‘s-4 ‘s”I ‘s—s a-’ ‘s-S ‘s-I a-i ,-- ‘s-S a’S ‘s-i a” ‘s- ‘s-’ a--’ a- ‘s—’ a” a-’ —‘
C -C-- 5- - 5-’ 5- 5’- 5- 5- 5- H C- 5— C- 5-- 5- 5- 5 5— 5- 5-- 5-- I a— C— - C -C- 5- C -5- C--
C- C-- C- C- 5’- C- 5— I— C’- H C- 5- C-- I-- C- 5- H 5- 5- C- C- C- C- C- I- 5— C C— F - 5—
Li U L U  LI Li Li U L U  La LI Li Li, U La LI t~ U It C, U U U I t U  LI U ts U
LI It L i U  U U U, Ls, U U U. It It LI It It La, U U U, Is L U  L, 1a Li Is Li Is I,

C

1” S ‘C
I C 5- I

) I t”  I C C  $
a’ S I C

T C’ >- C ’ ’ - ’  C
5’— C C C )  C DT  T
I T I— 5-’

I— La C’ - - -
a’ -i ’ ,,J S . , ( ”  7’

‘C ‘ ( ‘ s—i 3 ” C”
5— ‘C C-

7- -
. 5- ”  .4  7

- 7 ) 1  C” C), -

7’ C~~~’ C C C ’  ~~‘
5-- s—a l- C’7’  C ’ S

( 2 0  C/’
Cv 7 7’
C - C

U “ T  • C  a-
C—I C- ‘S~C ’ _’S 7’
“Si “' CI C

I Li” f-i l’- I”
CC (- 7’ C C ,  C-’
U C s-s 7 7”
(1 IC’ >-

.4 T O  7’S
a”S CC C a—s ~~4’ C-’S
CC C ’ C ,  C S ,  C’-
I— 7”

C U  C - H  >- C-
.4 7’ C r a ”‘ C ) V
a’— C’-., . a- -S 5-- ‘s—I

-~ CI I ’
CV I ’ S - ’  I C - - r I - s

T C’F ‘C~~~15 ’  5”
Cl I (C’ S’- C C ’ > - l--
C

C C ’  C 7 1
—‘ r’ t ~ . 5 - ’  5- I C-
C’ I C  s-

a- I U 7’ LI C’ 7 C - (2 T
‘s’- ([ I- C’ .4 C - C )  4 7’ ”
4” C — l U C . - ” 5 ’ C

5- ’ — ( -‘ C’ • I t 7~~~’ L .7 7 ’ U
C C’ C) CT Ci .1 ‘5’ (1 1 7’ (f~ C’ U,
C’ 5 5’ ,C’ C 5-- - 7 7 5’ >- 7’ 7 1 2’

C ’ —  .~~~ — C  C C X C ’  V’ a’- O -
5-5 5 ’ ’  C-’ .-‘ 7’ 5 . 7 - S — C C C

‘-I C- ~~~* C - - C’ C L I -  C C I  L L , S — L i C I -
a’ 7’ 5- a C” a~ C-’s C’ • C’ ‘ C’ ,~J I C- P -

C’ + C 5~-I 5--’ CC II ,f CC + 5? 1’ C ‘ ‘S .4 7’ •-1 .4 7 Li .4
(‘ ‘ C  C’ i + .— - - “ ' C  —
—~~~~ C’ %, C - ’ 5— -~~It C’ s - C  ‘S~~ C ) L  a. C’ 5 - ’ ? -  ñ’ 5 - ( 5 ’ a’~~~(
7’S p— C- a—i 5’ C’ a-i ‘s-i C-’ F” C’ 1’ 5’ C- ?s- 5--I C- C_ 7’ ‘5’ C- ‘, C” C- ‘C C’
a. - 7 ’ C  rC’ 1I 7 ’ 7 ’ s — 4 C  I--. !‘ ‘ CI
~ I I 7 ’- O ? ? C- C I C ( } H L 7 ’ C I I C’l a S I r S —  C . • a a
5--i C C’ H ~ C ~ S-I s—s C, - H C 5- > 5— s-i C C- L~ CI a-I C’. N - F

~~‘ I-— C-S , ‘5 ’  5? S—I 5- - “~ C’ C)
U 5-— II C” - C’ C ‘5’ LI It La. La I I  C C -  C La I-- Cl La I - ’
C--I 5 (5’ H C-I P—I (“s C—i 5—’ C-- >~ (2 C - - I’ C-’ 7’ C,,~ C- C/ .

‘s -- C’ C’ C ’ s ’ - C
a C F I- 5- - ‘ - a., C C C C. I C C C C I C ~

127

-— 
—



SPECKLE Program Listing (Page 27 of 40)

C’ C” CT’ C) CT C’ CT’ C’ C’ C’ C C’) C C’ C” C’ C) C’) C” C) C’ C) C’ C’S C) C’ C’S C C” C’
C’. F ’ 4 5 a-, N - ~~ C’ C’ a-s C’~ t -~~ C” .C I’.- Cs C) C’S a--. C’,. t-~ t U iO F’ sC ~r c’ a-s

N N’) N ~-
‘ F’ F-’ N. .~ .J -1 .~~ .1 1 ~1 ,t ..~ C a, - C’ If’, C I - L~’ Ci IC- Is a.C

-~ .“l a’i a-I .-i a- a-S a-’ a-’ ,‘I a-S a-S a’S ‘s”S a--’ a-S a” a-i a- ’ a-’ a-i a’S a-~ a’ a-’I ‘s ‘s-s a- a-S a’s
S — C - C -- H I - C- H I  C 5- 5- C - l - 5-- I— S-- I -  5- I- C - I — C - C - S- - C- C - C - C - C - -S
C - C - C - H I -  I’- C- S— C- C - - C - - H C - S - C - C - C - 5 - C - C - C - 5 - ’ I H F C - C - I - ’ C - F
La La. La LI La, Li La. La LI, Li It U It La. Li Li It U U t~ U U It It U La It U La. 1
La, U Li, L La, L U L L  U I t I t L- U L a . L  U Li I t L UL  LL LS, U L a  U Ii LI- La. It

5J5 CX

C - C a .  C
Ii )-

C
CC C’
‘-‘s_ C C  1 - ’

5-’ (1’
5-f’

(‘a C” (“- C--’

‘ . 5 - a’. H>’
5-” _ J C ’
C l - C , I t o

U C ~

T
V U

,—. Ci • I-
‘ “—4

‘S7 V) O’
‘ C C I  5— H” ’
5- ‘ C
‘ ‘ 5 - ’  . 5’  ( “ 7

7 1
5, 2’- i >’  C
. 4, _1~~~~ CT 7’

“l --
U ~~~C X C ,-
C 7 ’ S -  I -

.4 z e
>~~C’, _ J , ,C C - C ’

I .’ .1 7’ .5”'
-~~ “- ‘ ‘~~~~~
Cs’ C)~ 7’
a— C ’  C 5— ’.

C, ( ‘C ’
7 - I ,  - - a  $5 5’
- ‘ ‘ )‘ C C ’

C i  C s ’  C
C~~~~~~~~ C C” ‘s-

5” ‘S C —‘- C C ‘s’

C C ’ C ’ . . ,’ -‘ C ’ S C ’  C ,,’ a-
C — F-’-- ‘ s — ’.~, s-- C C

5 5’ C CT- C .‘7’ ( 5 ”  C’
C’ - C C” C”’ C’ 5”'” C’ CC’ I CX C- a,i’

‘7 ’ C  C. I - c  I ‘ C r 0  I t U  a’
- a “ -. C” a- N — _. a’ C)- C’

C’ “a. ‘a- C\ ~ C 5- 5’-~ C’5’ 7 1- - - 7— CC

C a .  C C”, a-~~ 
a- C C . -  C +  I C’

Li ‘C -‘ - (‘S ‘s-I a- F’ 5- CX ‘s—i ‘s-s C- - —
r~~~~~~s ”  C” s C ’  ‘ a-i C ’ ’  5-’ ‘ 5 ”  ,•-~~~~~ I

7’ •- — t C a’ CX C’~- * 7’ C
a—” ‘ * 

4 —. a- ’ — C’ ~‘ 5 - C’ - — a-a 5 C” C’ C’
‘5 ’ (~~~~~’ ’ C  a-’ $ 7 ”  I 5 ‘C ~~~ C I ’ ll c, ’ ’ C’ ‘

C- C’ 5- C. a-’ 7’ C’ C’- - 7’ r’- C- ,~‘ C- F’ )  5-  ~~‘ — 7’ v 7’ I -  C’
7) Ii S—i C II I—I II ‘C SI 7’ C~ ,. 5 - I CI CI _-J La ‘C
I I — , C , I t s  ( , ( - C- I,~~~II t’,~~~’ 5 ?  C~~~~~~~~~’ ’,,- C ~ U C (  I--

C \ C ,  1-5 5 - - L a  5- - C,~~~~~ ( i O~~.. 5 $ C- o C ’ + 5 : ’ C- . z  U
-~~~. - -C ’ ’. -’ ’ s~~~- ’ C X 7 7 ’C’ (“ N’ C - C -  0 — C ”

C’ L L 5 LL C’ L i L ’ L s,C2 C-’ I I O C -  I I C a - ’ I I — ’ L - - ’  Ia - i  U
5’ S—a 5—S C- C-’ 5—~ C—I C-’ 5.—, 7’ 7’ ,~ 7’ p-. C- C s - C- C-’ C- V C) 5--i

C’
C — ‘ C  N ~~ C C ,  C C-

C C ‘5 C C C 5’ 4 - I - F I’ C C” _ C I , C I C a-’

128

-- ‘ — -—-- —-
~~~~~~~~~~ —‘ -‘-— ‘~~~~~~~ ---~~~~~—--~~~~ — -—‘--~~~~~-~~~~~~~~_ _ _ _  _ _ _



~ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

SPECKLE Program Listing (Page 28 of 40)

C’S’ C’ C’ C’ C’) C’ C’ C’ C’ C- C’ C C’ C’ C CT) C’ C’ C C” C C’ CT) C’ C” C’S C’’ C’ C’ C”
C ’J ND 3 L~~~f’~~’., CCT O’ C) a-’S C’ N -i L’ a.C I’ ‘n C - C a-’ C’. F’ .- Ir- ,C” r “a C’ C’s ’s- s
‘,) a.L ,,“ U’ , a l a . C ’ ,J a.~ F’. F’,I ’  (‘., F - -  I’ - Pa.. 4’ I’— f’a... TI a a - il a ,,, Cs’~~ y i ) i l  (5’ C’)
a-’ ‘s-S ‘s-S a-S a-’ a’S ’s” ‘s-I ,.- ‘ ‘s-I a-’ a-4 a’-? a-’S ‘s-4 a’~~~’s’s ’s”S ‘s-i a- a- ’ a’ a” a-i ’ s’s ‘s’S ‘s’S ‘s’s a-S a-’
C— C- 5 - 5— 5 - - C- C -5- I C- C- C- C- C- H C- 5- C- 5- 5’ C- - C- C -C -C- C -H C- - - 5--
I.- C - I —  5-— S - C - C -  I- C - I — C - C  -5’ H I- C- I -  C - 5 — C - I- - C - C- 5-’- S--~~-- - C -  C- I— C-
U U U L I  I t t i  La L U  U, It LI L La Li U La LI I t L I  La La, Ls. La L U  La LI U La
It U U I t L a  Li LI U Li U ta, U I t I t  U~~ti La. It I t t ,  U, It La, It La, La La. U L U

C-- I
C’ ”.
CX

L u
IL, C”

__,, *( - ‘ C  C’
) C’ (“

1’ F F- -

C’ ~ . (/
LI, C- C-’
(1 S i
7 1  ‘C

C- C’
It

0’
- - , C ‘Sb” •
C - C  C: —
‘S” C” - s  ‘C71
C ’ !  C~) - ,
I tZ  C--

La . C

C, — -~
Li (~ 7--’ 5”
CC ~~ a-p C
C, ’ C- 7’ (,
C, )~ *:7- s-

C- ,~~~ a’-I

C) 7 •5.

‘C Is 7’ 5’
I - _J * C -

— C ’
Ci Li a-a I’S
C C ’ I~~~

— C S C’ C’
C’- C’ C ‘s” - ‘ f5 ’ I’i 5 - ’ C’
7 c  a ’ 7 )  + a-- C ’ C C C ,  N’
C F ’  7’ a- F’ C a’ 5- C C - -  —
7’ a—I C’ 5— ~~ ‘ P C” C,.’ ‘C s, CI C’

a- a- 7’ C N’ C--C ‘s-i -J CI I— a—
C’~~C ’ C ’ a ” 5  a--~~~~~~’ C a- ‘s’ U I”- C’ C” “
0, N’ 5 5--I ? —. + H C’ ’ 7’ C’ a’ 7’ * C’s’ 7’ —
7’ a-4 C’, a- — N’S N ‘C - ‘S C - C C’ C C C ‘s-S C’S’
a ’ . , 7’ Cis a-, C- C--S C- C 7 C -  a” L~ C’, a ’ * L I  7 C C

(‘I a-’ C” ~~“ . i t  — a.’ Ii 5~ a- a--S I .  C’ - 
2’ 4 5” N’

‘-a. II C’. It II C’- a”' <C C —, I— — C’ —a. 7’ I? I C’ “a., .a. “a.,

C’ C’ ‘s—I + a-I N’ C-” C- I I C a-I II ‘s’i - ‘ C’ (1 C’ a- - CX 7’ C” C’ “
5-” C-I ..-.. C’ - I-i C--’ I CI - ‘ —a. + .,-~ -5- ‘s-i 7 C’S Li’ 5” ‘S C”' ‘C I CX
7’ C’J C- i N ’ C ’ C  N ’ N T ) N ” f r U ,— 0 C’ i s O  7 5 - C

IC CT) I—S 5 U-  ii 5-’? II II 5-4 5—1 ‘) CC .,J 5’ ‘ , h ~. ~ 5’.
U L - I 7 - - C’ C’- ’ + &  C”. 5 7 ( ’ - . $ 1i HI t - ’  I- 11 0 11
I a-i “‘) CI ‘s-’S a’l ~~ ‘ 0, C CI CX a-CC CI CL “ I $ ~~ 7’ + 2 (,“ ). C’. 0, C-S C’
C’ ‘s’s — 5’ II 7’ 7’ C- 5— 5--- C-’ ~~‘ 5’ - —‘ 5~i C’ “ 7’ a- a’ ,
O SI C’S La. ,“ C C N” C -  - 5- a )  CI C’ C’ II U II II Li, II a1 • 1 II 7’ C’ 5-i Ii, (‘S
7’ ~‘) C C—I C--I C C~ ~

‘) I-’- H C” C C C’ 7 C-’ —) ~ C- - ‘) 
~ .4 CI 7’ 5— 5 - a - i

C C’ C’ C ‘ C C C’
a- - C’ C F - - ,C .‘ C a - - C  5-a’ a- ’ ‘s ’ - ’s” ’s— ’s-- — a ’ i ( , (  ( ,( ‘, (  5- 5 - N

129 

~~~~‘ ‘ . .-~~~~~~~~~~~ -- - - ‘~~~~“- - “ ' “ - ‘ “ -~~~~~~~~~~~~~~~ — -- - ‘ ~~dl~~~



.. ‘-•—- - 5”'7” 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_:,-ii’ - --‘

~~~
—‘

~~~~~~~~~~~~ .. . ‘ ~~
“ T , ~’S~~~~~~~_ _ 7 ~~~~ -..,~-2’,T2’7’— “ - ‘-- - -

SPECKLE Program Listing (Page 29 of 40)

CT C’ C’ C C-  CD C’ C) C’ C) CT’ C’ C’ CT) C CC C) C C C) C) C C” CC C) C’S CT C’ C’ C’ C
C’J N ,i IC ~~ 7’.. a’ C” C ~-i C’ 5- 5- La ~‘ S - 5 -  a (7- ~~ ‘—4 C’ - C. ,

~~ 5-i’ si’ i’s’S ‘~~ C’ a-S
(5’ CT’ (1- C’s’ C’ CS’ C’ (p C_ C,- C’ C .  C’ C” C’ C C- ~~ a—i .‘S ‘s’s a--, ‘s—’s a—I ‘s— a’-. a-’ a-— C”, C”
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C C ’  C~J C ’ - C\ C’ , C ’ - t ’ i (’ C’ (\‘ C’ C ’ ’ C ’ ’ C ’  C’ C\; C’. C ’
C-- C- C- S C- C-- 5-- 5- C- C- C- I C- C- C- 5— C- C- C-- C- C -5—’ C -S H C- C- C’ - C- 5
I— I’ C-’ H H I- - H C- I-’- C- C- 5--- 5- H I-’ C- H I— 5--’ 5— C- 5— C- C- H C- I— I— I— C--
Li Li- LI U U La. Li, LI LI La La U ti- Li U - U - l i  L i - L U  U IL LS L U  LI U - L U  Li
U - U  U- L a , L I t I t  L U  U U - L a  U - U  U- L i - U U - U - U - L U U - L L  L U  L U- U ,

7’
‘CC

*

C--
CI

C
s—a s--i
0 0 L~
7’ -

~~ C’S ~ ‘
C’ C ’ ’  . 5-- C’

C - C C - C  C Si ,,., r’ 5-’ C a-
C’ C’ I C  4 • - rf r C ’  C’

7~~~ - ,,. , i S a. a- C C •
C C’ i ‘s—s 5 ‘s’s C ‘~~ If 7’ C’S 7’ C’S

5-- + C -  -s- -: c’ ~~~~~ • C’ C’
a- a’ a- 5 a-’I 4’ a-s s- )’ - J 5’ N’. 7’ a.

C,C’ (\ I— s ’ -., ’l, ’ C’ 7’ a - a - ;  a- C’ a’ C- C’ C’
Z Z C’ ~~, a S ’s.’i s,” C -  a- U ’ C C )  C

C S a-I 7. CX St CX N’ 5 C’ — ‘ C” C-’ .j C’ C- ‘S * ~
a — 4 7 ’ 7 ’  — + - - -- C - - — 5--- — C ’ j~~~~ LI N ‘ C C -  a. . 7 C - C - I ’s-’
C--i a- — C’-- C’ s~i a.; a-~ CI Li 7’ ~~‘ * a’ — * ‘C C’S, ,“. ii C’ CC C-

a- a-S N’ St 7( I— C C- C 7 C- (
~- C- C CI <C ‘-~ C- ‘S 7 (‘S  C- 5—’ 3 3 a-

.- C-4~~~~ ~~~ a-C CI <C Il C 7 7 ’ C ’ C ’ C -- 5-- l- 7 C C ”  ~~~~~~ ‘C j 4 ’ s - ’
II IC I I C ’ C ’ < C C ’ ’~~~C~~~-, O ’—’ C C ” ’ l  I I  * 3 7 ’  C ’ I * C ’ C - - S II

C ’ a -I 5” a- ’ 5 ’ 5 - ’5’  II ’s-1 I i a - C ” C ’ C ’ C ’ ”~~~~~T ” ” ’ • *  II 7 5 ’ s  a - a -~~
..s

a” C-I 7’ 5, C a-” CX 4 ~~ 4 7’ 5 7’ 5 C-- 7’ H C- C- C’ • .4 5 3 3 * * S-I

C’ CT’ CD + II I I 7.’ 7.’ 7.’ 7.’ 7’ ‘Ci 7’S ~1 II C- ’ II C’ ,~ II II CT’ 0 • C ’ ’  C’~ C’
C .3 ~,t a-S ~~ 

s-i ~~‘ II 7’ 55 1 a-CC 11’ ‘Ci Cs S-S CC, S-i N- ~ ~~ (\ 3 ,~~ N~
C- N’ N’ N 7.” Ci Ca, CI CI CI CX 7’ 7 7’ “ C- C—I H C) La Ca, C) u 7 Ii II Ii II

1 1 7 7 5 - C - C - S  C ’ - ’ CI’ — ’ ’ , I I  I C — C- _ I — . - r ~~s ” f l  I—,
C’ C C’S’ C C’ )  C ‘ I i  a-C CI CI CX 7’ La, 7 U- I U 5’ 5-) C- V C( C Ii La C’-, ~~ N” 5”‘’ C
1~~ C C ’ C ” 7 . ’ C -F C ’ C C C~~~~~~C-S J S - ’ C - C - - I C - ’ C ’ C ’ C 7 ’ C ’C - ’ C ’ C~~~~~~’ C C

C C’ C C C ’  C C C  ‘ C’
5- ~, i u i~~~r c C C ’  CT. a-’? C’.
F- 5 - 5 - F ’  N F’ N’~~~ J -,~

130 

- - ‘ ‘ - -~~~~~~~~~~~~~
,- -‘.‘.- ~~~-~- -_ -~~~~~~~~~-a. -- ,’- _-, ,,

__. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~

SPECKLE Program Listing (Page 30 of 40)

C’ Ci CT’ C) Z ’ CT’ CD CT’ CT) CT) CT) C C’ CC CC C C’ CT) C C’ C’ C’ CD Ca C’ C’ C CD C C)
C’ C” .3 I” ~~‘ I’S~ C a—i C’- - N’) 3- ~ ‘C) ~ a’ C’s’ C -S C’.J N’ 3 U’ a.. C’. TI 5-7 CC
C’ C’-- C~ C’. C’-., C’. C’, C ’,. 5- 5- N N ’ N N ’ N ’-  5- F’ F”. .5 .S .t .3 3’ i ~J ,t ,-t .3 Li L~C’-, C’. C’ C” (‘I C’ C’,J C’ C’- , C ’ -  I’ C’ ~ C ’ :  ~“ C’ C’ ) C’ C’ C’ C’. CC ’ C’- C’- 5-’. C’ C’ C’ C”
I- - C- 5- S- C - C - C ’  S 5- C - C - C - S - C - S -C- C- C - C - I - - C - C - C -  C- C- - C - C - S- C - C ’-
C - C -k - C - - C - C - C - C -  I- S - - C - C - C -- S - C - C  -C — C - C - C - S - -C- C - - C - C - H C - ’C- C--’ C--’
La U U, Ii- U U, La. LI Li, U Li U La La Li- ~ La U U U La La LI U- Li Li U U LI U
U Li L U - l .a. Ci U Li U Cs, La L U - L i  It U U- L i - Li C’ La. La, 5-i Li IL L’s- Li Li La C,

a’ s C ’ i  a-4 ,;5-

C’- ’ ‘— a-s N’ +
<C 4 7. 5( a-”'

‘-‘ C-’ N’-~~~~~~~~I
0 a-.. — a--.,

C’ 1 ; 1 CC a’-’ a- ’ a-’ a-i a-i C- C ‘ C- C- C
5- 0 ‘5- 4 4 4 4 a’ a - .
5 ’  - “S C’ C’ ‘ I’ C” 5,5 5- ~~

- C”' s -
a-,5 a’ 7. ~~~~~~~~~~~~~~~~~~~ 7 . ,-., 7 . .—’ * CC~~ • * F’

(‘S C a’ C C’. ‘— 4 C’ — I ’ S N’ ,‘~ S-’s ~~ C’ 5 - a  S ‘
~~

~~ C C- - 7. ~ , ~, a--’ ~ ~ t ,  ~ 7. ‘CC 7. C’ 4 Z ‘C N’ 4
a- ~~

- C .3 C — C— — C- ‘5 C— —‘ I’— —‘ ‘C — s--i 4 ‘C -~
C’ I a- I— a- C’ ‘r a-’T’ T a-i -1’ a- “~ a-”s CX CX 5 a-i ‘C — 5 a-4

= C’ 7’ CD I— C C -C’ C’- C IT  C. 5— C C- — + I a-I ~ a. +
C’ N a- C’ .’ i + a -”~~~4 . r  5 5  ( a - ’ I a - ’ C C’ ,,- 4 -

7’ T J ’  7’ 7’ C — r - — - r —~~~~~— C’ — ‘ C  7.( 7 , ’ S N ’ P ”7.’ 7.’
.a.35 _, ‘C’ I’ ’ ~~- + ~~ - I + a -- $ a - - a - a - 5 l a--’ I ~~~~~~~~~~~~~~~~~~~~~~~~~~

‘s.-a. (j (\ 7 ’ L i T  ~~~ — 4 + + C + . -  +_ - . a - , < C - ’ C ’ C X
5--I a- C’ “ 5— ’ “ C’ ‘s-I ‘s-~’ N’ P~ a-I ‘s—’ C N’ ~~‘ 4 N” S 5- - “S a-”' C- I—
1 1 C c -  * C ’ I I L a L a L a , C ’ S t S J 7 . 7 . ’5 , ’ 7 .t 5 , ’ S t  S ’ S  a-- ’ C C C - C -  C I C I

5-’ S - ’ ” s ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
4’ 5 CI * 5,’ C’ C’ C I CI Cl CI CI CI 7’ CI C’ a-’ a’, C’ a-I * * C C * *
N’ ) N” 0 St 7.’ T/ 7’ H I— S C- C- C- L!’ C- I-’ f I— C- LI’ (C-’ I’- * * 0’ C’

C’S’ ~ ) CI ~ ) 5-S SI CD + + + CI CI CI CI ‘CCC a-CC a-I C-I CI CI CI CI CC) C’. Q CL N’ 5”
N’, 11 1 1 1 11 1) C’J a - - ’ C C N ’ - l C ’ C j C C ’ C )C- V C ’ C i C C ’ ( ’. C ’ S ’ X ’ C 3 X ’ C 3

7’ ~ I_s . - - s; ~~ S ’S  7’ II I I II II II II 5-’ II II C- - II II C-’ — II II II II SI I C
C--’ C- S-i C- II II II ‘ 0. C--’ (S C-’ (5 C-I C’ C--i 5-7 C- I  C) 5-1 0 S’ - 0 C-

C” 7’ U 7’ C’ U; C C’ N” 3- U a’s a--i C’., C’ ; N’ N’ La 3- 3- C -? t C C’ CCI N” 5- -~ -3
CC 7.’ C-- S 5,’ 7,’ 7,’ C’ St 7. C-’ 7’ 7’ C- 7 ’ :)  C 7’ = C 5- C-- C -5- C- C-

C’ C’ a, C C C

P aC 5 . 5-
• P _

~I 
_, ,) ‘ a

131

-—-‘ - -—--“ -----“

'
“-,-‘—-— - -‘ _s’_- -- . -~~~~~~ ~~~~~~~~~~ - - - - ~~~~ -.“- .- - “—



— “ ‘‘ S ’ ’  ~~~~~~~~~~~~ “ ‘a-”~~~ , -,---—‘—‘a” s-- ‘ - - - __•IU1

SPECKLE Program Listing (Page 31 of 40)

CD C) C’ C) C C) C CT Ci C) CD C C) C’ C) C C) Ci C C C’ Ci C’ Ca C’ C - C” CD C”

C’ N’ -1 U’ ~C 5-a. a’ C’ C a--i C’. NT Lt. ~) F’- U ~ C a--’ CC N -~ I_C si C - - ‘X C’ CC a-
LI’ Li - If’ is 1(1 a - -

‘ C ,  ~t U’ if ,~) a.a ii’S u - s-s’S a., - IS - C’-. 5-. 5— 5— 5-- 5— F Is- a - 5’-. a- a’)
C’ C” C C ’  C’ - C’ C’ C C’. C’ C’ C” C’- C’ C’- C’ C ’ ’  C’ ( ‘ C C’ C ’ -  C’ C’ C’ C ’ I  C’ C’ C ’ ’  C’. CCC C’-
5- S — I - - C - S  S- C - - C - C - C - C -  C - C - C -  S C - C - C -- I- C - C - C - S- C- I C — C  -C- C- I—
H H C-- C’ 5-- - C- C- C- I— I-’ C- - C- C- C-- 5- C- C- C- C- I- C- I— C- I— C-- H C--- H H H
La L U  U L U L L  La. U U - L i  L L  La U - U  La U U Li U L i -  La. La L U - U - L U ,  U
L i - L a  L U  L U  U L U  L, La U - L U - L U  1. Li U- LI L U  La U - L U - L i  U - I L L

1

I
C 

I
Ci • C
C’ I’ C’ U’

C - ’  C - ’aj C-’ 5”  C -C- ” )  N’ La-

C’ .  C’ a- C’ I C’ ~~“ +  - r a-
C) C- C) C - C ’  CL’ ’ r, C ’ C ”  C. 7 ’- ’- a- C’S

C ’ ’ I C  (‘ ‘ 4 ‘ 4 C ’  I - 5 F ’  C -:

S —a. C- — C ‘~~ 5- S 7” 5—I 7’ C- 7’ I’ L’ Cf
4 ’s-’ 5 ’s-S • + a -’ - N ’  i a - I C ’  I I a--

— 4 . - , + C C  C~~ 7 ’ a ,  = 5-7 a._s 2 7’  — C
‘s” a-’ C’ I- a” a-I C’ C-’ ‘T S—I C) a-i II 5” II ‘s-S I’ N’ II 4 - -  C’ 3-
Tj 7.’ ,1 , 3 7 , S’ 3 - t 5 ”  N ’ ”~~~~~=~~~~ =~~~~~= a--” 7 C C  1”

C-- C- — C-- C” C’ 5— C-- I I  a--i ~I ‘s-i II a- ’ II a-’ St I - ’  ‘ .-, C, C’
C I < C ++ C I C I 5 I a ” i  I — + — ’ + — - + - - . 4~~~~~C -I C , ’ 7 7 ’ G ’  C
5 - C~ (7 5- 5’ - S-- C’ C- ‘Y if C--. C) a--i ‘s-i C’ C’ N’ r- -t 3- * C,. La. C’ I C’ ‘C
a’~~~C I N ’ N ’,’ C I a - T 5-I C’ - - ,J NT 7 . 7 . C~~~~~7 . 7 , ’ S 7 . S t 7 . 3 - 7 . C - ’ 7 ’ 7 ’ C - I I 5 ”~~~i
C’ C. I— 5-- C C. V 5— H C, I— C- S I II I, 5-I CX C- ‘5 3 5- CI
II II SI II II II C—i Is II 5- II II <C C’ CI < C C I  a- I C’  CI 2 It 7.- C--’ 7 C-’ 0 I 5 5’—
C’ C -- C C- - C’S-’ C-- I —. ‘~ C-- ’ -‘S; C-. C--- C- 5— 5- I C- H 5’- C--’ 5—S 7’ 7 II II
a’~ — C ’ s  (~ C” N’ U .1’ t C -t 3- CI a-; <C CX Cl CI CX CI 7’ C La C’ II La I C’ S—i C’,
= ‘S = 7’ C 2 7’ S’S C” (‘S C Cl C C C 5,’ 7. 5-’ i C-- 5- 3 3 C

C’ C C C C C
C C a” C’ N .J

C. a, I; Li

132 
- 

-

1,_a-_ —-- _4
- -



F P “ 

SPECKLE Program Listing (Page 32 of 40)

C’ C’ C CD C) C’ Ca C’ CT’S’ C C’ C’ C’ C C’ C’ C’ C’ C’ C C’ C’ C’ C’S C) CD C~ CC C C’
C’., F ’ 3 IP i iF - U C ’ t ’ a - ’ , C’ N 4’~~ a L t  a ’ C ’ C a -,C\ N”~~~~~~1). ,j’ t U
U U U U ’ a U’ ‘1 .5 C) (S (I’ CI i” “V C.” (S CI C) C- C. C’ C’ C C C’ C C.. a-’ a-”
C’ C ’ C C ’  C’ C’ ( ‘ ‘ ( “ C’ C’. C’ C ’ C ’’ C C  C’ C ’ S ’  C’ C ’ ’ N ’  I’-’ £‘ N’ N’ f r ’ N’ fr 5’ N’ N’
C-- C- C-- C-- C - C - C - C - S - - C - C - C -- C - C -  5 C - C - C - C - C- C - C - C - C -  C - C - C - C - C - C
S - C - C - C - C -H I - C - C - C - C -  C - C - C -  C - - S - C - C - C -  C- S - C - C - C - C - C - C - C - C - C -
U L L  La La LI Li t i - U  U - L a  L U  La U is L U  La LL i- is Li U is. La La L I _ a .  La U
U It IL La. U, La La LI It Li L U L Li It La I is- La La La (a, La U It La t, is, Li LI

C ,) Ii
a--S C
La,

7 5;-’
-J C’
CC T

I i’
C-
~~ a - C -
C-— 7.

I ‘s—a ’
‘SC C;
C - U  a-

La
,_J C’ i—a

(5 : - C
(

— a-
— I a .
C I—

C -.-‘ 5

C’
H * l  I’-

a-i l L s  C-
C’ a-”'

C” ‘~ ‘. C”

5--a ~ r- La
I- — C’

4 (‘ a - i

C C -  7’ I~~ C’ C L a - ’
F” 5’ “ 5 -  I

C 4 p- 5, ’ I’ a’ a. I a-’ - , -  a- C’
a--” 5 - C _ a C’ a- a( C’

( 7 ’  C C ~~~- ’  C’ a-’- a- a--, ’- C C I
a- C -* I— U) C- - C, Li a-I C’ U ,j is H

‘ C ’  (“ (S ’ C
,, ’ *  C’ C’ I’ 5 ’  ‘s- I s. )—~~~)‘- C’ S I a -’

s-i’ ‘C (7 CI C - - ’ C -  a- ‘ — — (‘S a- a- C’
C ’  ‘( a- Li C l ’  C ’ a - a - S  I
.‘ C-- I’ )c * C ’ I  C’- C’ C’ C ( C -~ .—‘ C---I U

I- <C 5 C’, :. - —. a” U ‘ 4 - -- *
if- I + 7’ C *  C)’  .‘- La a. C-- Li C (‘ , .— C’ 5-’
5 ’ 5’ “I’ ’ ”- Li C’~~ , rj’ C’ C’ a - -a ,— - . S-~~~5 - C  C’ — r
a-a- C C’ <C + C’ (7 ‘ ‘a. N” C’ - ‘a., i’ C - C CI C’
)“ C- I’- C) C” CT 5’- a- ’ I 7’ C’ a--i a--S C’ I C C’ I’ C-” C’ C’ ~~

‘

0’ C’ a-i 0 V V 5—a a-’C if C’ C- C- I ‘ 0 0 1. Li 7’ (‘S ~ ) + I C--
CS 7 ’ 2 3 3  , T N ’  CT s—S : a-’- C - C  ?Ii ~

‘ ;“ — ;‘ ‘-- ‘s-’ .-’ 5
II 7’ ,,,,,J IC * * N 7’S ,_,,J — C’ C,,’ ‘C ,~‘ I I  5— 5 a-- II II SI a , Li~ L - I I

a- 0 5-’ - ‘ 
- 0 0 Cs- C-’S SI II (‘S C1~ C’ 2 C- SI U. I I  i,~ C, C— (1 C’ ;‘ La., N CI

Z ) ’ I t~~~II IS II It CI I—’ C~ ’ C’S 7 (1 II a-- CT 5-) i. F; C) “ —
I (I- s-I U- L 0 C- I 0,, ~ C- -‘F II - C ia. U La. Li La a-I U, a-~ C’ a”‘ C’ ; LI C” 3

‘C ‘C C- C- 3 ‘C C -- 7’ C 7 3 C-. C- C- C- C-- ’ a- ’ C-’ ~~) 5- ‘ S  ) ~ ) ~ ) C-a I’ - C-

C C C - C’ a- C -

I’- ‘ ,‘S if C C C  “~ a- a” a-- ’
I a,, I C I C C, ( - S i C  • , s - ,  ‘S s- - -

133

-— - _ _,,~~~~~ - -



SPECKLE Program Listing (Page 33 of 40)

C) C) C” C’ C - C’~ C) C C C) C’ C) C’ C) C” Ca C C) C’ C’ C’ C’ C C’ C’ C C’ C” C’ C’
C’ . C’ -! ‘i~ ‘I” I’ ~~‘ (Y- C) a--’ C’J C’ 1 U tL 5” ‘-1 C C’ a-’i C’ N’, ,

~~ (,‘ ‘-‘S C’ ‘ C C a”
a--I a--I a’S .’S a-S a-I a- a--” C’a,a C ~ J C’ (‘- C ’  C’u C’.a (’ C’- C’ ‘ F- 5’ N’ p~ N n r a -  N ra- - ,j i
F- N” N” F” 5- F” 5’ 5’ 5’ 5’ 5’ 5” N’ 5’ F’ N’ C’ N’ 5a’ N’ “ C” C’ N F” 5’ C’ a’~ C- a’

C- C- C- 5 5. H S C -  C- - C-- 5— 5 5- 5- - C- C— I- I— C-— C- H 5- 5- 5’- I— C- I— C- C- C-
C- C - C - S  C - - C - C - C  - 5 - C - C - S -I - - C - C - C - - C - C - C - C — C - C - I -S S - C - C - S - C - H
is Ca. Li La- I _ j U L  L a , U  L U L I  U - L a  U U - U , I _ LLI L i- U  i s i s  U - U  ( L U  L i L a  U
U - U - L I  Is-- La LI- U U LI U - U I _ a U La Li U, La La. Li U U ~ ti - La. L U  i s - L i  Li. LI

5-4

— 4
a - I a .
+ a S

La a- I  a
a-4 ~ C- -S C- ’  4
I’) C’~~~~
I, C - ”’~ 4 I—- C’
5’ , ; I  C r ’  C -‘

a- a-’ C ’ —a- ‘ C ”‘  — -‘

C ’ C C ,  I C  4 I - L Li ~‘-
CC C- ‘S” C’ - CS 7’ C 4 C- - Cl I” ( ‘ S 5— C-- , C.
C ’ J  —. 2  I. a-- C’ a- ~~~ s-’ C 3 - J  — .—~~~~~C
LI’S . C - 4  a-I ~< • >( * ‘C H * I -  C • I—- C C  a - a -  —

a- C’ U’ CI 5’ a-I CX, —‘ * 5,’ 5-4 CX a- C’ (‘Sr C-I C C ’ C-
C’ ~~~~~~~~~ 

., C ’ 5 C i C~~ ) N ’ ”, ‘ C ’ C C C f  “~~ * a -”~~~~ CX 7 ’ C  ‘S
~ a-’ ’ y a -  ~~~~~~ 

;- r’ CT -5- _ J ~~i — ‘ 3 a - C  Li ‘ C -
C 5- - C-- I-- C-’ I ” C - C ’ I ) — -~~~ ’ C- ’ I - S LI ,C C C - C -  C. C - ’ a---S 7
a- a. = ‘ S . ,  a--S T a- a- - ( ’  a - N  a-j - -  1. (7 ‘a- a- , ~~‘ I’~

I. CI 3 C - I  ‘C Ca a-~ (1 a—’ a--’ C’ 5’ ‘‘C 5— C- 5 C- C-’ C, <C ‘C ~— 2 (a * a- a-i
C ’ S  5 - C ” C- • L a a -’ 5---I L j 5 ” - a - ” S II C c - C l - C C- (~~~S C-- ’ ) ”  ‘ s ’ ’ C - ’
s-C’ C ’ ’— ’ --- a--’ C--4 II C- ’ I I II S-~~~I I C l C ’  C L 7C ’ , f I 

~~~~* ‘~~~ ‘a.. I li ii
1’ 7’ • C’ + 4- a-I 4 ‘s-i F” + 5” C-- II a-’ 5 - 4 ~ — ‘C C’ 

• C’ 7’ 5 -  ‘s-’ C”
2” C-- C--’ C’ C--. Cs- 5-4 C’. a-S C-- 5” 5’ ~ a-’ — 4- C) V C- 7 I- S—I C’~ C-- * C’ C’ s- C-
C I t /’ IV ’ 0, Q~~~1 “1 C—i C N ’ - C ”~~~~~’ C f l  t L ” I & ’ I L ” C” S~~~S — C  SI II II SI C- C- SI L ’  IC C) C’ SI C It “1 ‘S’) I 4 2 II C-- II II II II II U’ ‘I’
Cf a--C TI CL I—i U) (15 7 5’ >‘ N” N’ )a. N I) ~~ Cs 5) I,~ CI (i a-I I 0 C-4 CL C’ 0’ 0”
C - C - C -C) Ci 3 1 I-i t; <C .C s - f < C s -~~~0, a-) a - : 0  ‘C C - - C-- C - C - C - C  CS ~s. ‘S C

2 C— - C— Is II 7 7’ 7’ 7 C— C- I II II C. ’ ‘S 7’ 5—. C- 5— a-i
Li T S’—I V” C-’ Q C--S a-i C’ ’s’ C ’ S C C ’  C I U CI “I ’ S- ~~~s - ’ 3  La 3 C - V ( [ V( }  C C’
C - ’  C - -  01 3. 3 3. 3 ~ ) C s--a C’ CT ~) C s— C C C’- 3 3 C-’ 5— C- 5-f 3 3 ~~ ~ C C

C a C C a, C
C C’ F’ C’ -~
a -  - ,, a- ’ - ta. La U

134



• ‘ ‘~~~~~~~~~ a-’ ”a-~~~~~~~~”' ”~~~’ “ 
‘-,‘-—-~~~~i

SPECKLE Program Listing (Page 34 of 40)

C’ C’ CD C’ C C~ C - C’ C) CD C” C) C’ Ci C) C’ - Ca C Ci- C’ C’ Ci’ Ca Ca C C’ C” C’ C C’
C’ Ca- 4. U) - C-— U’~ -‘1’ C. ‘s—i C’ 5” 5 L’\ s-s. 5a-~. U” (C’ C’, - a’S C’s- N’) I IC - U I” Cf CI C a-’
4 -,± .1 _t ,,‘t -~ . J II’ a: ’ -,~ ‘SA La - Ls 1 s. L” aS LI a,C s-s. a ’) .1. s-i a ’ S  .1’ ,a :  s- C C I’-
5” F” N” N’ N” N’ N’ ~“ N’ F’ C’ 5” F” F’ ‘a-” !‘ N’ N N” I” C” C” N’ N’ C-’~ F’ C. N’ aa-’

5 - H 5’ C-- I— 5’ C -5- C- C- C— C- C- - C- 5- 5. C- 5— H C- C- C 5- - C- C- I- 5- C- C- I’-
C- C— C- C- C- C- C- I’- I— H H 5- H 5— C- C- H C— C- C- C- C- 5 ’  C- C- I - C— C’ C- C-
U La I_s. La. U La. is U- U- U La, U La. Li. I_s. Li Li U U La La Li U La. La La La, La I_s. is-
L I _ L U La U U L t t  is, La, La La. L U - L i  ( L U - t a  i- is- U L U  La. ( s - L i  L I L a  La La.

U,
3
a-I -‘
C
7’a..—

a- ’a. +
S—I C’ C’:

C: “ CI’
(5 a-’ C— I-.-
F C,, “ ‘ S .~I
5- a-’ I C’ C C ’
“ C a--’ ‘- C 4 4

Li Li ,.— C’ S is, 1- 5— ’
a- a- ” F” a.C C- _ C/ Cf

t: a-—, a- a- I ,,, a- a’ a-’ C” C
2 ( 5 )’ )a- C’ I >( - ‘ + + _J ,j
a-C (a CX ‘s- i a-” (S, ,—4 I - ’  CI C’- C :  7’ C C’

5 - , 5 5 C

~~ p a - N’ 5 ’  a’-’ .1’ C’ a’— -’ 7 —
a-’ C,” “) I ~~‘ 5 + a- ~~ a-) C-” Is’ .-“ 7 a-’

a- 7’ a - C ’  a - a -~~~— L  . 5 5 -  7 5 ,.- + ‘S
(C C N C a ” C) L i  C’ ( ‘ C ’~ (/C C’

,-S C- • C “ Li I “ ~~ ‘ C’ C’ 7’ C - ‘-“ ~~‘ ~~ 4 4 a’
C - ’ ( lI C-S II C - I N ’ ,’a- I I + + ’ ( I  * 

.—~~~~~~
a-’ 4- a-I + N’ 4 ~~ a-’ C’ C” 5—a C - 

— r” C’ - -‘I CX (5 a-” a-’ 7’ ~,- a-’ 7’ 5-’
Ia’ F” —‘ a--’ ‘ F” — S ) 7’ I C a-S CC 4 5’s’ H C- . a- is 7’ 7” C C ’ ’ , C .

C-’i ‘~“S ‘ ) + C ’  • •C) II Ci II C’ II Z C-. C) C) ~~ U’ U’  Is’ Is I C  ~ C Li II II I II C- C- II II 5
S I l l s-a, II  SI ‘ ‘~~~~ C 5 C ’  IC II Q. C- ’ C ” J i 5 —’  It I I I ’) 5’ C\J

<C s-i’S a-i - f CI I Is (~‘ C- s-I’ CS 5- -’ Ia. Is C- C’ ‘~ ) 5) C- V’S L” ~
) C 0 C) ~~ C- - U’ )

2 , 7 Is’ -‘ 7’ 2 7 2 (‘a. C’ i i  7 7 C C’ II a-’ 2 7’ ~~
‘ C C’ IC

CD a--s C C” C (“U II Es, ‘ 7’ CI’ 7 ‘S C’ C”- C’ C C’ 7 = J ~J C’ F,, ’ 5. 7 ,J ,J C ’ ’
C. ) C’S ‘S C Is ~-, C” ‘S i-  ~~ I’S,’ - C~ 3 3 aL Is’S ~) Ia (1 CD C “a 5- H U” C- CI 0 5

C I, C
t.C’ I’ a-a- C- -

135



SPECKLE Program Listing (Page 35 of 4 0 )

CD Ci C” C’ C) C” C’ C’ C’ C) C) C C’ C) C) C’ C) C” C’ CD CC Ci- Ci’ C” C) Ca C’ C’ C’ C
C’ . N’ ,,t it LI 5- ~ (I C a--’ C’ 5’) ~J (p s-f C-- ta.: C C a-’ C’ N’ I LI’ e 1’- —i C’ C -‘
C ~ . is--’ r .  F C” C - is--. ‘1 a. CC a al ‘C’ CC U’ ~) i C C” - CS ~ CT C) C’s C C (5’ Ci C.
C” N N’ F’ a”- N’ C” N”' N’ C” I”’ F” Cs-” N” F” N pa- r- a’ F- N’ 5. N’ C’ C” C- ‘ N’ a- A
C- C -I- 5- C- C- C- C- 5- 5 5- C- 5— C- C- 5 C- C-- C -C’ - I’ 5 5- I- C-- 5. C- I C- C-
C - 5 ’  C- C- 5 - - C - C - - C - C - - -C’ C - C - — S— C- C-- C - - C - C - C - S  F S - C - 5 - H C - - - C’- S — F C -
L i L a  L U L LS  U L U U- L I .L~~ LI L a , U U  U - L a  U - L a  La L U - U - U  Li L U  Li- Li
U- L a , Ls. Ls- L LU, L a , U U U , U U La. L s , U U L  LI La t U - L a . ,U , U - U- L s .L L U

C
C- ’

>‘

C’

C’
C’

C--i

2’
I-
C’

5-’
F, -

C —  C,s-
a’S CX

— . 5”  CC a ’ ’  5 - C
C C--
— a- -  -

~~
C’ C’ 4 f l ’ S ’

C-’ I C -  C’ C’ (‘ a-”
CX ( ‘ a - ”  I ’  C’ C’ a-s L I
C’ ‘S~~~C S - - C -  s-a. 4 5  r” ,, U I,

C’ C~ ’ 4 ( ‘ I  U’ 5 - C l  s-C ’ a- 7’ 71’
C 1, 5- - 5 C -- 2’ C’ ‘T’ I’S 3 a- C’ a-’ ,-S a-’

- C. + (a 
~ 

C a-. H * a-” Cl >. + 1,
a- C’  5 f ’ C -‘ a-’ C’S’ FJ” C-’ C ’ a S  .i Is’ F - V

IL ,_ a - (‘a. ~J + ‘ 1 3 7 -.7 a-. a—’ 2 — ‘~~ 
-

C- C” ~
— C’ -‘ 5’ - ’ 4 -5- a - C C ’  C’ C Is Is

s - C ’ S  I ’  I C I I  a-’ 5- 5” Ca- C’- 7 5 -~~~~~C- CX C)
a -f l  C-a t I C - ’ C  2 — 3 a’S, ~)~~ ‘ ,C I a - 5 ’ c  C I C--

‘Sr- 7’ 2 ’ C S I I 5 7L a - ’  s-a I C -  tf .-’a- C ’ , F ’ ( s 3
F’ ~) — ~~

‘ s - _  -s ‘ S  a- I’ a’ C’- C. C’-’ (7 II a-’

aC’ If Cl’ (1 C” it ‘s-S 0 3 7 N’ 0 7’ II 3 , CX ‘5’
* 4 5— 7” 4 4 — a-S + Ci’ 5-, 4 4 I 7’ 4 C II a--’ ‘a-” I”

F” F) C- I  Il C’ C C- ,—I C) 5 - ’ I C” C-’ C’ C’ (5 ’ CI ‘ - ‘  I N’ 5 - 4 C” F ‘ 1:
3 3 — C) 3 3 + C’ 7’ 21 C CS 3 2 CD,, 3 a. a--s ~~ C’ C’ ~j ’ ~I II II Is’~~~~~ lI I C ~~~~C--I C- S-- 1 1 * 2  I l ~~~~~U I I r ” ) I~ ’ C -

C’J C X 5 1 ’ . CL, C - I - ’ - -- C - I 7 ’ V 1 (i ’ C C 5) C L ’ S  C k ( ,~~Ls, )~~~~“ ‘ - C ’ a-i C) ,,j S-—
‘ S  C CI Is II (1 0 Is’ Is 5- Is’ 3 7 5- 0. 3 s~ 3 s-, S - <C s-CS <C a-’C 4 C- Ci a-i
— 7 T r ) C)~~~ ’ y r C f l 2 ’ --- 5I C t 7 t I I I C — - -- --~~ C - F — I.
is I - ’ ‘ ii C) C’ I - I C’ C C La. Ca. 5- C” ‘~a D: S-I 3 is. U- II C C’- a- a-i’ II C’ (C’ 7
C- 5 — C - 3 7 C - H 3 3 LC - - 3 5  L ’ C - 3 3 I —C -C- Is’ s- - ’ C ’ C  C I a ’ S  C

C’ I a. C — C  F’
C - CC ‘a- C’ cr- C’ (7

a.., a-’,,. a-, s , ,.‘, s - .  a . C ( ‘ 5 1

136

- —



SPECKLE Program Listing (Page 36 of 40)

C) C) C’ CC’ C” C” C” C’ C Ci’ C) C C C” C’ C CD Ci’ C’) C’S C’ C C” C) C’S C” CC’ C) C’ C’
C’ is- (a’ s-Cl F ‘a (5- C’ a-’I C’ N ,C ~~ ‘C’S C’ ~L Cl C, - a--s N C’~ .‘ IC’ ~D I’ - ‘, C C a-a-
C’S C C C C ’  C C  C C a - ’ , a-- a--, a - C a-” . S ’s - . a--~~a---S a - - 4 C ’ U C C ’,5 C ’I C’,j C’, C’ C’ C’,J C’s - N ’I F ’
• * . .-

~~~~ 
I ,~S ’ 4  ~ a- a ,j’ I -, 

~~~~
‘ 4 a -

~~~~~~
,,-C $ + •  +~~~~ ‘ 4 5

C- C- C C - C -  C - F I— C’- 5 C - C - C - C -  5 - 5  5 C - S - S C - C - C  C-~~ 5 - C - C  C - C -
C- I--’ C- C- H H F-’ C- 5— 1-’ H C- 5-- I— 5— 5-- 5- C- C—’ 5’- C-’ F C- C- ~

— C— C- C- C- I’
is. U Li. U La. ia. U La La. is, L - La. U it is. 1, U ii Li La Li U La, U La. La, U La- La, U
Li Li L U  La. U L i - L a  La. Li L i - U-  U~ 1, U- is Li ii I, La. La. La. is U U La U is, L i L a

C
C)

>,

7

C—
I-— s

C-
11’-

C-s-

C--

5- - -’ “C’
C- ’

2 I—I

a C ’ C  a- C’ C”
C ’  C 4 a-’ I a-’-’
C I L  Is ,- C. ~~ —

7’ (‘ a- - — s - t’ — a- 7 F’
a- a - C  5 -  a- ‘—‘ C” —— I.- Ci CI a- ‘~~~C —

> C ) ~~ (, Ca )s- + a - C l I a I~
-’ c • Q ’ C- C - F ’

a-I a-’ C- C’ U C’ a- ’ Ia’ -“ C’ F’ - CT C— C’ C’ a- a’

C 2 (1 2. s- ~~‘ - .  ‘ F” - Ia’ 3 C- - a-’ , C’ C C ‘..,

2 ’”  C’ C’ I -5- --~ I s I s -” ’  5 C ’ S  r’ ‘-4 ,J a- -~~~
I C C “S I’ >‘ ~~ ‘ Ct a-C C’ SI Li C) CI’ C’) U N C-

C’ a - I  a - ’ (, i a- I a C  a - ’ 3 a - 5- ’ p- , 5- C’- a--.’, a-
C. F- C’ I”’ Li 2 5-’ C) Ia-’ 5”, I l  a--’ 5 ~~

. - CL ’ Q’S F- N. <C 7
t- I-” (‘S .—i C’ ‘ C I’ C’ - 4 “ ~.-s - a- a- (5 I
C-- - It 7’ II II 2 —. ~C C (‘ <C C’ C” C’ - I —
4 5’ 4 C” + 4 a-I N’ II a-I _— 7’ — (‘ C’ C 7’ 5” Ci ‘~ —‘ ‘a- 7’
N’ C N’ C’ N ‘‘ C-’ — 4 C, C ’ C- a—S ‘S (5 I CC’ 1- C- 2” 5’ 5’
C’ - “1 ‘

~~ C I . ‘ a” ~~~ a--S - ) = —‘4 ii a-I 5’ ‘ 2’ I Li” S L’S
I I  C’— It C’ SI II 1’—’. a” “5 “—‘ I “5 ‘‘) II —4- S—’ -- C C_C I - II II C - — -  I I  I I

>‘- T )( (5 ) ~ ) C C ‘ ‘  ‘ “4 ‘ “ D I-~ Li, II is, C- J C La~ ~‘ ~ CT <C I
<C ‘C a-I CI 2’ a-a. + <C a--i C <C <C C’ C- - a-I p—s a-~ 0 H ..,a. + H 5—a C’ - C—
2’ 2’ ) (~ a - ’ C - C - ’ —C - S -~~ C ) 7 t ’ f l ’ - ”  .2 2 ’  ~~~ 7 ’
N’ C ’ C ’. C a -- S a - ” C ’ I I a-” a-C’ U < C C ’ a - C ’ L U L a  2 ’ 0  C’~~~ 1 I 2 U 7 5 - 4
~“ C’, “ C C C’ Is CS C” C--’ C C’ C (a’S ~‘ C- C’-. C C’ C- C- C— 1/’

‘S a. F ‘ C’ ,— C’ F
C; a.’ C” r~ C i i ,  C C ’

s-C ~,s-. ,, C C ,  I, a I ~- C p

137



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --“—— -—- —— -—- - - - - ~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—
~~~~~

- -
~~~

-
~~~~~

-
~~~~

——— -
~~~~~

-1

SPECKLE Program Listing (Page 37 of 40)

C’ C’) C C - C C’ C)’ C Ci’) C’ C” C’ C’S C’S C” C C C”' C’ Ci CD C Ci C’ C” CD CC’ Ci ’  Ci’ C’
Ca-i ”’ ~t t  -Li f’ a-a ( ‘ S C  ,‘-‘ C’- C’ ,j CA . p - ~~ ’a’ ~~~~i,’ a-4 C. 5’~~~j ’ Ic a-~ C ‘C C” C a-’-
5’ “ 5-’a- N N; F’ pa- 5-- - i-f i-~ _5 ,_? I I S C ,, .‘ ,, ‘ C l  ‘C) ,‘ U”, IC” - I,, IC” . I C C  a ’ S  ‘ a ’
• ‘ .,~

- i , j ,, .
~~ f- 4 $ _ a - ,  ‘I- _C” • $ .  I ,~

- -~ • ,a - s - -
~~~~

- -,

C’-’ C-- C’ I-- 5— C -C-  5- C— C- a- C C - - C - - C-’ C- I-’ 5’ C H 5— I- - 5’ C-- - C C- C-— 5- - a— C-
C- C- I C-’ C-— I- C- 5 H C- C- I- C-’ I-’ C-— a— C- C -C-- C- 5—- 5— I- 5’ C -H C- C-’ C- C- ’
La La Is 1*, La Is -  Li, is U Li U. is CL is La (a ( ‘ S Li, Li Li, La. La La. is, is La U- Ii, is La
Ca Li ti t, a . L a i , L aL L s , U, is, L’ Li L U U  C L U L a L I a . , L i L a  L i l a  L L i L a . !,.

C C’
a.- -.‘

3r Ca - - a - - - C ’ ’ —’a.-’ 4 ”  -4
C’ ,, ‘ ‘- 1’

C’ I, ,.... ~~~~~~~ .. “ - I  (a 5 ‘ 4 •  a- C
C C - 7 ’ C ’~~~~~~~ C U I -  a-- C C- isa- C’ C

a - , .’ 5 -  ‘s-’. 5 - 5 ’ . C -  C, 2 C ’ S 3 F ’  J a - a -a-

C- C - C I < C a - a -’C’D C  C r )  5’ C i 1~ ’S 5 - 4  F- C- C - - +
C’ I” 5~ 

Ci’ C- C * “S IS I C’ 5 - ’  C-a- a- a - a - C ’
5-~~~ 4~~~ 5 5 -~~C -  I- 5 5 4  3 7 C ) C ’ S 5- a-.-’

‘I s-” I’ ” - ” -. C’ “ 5 ,  4 1 - C S  ~~~ 4 .--
5’- 5- a-I a- + a—I I a- ’ + I C- C ’  I La 5’- ’ C--S 5-’ a- 5-’

I . I 7 ’ . — + a - - -, + a - - C - - 4 L a  I C-’ 7 C a - — ,  • ‘ a- ’
C-’-’ 3 is 5- 5 - 5- C--’ 5-’ 2 ( “ C - S C ’  C’ I C- :‘ a--’ 5 C

C C ’ C - - • ,, J -‘ ‘-‘ “ CC ~~~~~~~~~~ I (‘I C’ C ) ( ” a,.~~~ 
“ I C ’

4 ‘ a--a- C’ I’ a-’! a-I Ci C’ V F ’  2’ II 7’ I, -5’ 5 0 3 1 ~ - 5- II Cl
• I” 4 I.’ II 5— 5 - 5- -  I—- * 4 ‘ ‘  -a- 5- ”  ‘‘  C - I’ — 7’

C C-’ C) ’ C- ’  7’ C” 5”4 ~ C’ C’ CX 0 C-- II a--’ II a-S C - -  5—’ -V (I “ I 2 C- - -~ +
I V’~~ C’ * a-— C ’ C r C’~~~~~3~~~ 4 — s - + ( \  a- T 7 3 ’~ i~ + C ’
II II C- C- N Ca-C 2’ II II  5”~ 5” ‘)  ‘C Cl ‘ ‘  ‘C II * 5 ‘~~ ~~ ‘ C’ I” I_C,

CI C--I (I’S If IC I I  C.~- 1-4 C’~i II II II II (1 5—’ —‘ . ‘ 5 5  I I  15 ft - . 2.. Li N” — Z

C C ;‘ 2’ 5- ‘2 5- ~l C -Ca. I-, Q a a-- CI a- 1 4 2 21 CI 3 C- 5-’ I— ~ CI II
I” C -II IS C -C-I “ ) La L I 5’ C- I-- C- C- ~~

‘ s-- -4 C - ’  a- II I I  a-— C— C’
L I V C C - 2 7’ C’ IS C’, 2 ’ 7 ’ C - S ”a - t a  a-i a-T a-i a- t I 7 ’ 2 ’ ’ C t S - U - U C a -’ ( .

2 3 3 5’ ‘C a. - C) C-’ VS CD C S - C -  C Ci’ C I” C ~- ‘  “- C - - 3 3 C- S.’ C” C’S 2’

- a - C’ a-
a’ ’  C’ C- N F - N
C I C —.I C I —

138

-~~ ‘_‘-“ - ‘-,‘ ,, ,_ — ~~~~~~~~~~~~~~~~~ ,,  , , 
__________________



- -- 
~~~~~~~ 

- ~~~~~~~~~~~~

SPECKLE Program Listing (Page 38 of 40)

F Ci’ C) C-- C CD C’ - CD C’ - Ci Ci’ C’ C C”' C)’ Ci Ci’- Ci’ Ci C’ CC’ C’ ~“ I” CD C C’ Ci
C’. ’ F’ i-~ Ia~- ‘a.. I’ Cs-’S C C) a--s C’ C - I. at C’ - ‘a’S ,‘ C ’  a” C’~ N ..~‘ I I’ a-Li F 1’. C” CD a-- .
- C - a- .  , s s-(I , a C ,C  l.a. ‘ C ’ r~~ C 1’ F C r -  F”- C’ 5-Li, l’ a a j C s  -a-a- C 0. - I -I ti ti ’

‘a- .j • 5- a- ‘ S a ’ , C ,  _)t- a- t t 4

5— 5 C - C -  5 5’ 5 5 C- 5— C- 5 - I—~~ - C- 5’ 5- I I— C- C- C- C C- - I- 5- C— I- I C-
C - C - C - C - -C- ~ - C - C -- C - I — C- C- C - C -  S- C- C- C- C - I - 5 - F C - - C - C -- S — C - C - C- - C-
U L I U U U U L a - 1 5 is, L L U - U U U U U - t C U U L , L I , U I i - L L i L U UU
LI L L L U L L L L L L L L L L LL L ( I L U L L UL U L L , U L L L a L Ii

‘a-

C-’

N”

5- i
C-

C

C”,

T
I-’

a-S

+ + (5
7’ C
‘ - a  - I ,  Laa-

I—,

a- — C’
C-- C- C’ I -

C ‘ ‘ S  I a-: 5-.
s- C ’  s-’ C  a--

a- F I a-—’. F- + 5, a-’:
+ —~~~~ C’. - ,—a .- ,,, a-’, C’. I ’

La. a-s i, 7’ “• 5- “ S 7’ C” 5- C”

a-,’ S C I—I L’ S- ‘4- I--
— .—‘ . “ C’ —

I- - 3’ C -- I a- C- C’)’ I’ ‘5 C ’ a- 5’ a-—’ CI ‘a-’
C a- - 5’  ~~~~~a - :  C)’ ’.- ’ “!~~~~~ I - ‘..- —
C- 4 1 5  a-.s- ( ’ a ,, C’ • I’ a-,~~~” F’ a-’ a- a- :  C > ’

C’ “ 1  5 a- C -  . 5 ’  C 5 C’ I F”
.5- ‘a- ,, 5 a-’ I I  . ‘-‘- II Ci’ <‘S i i  ‘ a-” 5 ’ a-” . a-” - - ‘  -
I 5 )a-’ a-’ C” ‘Sa-’ ‘ — 1- C’ a-.. ‘S C” ‘I’ I” r - Ci’ I -

C” a.-’ C” a-’ I; a-’-’ C’ II a--i F- II a--a- C -II a--S C- II C) a- - C--
a +~~~— :  ‘ 4’ 5’ “ + a - ’ a-a- + ., - 4 Y F , ,-, —, - 5’ a-’

C 4 ’ -  ,,, C “5 a-i C’ ‘C C ‘C ‘C s - ’  ‘C ‘C I- a” C’ - C
II C-,” II II 4”-’ (~ ‘‘ I” (‘a 5 “ ~~“ I a-— C’ .  5-’-. I II C- —‘ Ca- H C- > 2’ 5 a- :  C’ 4 5 5’- ’ <C C-- a-C’ <C I I ~—4 CI )< C- CI CI I C , C
C 2’ a- , 5- 5’ ‘ ~~ ‘ ‘ C C- ~~‘ I’— C- a - - ’  C C- — I-’- C’ 5- I- 2
5- II ‘S 5’ II C’S’ a- ’ C’ II II ii a-”' <C U- -1 II II La. a- I  C’ C a-” a-i’ C- C’ C

‘S’~~~~~~s- ’ 5-’ 5 ’ - C (  C . 4 ’ ’ a ” C C - C : C ’  ~~‘ C C - C  f ’ C- L’ (” C ’ - L ’  (,,a- L

I” C a- I’ a.
- C s  - -,, F’ - - f

I I —  I F - I F C. C t  5 C

139

--_ _

~

- - — -“

~

.‘--—

~

—-—--‘—_- 
_ _ _



“-““2’~~ ’2’ ”” ‘~~~~~ ‘•‘ ‘~~~~~~“'~~~~‘“  - ‘a.~-,,,a-~a..a.’ ”~~~~~~- — 
~~~~~~~~ - ‘ 

SPECKLE Program Listing (Page 39 of 4 0)

Ci’ C’ C’) C, CD C) CD C’ CD C’ C C ’  C) C-’ C C  C’ C’ CD CD C’ C” C C’ C)’ C’
( ‘ 5 - ’  ,t La. , ,( C’ (” C C, a-—’ I’ ‘a- C l a ’ tC 5-, ” C C D - C-  5-’ ‘,l u’ J t
C ’ S (“ c ’ S - C F  C’S 0’ (3 - rT C’ CD Ci C) CC’ C. CI CT C Ca- a” a--C a-’ a-’ , a-S a’- .- ’ a-

5- 4 • ,,“ ,5~’ 
C • I C ’ If 1,5’ ‘ “  - “  C - ’ I ’  If 5,5’ 5”  C” ‘‘a- “ .5’ 1” I’

S C - I C - -S - I - I C -  5-- I- C— C’ C - C - C - C - C - C - I C - C ’ S  5- ’ C  - 5 5
I F -  5- 5-- 5- C-- C -C-- C- C-’ 5’ 5’- 5— H I C’ C -I’ I- C-’ C-- C- C-- C-- I- C-
CL CL Li U U U . i s , U U L I L Ia. La- L,. U L1 La U, is Li L, L 1 a . U L s - La.
L i LL , .U L L i , La, ta 1 , ’ C L L L L U L U L a L UL L i s  II I L U L

C’
C’
-‘ a--a- Ci’ I

a- I C. I. I
C C’ 1 Ci’ C” C’
( “ ( 5  a-- a” CC a-a- a-’-) a- a-’ - ‘SI

—‘ >- a- C’S a- 5-) + 5< + U
a- a- a-”'’ 4 - I a- C’ “a-’ a- ” ‘ a-’)

Li C’- a- ‘2 C- 1’ 5 2 — I I
C C’ F’ I” C’ “ 5- a-— a- ’ I a-

‘ C ’ S  4’ I ”  a- .~~~~ C-
a--a- i a - (, (’ a- C’ C-’ 7’ ’.- <C — a -
a--” a-- C’, N 2’ 5 0 C- Cs -L’S C-I a-S 1 a-,, C’
I S a -  C - C a -~~~’ C 7 ” ”  5~~ 5~ 5 S~~ C -C C’
2” 11 7 1 1 . - C  .s a ”+ ,—. C ) I - <a - I I  5—4 -” I I  C”
I Fa- 4 C C - ’  “ La-’ — 5< C S~ II C” — I’ C’ —. C’

C-’ C - ’  N 5-” 4 + C - -  F’ a-s’S I 7’ 4 - -  I’ a--S C-’S I I  a-” _J
7 5’-i C’ C’ * 5 ’ ’  1” ‘S 4 — + — ‘4’ C) a-—’ C’ -
U ~~~~II C-:C -. C-” (’ - 5 “ - C-I 5<~~~~ S’ - ’ b ”  >a- C) a— I~ I 1 , a  La ( “ C I I I
a” a-, >~ - - I S II II C’ II C. <C r —‘ —a-- C’ . <C a~~ — —. ;‘ C - ,’ 7 >
C - S  C’ a-” -, 7’ )‘ )‘( C-’ 5’, C- 2” ~i’ <C C’ I 5 ,t ’ a-’, <C 5 55 IS

‘2’ I-’ C’ C’ 5-’ ‘C C -C-- — C— H —‘ C’ CD a--S (5
CL C’ C’ C ‘2 7 5 1 1” is II C’ a-” a-I II II C” C’S CI II 2’ C Cl CI
I~S f : , C s ~l a ’ , C s ~ - C C - ’ ”- c r ” S C C’C c C’ c ’ C  a s -

C
_

C _ C  C i i ,  C C,
C C ’  a ’ r  ‘a- _ “ : a -’S s - C ’  a-

C a - s  - ‘- a - ”  ~
, U a’ ’ a - C - C  C C” a C

140 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-~~~~~~~



_ ‘  -“ ‘ - “ “- “~‘a- ” ’ ’
~~~~~””

SPECKLE Program Listing (Page 40 of 40)

CD C”
a O

C- C-
C- C-
L a t i
C La

S 5-’

(a -

C

141



- Appendix B

Computer Plots

142



- - — a -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — “ - “ -  ~~~~~~~~~~~~~~~~~~~~~~~~ - -- ‘-- 

~~~~~~~~~~~ I

a->

S
0

C”
N

~~5. 

‘
~~~- 

“-- 
.- -

14’

‘ — —‘ - - ‘ ‘, -“ “-.-_ —- -- -—- .- ‘- -



r 

- - - -

~~~~~~~~~~

-—----

~~

- 
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0

0

—S

0~~~-c~~~‘-4
= C”

0_a-
C)

• - ~~~~ E

~

0t~~ Q

I
~~~~ ~~“-4

0
-U-,

a-_s

0
0

0-al s•z ca-s sa-e 0-

144



r _ _ _  

‘-‘
-

~ 
w—L - --

~~

LI
‘I’
0 0
‘-a- _L . _ _ _ _ _  ,
V al ~~
r~~ * ~~

0

~~~  
- ~ziiiiII I ~

~~

_ _ _ _ _  

- 
4

~

-:

1:““ “ “ “ “ “ “ “ “ “ ~~~i“““““ ““ ““““

~~~~~~~

““.““

~~~~~~~~~~~~

““

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

;- :: ‘—-
~~
-- .

~~~~~~~~~~ ~~

Li.] “~

:i iiuii :i”:iu:: ~~~~: 

‘

~~~~~~~~~~

a - S I  I I I I I ~I I I  I I I I I ~I11 I I  I I I 5 - 1 1 1 1  I 1 1 1

101 001 ~01 ~O 1 ~01
AIISN ~ LNI 0~ZI~~ I4~0N

145

~ 

., a- . ,  _ .,

a-



~~~~ “
' , .i”TT _ - — - -  -.a-- ” ”' ’

~~~~~~~~~
’
~~~~~~~~~~ ’S ,C) a- , - -

~
- .

~~~
a-

~~
__ ’

~~~~

0
S-I

—= 45-ti

CIa-
0

a--I

‘~~C)S—I (1)
05

Sf’S

55,1(5’)
C--S

D 
t~

>‘-a- C)
C

C—I

c-n
CLL~
‘-H

- 5-ti
5—4 0

C)

C)C-_I 
S

‘ -‘-5

0
C)

‘~~
C

~
4) 

N
F’s-)

C)’
- ‘-I

1 ‘1 (I~



~~~~“' ‘ “  C’” - .  “ ‘ ‘ “  “ ' “‘ “T”.’)’,__
~ - “~‘-“———‘—“a-’~~’--—’ - —--”'i~~’_i1,i’f’)’C” ‘,,,__,,, ,,‘ S , .,, ,S’ ’ “a-’

~~~~~~

14 

~~~~~~~- -““ ~~~~~~~~ - “ ~~~ ‘_  . -‘~~~~~~ ~~~~~~~~ -- -“- ‘-- -~~~~~~ ‘. -‘ -~~~~‘-“' 



—‘ 
~ o’  ,T’S’ST’~~~~- — - --- a---’ ‘- ‘,‘- ‘--——‘—

-g

O S-_a-I
-oZ

‘-4=- 5-_I

“
I

1!
I I 

•9~~~“S

rj~3 0
0I-..
•0’

‘s--I

0 

a- a- a- a- a- - 

~~ 

a- a- a-

~~~ 

J a- - 
~~~

148

_a-,rI ’, 
-



- r~~~ ” ’ -~~~ 
,,a-a-a- -r ‘ —a---- -

~ 

— . —.--.---a--- “
~~~~~

a’—,s
-
-.,a-. ,, ,, , ,,

~~~~~ 
--

_ _ _ _ _ _ _  — —

U) U)

L I C’ f l  ‘ ‘
LI LI ~~ - ‘

LI sa-
t- 0

CI — 0~
—

~
‘-4 0 W , -

. Z
V a-—a CT)
r~~ * ~~ L/)

0 • 
5-
”. ‘S

~~ 
(V 0”)

(D ~~ -‘  
Ci~I -I Li.]

f-a- f—s 0 -~~‘—‘I a-—i L~J OiC~s II C-f) 0

LI LI - ‘— ‘C-s ,)J

_3~~~~ E-’ Ca-) 4J
(5 

- ‘—4Li.] 55)

LI a--i ‘
~~~~

a:
CL -i  -

~~~~~~~-s Os
a-i 5,fl

~~~~~~~ f~~~~~~ 

~~~~~~~~ - 
a:

• ~~~~~~~~~~~ I ~~~ 

Li.] - O L L] 0

5—4 . (V (1)
- --5 0
: t ~~~ j  15)a: z s
- a: -“ S 

:Z 55)
0 0
.Z  0

I~~~~~ in
f-i
a:
> a

-

0 

0
c~ 1

1 1 1 1  I I I I 111 1 1  I I I I 1 1 1 1 1  1 5- 5- I 1 1 1 1 1  1 I I I — t-;.’_~

~01 00’t ~,,0t ~0I ~01
A I ISN I LNI  O~ZI1I~W~0N

149

“- ‘ a - ,  “ -1’—’ a- ’—~~~~ _ ---~~~~~~~~~~~~~~~~~~ ‘- —- -“-~~~
‘‘ -—- a- -’ - --



F - -‘--‘-~~~~“ -- - ‘—-“

C)
‘-‘ -C
‘4,)

R?~N~ltha- F’)

-~ C

H
C-

U’)
C-

D
>-,

-

C-I -‘-a-’— 
- “4:

U’)
Lii -

5-4 ‘ 
‘- -

DLI] 5-_~~ ~ U’)

I—S

C’ 
H

a-

C—0:1 
‘
~~ 

) 
C-z S-I —

a-c
Es-

) 
C-C
C’

C
“-4 - -~~
U-.

_____________ A



- ‘“——‘- —“—-‘ ““s —,,-——— _ —,~~ - - - “-‘---:‘_, — , ,a-,a-’,,”~~~~~,,,, — — — _ - - “ - ‘ “a- 
I

o.~~s
-

4~~~~~~~~~ ‘2

0

0

117

£~ F-I
~~~~~~~~~~~~~~~~~~~~ c.’O~~OQVIW (~J

0

‘
~-‘r ” ” ”

~”. La-

‘-“ --a- ’ - ’



— “a-”’- “- “~~~~~~~~~~~~~ ‘ ~~~~~ “ ‘ -‘ “ a-’ —‘ “ “ “ ‘  - — -

‘c, Z N
C’

- ‘—
a-----— 

~~~ -:
Lii Ca-

-

~~~~~~~~~~ 
fr-i

Q LIJ
U1~~~~~~~a-> D S-I

—“-
-a- a—I

a-a-— CD
CD

P 9D-
0,-i -

~

fr-i ”V aa: “I
U:

Li.] c
CL ‘S-a-

E
- E

C)
Li.] ~0

- 

~~ CL ,,~.,
-~~ ‘~~~

-

Ca-

0

0-0 1 9a - L  0-S S~~ O- (

152



-4‘5

2:
D
5-
f-i 25

cc

C-c’)
I—I 

“4D
>-~~

‘—S
(5’)2: C-Lii -

2: 
‘55-

CD -

LU U:

I—a-I

—3 C’:

C,CD
2: -

~~

CD a-

NC)

5 3I



- 
—I——- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -- -- -- -

0

U) C-~
’
~1-a-

L IO~ 
a—,

LI Li ~~ -‘

(Ii
~. a-- 05-

CI * - -  , 2:
- ‘ (V

(0
• 

a-”..
• C ~~~ Cr) - ‘

c~I 
~ 

-‘  Li
I—a- C:

C--a- a-—’ Li ‘ a-
C~a II C-f) 0

LI - -  ID 4,’

,j (5-5 I-~ 
Ia-) I

C’s-)

2: — C-CD 
‘ a--ILI] 55-’

a:
Os, -‘~  -

~~~~~~~ Ca-
a-—, Si)

2:
CD (—s 5
5- - cc
f-l w P

cc~~~~
L i _ p  a-J

Lii —

CD ~ - - =(5’) -‘5
- cc ‘-a-

Li.] : 0Lsi P
5-4 ‘ 55l)

C ‘-5 (5
—3 ‘-‘.~a- a-,,cc -a--------..

~~
,

‘-a-

I—

— ~?z — 

‘a-”. 5- C

-7-’ >‘ a-
¼’,,,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0(5’)
- ‘ i-a- CD

9’D

0
C”,-)

1 1 1 1  I I I I 11111 I I I I 1 1 1 1 1  I I I I 1 1 1 1 1  I I I I ‘

~01 ~01 ~ 01 ~ 01 ~ 0t
a-U ISN 3a -LNI 0~ZI 1~dW~0N

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_____________________ — —“-‘- ‘ ‘ ‘ - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0
- (5 -a)

C--.

-

6:3

-

>-4
fr- Lii
5-i

C-fl ‘ -

r)cj

2:
5-4 C D ’

‘ C
o x

o ‘CD

: 

a-

~~~~~_

_
~~~~~~~~~~~~~~~~~ Oh ]

00 —I S1’O OS• 0 £~~a- 0 00-0

~0fl1 I 1d~a-J U O~Z I ¶JW~ION

155

- .,a-a-~~ , ,.,,



—-‘  -“---- ‘ ‘
a-

~~~~
-

~~~~
-
-~~~~~~~~~~

0
-cs--)

(F)

i 11

— CD 
~~~~~~~~~~ .—4 ‘5Li -

Li C)

CL -~ - 

C-
25

C-i -

E—i U-C.) ~~~., a

- 

a-
,. 

-

Cr)CD
CI] Oh] P
I-_I - - ( V  C)

a-I ,,,s-
‘ L I] u,

U-.
-
S

~~~~~~~~~~~~~~~~~~~~~~

1 1 1 1 1 1 1 1  I I I I I I I 1 J  1 1 1 1 1 1 1 1 1  J I I I 1 I 1 I  1

~01 ;,~0t ~0t £~0t
AII SN ILN I 0JZflWW~0N

156

- 
‘ 

- 
~~~

, -i)- -
‘ 

- - ‘ , -
-
,,. - - —- a - - 

4-’~~~~~~’ ~~‘~~ rs-s-C~s-,s-s-’,5a- ,, a-s-,~~
,, 4



r ‘ ““a- ’ - a-”________ _ _ _ _ _ _ _ _ _ _

0

(‘.3

f—s
S-s

- 2:

0c~

lii
a-—

U’)
Lii

f-i
I-a--S 9ci(/)

~~C)
f-_s

- 
a-;’ a--C
CD~~~a-i -

Li.. 0 X c’~CD - 
C

E ~~~ 
— .

~d’ ~~
IIIIIII 

~~~EE~~I 
I

CD - 

La- ‘ a--iL] .,a-

CD Cr) a
LI 0

L_ ~s-~a

CD
0

- 
a- f-I C

i L L]
CD f—s
2:

C-)
0 >-i

- - ‘q-’ (~)u~~2:
‘ Cd

CD
Li]

-I-.-
I I I

0O•t SL•0 0Sa-O S~~0 00•0
JOflLfldWW O3Z F1UW~ON

157

- C-I,” - ‘ -



0

In a,
I-
I.q

Ia rs.I ~~ --
0

0
a -_ s e  * - _

0
I~ _ __l Q

(D I n  
-

‘a-’ Li
I.-’ - 

[—S
—

‘a-a-
C-

- I’2: — -
- - 

—5

Li] ~~~~~~~~~ C-
*

- (‘s,3 ~
a:
CL -] a- -

~~~~~~~~ u

2: 
- a: -~ 

-

Cr)
CD a:Lii

‘L i ]  U:a:
a: C-’-

- 
,~~~ E

C’ 

5-
f-i
a:

C

Li] ~
- -

0

1 1 1 1 1  I I 1 V I I I  I I~ t I I J Il l  I I I I I 1 1 1 1 1 1  I I 1

~01 01 ~_ 0t ~_ OI ~_ O1
hi SNJa-LNI OJZ I a- 1YW~10N

- - 158

_ _ _ _ _ _ _ _ _ _ _ _ _ _  — ‘ -

44



-~~~~~~~~~~~~~~~~~~~~~~~ -———- - - ~~~~~~~~--‘-~~~~~~~~ a- “--

0
-______________________________ - (‘.3

- C--.
- f-i

S-S

2:

a- La]

LI

(I)
>_, LI
f-i
5- 00Cr) -

fr_s
2: _ ,~~~~~~~~~~

C-_i CD -~~
‘-.4

o X C 

oo•’I s1.o os.Q s~.o 00-u
JOftLI ’lcJWU O~ZI1UW~JON

159

- 
- 

Ia-,,~~~~~~~~~~~~ ’~~~~~~ 4’~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - - ‘ --s-~~~~5 - 
~~~~~~~~~~~~

a-a-a-s-a-, i., 
‘ - - - -



0
a- -
0

a

-

=
= a

I

~~ff
1’

a C

a-la-a-S
a;. a-

6 0

a-’ ~~~~~ t LJ ~a-J- ,*~~~~~~~ S5-’CC~s-:’- - - -i 



, - ‘r ~~~s-~~~ ~~~~~ - 

~~~~

0
-6

(“3

‘ 0
- U,

Va-i

f-s
/
/
I D LiI¼~

\

a-a--a--a-a---.-’7

C D ’-,
—4

—
a--a

-

Ki i -11

—
a-—---’ Li

a-
/a-’ (5

/
/ f-_S

Q~~~~~~~N

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5-

0

‘-S

0
__________________________________ 6I a - a - a - I  I ’ ’  ~~~~~~~~~~~~~0-at 9.1 O.S S.Z O- (

161



— “ - 
~~~~~~ - “ : ‘ _ a - _ ” IU~~~~

-~~
C-a-

c—
2:
CD
5-i ‘ -f-s Os

~‘,1’,cc
0

F--’ C,Cr)
“-‘4 

‘,-4,

o
>-‘. C

C-
5- - 

-(J_)
2: -LII
2: ‘5—a- C

0CD ‘~~CI]
C5-

-Ca-a:
CC C a-

C),

62

— ‘— ‘—~~~~~ —‘-  -- -‘ ‘- -a-~~~~-——- -‘— - ~~~~~~~~~ “-—--‘—— a- ‘a- -—— -’ —-~~~~ - a-— - -- -— ‘‘~~~~~~ — — —— -t— _——
~~~

-- ——



r 
a- ’ — -  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0

_______ ________________________ - (‘a)
U)

Li LI ~~~ 
- -

I 

-

~~~~ 
- - 

~~~~~~~~~~~~~~~~~~~~~~~
-- -  ..

~~~~~~~~~~

r ~~ 

- — -

~~~~~~~~~~~~

-

-

~~~~~~~~~~~ ~~~

cc - °°‘ V

CL -) - 
,a-

2:
CD ‘

14 E—’ ti),
u—I - -
f-4~~~~~~ 0p - 

°~~~~

U
CD - =

U, (U ~L_J cc
Li QLii 0
N-] • ‘~l
“-‘I 

- 

-J ‘Lii~~~cc :2: s
a:

-‘5 

~~~~~~~~~~~~~~ 

~~

1 1 1 1 1 1  1 I 1 1 1 1 1  I l  1 I 1 1 1 1 1 1 1  1 I 1 1 1 1 1 1 1  1 I

1ot 00t ~~~ ~Ot L Ot
,UISN3INI O~ZI 1Ui4~JON

163

-- — ‘-- .—‘ ‘ a -  
j



-—-—- - ----~~—--- -- --- -a----—--- ------ ------ - ,.a-, , .--~~~~~~~ a - -~~ a-- , ,

0
- . 3

C-—

I-_i

— ‘  2:

‘Li
In ca]
7:
(~)> LI

f-s
—I 00

fr—S -5
2: ‘

~~ 
‘
~~

— 0 0
‘-4

LI..
CD

~~Lfl .
7: • ‘5’ -

C-

(t)~~~~~ r~

C CI] 

I
Lii ‘5
I-_i Li ‘-a-

-
~~CD --~~~~

-- - - - — - - - - - - - - - - - - - - - - - - - - -- - - - - --  -&~~
) C-

hi... — Lii .,a-
CL

CD Ct)
Li]

— CD
C C

cc a - f - S
7:

i L L ]
CD

CD
C-) 

‘~‘2:LI

CD
LI

Qr ~
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -p ..-

I I I I

0 0 1  S La -0 090  SZ’O 0 0 0
]OflhIldWY O3ZI1YW~ION

~ 61



I

I

~~~~~~~~~~~~~~~~~~ 
c~ ~

0—

~~~~~~~~ y= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~1c c ~Q’~i ~
a-

_ _ _  _ _ _ _ _ _  
a

— _ _ _
‘

- a

C)

a

2

•‘L
s~~-c~~~a-

La ‘ ‘
~~

‘ ‘_‘ a- “‘a-’- - a-—--— 4- ~~~~~~~ ~~a- ,-s,sa-a- a-’- a-s-a-, g , ~~a-,a-, _ _ ~~a-, .-,,,a-a-a-, - --



0
-D

-6 2 :  ~~

ii 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1I

-gCL ;

0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

6
y a - a - . ’ . a - a - , I u I ’ a - , l , , U  a-

0-01 0•S S-~

1 ‘C 6

A



1~
_ - -----a-- ----- -a-- - a- - - - - -

~~~~~~~~~ 
~~~~~~~~

•
r~ , ~~~~~~

5-

Cl)
5-
0

>~

5-
C-n
2:
Cd

0
Lii
5-

-~

0
2:
0

_ _ _



I 1

~~~~ 

- - “ - “4‘ - - - 
- C

a--a- - - - - - - -

C

(is U)
~~L] ~f l

l~~

I IIIIIE~ L~~I~! 
I

C’,]  ,
~~~~~~~~~~~~~~~~~~~~a - ,  

-
~~~_~~~ C!) i—. -

2: ,,
“ aa-C

~~~~~~~~~II ~~~~~~~~ ~~ 

7 - “i W

_ _ _ _ _

~~~ !j~~ 

117 1 iEE I~iIIiEiEii~I 
-~i ~_ _  

.
~~~~~~~~~ I

a- \ I LU
-

~

N,

~~~~~~~~~~ ~IIUI ~~~~~~~ ‘:
~~~~~

t ot  00’t ~- Ot ~ OI ~ OI
AI I~~N~~LNI  O~ZI 1UI4~ ON

i~~3



--- -‘-a-

-

C

a

a-— La-?

-z

a

I

a-ta-

¶3

,a- ,a- -



- 

r’
””’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘‘“ - ~~~~~~~~~~~~~~ a- _ .,a- ,a-~~a-,,a- , , ,_, ,,_,a- ,a- a-,, a- - a - -  ‘a-a-a-’ - a- ’a- a- ’ ’  - ‘a-_- ’a-,_ ,’a-_, - ,, a - ,, a- —

0

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——--a-

-u ,
a--i

V-1= 
L

a-
N, -Cr)
LI]
f-i

CD

-~~:
- c c- H

~~~ 

- - a
- [4_I C-

‘H
- a- 0

tf) (f)

- =
f-i CO

0
‘ [Li -- ‘ - ‘-4

(4-

0

a--a-

0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

6

Q- a -0 T Sa - L 0 G  0 E

170

iA



- ‘.~~~ a-aa-~~ *a-~ a-’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - :�~a ~H’-1 ”a--’-~~~ ” ”  - - ‘ 5 t i~~~~~~. . -

C

a)

~~~~~~~~

4C

Os
2 a- .
0

‘4

U-, 
C-a

-

— aCD

fr-i

I

171

La- ----‘------- “ -“- - ‘--- - - -a-- ’ - ---



- ‘

‘4 
0

- C
in

_ - -_ - - -_ _ _ _ - - -_ _- - - - - -“ _ _ _ -  

f--S

ii :::: i:: i±:::::: 9

~~~~ ~~~: ~~

Q~~~~~~~~~j

- 

~~~~~ 
- 

-

—3 ‘ a-a-
~~~ , Ir.i U:a:

C

a-~_~ 
0

C- 
a’ uS nan - (5

C
I-S

C
= a =e a aa a a  _ _ _ _ f l a f l f l _ f l f l

9~~~~

iiiiiiiii :~::::a’:: -

I I I S ~~IS I I I I S J Ill I I I I I 1115! I I 1 I 
—

,Ot 01 ~_ 0t ~.a- 0t
~LISN3LN I cJ3ZI 1~W~ON

172

a - .  
-_—a --’  

_____



- ‘a- a-’a-a- a-,s-”-a-”,”s-,a-.a--’s-a--

—,

~~~~~~~~~~~~~~~~~~~~~ 
a> 

- -

a - ‘

~Q~~O~Q9W-a

-~l~ 
-

¶3 -

_ _ _ _ _ _ _ _ _ _ _ _ _  
“- - - - -a-



~

j$iflh)JP

~

Uurrr

~

wiIu

~

iT iL*LT~~~~

0
‘0

C”3

1 ‘5
CD ~a-

a-—
’ 

.‘I ,(5
X (4’

a-_a--
a-” CD

CD~~~~
U

-‘5

~~~ C

CL C-
1

a-

9) cn ‘5

I ~~ C
I =

‘
~~~

—
~~~~ 

‘0CL a-

C

0
I a - a - a - a -  -

~~~~0-01 S-L 0-S S-~ 0-I

174

a-  —-



a- ‘,a-a- ,a- ~~~a - a - a -~~~~’,”a-a- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I’

2:
0
5-
F--’
cc
a-—,

(5)
5-
0
>-4 

‘5‘a-a-
5-
(U
2:
Li
f-i
2:
5-

CD
Li
N-I
5-

a:
cr~0
2: 

‘ - - ‘ - - a -  ~~~~~-- - — -  ~~~~~~~~-‘a--a-



- - 
_

0

Cr) p.
-

L i 0 1
I-~~~~~ ~~ --

“a- ~~~
0- -a  — 0
1~~I ~~~ * - 

a- 2:
ta,

~~~~~ 
• —

‘a-
. 0  (‘~ (1)

(0 
-

‘ _4 ,.. , LI
f—s

a

Li ~~~~~~~~~~ 
- (0 -4-’

I -:ii:iii::i:’ .1 ~
~ p ~~~~~~~ ~~ 

‘4-
C- 4 

a: -— -  

~Z~~~-(0~~
f—s ~cc
>. a-

- 

0-
ca-a)

s i l l  I I I I J I l l i  I I I I 1 1 1 1 1  I I I I J I l i l  I I I I

a0 ’
~ t.-0

’
~ ~Ot ~Qt

A1ISN~ LNI QJZi’1U~WON

176

~

‘ -.-‘ —-‘-a- -’-—--a- a-~~~~~a- 



— a- — 
~~~~~~~~~~~~~~ a-,a-_ a-a- a-,” ‘ a - a  

-
_______

=
‘7—‘~~~~ w a-’ H

~~~~~~~~~~~~~~~~~~~~~~~~~ 

- a - ’ -- ’ “ - —‘--. -‘-‘- - -—-‘ - --



--- a- a- ‘-a-’--_-a-- -a-----_—a- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0-

0

f-i
0-Ia -_ S

/ -6z ~/ —
~~~~‘a--,.

N Ct) -

\
Li ~~~f-i -

7 0LI

—

*CD

II ~~~~~~~~~~~~~~~~~~~~

a-)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a-1
~

‘-4

0
-

~~~~~

0-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~~~a - a - l a - a - a - a - l a - a - a - a - I a - a - a - a -

0-01 S•L U.S S•~

178

—-a

—a-- - - ~~— - - - - -  -—- --- — - - - - - —- -—-~~~~~~~ 
a- _ _ _ _



r 
- ‘ C -

~~~~~~~~~~

---a-

~~ 

—

~~~~~~~~~~~~~

a
Na-]

C--i
-Jcc -‘7:
CD
2:
CD



a- -~~~~~~~~~~~~~~~~~~ - -
~~~~~~~

0-
- (“3

U) ‘a-.._ 
I-4

U) P.4

~ 
I I ~~~~~~~~ 

- 

~~~~~ (5

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ tlii~~ z ~~2: CD
LI ~~~~~~ f-s ~— ‘t,,~~ Li ‘—a- a--a-a-’,’ ‘d’ -‘~

CL -~ - -~~~~~~~~ a.
,-i ~~~4

2: - L d~{H
-H a. 

-
— - 7 J C1~I — a

0 - -

I~ -

7: -

La . ~ r ’ ~ ‘5C,) 

-

$ - (1) ‘5CD (5
u-a 0-LI] E~‘7: -

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

: 

~~~~~

P i l l  I I I ~II I I  I I I I’ Ji ll I I I I I ~I I I I  I I 4 I

~01 01 ~01 ~0t ~01
- hIGNJ i,Nt 0JZI’]~W~0N



AO—A039 696 AIR FORCE INST Off TECH WRIGHT—PATTERSON AFB OHIO SCM—ETC F/S 20/5NOVEl. FOR PREDICTING LASER SPECKLE PATTERNS RESULTING FROM ROW—ftc us,MAR 77 W E LACIS
IMCLASSIFIEO AF!T/Sf0/Ef/77 1 It

I JiUUU!iI&1Ii~



II~II 
• 

~~~

. 

~j : ~~~

I ~ 

IIIII~ 
*

I IiiII~11(1(1.25 IllhIi.~ IIUI~
MICROCOPY RESOLUTION TEST CH~~ T

NA1~ONM BIPRIMI OP S1ANL’~ D~ l~~~P -~



-

-

LI

- (4,
>4 LI

-3— ac.)
(1~

— I ‘0 c~ 

/
/ oc~
“

• ~~ 

_ _  

zt’ ~a~i ...~~~~~~~.. ~~~~~~~~

~ Q LI
M ‘6 ~~i—’ E ~ 

t-’ ~U) 

— I ,  LI
-J

0 ~~~~~~~~~~
La... I Q_. ~(fl 0

— 0

CE 

0 

C-)

9,-’ 

0
LI

I I I I
00.1 SL•0 DS.0 00-0

2OflI I ‘icIWU O]Z I 1YW~ION

•1 81

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



p

I

F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0

T~-~J
___________ S -H

I

182



F ‘~ 
— -

~ 
-— — — -‘- —

~~

0

0
11)
•~1

op..,
6z 0

N

U’

~~LI
~~~~~~~~~ b’

‘-4

~~ I,
- Z E -

/ 0

II 0 0

E-’ ~

~~ a)a:

c~ 0

Q~~~~~~~~N

c~4

0
S
U)
‘-I

0

U ‘ I~~~~~~~~~ ’ ’ I ’ ’ ’ I ~~~~~~ ’~~~~~~~o.oi ~.e a•s u-i

183

-. ‘ •~~-. -
-- -

- - — -~~
-

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :
~~~~~~~~~~~~~~~



~~--~~~~~~~~~~~ - - - - —— - •~~~~ . . --- - . - - •~~~~~~~-

4~)
4~J

z
0 a)I-..

~~~ C)

184



0
S

us 9J)
M

— —_ -_--~--- 0~~~
~~a 0 _~~~~~~~~~~~~~~

— .3. ‘.4 
—

.~~~~~~~~~ ~~~~~~~~~

(0 
~~ ~~

_
~~

__ __
-

~~~~~~~~~~~~ LI
I-,

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

I ~~I

‘-4

— E ——— — —————————————— ~~ ‘
r’ ~~~ 1 i

9z

~~~~~

- lqS~~~~ ~~

‘~‘0

• 0
Spa

~y I I  I I I I !UII ~ I I 1 ~~1II I I 1 I ~IIII I I I I

,01 01 .01 01
~LISN3LN~[ U3ZI1~~ I0N

185

~~~~~~~~ -~~ — —~~~~- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ A



r - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -- 
~~~~~

--- -

~~~

- -

>4 LI
-j

iIIIiiiIIIIIII 1 ~Li.. ~~Z0 . 
Q~ N

E Lii
Ct) ~LI 0
La.. ~— 0

0
~~~ N

Oz a 0
C.)

IOz
‘ LI

a e a a ef l a a aee e a e e e ef la e e e ef le e a ea e e  0
LI

I I
00.1 SL ’Q US’O Q0•0

3cJi .LI1JW~ ~13ZI1WW80N

186

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

_ . _ 
_
~.• _ _

~_~~ 4- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A



— • • - - i ~—-.----.~~~~ - —-~~ ~~~~‘— -- ~~~~~~~~~~~~~~~ ,~ . ,•~~~ -—. — - - - - - -~~ -- -——-~~------,-- -~- - ~ _.. ‘

Vita

William E. Landis was born 28 May 1945 in Somerset ,

Pennsylvania to Edward M. and Etta Landis. He graduated

from Berlin Brothersvalley Joint Hi gh School in 1963 and

attended Pennsylvania State University from 1963 to 1967 ,

majoring in Aerospace Eng ineering. In 1967 he enlisted in

the United States Air Force . He graduated from Special

Electronics School at Lowry AFB, Colorado and was assigned

to 1155th Tech . Ops. Squadron , McClellan AFB, California.

In June 1970 , through AECP he attended the University of

Missouri , majoring in Electrical Eng ineering. In 1972 , af ter

graduating from Missouri , he was commissioned a 2nd Lieuten-

ant through OTS . The following three years he was assigned

to Of fi~tt AFB, Nebraska in the 544th ARTW as a Radar Systems

Eng ineer. In August of 1975 he was assigned to the Air

Force Institute of Technology and is currently working on

a Masters of Science Degree in Electro—Optics.

Permanent address: RD#4 , Box 180

Berlin , PA 15530

187 

— .- - .—~~~~
.—- - • • ——-- - - - — — • --



SECURITY CLASSIFICATION OF THIS PAGE (W7~øn Data Entered)

RE°”DI. t~
1
~
C1 I~~ ~~ A r,nii D A~E READ I NSTR UCT I O N S

r~~1I ’ I ~~‘J y in  1” ~~~~ ~~~~~ ‘ “i BEFORE COMPLETING FORM

~. REPORT NUMBER 2. GOVT ACCESSION NO. 3. R ECIPi ENT’S C A T A L O G  NUMBER

-_
GEO/EE/77-l

4. TITLE (aid Subllti.) 5. TYPE OF REPORT & PERIOD COVERED

Model for Predicting Laser Speckle
Patterns Resulting from Rough Surface MS Thesis
Scattering •. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(.) 5. CONTRACT OR GRANT NUMBER(s )

William E Landis
Capt. USAF

4 9. PERFORMING ORGANIZAT ION NAME AND ADDRESS 10. PROGRAM ELEMENT , PROJECT . TASK
AR EA & WORK UNIT NUMBERS

Air Force Institute of Technology v’(AFIT/ N)
Wright-Patterson AFB, OH

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Air Force Weapons Laboratory March 1977
Kirtland AFB ~~~ 13. NUMBER OF PAGES

14. MONITORING AGENCY NAME & ADDRESS( II diff.rent from Controlling Offic.) IS. SECURITY CLASS. (of thi s report)

Unclassified

IS.. DECLASS I F ICAT ION/O OWN G RAD ING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

1 7 DISTRIBUTION STATEMENT (of A. .b.tr .ct .nt.r.d In Block 20, II dllf.rait f r om Report)

t e . SUPPL EMENTARY NOT~~S.~

A~~ r~ u c r~ ]~ .~se; lAW AFR 190-17
Jerrft’T . s , p~t~ ir, USAF
Dir&c’tor of Information

19. KEY WORDS (Continu. on ,•v•r.I aid. ii necessary aid identity by block number)

Huygens-Fresnel Equation Speckle Patterns
Diffraction Laser Propagation
Rough Surface Scattering
Laser Speckle Pattern

20. A B~ ’~~~A CT (Contlnu. on rev erse aid. It nece..ar ’ and Identity by block number)

Speckle patterns produced by laser radiation scattering from
rough surfaces can be calculated and plotted using the SPECKLE

• program developed in this report. The scattering surface character
istics that are required by the program are; surface height mea-
surements, surface reflection coefficient distribution, and
incident laser radiation profile. These three inputs are required
to calculate the complex aperture function at the scattering

DD i ~~~~~~ ia 1473 LOIT ION OF I NOV 65 I~ OBSOLETE Unclassified
SECURITY CLASSIFICATION OF TM IS PAGE (B3i.n bat . Enter ed)

-. 
~ - -. ~~~~~~~~~~~~~~~ ~~ -~ ~~~~~~~~~~~~~ ~~~ — -



— ~ =--~—~ - -
~

• • . - - . .- ~~~~~ -~~~~~~~~
-- - - -

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(Wh .n Data Entered)

surface, which is Fourier transformed to produce the speckle
pattern.

Through experimental investigation and program verification
it was determined that the typical speckle width in a pattern is
directly related to range and laser wavelength , and inversely
related to scattering surface cross section. The highest spatial
frequency present in a speckle pattern is proportional to the
inverse of the typical speckle width.

The report also showed that the randomness of the scattering
surface reflection coefficient also effects the speckle pattern.
This is an important concept in camouf lage and very important in
the investigation of the ALOT system performance.

Unclassified • ‘ 
•

SECURITY CLASSIFICATION OF THIS PAGE(lPb.n Data Entered)

r .  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .




