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g:; An interactive computer program was developed that . {
{ : enables the user to design linear phase, finite impulse i
response, linear shift-invaeriant, two-dimensional digital

filters. The program user can design lowpass, highpass,

b} digital filters, The filters designed by using the program

!

bandpass, bandstop, all-pass, and multiband two-dimensional 3 ?
|

4

|

are nearly optimel in the Chebyshev sense, and their magnitude

versus frequency charzcteristics have guadrantal symmetry

<'H§~mﬁ—=—w~wﬂ
T

Wy )| = |H(wgym )] ) ?
he technique implemented in the program consists of

1ﬁ transforming a one-dimensional digital filter into a two- ﬁ !
g_ . dimensional digital filter by a change of variables., This 4

ég 1 (.' technique was first proposed by James H, McClellan and is ?

k called the McClellan Transformation, The program user can %
)j, elect to utilize either the first order or the second order :

ﬁg ‘ McClellan Transformation to design a two-dimensional digital %

y filter, . ;

~
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S ’ DESIGN OF LINEAR PHASE,
‘ FINITE INMPULSE RESPONSE,
TWO~DIMENSIONAL, DIGITAL FILTERS

i
P}. I Introduction
The use of digital filters for signal processing

applications is becoming pervasive, As the cost of digital

components continues to decrease and the performance of the

components continues to increase, digital signel processing

H becomes more and more attractive., Among the many applications

1§ of digital filters are seismic processing, picture processing,
. ﬂ' and speech processing. '
&ﬁ E Digital filters can be categorized using the length of

- : the impulse response as either infinite duration impulse
E response filters (nonrecursive) or finite duration impulse
{* i response filters (recursive) (Ref 6:18)., Initially,
t ‘ infinite duration impulse response (IIR) filters were more
k : " . popular than finite duration impulse response (FIR) filters.
» FIR filters were generally felt to be inferior because long
< Z impulse response sequences were required in order {0 produce
¥ .filters with sharp cutoff characteristics., However, with
%f Eq the development of the fast Fourier transformation (FFT)
% ég algorithm, implementation of high-order FIR filters can be
%% %‘ (_ made extremely computationally efficient (fast). FIR gl
;/ { . filters possess ver& desirable properties from‘thezpoiny of

gl
5 e g
LR
gt N '
v s
3 o’
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ﬂf '
& view of filter design., First, FIR filters realized non-
(T' recursively are always stable (Ref 7:76). Second, FIR filter
’ éesigns can always be realized with an appropriate finite |
hi time delay, and third FIR fiiters can be designed so that
! their frequency responses have exact linear phase
characteristics.,
k; Digital filters can also be categorized in terms of the
b dimension of the filter. ZFor a one-dimensional filter, the
2’ ‘ frequency response is a function of one independent variable
: such as time. For a two-dimensional filter, the frequency
response is a function of two independent variables. For
" i example, picture processing is a two-dimensional filtering
H : operation where two independent variables are the spacial
A coordinates of the picture.
%5 (1' Previous Development
‘ : Many techniques have recenily been used to design two-
. % dimensional FIR filters. Most of the techniques are ‘
ﬂ“ % extended versions of the analogous one~dimensional FIR %
: digital filter design methods. Several of the more %
B promising of these methods will be briefly described. ‘
; 3 Two-dimensional FIR digital filters can be designed by é,
% multiplying the infinite duration ideal frequency response ;
L& % (h(n1,n2)) by a window function (wd(n1,n2)). Huang has J
;‘ %“, : explored the use of this bechnique (Ref 16). Basically
!% g Huang.has shown that good two-dimensional windows can. be ;
[gé % obtained from good one-~-dimensional windows via the relation
[ e
b
e E
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wd(n1,n2) = w1d((n12+ nzz)%); vhere wid is an appropriate

one~-dimensional wirlow function., Using this relation, the

o~

filter designer can Aesign two-dimensional filters by using
two-dirensional wiviowe anlogous to the well knowr one-
dim.asicnal windows fxectareular, Hamming, Kaiser, ete.).
L Windowing produces = frecuency respe-se which has ripples or
v7ersheots (magnitude aepoeunds on the window used) at the
- discontinuities ¢ . iecewise constant ideal responses. This
h vehavi - 1s analogous to tue Sibbt's ¢ficet in one dimension.

SN ireeh o preblew wiin this method iu that it is a

B

convorvtiun proc s v e freguency domain and thus discon-

: timuities in the ideal vesnonse are smeared, Windowing has

proven very us2ful becauwne uf its speed and its flexibility ;

. in approximating arbitrary ideal frequency responses,

~

>

&; ' Optimal two-dimensional FIR digital filters can be ﬁ
N designed by using linear programming. Hu and Rabiner have ‘
; explored the use of this approach (Ref 17). The linear 3

srogramming method involives solving a set of lineear e

ey e Ay v

. ‘s . s s . 1
inequalities in order to minimize the maximum error of the &

: two-dimensional frequency response. Although linear pro-

3 e

greamming is very flexible and can be used to approximate o

wide variety of desired filter shapes, it is comparatively
slow and thus its use is limited to the design of small order }

filters. The largest filter presented by Hu and Rabiner :s ' " ‘

:
a 9X9 sample points filter. The design involved solving “%3

several thousand constraint equations and took several hours $oo

on a high speed digital computer (IBM 370).
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Two-dimensional FIR digital filters can also be
designed by the transformation of variable technique. This
method, proposed by McClellan, is several orders of
magnitude faster than the windowing and linear programming
methods for the design of a large clasz of two-dimensional
filters (Ref 3:1-2), This technique is essentially a direct
transformation of a one-dimensionzl filter design into a two-
dimensional filter design. The transformation of variabie
method is very fast and can design large order two-dimensional
filters in a matter of seconds on a general purpose digital
computer. This technique will be described in detail in

latter sections.

Problem

The goal of this investigation is t» éevelop an inter-
active computer program to design a class of two-
dimensional digital filters. In this context, the word
"design" means the calculation of the impulse response
coefficients necessary to approximate a desired fréquency
response. The structural implementation (direct,cascade,
ete.) of the filter is not addressed in this investigation.
A1l filters designed by the program will be linear phase,
finite duration impulse response, and linear-shift
invariant.

The technique to be used is the transformation of
variable method first suggested by McClellan (Ref 3). This
technique dictates that all filters have quadrantal symmetry.

4

n ey
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This means that the two-dimensional magnitude versus

NG

. frequency characteristic of any filver designed by using this
technique will be symmetric in all four quadrants of the two-

- ‘ dimensional frequency plane. The program will allow the user

- Frage,

the option of selecting either the first order or the second
. order McClellan Transformation for the two-dimensional filter
. design. The advantages and disadvantages of using the first

X or second order McClellan Transformation will be discussed in

latter sections.

General Approach

This investigation will develop a computer program that

implements the concepts proposed by McClellan (Ref 3) and

R Mersereau, Mecklenbrauker, and Quatieri (Ref 2) for the
?3’ W L

‘%: , (~ design of two~dimensional, linear phase, digital filters.
Q

The program will be an extension of their work in that it-
will provide the user with a systematic method of designing

; two-dimensional,linear phaée, digital filters with a wide

N, 2 variety of shapes. .
; N The algorithm used to develop the two-dimensional filter

design program consists of the following major steps?

S

1. Define the shape of the magnitude versus frequency
characteristic of the desired two~dimensional freauency
response by specifying the shape and location of the
contour in the Wy s Wy vlane that is to be mapped to the
user's one-dimensional frequency. w, and w, are the

.variables on the axes of the plane in which the

magnitude characteristic of the two-dimensional
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frequency response is defined.

2. Perform a linear least-squares approximation with
constrzints in order to find the values of the constants
of the McClellan Transformation that will produce the
closest mapping of the user's one-dimensional frequency
to the two~dimensional contour in the Wo Wy plane
specified in step 1.

3, Design the one-dimensional prototype filter that
will be transformed into the desired two-dimensional
filter,

4, Calculate the impulse response coefficients of the

resulting two-dimensional filter,

Sequence of Presentation

Chapter II starts with the McClellan Transformation and
ends with the approximation problem, In the section on the
McClellan Transformation, the mechanies of the transformation
are discussed as are the properties of the contours produced
by the transformation. The section on the approximation
problem discusses the method of linear least-squares
approximation with constraints,

Chapter III presents the tools and derivations necessary
to understand the calculation of the two~dimensional impulse
response and then chapter IV presents the calculation of the
two~dimensional impulse response.

Chapter V presents the two~dimensional filter design

program developed in this investigation, Chapter VI presents

v ni o cMan N T o weh S W e o s
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design results obtazined by using the two-dimensional filter
f ( ( design program. Chapter VII presents conclusions of this

E investigation as well as recommendations for future related
. . work.

%‘ l Iwo appendicies conclude the thesis., Appendix A is a
' user's manual for the two-dimensional filter design program
developed ° .+ . g th.n investigation and appendix B is a |

. listing ¢* i%e actual computer program.
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IT The McClellan Ir- .sformation and the

Contour Approximation Problem

The design of two-dimensional digital filters as
pursued in this investigation can be divided into two .
general areas. The first area concerns approximating the
shape of the desired magnitude versus frequency character-
istic of the two~dimensional filter by calculating the
constants of the lMcClellan Transformation. The second area
concerns the problem of calculating the impulse response of
the resulting two~-dimensional filter. The impulse response
constitutes the desired filter design. In this chapter, the

first of the two general areas will be explored.

Generalized McClellan Transformation

McClellan discovered that the equation describing the
frequency response of a one~dimensional, FIR, linear phase

filter

. k
H(w) = e"9¥5( S h(n)cos(wn) ) (1)
n=0
where
Héw) = one~dimensional frequency response
h(n) = one-dimensional impulse response

w one-dimensional frequency variable

could be transformed into an equation describing the
frequency response of a two-dimensional, FIR, linear phase
filter by‘using a change of variables. The change of

variables first proposed by McClellan is (Ref 3)

LA v
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1 1
cos(w) = 3, 3} cos(iw)cos(gw,)c(i,s) (2)
i=0 g=0

where the c(i,g)'s are the constants that determine the shape
of the two-dimensional frequency response, and Wy and W, are
the two~-dimensional frequency variables., This change of
variables is called the McClellan Transformation.

Other researchers have generalized McClellan's original
transformation by allowing the summation indices to assume

values other than one. The generalized formulation of the

McClellan transformation is (Ref 2)

b
m(w2,w1) = f;) Z% c(i,g)cos(iw1)cos(gw2) (3)
1= g:

For the firs. order McClellan Transformation (a = b = 1)
m(wz,w1) = ¢(0,0) + c(1,0)cos(w1) + c(0,1)cos(w2)

+ c(1,1)cos(w1)cos(w2) (4)
For the second order McClellan Transformation (a = b = 2)

m(wz,w1)

c(0,0) + c(1,0)cos(w1) + c(0,1)cos(w2)

+

c(1,1)cos(w,)cos(w,) + c(1,2)cos§w1)cos(2w2)

+

c(2,1)cos(2w1)cos(w2) +.c(2,0)cos(2w1)
+ ¢(0,2)cos(2w,) + c(2,2)cos(2w1)cos(2w2) (5)

Using the lMcClellan Transformation constrains the magnitude

versus frequency characteristic of thé resulting two-

T
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dimensional filter to have quadrantal symmetry (]H(wz,w1)l =

| fH(-wy,w )| = |HQuy,=w, )| = {H(=w,,-w,)|). This means that s
the magnitude characteristic will be symmetric in all four

i'? ‘ quadrants of the two-dimensional frequency plane, This is

gt true because the transformation equation possesses quadrantal !

. symmetry and any symmetry that appears in the transformation

! equation also appears in the magnitude versus frequency'

characteristic of the resulting two-dimensional filter (Ref 1).

This investigation explores the use of the first and second

order versions of the generalized McClellan Transformation,

Mechanics of the Transformation. In order to help the

reader understand” the concepts that will be presented, only

the'form of the McClellan Transformation given by equation (4)

o will be treated., This will simplify the mathematics and
2 o
A (T allow the concepts to stand out. A parallel argument holds !

for -equation (5).

When m(wz,w1) in equation -(4) is replaced by cos(w),

‘S ; equation (4) defines a mapping from the interval [0,pi] of
. | the one-dimensional frequency axis to the square region
% ; [0,pi] X [0,pi] in the two-dimensional frequency plane (Ref 3).
E Making the substitution cos(w) = m(w24w1) and solving
. é equation (4} for w, as a function of w, yields
N ; cos(w1) _ cos(w) - ¢(0,0) - c(0,1)co§(ygl (6) ?.‘

c(1,0) + é(1,1)cos(w2)

W. = arcos " cos(w) - c(0,0)cos(wz) (7) _
L c(1,0) + c(1,1)cosTw2)J o
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From equation (7) it is easy to see that for a fixed w, there

~
<

corresmonls cvurve in the VigsWy plane. Along this curve,
the transformed magnitude of the two-dimensiona™ frequency
response is a constant equal to the value of the magnitude
of the one~dimensional fregquency response at w. A4s w varies,
a family of curves is generated that completely describes the
transformed magnitude versus frequencv characteristic of the

two-dimensional frequency response. For example, if ¢(0,0) =
.3422, ¢(1,0) = .5, ¢(0,1) = .5, and c¢(1,1) = =.3422 then the
contours of figure 1 are generated.

Properties of the Contours. Part of the process of

designing a two~dimensionral filter involves choosing or
calculating the c{i,g)'s in equation (4) or (5) in order to
obtain a desired contour in the two-~dimensional plane as one
of the contours of constant w. Before considering how to
perform this operation, it is necessary to discuss the
allowable shapes of the contours in the two-dimensional
frequency plane,

For the first order MecClellan Transformation, the con-

tours must be monotonic., This can be shown by letting

T A e e

cos(w) be fixed in equation (6) and taking the derivative of
cos(w1) with respect to cos(wz).

cos(w) - ¢(0,0) ~ ¢(0,1)cos(w,) (6) ;

cos(w1) =

E]

c(1,0) + c(1,1)cos(w2)

d(cos(w1))
d(cos(wé))

-c(1,0)e(0,1) - e(1,1)cos(w) + ¢(0,0)c(1,1)
[9(1,0) + c(1,?)cos(w2)]2‘

(8)

11
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Equation (8) shows that cos(w1) is a monotonic function of

cos(wz) since the sign of the derivative does not change as
cos(wz) varies from -1 to +1. Therefore v, is a monotonic
function of Ve

For the second order McClellan Transformation, it can
be shown by a similar analysis that the requirement for
momotonic contours does not apply (Ref 4:44-45). In other
words, vy is not constrained to be a monotonic function of

W2.

The Approximation Problem

This section is concerned with the problem of choosing
the transformation parameters (c(i,g)'s of equation (3)) so
that the resulting contours in the LOYA plane have some
desired shape. In general only the shape of a single con~
tour can be closely approximated using the method to be
described. This is usuvally not a problem when désigning the
most common types of filters (lowpass, highpass, and all-
pasg) since the most important contour for approximation is
the band edge. The shape of the other contours in the pass-
band or stopband is usually not important. This constraint
on the numbe: of contours that can be closely approximated
becomes more troublesome when designing bandpass, bandstop,
and multi-band filters. Here the best that the lesigner can
do is hope that all contours in the region of interest hawve
the same shape. If this is true, the designer can usually
get the band edges to lie where he desires by making adjust-

ments to the c¢(i,g)'s of equation (3).

13
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In the rest of this chapter, the second order McClellan
Transformation will be used in the discussion. This will
allow the reader to easily convert to the first order case
by setting ¢(0,2), ¢(2,0), c(2,2), c(1,2), and c(2,1) equal
to zero in the equations.that follow,

Constraintg. The equation for the second order

McClellan Transformation is
cos(w) = ¢(0,0) + c(1,0)cos(w,) + c(0,1)cos(w,)
+ c(1,3)cos(w1)cos(w2) + c(1,2)cos(w, )eos(2w,)
+ ¢(2,1)cos(2w, )cos(w,) + c(2,0)cos(2w,)
+ ¢(0,2)cos(2w,) + c(2,2)cos(2w, )cos(2w,) (9)

For the approximation problem, w is fixed and is the one-
dimensional frequency that is to map to the chosen contour
in the w,,w, plane. If the c(i,g)'s in equation (9) are
allowed to assume any values then the trivial colution
c(0,0) = cos(w), ¢(1,0) = ¢(0,1) = c(1,1) = c(1,2) = c(2,1)

= ¢(2,0) = ¢(0,2) = ¢(2,2) = 0,0 will result in zero
error. This solution results in the frequency w mapping to
the entire two-dimensional plane [0,pi]X[0,pi]. To prevent
the trivial solution from occurring, some constraints must
be placed on the c(i,g)'s.

The filter designer is free to choose any set of

constraints so 1dng as they do not conflict with the desired

shape of the contour in the two-dimensional frequency plane.
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It is to the advantage of the filter designer to choose a

4 ( small set of comnstraints since each constraint forces one ;
- c(i,g) to become a function of the remaining c(i,g)'s. Thus :

4 .

s < . . . . . .

f~ ( the approximation process is impared if a large number of

constraints is used and the desired contour has a complex

shape.

To give the approximation process the most freedom, oﬁe
constraint should be chosen. The following constraints are
fairly independent of contour shape: If the constraint that

w = 0 maps to (w,,w,;) = (0,0) is chosen, the constraint -

equation is

cos(0) = ¢(0,0) + c(1,0)cos(b)‘+ ¢(0,1)cos(0) !

5 ,i + c(1,1)cés(0)cos(0) + ¢(1,2)cos(0)cos(0)

+ ¢(2,1)ces(0)cos(0) + c(2,0)cos(0)

+ ¢(0,2)cos(0) + c(2,2)cos(0)cos(0) (10)

~

e a1t

- 1 = ¢(0,0) + ¢(1,0)

o3

c(0,1) + e¢(1,1) + c(1,2) -

e,

+ ¢(2,1) + ¢(2,0) + ¢(0,2) + e(2,2) (11) ;
{ . 3
1ﬂ If the constraint that w = pi maps to (wz,wj) = (pi,pi) is e
. . C
k % chosen then the constraint equation is , #
1.t . | |
b -1 = ¢(0,0) - ¢(1,0) = ¢(0,1) + c(1,1) - c(1,2) o
o ; ¢ - ¢(2,1) + ¢(2,0) + c(0,2) + ¢(2,2) (12) .
N 9
§




If the constraints that w = 0 maps to (w2,w1) = (0,0) and
= pi. maps to (wz,w1) = (pi,pi) are chosen then the set of
constraint equations consists of equations (11) and (12).
In summary, it has been shown that some zomstraints
must be placed on the c(i,g)'s in order to achieve a useful
solution. Several typical constraints were presented.

Linear Least—Sguares Approximation With Constraints.

For the linear least squares pproximation with constraints,
w is fixed and represents a set of identical values. The

basis functions used for the approximation are

g1(w2,w1) = 1.0 . (13)
g, (viy,wy) = cos(w,) (14)
g3(w2,w1) = cos(w,) (15)
- gylwy,wy) = cos(w1)eos(w2) (i6)
85(W2,w1) = cos(w1)cos(2wé) (17)
g6(w2,w1) = cos(2w1)cos(w2) - o ' (18)t
87(w2,w1) = cos(2w,) ‘ ‘,: 5._ | : ©(19) _j' : ?:
gg(wy,w,) = cos(2w,) - | ' e , ' (295 .
gg(wz,w1) = cqs(£§1)cos(2w;) ) ’ - (21)
Only. the first four bas1s functlans are used when the flrsé - : 5’

" order McClellan Transformption is used 1n the approx1mat10n

Id

process. Durlng the least squares approx1natlon process

~ . - .
- ~V
-~
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up to 18 (up to 8 when the first oder transformation is
used) simultaneous equations are solved. The solution
produces the c(i,g)'s of equation (9). A detailed
explanation of the linear least squares approximation with
constraints metho¢ used in this investigation can be found

in reference 1%:95-100,

Applicability of the Mapping. TFor the transformation

to be meaningful, the c(i,g)'s calculated from the least
squares approximation process much be such that

-1 < 2: 2: c(i,g)cos(iv,)cos(gw,) £ 1 (22)

i=0 g=0
where 0 £ w, £ pi and 0 £ Wy fpi. This is easily seen
since in the transformation the expression of equation (22)
is set equal to cos(w) (equation(9)). Values outside the
allowable range of equation (22) correspond to complex
values of w (Ref 2:408),

The filter designer can do three things if equation (22)
is found not to hold after the linear least squares approx-
imation has been performed. The first is to change the fixed
value of w that was used the first time and then perform the
approximation again., In the majority of cases this will not
work., The reason is that the shape of the two~dimensional
contours primerily determines the values of the c(i,g)'s.
Even large changes in cos(w) only cause small changes in the
c(i,g)'s. Alsoc when equatioﬂ (22) fails to hold, values

much greater than +1 or much less than -1 are usually

generated., These cannot be offset by changing cos(w) since

»
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the range of cos(w) is small (-1 < cos(w) = +1).

The second course of action is shifting and scaling.
Shifting and scaling does not change the shape of the contours
but it does change the value of the one-dimensional frequency
associated with each contour (Ref 2:408), Shifting and
scaling substitutes

2 2 '
c,cos(w)=c, = c,| 2 Y cli,g)cos(iw,)cos(agw,)|-c, (23)
1 2 1 i=0 g0 1 2 pa

for

cos{w) = 2: }: c(l,g)cos(lw )cos(ng) (24)
i=0 g=0

Let under-barrei quantities represent the shifted and

scaled versions of the original quantities and let Fmax

denote the maximun value of the expression in equation (22)
and F nin denote its minimum value. Then by choosing

c, 2/(Fmax - mln) and ¢, = cF. - 1, it can ve showvm

max

4 " __

(Ref 2:408) that the expression
2 2
-1ze,l X Y eli,g)eos(iw, Jeos(gw,)| - ¢, £ 1 (25)
= "1] & & 1 2 2
i=0 g=0
must always be true. To calculate cy and Co) the equations

—-.0 = C1Fmin - 02 (26)

#1.0 = ¢, Fox = © (27)

are solved simultaneously for c, and Coe The sclutions of

equations (26) and (27) are

]
N
~
—~
b=
L4
bxj
~

4

(28)
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B ( After shifting and sealing equation (24) can be rewritten as |
. 2 & o
i cos(u) = 30 2 c(i,m)cos(iv,)cos(gw,) (30) .
w i=0 g=0
;-
i where
w = arcos(c,cos(w) -~ c,) (31) .
L - 1 2 ¢ |
' ¢(0,0) = c,‘c(0,0) -3, (32) |
2 ¢(1,0) = c;e(1,0) (33)
* c(0,1) = 010(0,1) (34)
el1,1) = c elt,1) (35) |
; c(1,2) = c;e(1,2) (36) ‘
] e(2,1) = c,e(2,1) (37)
1 £(2,0) = cqe(2,0) (38)
F}; ) c(0,2) = c1c(0,2) (39)
e (I e(2,2) = ¢, e(2,2) ‘ (40)
S
Although shifting and scaling always produces a well-
:'.-i , defined mapping from the w-axis to the Wo Wy piane, the ‘
rf ' result may or may not be satisfactory from a filter design ‘
SR point of view. Shifting and scaling changes the location of
the original specified contour ir the two-dimensional
frequency plane. The new location may or may not be close to 1
Sy § the original location. J
f g The third course of action is to perform the least ‘
1 i squares approximation with a different set of constraints, ’ <
j Changing the ronstraints has little or no effect on the .
=k ( shape of the contours produced by vthe approximation process )
:, :
[
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and it does not require the filter designer to change. the

peca

o ( - desired values of parameters (such as w). For these reasons,
- this course of action is superior to the others when it

works.,
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IITI Mathematical ‘Preliminaries
for the Calculation of the Iwo-

Dimensional Impulse Response

In this chapter, the reader will be acquainted with the
mathematical tools and concepts necessary in order to
understand the presentation in chapnter IV, The Chebyshev
polynomials will be presented and several important relation-
ships used in this investigation will be derived.

The Chebyshev polynomials are a very important mathe-
matical tool, because they greatly simplify the analysis of
the one-dimensional filter transformation process. With the
aid of the Chebyshev polynomials, the analysis can be done
in terms of polynomials rather than in terms of trigono-

metric functions.

Chebyshev Polynomials of ithe First Kind

Chebyshev polynomials of the first kind are polynocmials
in x® (Ref 5:54-59). Their symbol is Th(x). The Chebyshev

nolynomials are defined by the relationship
T (x) = cos(ncos™ 'x) (41)

w#here n can be any integer (positive, negative, or zero) and

x renges from +1,0 to -1.0, If n = 0, then
Tolx) = x¥ = 1.0 (42)

If n =1, then

et e £ o A——
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Bi(x) = X (43)

In senercl, the following recursion relation allows the cal~-
culation of any Chebyshev polynomial if the preceding two

are kuaown:

(2} = 2xP (x) - T (%) (44)

m
ln+1

Just as the Chebyshev polynomials Tn(x) can be written as
polynomials in terms of the powers of x, the process can be
reversed and the powers of x can be written in terms of
Tn(x). Table I gives the first 12 Chebyshev polynomials

expressed in terms of the powers of x.

TABLE I

Chebyshev Polynomials of the First Kind
To(X) = 1

]
-
~
»
~
i

X
Tz (X) 23{2-1
4x3—3x

8xt-8x2+1

B3
0w
T
™ "
N NS
noon

16x°=20%2+5%

3
A
~
ol
~
]

39x0-48x4 418521

= 64x -112%°+56x°-Tx
128x8-256x°

]
~3 0\’—3
—~ o~
® MW
L — N
i ]

+160x+=32x%+1

)
[o0)
~
»
N
"

= 256x7-576x% +432%7~120x°+9x
512% 10-1280x8+1120x°-400x% +50%%-1

.-:a ..x'—a 3

- O v
~ o~ o~
LT
~ N N
it ] )

1024x " 1 -2816x7+2816x-1252x°+220%°-11x

x
e & s vt
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? Pable II gives the first 12 powers of x expressed in telus
i ( of Tn(x).
¥ TABLE II
g\. Powers of x in Terms of Tn(x)
% xo = TO
' X1 = T1
x = 1/2(T,+1,)
: % = 1/4(T3+3T1)
X = 1/8(T4+4T2+3TO)
- x° = 1/16(T5+5T3+10T1)
6
X = 1/32(T6+6T4+15T2+1OTO)

. x| = 1/64(Ty#T2421T 54351, )

; 8 g

. (1 X = 1/128(T8+8T6+28T4+56T2+35T0) %

9

2
A sl LA
AR K FERN

gy e 3 2 72,

i"f
sy

x’ = 1/256(T9+9m7+36msfs4m3+12691;

x'© = 1/512(T10+10T8+45T6+120T4+210T2+126T0)
= 1/1024(T11+1jm9+5sm7+165T5+330$3+462T1)

Forward Chebyshev Recursion: One Variable
Given the equation

k
> a(j)Tj(x) (45)
=0

k .
3=0
the forward Chebyshev recursion problem consists of calcu~
lating the b(j)'s when the a(j)'s are known, The equation
merely states that the sum of a linear combination of
Chebyshev polynomials can also be expressed as 2 polynomial

in terms of x. A recursive relationsiip for the b(j)'s in

.
. -
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;; terms of the a(j)'s can be found by first expanding the

ot .

e ( right side of equation (45) (the x of Tn(x) will be dropped

for convenience).

k
jE% b(j)xk - a(O)TO + a(1)T1 + a(2)T2 + a(3)T3 + a(4)T4

L 4+ ... a(k)Tk (46)

Now using the relationships of equations (42), (43), and (44)

T RaaRd, o -

" or table I; the Chebyshev polynomials on the right side cof

equation (46) are written in terms of the powers of x.

k )
2% b(j)xk = a(O)xO 4 a(1)x1 + a(2){2x2-1] + a(3)[4x3~3x]
3=

| v a(d)ext-8x®+1 1+ L.+ a(K)[E(x)]  WT).
. (1 Now collecting like terms and ordering the powers of x on the
R é right side of equation (47) yields
; Kk 0 1
ZO b(j)x* = [a(0)-a(2)+a(4)+...]x" + [a(1)-3a(3)+...]x
i= ’
ﬁ? ‘ + [2a(2)-8a(4)+...]x° + [4a(3)+...]%° ‘
N r[8a(4)+..Jxb + o0+ [...+...-i-...]xk (48) ‘
! Expanding the left side of equation (48) and eguating 4
coefficients of like powers of x yields 3
o p(0) = 2°[a(0)-a(2)+a(4)-2(6)+a(8)+a(10)+...] (49) j;_
A "
| b(1) = 2°[a(1)-3a(3)+5a(5)-Ta(7)+92(9)-11a(11)+...] (£0) i
g b(2) = 2'[a(2)-4a(4)+9a(6)-162(8)+252(10)-...] (51) % *
Y ;
N b(3) = 2°[a(3)-5a(5)+14a(7)-30a(9)#55a(11)-...]  (52)
2 I b(4) = 23[a(4)-62(6)+20a(8)-502(10)+... ] (55
g 24
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b(i0)
b(11)

2 [a(5)-Ta(7)+27a(9)=T7a(4) +. . ]
2°[2(6)-8a(8)+35a(10)-. ,.]
2°[2{7)-92(9)+44a(11)=. . ]
27[2(8)-102(10)+...]
2%[2(9)-112(11)+,..]
27[a(10)+...]

210@(11)+...]

2K=1,(x)

(54)
(55)
(56)
(57)
(58)
(59)
(60)

(&1)

Now putting equations (49) through (61) in matrix form yields

b(0)
b(1)
b(2)
b(3)
b(4)
b(5)
b(6)
v(7)
b(8)
b(9)
b(10)
b(11)

b(k)

- ee®

10 -1

O O O O o
O O O O =
O O O (@]

. O O O O O o©
O O O O O ©
O O O o o ©

o O

DO O

o C O

1

0 5 0«7
0O 9 0 -~16
0 -5

-4

1
0

©O O O O O ©

LE B J

O

©O O o

e
L Y
* e

a{0)
a(1)
a(2)
a(3)
a(4)
al5)
a(€)
a(7)
a(8)
a(9)

a{10)
a(11)
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Call the large matrix D, The elements of D are related by

+

-
A}

A (. the following formulas: E
K '
R _J1 for m evenl -
£ ID(0,m)!1 ’{o for m odd (63)
G
A _JO for m even
) ID(1,m) '{m for m odd (64)
- D(1,m) =0 form ¢z 1 . (65) i
A D(1,m) =1 for 1 =m (66)
N :
4
’ ID(1,m)! = ID(L,m~2)} + |D(l=-1,m=1)| for m \ 1 and
1 £ 0 and
1g1 (67)

The signs of the non~zero elements of each row alternate -

between +1 and -1 starting at the main diagonal element in

([ each row,

ii : Thus it has been shown that the b(j)'s of equation (45)
g ; can always be calculated by constructing the matrix D and
- " then applying equation (62).
.
;? f Backward Chebyshev Recursion: One Variable
; Given the equation
L K i .

i Y a(i)ri(x) = ¥ u(i)x (68)

=0 J 3=0 |

; the backward Chebyshev recuvsicn probvlem consizts of calcu- ot
? lating the a(j)'s when the b(j)'s are known. Agzin, %he ‘
:;, ecuvation merely states that the sum of a linear combination ‘
%ﬁ of Chebyshev polynomials can also be expressed as a polyunomial X
%% | ( in terms of x. A recursive relationship for the a2(j)'s in

COoEywey
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terms of the b(j)'s can be found by first expanding the
right side of equation (68) (the x of Tn(x) will again be

W

P
Vamn Y
1

o

dropped for convenience).

F

1
> aliry = 5(0)x° + b(1)x! + b(2)x% + b(3)x>
J=0

+o(8)xt ¢ ..+ p(R)RE (69)

I
e Do A T T R
S Ta
. » , .
. "

: Wow using *the relationships of equations (42), (43), and (44)
:* é or table II; the powers of x on the right side of equation (69)
; ; are written in terms of the Chebyshev polynomials.
g k
2 ali)ry = (0)T, + v(1)T; + (2)[1/2(2)+1,)]
3=0
- + p(3) [1/4(25432,) ] + v(4) [1/8(1,+4T,+31)]
H
+ves + DOO[E(T(x))] (70) J
3 .
T (7 Now collecting like terms and ordering the Chebyshev
ﬁ% ; polynomials on the right side of equation (70) yields
| k
) . 2 a(§)ty = [ b(0)+1/2b(2)+3/80(4)+...] T,
‘1 j=o
N + [ b(1)+3/40(3)+...]1, é
: E
. + [1/20(2)+4/80(4)+...1T, + [1/4b(3)+...]25
‘ F[1/80(4)+00 ]2y + oo+ [aeteeat . JT (T1)
i B Expandingz the left side of equation (71) and equating §
»
}@c coefficients of like Chebyshev polynomials yi. .ds f
T
E. a(0) = b(0) + 1/20v(2) + 3/8b(4) + 10/32b(5) + 35/128n(8) .
f : i
[g% . ;
1 + 126/512b(10) + ... (72)

T B -
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B a(1) = b(1) + 3/4b(3) + 10/16b(5) + 35/64n(7)
{é ‘ ( + 126/256b(9) + 462/1024b(11) + ... (73) ,
i" N ]
v ] a(2) = 1/2b(2) + 4/8b(4) + 15/%2b(6) + 56/128b(8) i
+ 210/512b(10) + ... (74) !
f a(3) = 1/4v(3) + 5/16b(5) + 21/64b(7) + 84/256b(9)
§! % + 530/1024b(11) + ... (75)
a(4) = 1/8b(4) +'6/32b(6) + 28/128b(8) + 120/512b(10) {
4 + s (76) ,
‘ a(5) = 1/16b(5) + 7/64b(7) + 36/256b(9)
} a(6) = 1/32b(6) + 8/128b(8) + 45/512b(10) + ... (78) |
éi ? . a(7) = 1/640(7) + 9/256b(9) + 55/1024b(11) + ...  (79) % "
' .
- a(8) = 1/128b(8) + 10/512b(11) + ... (80) g
LN ;
i 2(9) = 1/256b(9) + 11/1024b(11) + ... (81) |
f% o
: E a(10) = 1/512b(10) + ... (82) ; ‘
w4 ;
o | a(11) = 1/10240(11) + ... , (83) !
[ : *
i; % ali) = 27 p(x) (s4)
i
Pl i
- i
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Now putting equations (72) through (84) in matrix form yields

a(0) 10103% 010 035 0126 0 ...}} v(0)
a(1) 0103010 035 0126 0462 ...| b(1)
a(2) 00104 015 05 0210 0 ...}] b(2)
a(3) 00010 5 021 0 8 0330 ...|| b(3)
a(4) 00001 0 6 028 0120 O ...|] b(4)
a(5) 00000 1 0 7 0 3 0165 ...{] b(5)}
a(6)| _ 00000 0 1 0 8 0 45 o0 ...[| b6)
a(7) 00000 0 0 1 0 -9 0 55.../] v(7)
a(8) 00000 O C O 1 0 10 O ...]] v(8)
a(9) 00000 0 000 1 0 11 ...0]b(9)
a(10) 00000 0 0 0 0 O 1 0...}|p(10)
a(11) 00000 0 0 0 0 O O 1...006(11)
a(k) T e R 16Y)
TT2%87%6 3264 2T 28 29 10 ki (85)

vhere the numbers at the bottom of -each column indicate
that all the entries in the column are to be divided by

that number.
C21l the large matrix C. The elemenfs of C are related

by the following formulas:
C(i,m) =1 forl =m (86}

C(1,m) =0 for m< 1 (e7)

s

p o & o

o
e RO Neer P

s
= ,c.x_.,&f"!":. Q CRNRIGC », NI T
B AR S 35 i
Bt it AR R 50 8 NI v A 2
e ame s g :
T oy R %




MY

e O]

B . T T - e —

c(o,m) = C(1,m=-1) ' (88)
C(1,m) = 20(0,&-1) + C(2,m-1) (89)
¢(1,m) = C(1=1,m~1) + C(1+1,m~1) for m>1 and 1 % 1

and 1 %0 - (90)

Thus it has been shown that the a(j)'s of equation
(68) can always be calculated by cénstructing the matrix C

and then applying equation (85).

Backward Chebyshev Recursion: Two Variableg

Given the equation

ZO Z a(l,J)T (x)T (y) = Z Z b(z.,;))xj‘yJ - (91)

i=0 §=0 '
the backward Chebyshev recursion problem in two varlables
consists of converting the b(i,j)'s into the a\i,j)'s when
the ©(i,j)'s are lmown. Phis can be done by fixing i -
(denoted by i) and separating the summations on the right
side of equation (91). ‘

ko o,rk r

2 Z a(l,,])T \x)‘I‘ (y) 2% x [2 b(',i-..j)ya] (92)

i=0 j3=0

Now expanding the ‘right mde of eouatlon (929 yields

s

E Z a(l,J)T kx)&l'. (v) = £° Z b(d,—ﬁ)y‘j
i=0 j=0 ;

ol 3o, D e 2K Z bl )y (93),

. 3=0 | . : J“’ N
Using the backward Chebyshev recursion in ong variable,
each individual summation on the ri'rht side of equation (93)

can be conver*ed from the form 2 b(i ‘i)y;l to* the form -
J=0 .

v
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- Z d(v,,]); (y) by use of ecuation (85).
14 (‘ j-

E Z 2(1,3)7; ()2, (y) = OZ a(0,3)2,(y)
i=0 3_0 j“

| +x 2: a(1,3)2,(y) + .ou + x’>: a(k,31)2,(r)  (94) |
| =0
z

3 Xk
% * g awnnm] o)
3=0

p—

i=0
’ z: z; a(i,§)x'e,(y) (96)
: i=0 j=0
? Now fixing j (denoted by j) and separating the summation on
i the right side of equation (36) yields
- i k k Xk 1]
O S 2 et dnene - T (y)[z wand] e
i=0 j=0 ‘ j=0
< .
& (] Expanding the right side of equation (97) yields

Z%) 2 ali, 3)7; ()T ty) =1 (y)Z ali,o)xt
2 5o

. X X
+ Y al,Dxt L F L) Y al,ext (98)
W i=0 i=0

= . by
P B
e -
P R N

Using the backward Chebyshev recursion in one variable, each
individual summation on the right side of equation (98) can

be werted form the form 2 a(1,3)x* to the form
i=0

k
.< pD a(l,;l)T (x) by use of equation (85).
Yy j=

- 120 Z ali, )T ()24(x) = Tp(y) Z aii,0)T, (x)
| = §=0

o S L N WS

k k
+ T, () X a(i,1)Ti(x) 4 oees + Tk(y)): a(i,k)Ti(x) (99)
i=0 i=0

by
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2 T3<y)[,23 a(i,i)Ti(x)] (100)

k k
X 2 oali, i (x)rgly) o)
i=0 j=0

Thus it has been shown that the a(i,j)'s of equation (91)
can always ve calculated by performing the backward
Chebyshev recursion in one variable twice.

This chapter has presented the Chebychev polynomials
and several derivations using these polynomials, The
relationships developed in this chapter will greatly

sinplify the analysis of the transformation process that is

presented in the next chapter.
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IV Calculation of the Iwo-Dimensional

((" Impulse Resnonse

The theory describing the conversion of a one=-
dimensional digital filter into a two-dimensional digital
filter will now be presented. In the first part of this
chapter, the frequency response equation of one class of
two-dimensional digital filters will be derived. The second
part of the chapter will start with the general equation
for the frequency response of a one-dimensional digital
filter. Then by applying some constraints and using the
McClellan Transformation, it will be shown that this
eguation can be transformed into the equation derived in the
first part of the chapter. The chanter will conclude with a
discussion of the advantages and disadvantages of using a
particular order (first or second) transformation in the

filter design process.

Form of the Iwo-Dimensional Dizital Filters

In this section, constraints will be placed on the
general equation describing the frequency response of two-
dimensional digital filters. After the constraints have
been applied, the resulting equation will describe the
frequency response of the class of two~dimensional digital
filters that can be designed by the transformation of
variable process.

Let H2D(:,m) be the real, causal, linear shift-
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i invariant, dinite-luration, impulse ruguongse of a two-
(' dimensional digital filter defined over the interval ;
O<«l «i1=1, 0 2m£iu1-1., Taking the two-dimensional

Tourier transformstion of H2D(l,m) yields the two-dimensional

3 frequency resvonse, H(wz,w1).
i
z H(wz,w1) = ;§1 :§1 -}IZD(l,m)e-m‘Hl e-,]\.zm (102)
The freguency response is a periodic function of Vo and W,
with a period of 2+pi. It can be shown (Ref 3:271) that if
N1 is constrained to be odd and the symmetry conditions
H2D(i1-1-d,m) = H2D(d,m); d = 0,1,...,{¥1=1)/2 = k1 (103)
E2D(1,N1-1-d) = H2D(1,d); 4 = 0,1,.4., (N1=1)/2 = k1 (104)
N
51‘ 1 ﬁ are imposed, then the two-dimensional frequency response can
F;g " be written as
- jk1 (w2+w1) X1 ki
H(w,,w.) = e { Y H2D(1,m)cos(w,1)
. : 1=0 m=0
Fx , . cos(wzm)] (105)
“ where (Ref 3:271) 1
f‘ 122(0,0) = H2D(k1,k1) (106)
H2D(0,m) = 2.H2D(k1,k1-m); m = 1,2,...,kt (107) 3 |
H2D(1,0) = 2oH2D(k1=1,k1); 1 = 1,2,...,Kk1 (108) u
) HoD{(1,m) = 4.HoD(k1=1l,k1-m); 1 = 1,...,k1 and | .
Y m=1,..0,Kk! (109)

I

T R e,
N

it
g
H
L4
&
0
%
:
¢
:
{
5
]




‘i .

pr P g
I

g4

N,
.

&

T NG
B ‘gét v N

)

T
¢

SAETTR

Y

i

PR

Yi‘; ._,.“_,..Tf 3 | sl

One-Dimensional to Two-Dimensional Filter Transformation

In this section, the equation describing the frequency
response of a class of cne-dimensional filters will be trans-
formed into the equation describing the frequency response of
a class of two-dimensional digital filters. This will be
done by first applying constraints to the equation
describing the one~dimensional digitai filters and then
applying the McClellan Transformation.

Let h(n) be the real, causal, linear shift-invariant,
finite-duration, impulse response of a one-dimensional digital
filter defined over the interval 0 £ n £ N2-1, Taking the
Fourier transformation of h(n) yields the frequency response,
H(w) (Ref 6:19-21),

H(w) = N‘f?: h(n)e™ 30 (110)
The frequency response is periodic in frecuency with period
2.pi, It can be shown (Ref 7:77) that for one class of
linear phase, FIR, digital filters

h(n) = h(¥i2-1-n) (111)

Using equation (111) and constraining N2 to be odd, the

frequency responsé can be written as (Ref 7:81-82)

. x2
H(w) = e"d¥k2 E;OH1D(n)cos(wn) (112)
n=
where
¥2 = (N2-1)/2 (113)
H1D(0) = h(x2) (114)
%5
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$M(n) = Con(i@-n); n = 1,2,..0.,%2 (115)

By letting x = cos(v) and using the definition of the
Ciebyshev polynomial (ecuation (41)), equation (112) becomes
Tr "'j‘\‘.’kz k2 14" m z
H(w) = e Y ﬂ1D(n)in(x) (116)
n=0
Using the forward Chebyshev rccursion in one variable
(equation (62)), equation (116) is converted to
-jwk2 k2 n
H{w) = e Y. H1DCHEB(n)x (117)
n=0
Since x = cos(w), eouation (117) can be rewritten as
-Jjwke 2 n
H(w) = =3 [): HIDCHZB(n) + [cos(w)] ] (118)
n=0
Now by substituting the generalized lMcClellan Transformation

for cos(w) (equation (3))

. k2
H(w) = e~ ¥k2 [}j H1DCHEB(n)
n=0

{120 2 c(1,m)cos (1w, )cos(mwz)}n} | (119)

In the generaligzed McClellan Transformation let a = b and let
the generalized McClellan Transformation be represented by P.

Equation (119) can be partially expanded to yield
H(w) = e”IWk2 [H1DCHEB(O)PO + HIDCHEB(1)P' + ...
* H1DCHEB(k2)PK2] (120)
If equation (120) is completely expanded, the resulting

terms can be regrouped by vowers of cos(w1) and cos(wz) and
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reyr.sented by the following swimation (lef 4:111-116)

. aek2 a2.k2
H(w2,w1) - o dvk2 [ 3 3 HZDCHEB(l,m)(cos(w1))l

1=0 m=0
. (cos(wz))nl] (121)

Now using the Chebyshev recursion in two variables
(equations (91) through (101)), eguation (121) is converted to
aek2 a.k2

H(w, W, ) e~ AWK2 H2D(1,m)cos(w,1)cos(w, m) (122)
’ ————
271 120 =0 1 2

Equation (122) is the desired result. It has the same form

as equation (105).

Order of the Transformation

From the summation indices of equation (121), it can be
seen that for any two~dimensional digital filter designed by
the generalized McClellan Transformation (equation (3));
there are (a.k2 + 1)(a.k2 + 1) or [a-(NZ -1)/2+1][a.(1'12-1 )/2+1]
unique two-dimensional impulse response samples. For the
first.order transformation a = 1, The number 6f unique im-
pulse response samples is BN2-1)/2+1][1N2-1)/2+1] or
approximately N22/4, For the second order transformation
a = 2, The number of unique impulse response samples is
(N2=141) (N2=141) = N22, Therefore, for a given one-
dimensional filter order, 12, the design using a second
order transformation will produce approximately four times as

many unigue two-dimensional impulse response samples as the

design using the first order MeClellan Transformation, If

the filter designer plans to implement the two-dimensional
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filter design, it is obviously easier to implement a filter

designed by using the first order McClellan Transformation.

Summary

In this chapter it has been demonstrated that a class
of one-dimensional filters can be transformed into a class
of two-dimensional filters via the McClellan Transformation.
It has also been shovn that for a given one-dimensional
filter order, a design using the second order transformation
generates approximately four times as many unique impulse
response samples as a design using the first order trans-

formation,
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V Description of the Two-Dimensional
Filter Design Program

The salient characteristics of the two-dimensional
digital filter design program developed in this investigation
are discussed in order to acquaint the reader with the
program. The filter design program consists of seven
separate programs. They are called CONTROL, CURFIT, PROTYPE,
FORCHEB, EXPAND, BACKCHB, and GRAPH, After an overview of
the program as a whole, each of the seven separate programs

will be described.

Overview

The main objectives at the beginmning of this investiga-
tion were to develop an interactive computer program that
would design a class of two-dimensional digital filters and
would be easy to use. The minimum output was to be the two-
dimensional impulse response necessary to approximate a
desired frequency ressponse.

The two-dimensional digital filter design program
developed in this investigation will design linear phase,
finite impulse response, linear shift-invariant, two-
dimensional, digital filters. This is done by transforming
a one-dinensional digital filter with a frequency response
of the form (chapter IV)

. k2
H(w) = e-dW+k2 Z% H1D(n)cos(wn) (112)
nN=

A A e
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into a two-dimensional digital filter with a frequency

response of the form (chapter IV)

X1 K1
H(w,,wy) = e-g-g1(w2+w1) [EEO 320 E2D(1,m)cos(w,1)
. cos(wzm)] (105)

by using the generalized McClellan Transformation (chapter
II1).
' a b
m(wy,wy) = 3 3 eli,g)cos(iw,)cos(ew,) (3)
i=0 g=0

The filter designer can elect to use either the first ordef
transformation (a = b = 1) or the second order transformation
(a =1 =2).

Although the program can design lowpass, highpass, band-
pass, bandstop, all-pass, and multiband digital filters; it
chould be keprt in mind that only thz2 shape of a single con-
tour in the two~-dimensional frequency plane can 53 clocely
approximated by the design program (chapter II). Thefefore,
the program lends itself to the design of lcwpass, highpass,
and all-pass filters.

The design program that was developed is an interactive
program, This was neeeésary for tw> reasons. First, there
is no guarantee that the McClellan Transformation will
produce a well-defined mepping from the one-dimensional
frequency exis, w, to the two-dimensional frequency plane,
Woy Wy If the mapping is ill-defined, filter designer inter-

vention is necessary. Second, the one-dimensional filter

IR
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crior uocessary Lo design a one-dimensiongl filter with !

¢ezired characteristics (band error, etc.) is not known in !
aavence, This reguires experimentation on the part of the

filier “esigner.

The required inputs to the design program are a set of
points that defines the contour in the two-dimensional
freguency plene that is to be approximated, and the parameters
necessary to design the one~dimensional digital filter.

This filter will be trensformed into a two-dimensionsl
filter. The design program will output the contour approx-
imating function, the impulse response samples of the one-

dimensional prototype filter, a graph of the magnitude of

the two-dimensional frequency response in the first quadrant
{(the frequency response has quadrantal symmetry), and the
unique two-dimensional impulse response samples. As optioms,
the program will output sets of points for any two-
dimensional contours, a Calcomp plot of the one-dimensional
filter's magnitude versus frequency characteristic, a

Calcomp plot of the two-dimensional contours, and a Calcomp

rrpaperpeany

plot of the two-dimensional filter's magnitude versus (
frequency characteristic.
Figure 2 shows design times for typical two-band ]

filters designed on the CDC 6600 computer (Fortran IV

compiler). The filters were designed with one pass through
the program. The scaling routine and the first order ‘o
McClellan Transformation were used. The design times will be

roughly double if the second order lMcClellan Transformation
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( Zilter that is tronsformazd inco the desired two-dimensional

Zilter during the desiza yrocess.
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I
N Figure 3 shows a high level flow chart of the design -
) program. It shows the seven separate programs that make up
. the filter &esign program and their subprograms. Bach
#

A% : program is resident in its own overlay. The seven separate
i z programs are executed in the order shown with the %op
1. : program being executed first., Also shownh are the variables :
5 . :
PQ: that are transmit“-ed between the programs {(variable names in
%% 1 (~ parentheses). An outbound arrow indicates that the variable
"“‘ ,ls ' 42 . . i
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Program CONTROL

The main function of program CONTROL is to call the
other six programs that make up the two-dimensional filter
design program. It also allows the user to interactively
terminate execution of the design program at several places
if he wishes. A high level flow chart of program CONTROL is

shown in figure 4,

Program CURFIT

The primery function of program CURFIT is to calculate
‘the constants of the McClellan Transformation. It also
tests to see whether or not a well-defined mapping will be
produced by the transformation.

The first thing that program CURFIT does is calculate the
c(i,g)'s of equation (3). This is done by solvirg a set of
simul taneous linear equations of the form A.CURVFIT = B,

The elements of the arrays A and B depend on w, a set of
points defining a contour in the WosWy plane, and a set of
constraints. Subroutine LINYY solves the set of =2quations
and returns the c(i,g)'s in the CURVFIT array.

After the c(i,g)'s are calculated, equation (22) is
evaluated on a4 grid of points in the WoaWy plane in order to
see if the nmapping from the w-axis to the Wo W, plane wili
e well-defined. If the mepving is ill-dcfined, the uvser
can -elect (ihteractiVGly) to start over, chousc a new cet of

constraints and repeat the approximation process, shifi and™

scale, or terminate the design program. If shifting and




Call Overlay (1,0) '
(Progrem CURKFIT) ot

yes

Stop ?

:1,110

Call Overlay (3,0)
(Program PROTY¥Z)

Stop 7 S>—228

no

Call Overlay (4,0)
(Propram FORCHEB)

Calculate 2-D
Impulse Response ?

Call Overlay (5

0)
(Program EXPAND}

Call Overlay (6,0)
(Program BACKCHB)

b

Call Overlay (2,0)
(Program GRAPH)

Fig 4. Flowchart of Program CONTROL




scaling is chosen, the program calculates the new c(i,g)'s
by equations (26) through (40). ooy and F .o (equations
(26) end (27)) are calculaie’ by evaulating ecration (3) on =2
sric¢ of points in the Vin s Wy plane.

Once a set of c(i,g)'s is calzulated that produces a
well~-cefined mapping, equation (3) is converted from the
form ifé) %o c(i,g)cos(i\'q)cos(ng) to the form

a b :
Y X FI()TRAN(i,g)[cos(w1)]l[cos(wz)]g by using equations
i=0 g=0

(41) through (44), A high level flowchart of program CURFIT

is shown in figure 5.

Progran PRJTYPE

The primary function of program PROTYPE is the calcu-
lation of the impulse response of the one-dimensional filter
that will be transformed into the two-dimensional filter,
Program PROTYPE is a modified version of the computer program
descfibed in reference 8. There are several good one-
dimensional filter design programs available in the litera-
ture. The program described in reference 8 was chosen
bécause it is well documented. Program PROTYPE uses the
Remez exchange algorithm to design one-dimensionnal filters
with minimum weighted Chebyshev error in the filter bands.

For a complete description, including detailed flowcharts
and design examples, of the one-dimensional filter design
program used in PROTYPE gee reference 8, ZProgram PROTYPE

outputs the one~dimensional impulse response and a summary
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of design parameters input by the user,

Program IFORCHEBR

The primary function of program FORCHEB is to perform
the forward Chebyshev recursion in one variable. The first
thing that program FORCHEB does is convart the one~dimensional
impulse response, h(n), to H1D(n) (equation (112)) by using
equations (113) through \115). Then the program generates
the D array of equation (62) (called DAV in the program)
and converts H1D (equation{112)) to H1DCHEB (equation (117))
by performing the forward Chebyshev recursion in one variable
(equation (62)). Finally FORCHEB calculctes the magnitude
of the two-dimensional frequency response by using equation
(118) at 121 points in the w,,w, plare and outputs these
values asa graph. The graph allows the user to sec roughly
where each filter band lies in the two-dimensionzl frequency
plane. A high level flowchart of vwrogram FORCHLB is shown

in figure 6,

Program EZXPAWD

Program EXPAND converts equation (119) to equation (121)
by performing the required multiplications and summations.
FEssentially all of the terms of equation (120) are generated
and then added together., The muliiplication routine
multviplies like a person would with paper and pencil. TFor
each P (ecuation (120)), every term of the multiplier
multiplies every term of the multiplicand and the resulting

partial sums are added together to generate cach P,
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Convert nh to 1D

-

7]

Set A1l Entries of DAV to0 Zero

Generate the iagnitudes of All
Non~Zero Intries in the First
Tvo Kows of DAV

Give A1l Non-Zero Entries of
DAV the Proper Sign

N

Multiply All Non-iero Entries
of DAV by the Proper Power of
Pwo

.

Convert H1D to H1DCH&B

Calculate the lMagnitude of the
Frequsncy Response at 121 Grid
Points

4

Output the 121 Points as-a
Graph

END

High Level Flowchart of Program FORCHEB
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Program BACKCHB

The primary function of program BACKCHB is to perform
the backward Chebyshev recursion in two variables, The
first thing BACKCHB does is to generate the array C of
equation (85) (called CEC in the program). Then by using
equation (85) twice, H2DCHEB (equation (121)) is converted
to H2D (equation (121)). Finally H2D is converted into the
two-dimensional impulse response by using equations (106)
through (109) solved for H2D., The output of BACKCHB consists
of a list of the unique two~dimensional impulse response
samples plus the symmetry formulas necessary to determine
the non-unique impulse response samples., The impulse response
constitutes the filter design as defined in this investigation.-
The symmetry formulas are based on equations (103; and (104).
A high level flowchart of program BACKCHB is shown in

figure T.

Program GRAPH

Program GRAPH generates most of the plots prodirced by
the design program. All plots are optional and include a
Calcomp plot of the one-dimensional filter's magnitude
versus frequency characteristic and a Calcomp plot of the
two-dimensional contours., These plots give the user a visual
neans of judging how close the designed two-dimensional
filter is to the desired two-dimensional filter, The
program will also generate sets of points for any two-

dimensional contours, This allows the user to determine the
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Set All Eptries of CZC o0 23R0

Set ¥Main viagonal Entries of CEC
to One

\

Generate the Entries on All Non-
Zero Upper Diagonals of CzC

A

liultiply All Non-Zero EZntries of
CZC by the Proper Power of Iwo

Perform the Backward Chebyshev
Recursion in Two- Veriables

Generate the Unique Two-
Dimensional Impulse Responsse
Samples

N

Output the Unique Two-Dimensional
Impulse Response Samples and the
Symmetry Formulas

High Level Flowchart of Program BACKCHB
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he band edges of the two-dizensional

exzet location ot

filter., Finally, the program creates the file (tzpe2)
necessary for the Calcomp ulot of the two-dimensional
filter's magnitude versus {reguency characteristic. 4Another
program is used to generate the actual points and plot the
three-dimensional figure. The three-dimensional figure
gives the user a pictorial representation of the magnitude
characteristic of the two-dimensional filter.

Subroutine FORDER generates the pvoints for the plot of
the two-dimensional contours when the first order licClellan
Transformation is used for the itwo-dimensional filter design.
This is done by using the equation of the first order
McClellan Transformation solved for Wy A curve is plotted
for the eleven values of w from 0,0pi to 1.0pi at O.1pi
intervals. This spacing gives the plot an uncluttered
appearance,

Subroutine SDORDER generates the points for the plot of
the fWo-dimensional contours when the second order McClellan
Transformation is used for the two-dimensional filter design.
This is done by using the equation of the second order
McClellan Transformation solved for Wy This equation is a
quadratic and can have two solutions for each Wy If two
solutions exist then a curve is plotted for the eleven values
of w from 0,0pi to 1.0pi at 0.1pi intervals for each solution
(22 curves total). Again, this spacing gives the plot an
uncluttered appearance. The eleven curves for one solution

have a "+" at one or both ends of each curve and the eleven
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; curves for the other solution have an "x" at one or both ends
(- of each curve., If the quadratic has only one solution for
. each W, then only one set of eleven curves is plotted. A

high level flowchart of program GRAPH is shown in figure 8.
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This chapter has presented a brief description of the :

i
two-dimensional filter design program developed in this

investigation. Dach of the seven separate programs that

d make up the filter design program were described. ,
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Tabular Data yes
Cn Any Contours ?_~"

A

.

. 1o Gall FORDER or S5DOADLR
Depending on the Order
{ of the Transformation
X 4
Output Points
t ‘Generate a Plot for the
¥ ﬂ” One-Dimensional Filter's
e ! Magnitude Characteristic
- <
Call FORDER or SDORDIR
. Dependirg on the Order
- of the MeClellan Trans-
formation and Generate
; the Plot of the Two~
‘ Dimensional Contours
Create Tape2 ? yes
8 no
Create Tape?
A
o) :
’ (- Fig 8, High Level Flowchart of Program GRAFPH
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VI Design Results

This chapter presents the results from five typical two-
dimensional filter designs using the computer program
developed in this investigation. A wide variety of contour
shapes were used in the filter designs. The designs clearly
illustrate the flexibility of the transformation of variable

technique in designing two-dimensional digital filters.

Filter Design 1
The first filter design utilized hyperbolic contours.

Figure 9 shows a plot of the two-dimensional contours. The

following is a summary of the data pertaining to the contcurs,

1., Transformation: second order

2. ZXguation defining the desired contour: Wy = .32/2w2

3. Approximating function constants:

A=.T71797  B=.3T7441 C=,37445 D==,49945 I=,12559
F=,12557 ==,0930 H=.~0930 I=-.03255

Figure 10 shows a plot of the one-dimensicnal filver's
magnitude versus frequency characteristic, The following is
a summary of the design parameters.

1. Number of transition bands: 2

2, Transition band edge frequencies: .4pi,.5pi; .7pi,.S8pi

3, liagnitude for each band: 0, 1, O
4, Ratio of the band errors: 1, 10, 1
5. Devistion iz each tend: .006, .0C06, ,006

A one-dinensional filter order of 57 was reguired to meet the
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iceign parameier specificavions, rfigure 11 shows a plot of
the two-dimensional filter's magniiuie versus frequency

characterisiic.

Filter desirn 2

9]

The second filter design utilizged triangular contours,
Tigure 12 shows a plot of the two-dismiensional contours. The
folloving is a summary of the data pertaining io the coniours.

1. Transformation: second order
2. Set of points defining the desired contcur (all
(0,0), (.1,.%), (.2,.2), (.3,.3),
(.4,.4), (.5,.3), (.6,.2), (.7,.1J, (.8,0)

3. Approximating function constants:

A=-,T72211 =-,37665 C=-,25873 D=,%5644 T=-,2651
F=-,09590 G= ,10787 H= .19347 1I=,06794

coordinates times pi):

Figure 1% shows a plot of the one-dimensional filter's
magnitude versus frequency characteristic., The following is
a summary of the design parameters.

1. Number of transition bands: 1

2. Transition band edge frequencies: .87pi, .9pi

3. Magnitude for each band: O, 1

4., Ratio of the band errors: 1, 3

5. Deviation in each-band: .12, .04
A one-dimensional filter order of 57 was mequired to meet the
design parameter specifications. Figure 14 shows a plot of

the resulting two-dimensional filter's magnitude versus

frequency characteristic.
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Filter Design 3

The third filter design utilizes semi-circular contours.
Figure 15 shows a plot of the two-dimensional contours. The
following is a summary of the data pertaining to the contours.

1. Transformation: second order
2. Set of points defining the desired contour (all
(.6,.6), (.55,.55), (.5,.5),
(.45,.45), (.4,.4), (.45,.35), (.5,.3), (.55,.25)

3. Approximating function constants:

A= ,03476  B=-.307T1
E= ,0577%3 F=-.05617

coordinates times pi):

C=,30901
G=,36402

D=-,05277
H="024‘187 I=005352

Figure 16 shows a plot of the one-dimensional filter's
magnitude versus frequency characteristic, The following is
a summary of the design parameters.

1. DMNumber of transition bands: 1

2. Transition band edge frequiencies: .6pi, .6%pi

3. Magnitude for each band: O, 1

4, Ratio of the band errors: 1, 1

5. Deviation in each band: .08, .08
A one-dimensional filter order of 57 was required to meet the
design parameter specifications. Tigure 17 shows a plot of the
resulting two-dimensional filter's magniiude versus frequency
characteristic,

Filter Desipn 4

The fourth filter design utiligzed right-ansle contours.
Pigure 18 shows a plot of the two-dimensional contours, The

following is a summery of the data pertaining to the contours,.
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1. Transformation: second order

. ( 2. Set of points defining the desired contour (all
a coordinates times pi): (.3,.4), (.3,.6), (.3,.8),
L (.3,.9), (.3,1), (.4,.4), (.6,.4), (.8,.4), (.9,.4),
5 (1,.4)

- 3, Approximating function constants: .

A=.35752 B=-,3%4052 C=~,00607 D=,56701 E=-,023%43%
- F=,20908 G=~,13863 H=-,0%%98 I=-,05095

: Figure 19 shows a plot nf the one-dimensional filter's
magnitude versus frequency characteristic. The following is

a summary of the design parameters,

* 1. Number of transition bands: 1 ]
ﬁ ! 2., Transition band edge frequencies: .28pi, .3pi
E 3, Magnitude for each band: 1, O ﬂ
&; : {T 4. Ratio of the band errors: 2, 1
f 5. Deviation in each band: .1, .2

e

A one-dimensional filter order of 4% was required to meet

the design parerneter specifications. Figure 20 shows a plot

{ of the resulting two-dimensionazl filter's magnitude versus g
N frequency characteristic.,
2 Filter Desizn & f
; The fifth filter design utilizes circular contours. : E
" % Figure 21 shows a plot of *the two~dimensiomel contours, The
) i following is z summary of the deta pertaining to the conitours. '
% : 1. Pransformation: firgt order |
;% ; 2. uquation defining the desired contour:
=5 (
. .
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3, Approximating function constants:

A=,34220 B=.5 C=,5 =-,34220

Figure 22 shows a plot of the one-dimensional filter's
magnitude versus frequency characteristic. The following is

a summary of the design parameters,

1., Number of itransition bands: 2

2., Transition band edge frequencies: .15pi,.2pi; .4pi,.5pi
3, liagnitude for each band: 0, 1, O

4, Ratio of the band errors: 1, 2, 1

5. Deviation in each banmd: .14, .07, .14

A one-dimensional filter order of 31 was required to meet
the design parameter specifications. Figure 23 chows a plot
of the resulting two-dimensional filter's magnitude versus

frequency characteristic,

Summary

In this chapter several filter designs obtained by
using the two~dimensional digital filter design program
developed in this investigafion have been presented. The

results demonstrate the flexibility of the transformation of

variable technique for filter design. The filter designs

presented show that this method can desisgn

two~dinensional

filters with complex shapes.
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VII Conclusions and Recommendations

Conclusions

The transformation of variables technique is a fast and
flexible method for designing a class of two-~dimensional
digital filters. The two-dimensional digital filter des.ign
program developed in this investigation extends the work of
McClellan and others by providiﬁg the user with a systematic
method of designing two-dimensional, linear phase, digital
filters with a wide variety of shapes. The program is
flexible, It can design two-dimensional filters with complex

shapes. The program is fast. The design time for a typical
113X113 samples points two-dimensional filter is approximately
twelve seconds. The design times of this program are
extremely favorable when compared with cther available
methods.

Although the filter design program is very flexible, cer-
tain limitations should be kept in mind. First, the design
program maps a specific one~dimensional frequency to an
approximation of a desired contour. This approximation may
be good or bad depending on how close the shape of the
approximation is tc the shape of the desired contour,.
Second, the magnitude characteristic of the frequency
response of any two-dimensional digital filter designed by
the design program will have quadrantal symmetry. Third, if
the first order McClellan Transformation is used in the filtes

design process, the shapes of the desired two-dimensional
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contours must be monotonic., iourth, if shifting and scaling

is required, the results may not be acceptable.

Recommendations for Future Work

There are several things that can be done to improve the

verformance of the design program developed in this investi-

cgation.

"
e~y

1. The order of the one-dimensional prototype filter

that is to be designed is an input to program PROTYPE,

Execution time could be decreased, especially for an in-

experienced user, if the program calculated an estimate
of the required filter order for the user. Algorithms
and formulas that can estimate the required filter
order are available in the literature. References 9
through 11 des<ribe a number of these methods.

2. Program PROTYPE produces a one-dimensional proto-
type digital filter with equel ripple filter bands.
Since the main outomut produced by program PROIYPE is
the impulse resnonse of the one-dimensional filter,
other one-dimensional filter design programs could be
incorporated into PROTYPE, This irould give the progranm
tremendous flexibility since filters with other charac-
teristics (monotone passband response, constrained
ripole, maximally flat bards, etc.) could a2lso be
designed, References 12 through 14 describe programs
that could be added to PGYLYPE,

3., It would be desirable to be able %o a:proximate the
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the shape of two or more contours in the the LOTAA
plane simultaneously according to some error criteria.

This would make the design of multi-band filters much

easier.
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Appendix A

User's Guide for the Two-Dimensional

Digital Filter ﬁesign Progranm

This appendix is the user's guide for the filter design
program developed in this investigation. It is written so
that it can be used as a stand-elone manual for the two-
dimensional digital filter design program. The guide is
organized as follows. First the general structure of the
two-dimencional digital filter design package is described,
Then each of the programs and subprograms that make up the
package are discussed from the user's point of view,.

Finally a sample two-dimencionul filter design is presented.
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Filter Design Package Structure

- ( The two-dimensional digital filter design package con-

sists of the two-dimensional digital filter design program

Eai it

e

itself, the subroutine YOURSUB, the program PROFILE, and

o

the program PLT3D, All programs excent the first one are
optional. However, use of the optional programs makes use
of the two-dimensional digital filter design program much

easier,

AT R

Alllprograms are written in Fortran IV extended except
program PROFILE which is written in Cyber Control Language.
In the discussion that follows, each program will be
described from the user's point of view., It will be assumed
that the design package is run using the CDC 6600's time

sharing system, Intercom,

The Two-Dimensicnal Digital Iilter Design Program

The two-dimensional digital filter design progrem is

written in Tortran IV extended and uses overlays to reduce

— g -

B memory requirements. The program consists of seven separate
(&)

prograns, each resident in a separate overlay. Labeled

connion storsge areess are used to transmit variables between
overlays. =The program was designed to be run interactively.

Purpose. The two=~dimensional digital Filter desisn

. ‘ program designs lineer phese, Iinite impulsc response,

1. linear shift-invarisnt, two-dinensional digitel filters.

o e e e

N This is done oy trensforaing & one-dinencional di ivtel riller

£ wivh a frequency resonse of the form (Ref 1:%5-37)
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k2
% H(w) = e~ dY°ke 320 i11D(n)cos(wn) (112)

into a two-dimensional digital filter with a freguency

respouse of the form (Ref 1:33-34)

YD e

~jk1(wow, ) T k1 ki
2 [ Y. H2D(l,m)ec 1)

H(wz,w1) = e

U v g o

1=0 m=0
¢ ' . cos(wzm)]' - (105)
- by using the generalized licClellan Transformation (ref 2)
a b }
m(w,,w,) = 3 Y c(i,g)cos(iw, )cos(gw,) (3)
21 120 g=0 1 2

The filter designer can elect to use either the first order

h: McClellan Transfoirmation (a=b=1) or the second order
h' YcClellan Transformation (a=b=2). The Transformation maps
%g !; ecch frequency of the one-dimensional filter to a contour in

the two-diuieng.onal frequency plane. The magnitude at each
frequency of the one-dimensional frequency response becomes
§ the magnitude along the corresponding contour of the two-
dimensional frequency response {(Ref 1:10-11),

The program can design lowpass, highpass, bandpass,

bandstop, all-pass, and multiband filters. However, only

ont- desired contour in the two-dimensional frequency plane .

: can ve closely approximated by the design program, Therciore

- the progrzm lends itself to the design of lowpnass, higlinacs,
{; end ell-pass filters., 4ll filters designed by this progran
,;ﬁ have quedrantsl symmetry., This means that the magnituce g
a ( versus frequency characteristic of the two-dimensional filters
iR
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will be four quadrant symmetric.

( Interactive Nature. This program is intended for inter- @
active use. This is necessary for two reasons, First, there
is no guaranty that the McClellén Transformation will produce
a well-defined mapping from the one-dimensional frequency axis
to the two-dimensional frequency plane (Ref 1:17-20). If the
mapping is ill-defined, filter designer intervention is
necessary. Second, the one-dimensional filter order
necessary to design a one-dimensional filter with desired

characteristics (band error, etc.) is not known in advance.

S o e 3 et et e OIS ST I~ W

It may be necessary to re-design the one-dimensional filter
several times in order to produce the desired filter character-
isties.

) . Filter Size. The program as presently dimensioned can

{‘l design a two-dimensional digital filter with up to 113 X 113
impu) se response samples. The size of the two-dimensiocnal
digital filter that can be'designed can be changed by re=-
dimensioning arrays and variables as indiceted in the comments :

of the program listing. Local operating procedures limit

interactive programs to 65,0008 words of central memory. The

present array dimensions cannot be increased without

exceeding this limit.

Inputs and Outoputs. The required inputs to tre design
progran are a set of points that define the contour in the ' ’
two-dimensional frequency plane that iz to be approximated, 3

and the parameters necessary to desi  the one-diuensional

( filter that will be fransformed into the two-dimensional 9
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filter. The desisn program outputs the contour approximating
function, the impulse response samples of the one-dimensional
filter, a graph of the magnitude of the two~dimensional
freguency response in the first-quadrant (the frequency
response has quaarantal symmetry), and the unigue two-
dimensional impulse response samples. As options, the pro-
gram can output sets of points that define any two-
dimensional contours, a Calcomp plot of the one-dimensional
filter's magnitude versus frequency characteristic, a Calcomp
plot of the two-dimensional contours, and a Calcomp plot of
the two-dimensional filter's magnitude versus frequency

characteristic.,

Programs.

The two-dimensional digital filter design
program is composed of seven separate progrars. They are
called CCNTROL, CURFIT, PROTYPE, FORCHEB, EXPAND, BACKCIIB,
and GRAPH, The design program expects 21l f{requencies Fo be
entered as radians between 0,0 and 1.0. The program auto-
matically multiplies each frequency by pi. In response to
no/yes questions, vhe program exyects the user to enter O for
no and 1 for ves., The important interactive questions and
imperative statements will be described program by program.
,They will be enclosed within quotation maris,

Pro~rem CCLTROL,

1., "Do you wish to continue?" This question is asked
immediately after the one-dimensional »rototype filter has
been designed, It allows the user to stop execution of the

design program at this point ané thus end unp up with only a
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one-dimensional filter design.

2, "Do you wish to calculate the 2-D impulse response?"
The user can elect not to generate the two-dimensional im-
pulse response samples. Doing this does not prevent the user
from receiving all other output that can be generated vy the
twe~-dimensional digital filter design program.

Program CURFIT,

1. "Do you wish to approximate your 2-D contour with a
four or nine term approximating function? ZEnter 4 or 9% If
the user enters 4, he is choosing to use the firs+t order
MeClellan Transformation in the design process. In this case,
the contour in the two-dimensional freguency plane that the
-.signer wishes the program to approximate must be monotomic
(Ref 1:11-13), Also the resulting two-dimsrsional filter will
have (NFILT.)2 impulse responss samples (Ref 3)., KLFILT is the
order of the one-dimensional filter that will be transformed
into the two-dimensional filter, If the user enters Y, he is
choosing to use the seconé¢ order i:cClellan Transformation in
the design process. In this case, the contour in the two~
dimensional frequency plane that the designer wishes the pro-~
gram to approximate does not have to be monotomic. 4Also the
resulting tvo-dimensional filter will have (2.u7IL7 —~1)2
impulse response samples. This is approximetely 4-:FIL32.

2. "Do you have z predetermined set of aprroximatiing
Function consiants?" £ the user wishes to desiyn a two-
dimensional filter with the same shape *hat he used in a pre-

vious dezign, the constants con bte entered direcily inzis:d

T e oy
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of being re-calculated by the program,

5

equations?!

sets of

must enter his own set of constraint equations.

"Do you have a precdetermined sct of constraint
If the user does not wish to use one of the three
constraint equations coded into the program, then he

The three

sets of constraints coded into the program are the following:
a. w =0 maps to (wz,w1) = (0,0)
b, w = pi maps to (w2,w1) = (pi,pi)
c. Both a and b above
4, "Do you wish to enter a set of points that defines

your contour?"

If the user has not included the subroutine

YOURSUB in the code of the two~dimensional digital filter
design program or compiled and libraried it using procedure
COMPILE of progrem PROFILE, then he must enter a set of points
that defines the desired contour in the two-dimensional
frequency plane,

5. "How manv points do you wish to enter?" If the user
wishes to define the contour by a set of »noints, he can enter
up to 500 points.

6., "WIf you have a2 case number enter it; otherwise enter
0." Iere the user is going to define the desired contour in
the two-dimensional frequency plane by using the subroutine
YCURSUB, If the user coded provisions for more then one con-
tour in subroutine YCURSUB, he must enter the value of the
veriable NCiSE that selects the contour that the user wishes

to use in the current two-dimensional filter desiin.

T. "Your contour with your frequency produces an ill=-

R o e




B

P enaram

defincd mapping from the w-axis to the Vip s W, plane. Enter

( one of the following option numbers,
1) choose different program generated constraints
22 enter your own constraint equations
3) enter a set of approximating function constants
4, start over
5% try scaling
6) terminate this program"

If the mapping is ill-defined, the filter design process has
failed. If the user wants to continue the original filter
design, he must either choose one of the other program coded
constraints, enter his own constraints, or try scaling.
Scaling produces a well-defined mapping in mcst cases but the
results of the scaling may not be satisfactory from a filter
design point of view. Shifting and scaling changes the lcca-
tion of the original specified contour in the two~dimensional

{ frequency plane. The new location may or may not be close to

bt

the original location,

8. "Your original frequency has been scaled to '"value
of the scaled frequency". IZnter one of the following option
nunbers,

1) start over

2) terminate this program

3) contvinue"

If scaling was used, the filter designer can proceed or stop
the design process depending on the result of the scealing,

Progran PROCVYPEL, As an a2id to understanding the inter-

active questions in program PRCTYPD see Tigure 24,
1. ‘Yinter an odd filter order of "A" or less.! If the v
first order I.cClellan Trensformaticn wzs chosen esrlicer, 4

ecucls 113%., The filter order rnusti be gresier then or esucl to
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Fig 24, Typical Three Bend Filter

three. If the second order hMcClellan Transformation was

oy

chosen earlicr, A equals 57. The filter order must still be
greater than or egual to three,
2. "How many transition bands does the filter have?"
The program can design a one-dimensicnal filter with up to
nine transition bands (\10 bands). Figure 24 has two
transition bands (% bands).
3. “Enter the band edge frcouencies for each transition
band." Here the user enters each g and vy (see figure 24)
going from left to right, Sach band must be separated by a
finite width transition band, There will be one Ve and one
wp for each trenscition vand.
4, "Dnter an idezl absolute maznitude for each band of
( the prototype filter (usually 1 or 0).,% Iven though »rogram

FA02YED produces a f{ilter that is equal rivple in each ovand,




the ideal magnitude Jor a passbaﬁd is 1.0 and the ideal

‘ nagnitude for a stop band is 0.0,

5. '"Inter the ratio of the band errors (one number for
p each band)." The order of the one-dimensional filter controls
¢ the magnitude of the ripple in each band. The user must
enter a ratio of the band errors and hope that the resulting
band deviations meet his error criteria, If they do not, the
one-dimensional filter can be redesigned using a different
value for the filter order. The larger the number entered,
the smaller the error in the band., For exesmple, if the error
ratio for a two-band filter is 10:1: then the error in band 1
i will be 10 times smaller than the error in band 2. The
deviations output by the program are the D's in figure 24.

{: 6. "Do you wish to redesign the prototype filter?" If
the deviations of the designed one-dimensional filter do not
rieet the user's criteria for vand errors, the filter can be
redesigned,

Program GRAFH,

1. "Do you want io creatve a plot file for the Calcomp

plotter?® The user is given the option of generating the

Calcomp plot of the one-dimensional filter's magnitude versus
frequency cheracteristic and tne Calcomp plot of the two-

disensional contours.

2, "Do you want to crcate a DIlSPL.a 3-D plot of ihe
( Trequency cos_onse?  Whe user is given ine oplion of creating

2 2

r ¥ i a file celled tepe2, *he file tancZ is used by program i »

-

| : v
} ( ri23) to menerate a Calconp vlot of the two-diumcnsiontl
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filter's magnitude versus frequency characteristic.

( Subroutine YOURSUB

Subroutine YOURSUB is used to define the contour in the
square region [0,pi]X[0,pi] of the two-dimensional frequency

plane that is to be approximated by the two-dimensional

—— AR naeTd T

digital filter design program, Subroutine YOURSUB generates
the points that define the contour., The horizontal axis

coordinate of each point is stored in the array W2 and the

Y ACO

vertical axis coordinate of each point is stored in the
array W1. A maximum of 500 points can be generated by the
subroutine, Subroutine YOURSUB must have the following forms

|- SUBRCUZINE YOURSUB(NCASE, WPOINNS, We, W1)
DIMENSION W2(500), W1(500)

{ User's code that éenerates the points that define
one or more contours in the two~dimensional

frequency plane.

RETURN

T
Y]

drguments., HNCASE allows the user the option of defining
more than one contour in the subroutine., The two-dimensional
digitel filter design program can only aoproximate one con-
tour per design, NCASE zllows the nser to designate which of
several contours included in the subroutine will ve used by
the two-diusensional diziteal filier design program during the -

: design process. WCOASE can be used as the varieble in a series

of if-then statements or in a2 case s
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NPOINTS is the nunber of poimts that the user's code 1
penerates., NEOIUTS mmust be 500 or less. In general the
more points generated, the better the approximation to the
contour,

W2 is the array in which the hoorizonatal-axis
coordinates of each point are stored. W1 is the array in
which the vertical-axis coordinates of each point are stored.
Both of these arrays are 500 elements long.

Example. The following is a sample subroutine YOURSUB,

SUBROUTINE YOURSUB (NC[SE

WPCINTS, W2, Wi)
DINSNSION w2(500), '1()005

IF (1chsn I®., 1) GO 70 20
NEOINTS = 41

A= .3

XioIn

0 4

HZ%Ig = ({1.0 - TaEH)*(I - 1.0)/40 + XIN) :
“1(L) = XIN/W2(I1) ‘
10 COHTIN B :

20  NFPOINTS = 1C0 .
0

= (Lé - 1)/99 * R
= SQRT(R##2 - 2 (LZ)*#2)
100

PRI URN
EifD

If, during the exccution of the two-dinensional digital

filter design program, the user enters uC.lE = 1; the progran

AR NP 4 N e B an R

. . . . 2
will approximate a hype2rbola with eguation Wy = a /(2w2).
Forty-one points will be used to define this hyperhola. If,

on the other hend, the user enters LU....0 = 23 the program S

3,

will approximote a guarter circle centered at the origin with

.. . . 3
radius r and equation w, (r2 - w?z)“.

—y




One-hundred points will be used to define this quarter circle,

( Placement. Subroutine YOURSUB can be inserted into the

! two-dimensional digital filter design program deck in the back
of the program called CURFIT, It can also be written in <he

create mode of editor, saved as a local file called X, and

[ Y e

then compiled and libraried by the program PROFILE,

Program PROFILE

Program PROFILE is used to process files needed by or
created by the two-dimensional digital filter design program
and program PLT3D, PROFILE is written in Cyber Control

Language. The program consists of five separate procedures.

hoodlll
)
v

K though this program is cptional, equivalent commands must
be given in order to process the files needed by or created

{ by the two-dimensional digital Tilter design program and '
program PLT3D if program PROFILE is not used., To use PROFILE
the user must do the following:

3 1. Store program PROFILE in a permanent file called

Profile,
2. Store the binary version of the two-dimensional

digital filter design program in cycle 490 of a permanent

T

file called licltrn,

A A

3, Store program PLT3D \only if used) in cycle 490 of

» o

a permanent file called V3FLOT.
A listing of program PROFILE and a discussion of the Iive
procedures (CC:-PILE, DISIGE, ROUPE, FILFILE, 3011C2) will be e

presented next,

e . e - - LN
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LIERARY,

t *E0F

L RO FOUTE TEFM=EEUIER=CTC,

{ REWMINDYFEILLT «FLOT,
' REGIJEIT s FRRe o6,

COFYSEFs FETULT s PRI,

RETLPMY FESULT s FFX.
FEMUEETsLEL s »i1,
COPYFPLOTCEC.

RETURMs FLOTCELC.

+£0F.

LFPOCs ZOPLOTs TERM=EEUZER=CIC,
ATTACH.PILFILE, YOURFILE,

LIEBRARYs DIZEFLA,
OMLINE.
REWIMD«FLOT.
REQLIEZT DAY o,
COF'Y«PLOTs IR,

RETUPHs DISSFLA«PLOT«PLFILE,
LIERRFY.

, +E0OF
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ATTACH FLOT 20 B FLOT Yy 2,

ERTCHPLOT 20 IHPUT HERE,
FE TR LT 5L,

FILEZ,

«Z0F

2 Zh=Rlh,

FOUTEs PRy TID=TERM«FID=UTER s DC=FR« 2 T=C ZE,

FOUTES CECs DE=PT TIU=TERM FID=UZER ZT=LZE,

ATTACHs DISTPLAL 1D=LIERAPY +» TH=FED,

ROUTE « DAY« DC=FTs TID=TERMs FID=UZEF ZT=C3E.
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Procedvre CCi PILE, This procedure compiles and

libraries the subroutine YOURSUB, The procedure assumes that

subroutine YOURSUB has been saved without sequence numbers in

a2 local file cglled X.

Procedure DISIGN, This procedure first attaches the

Calcomp plotter routines (file CCPLOTS56X). It then declares
the plotter file and the file containing subroutine YOURSUB
\:.YLIB) to be libraries. PFinally it begins execution of the
two-dinensional digital filter design program (binary assumed
to be stored in cycle 490 of file Icltrn).

Procedure ROUTE, This procedure sends the hard copy out-

put Tile \RESULT) to the printer and the Calcomp plotter file
\PLOT) to the plotter. The hardcopy output file will have 5

the banner CIC, The banner can be changed to any banner the

Aamdg o

user desires by changing USZR=CIC in the first statemer . of
ithe procedure to USLR="banner the user desires'", The plot
generated by the Czlcomp ﬁlotter will always have as the
Yanner, the ID that the comnputer system ascsigns the user just
after he logs on to the Intercom system. The user has no
control over this banner.

Procedure PLIILE, This procedvre first saves the infor-

maiion on the file called TA¥E2 in a vermenent file czlled

SALABDN0T, It then batches program ILYZD (asswaed to be
stored in cycle 490 of & file called D32WT) to the innub
cucue., Frogram ILT3D will purge File walaburinC? alfter it "

finishes executing,

Procedure %03k 700, This wroceadure firct attache

S a
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permancnt file called YOURFILYE (created by program FLT3D),

It then attaches the file DISSFLA containing the three-
dimensional figure plotting routines and starts execution of
these routines. Finally it sends the file generated by the
three-dimensional figure plotting routines (PLOT) to the
Calcomp piotter. Again the banner on the plot will be the ID
assigned the user after the user has logged on the Intercom
system, The file YOURFILE will exist for eight days.

During this time procedure 3DPLOT can be re-executed to get

multiple copies of the three-~dimensional vlot.

How to Use PROFILE, Typically the following sequence of
actions and commands would occur during the design of a two-
dimensional digital filter.

1.« The user writes the subroutine YOURSUB in the create

mode of editor. OSubroutine YOUISUB is saved a&s local

file X without sequence numvers (i.e. SAVE, X, NOS).

2. The command "B,B" is given.,

5. Phe command "ATDNACH, PROFILEY is given.

4, The command "BEGIU, CCIFILE, PROFILEY is given. If
the subroutine YOURSUB compiles with errors, the user
must correct the mistakes by using the edit mode of
editor. Then the corrected subroutine is saved as local
file £ over-writting the old file X (i.ec, SAVE, X, OVER,
K0S)., OGteps 2 and 4 are then repeated.

.

5. %he command "HuGIN, DL5IGE, PIOFILLY is given.

6., The command "BsiIN, R0UTS, PRCFILE" is given,

g e

7. The comend "BIGLH, »LrilLl, .ROFILZ" ig ziven. The

At yead,

PR RRREPR, ¥
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terminal will respond with a list of files. The user
should write down or recmember the file listed under
remote input files,

8. The user must now wait until the program PLT3D

R

finishes eiecution. Yhen the user gives the command i

"PITES" and the file that was listed under remote input
files is now listed under remote output files, then
PLT3D has finished executing.

9., The command "BATCH, "remote output file name", LOCAL"

is given,
10. The conmand “"ZDITOR" is given, : }

- 11, The command "EDIT, "remote output file name", S" is

given. :

I3

12. The command "L, A" is given. The uscr must check the L

{ program listing for errors. The most common error is no ;

=

file space available for the creation of the file YOURFILE.
If errors heve occurred, the user must go back to step 7
and proceed from there.

1%, The command “BuGIH, 3DPLOT, PROFILE" is given, The
terninal responds with DISSPLA POSTPROCESSOR FCR OWLTHs
CALCOMP FTOTTZR., DBEYER DIRSCTIVIS, The user enters the

3

cormand "DRA7-1-I1ED3",  Then the terminal responds with
ILD CNLINE, the sequence is complete.
It should ve noted that if the subréutine YOULSUB is inceusted
into the iwo-dimensional cdipital filter deszign program dzck -

X or if a set of points is going to be input into tThe two-

[T RN

{’. ¢inensional digitzl filter decign program during cxecutiorn,

k{'s{:;}
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then the user skips steps 1, 2, and 4,
Y
( Program PLT3D
!
' ¥rogram rI23D generatas the maznitude of the two-
{
¢ dimensional freguency resnonse at a grid of -oints on the
i
i two-dinensional frequency vlane., The coordinates of each
point on the grid and the magnitude at each point are stored
“
on a file called YCURFILE, %The program uses the information
stored on file DATA3DFLOT (originally T4PE2), If the program
runs successfully, the file DATA3DFIOT is purged and the file
YOURFILE is created.
To use this program, the user must replace the current
: Job card with his own job card. A listing of the program is
given velow,
(ﬁ PLT3D Program Listing, .
CIGyCML2 ¢ (T237 23,3770 L Ly Ayt ¢ !
FTN(:=.)
ATTﬁ'Ju"Iv"’r“,j’\ a3 9",
ATTACH DISSFLA,y 3=l T2 "y, 3y=4 87
LIBFA°V FTV$=Lﬁ.
RE“U-\T,rLFIl - OF,
LGO.
CATALOG,CLFILIyYIIPETY "
PURG_’ A"""'ZO
PROGESM PLT ID(THS T, AYTO YT T ABCZ,PLFTLS=])
DIMINETIIL ACRWK(F™ ")y HLITHTE (3, ) yCULVFIT (Q)
, COr=0N /C 5/ HINC Y33, ZURYFLT, KD
EXyTIeney 3
PILI (Ty10) ) 1
15 FO IS ‘.
REFD (2520) (2 UFTIT("12) 4MR=1,0)
20 FOLMAY (V218434 /,1511,9)
REMI(2971) (-H.Df""“('# Yo ¥T21,K)
! 3 FOPYAT (S(TS41,%, 7)) i
; CALL COvE3S :
o CALL BGHFL(1)
v f CALL 717[17(1“' =197 e 9% o)
é ' Coll vy~ (s o’ 009‘.’ )
1 ( _ Call LYL~..)( PR VPR IP Zai9Ceig9ies)
S
,;
-—/g
o
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] Cacl T~8F 23 (~1Le ‘g letyle. s=Lo s 0lyie ty=e2t s tely1423)

. GRLL SUREUNCR, U L3123, ?,41725, WORK)

i caLL b ELOY)

. capp nTavr oy
Sfrs v - 2
ErelT o Ve ,
COvMQE 01T S0V T3, 3 VF:T, KGO !

NIFORITR 4 TRUER(TY, TUTYRIT(G)
EI=Ie480 2044 |
Mz = ¥ v of |
N

5 = M1D eI

PO Lr M= 2,KN0

{ ot S ML TR ) (P RYFIT(L) ¢ CUYEITCINEIL(NW2)
i 1 + CUSVFIT(E)SCAS(2 H2) + CUNWFLIT(2)2COS (K1)
2 $ONYETT ()0 e0AT(ND)
2 + DL VYEIT(IY 00 (ML) X CAST(2+42)
4 + CIRVYFII(TY  SoR(2-9) )
; EOPULYEST (F) €0 T ML) 405 (N2)
48 % FOCMVETT(O) 4 n00{ JrHL)PIDS (20 H2) ) P % (M=)
15’ /A B L
RETIFY § -NT
&
A 1
Design Example
The following example illustrates the use of PROFILE and !
: the two-dimeusional digital filter design program. The i

desired contour is a quarter circle centered at the origin
with radius .7pi and equation wy = (rz - wzz)%. Note thet

user entries are underlined,
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1124 20 LOSEED IH AT 13, 12, .59,
MITH UYEF~TT bip
ERUIRPAFPORT 147085
COMMAHD- EDITOR
. CPERTE
10d= SUEPOUTIME vOUR LR cHCAZEHPOIMT T WS hily
tii= DIMEMZDON L cSnne ol VSO
1a0= HEQINTS = 100
130= F=,7
140= DO 100 L3=1s100
150= WMETLIEy = L Z=13-93 & R
18in= WLILT) = SR T iRees = WMEiLT)ee2n
170= 1ui CONT (HUE ’

130= FETUEH
130= END
200==

LA

100= SURROUTINE YOURSUE CHCASEs HFDIMTSa e W1,
110= DIMENSION WEES000 ehi] SO0,
120= HPOIMTS = 100
130= Fo=,7
14 0= 00 100 L2=1+100
15i0= WME LTy = GLo=10 ~99 & B :
1E0= WLLZy = OFRTFReed — W LT eel) i
170= 100 COHT IHUE ¥
180= RETURN
1a0= END ¥
.o ZTHYE 2 Ha DS
s Ea B
COMMEND- ATTHCH.PROFTLE
FEH 1:
PROFILE:
AT Cyv= SED GhEARIT
TOMRND- BESIH O OMETLE SR

-
=
.U & 'r izuﬁﬁ" Cﬁ'r

LE
LATION TIME

HT LT’ ﬁﬁﬁ *H ﬂ

CHPCPVL 00000000080 0000 0004009000000 00000000000 0982P0 AP0 000900
SRGEMAM FOF THE DEIIEL OF TW=" 1900 [O0e. S100 T8 IDFL T8 PEIFUNLE

FILTEST R2UNS T2 " T ~te TEAan /e mATION
$89 0000000000900 0200 PPPPI 4400052000358 0280000480020 8000605000000

FTWIDN O 6 mieh 1.0, THE BALIFER
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D0 DU WITH TO ARFPOSIMATE wOUR 2-D COMTOUF WITH A FOUR OF HIMNE TERF
AFFRONIMATIMG FUNCTIONT EMTER 4 OF 2.
3
DO YOU HAVE A PREDETEFMINED SET OF APFROXIMATING FUNCTIOHN COMITANTST
0
ENTER THE 1-I FRERUENCY THAT YOU WISH TO MAP TO ¢OUR &-D CONTOUR
L0 TO 1.0 % PDD.
DO YOU HAWE A PPEDETERMIMED SET OF COMSTRAINT EQUATIONZ?
0 N
CHOOSE OME OF THE FOLLOWING COMZTRAINTS BY MUMEER,
12 M=0 MAPS TO w&shi1r =000 23 W=PI MAFS TO ¢WE&sWlr=cFIsFIY |
3 EOTH 1 AND & AEOYE
1
DO YOU WIZH TO ENTER A ZET OF FDIMTE THAT DEFINES YOUR COMTOUR?
0
IF YOU HAYE H CASE MUMBER ENTER ITi OTHEFMWISE EMTER 0.
(X
YOUF COMTOUR WITH vOUP FREDUENCY FRODUCET AN ILL-DEFINED MHFPING
FPOM THE W-RXIS TO THE M&wi PLAME, ENTEF OME OF THE FOLLOWIMG
DFTION HUMEERE,
1. CHODIE DIFFEPENT FROGRAM SEMEFRTED COMITRAIMTS
&r EMTER 7O Dwh COMITRATHT EQURTIOND ;
v ENTER A FET OF AFFPOMIMATING FUHCTION COMITANTE ;
41 ITART OWER S TEY LUACING £r TEFMINATE ThI: PRPOGFANM |
5 {
VOUR OFTGIMAL FPEQUENCY WeG BEEN ICRLED 7O  L230330PI.  THE SCALED]
FREDUENCY WILL EE MA=PED TO wOUR CGHTOUR,
ENTEP OME OF THE FOLLOWIMG UFTION MUMBERT,
1+ ITART OVEF 2 TERFMINATE THIZ PROSFAN 3 COMTINUE

R T T N T L I TR
LINERP LEMIT 20LAFED AFFPFOCIMATIO: wiTd 100 TRALINTT

T RREROCIMATION HAT THE FORMI Findleinls = A + Eo0Q] vl + o000 higy

Iol0 vnlv el T vtz MITH

S SIREFU L= N TR R L T U
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1
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THE 1-D FRECUENLY THAT MAF: TO THE UZEFI 2-D COMTOUR = SEIOEZURT,
PLE00000000400080000000000000000080080800000080804908000008000006600(

ENTEF AH ODD FILTER ORDER OF 113 OF(LESS.

&1 a
HOW MAMY TRANSITION BAMDT DOEI THE FILTER HAYE®

1
FOR €ACH TPAMZITION EAMI.

ENTEF THE BRAND EDSE FREGUENLIES

-1"13

EMTER AN IDEAL RAEXOLUTE MAGHITUDE FOFP EACH BRAND
OF THIE PROTOTYPE FILTER f<UEUALLY 1 OR 0.

1s 3
ENTER THE FATIO OF THE EBAMD ERFORT OME HUMBER

FOR EACH EAMD}, FOR EXAMPLE A 2 BAMD FILTER
MIGHT HAVE AN ERRDOR RATIO OF 1s 10. S,

‘s 1

——

I

$0000000000000000000000000000000040000000000000000800900000000000484
OME-DIMENESIONAL FIR FFROTOTYFE FILTER DEZIGH

FILTER LEMSTH = &1

BAMD 1 BAND 2 EAHD
LOWERF EBEAMD EDGE Do ODODQOGHD S S ) .
UPFER BRNHD EDGE C1ORnanarD 1, 0000GRooG )
DEZIFED WALLE 1o LTI 3o U, Don G
MEISHTIMG S AR 1, O0000agnn
DEVMIATION D = b c it L DITANRTLE
-3, FFe4E721E

DEWIATION IM DR -24,91703712%
PP LIPS PEIEEPIPEPSIS0P0 02030008000 0008020830080000080400000000000001

Do vOU wmiik 7O ReELE3TH THE FRGYOTVRE FILTERT

Lo voul WIZH TO COHTIMDE™

SR PP PP 0000090000000 0 0000080080000 0000P0 PP 0000 PPV IPIPTRFEIIELEIBIeN
TEF DEIISH

THZ=DItEr-210nsl FIF FILTEF

FOInTZ FILTZF

=1 By =i JAMFLE FO
MAGHITIUDE CF TRE 2~D FREOUENHCY FII-ONIE [ TR ~1577 J=DFANT
LTHE FREMIIFEDSY RFIRAMLF 1T FROE SRl esnT 1 n 70 1
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YTHE TWD-DIMENTIONAL IMPULIE FEZFONTE IS BEINS
MRITTEM TO YOUR HARDIOPY OUTPUT FILE (REEULTIS,

PEOPPPPPPLL 000000000V PPP0000 0000002800300 50000000900000000000000000001

FOFP W = 0O, 0000PIs oldcabily =2

l1

22 i
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r
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FOF W = L1SDRRTY chiZebily =2

FOR W = JIODORTs sl =2
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Tes
Foninin. momain o AR ROOT SRR Y 2 o
}'vf'i 7T e e e o 2 ey s LG Eperrs i U by

(R}

1
0o w0 WISH TO HAYE TREULAF DATA FOR AHY COMTOURSE IM THE FIRET i
CUIRDFANRT OF THE Wyl PLAME FRIMTED OUT OH YOUF RAFDCOPY OUTPUT FILE
(REZULTN?

EHTER W <0,0 TO 1,0 OR ENTER & TO CONTIMUE WITH THE FROGFAM.

HOW MAMY POINTE DO YOU WANT DUTPUTY

hi=s 0, ouan 0, oo 0. 00 o, nogn 0, QONG O, O0oa D, oo0a
s ] R . DG PRERNEET o KON , D L Oy

ENTER W «0,0 TO 1,0y OF EMTEF & TO COMTINMUE WITH THE FROGRAM,

HOW MANY FOINTE DO vOU WAHT OUTFUT?

higs (e DO UL . 1327 190 o 225 L 2317 o IH2D0
hi1e o JTEH ] s 37 L2771l 2112 . 1aa2 121G

ENTER W <0, 0 TO 1.0 OF EMTEF 2 TO COMTIMUE WITH THE FROGRAM,

HOW MAMY POIMTZ DO w00 WAMT DUTPUTY

s O, 00 o a7 L BESE L1230 1T JE1ET L 2SEN
Wy L2SFT 2T SOREE oD Slmd Litaas RIS
EHTER W 0,0 TO 1.0 OF ERNTER & TS COHTINUZ WITH 7r 2 FROGSST

rAHY POTRTI WITH COLFDINATE: =, 1% =, &5 A58 Ifd~0lDl mih LeloalD

g vOu WART TO CRFEATE A FLDT FILg IR THE CALICHY L7 TERS

e —— v -

104




oy

DTG

LR

3.l CF

.-

WaiT TO

THEZ DTH

CFERIE A DLIT

~ECUIRED FOROT
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HE DIZIRLA FLOT I: HOW Gie TAFEZS

PORMEL FROERAN TERD

Lo MEETMUM EVECUT DN FL,

RECONDE

COMMAN - BEESINFOUTE.AFOIS LD
COMMARD=- BESINELFILE =~ 3= 1LE
--LOLAL Flizi--

MVLTE
-—FEMDTE
oIS 00

EIte=0IT
IMNFLUT FI
A

HEWZYCLE CHTHLO:

FP = 00
CT ID=
T o=

COMMAND-
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Uﬁg-é&;éF

FILES

-~LOCHL FILEZ--

MYLIE

EIMFUT
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IT D00 S
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CIg0ng

COMMAMD~ BATCHs CI4004 1 LOCAHL

COMMAMD-

EDITOR
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EDITs 14

g be &
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"L,H
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110=0
120=

1:

]

G

140=
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1z20=
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200=
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o

PROGRAM PLT

EZECUTION TIMz.

+FEOFILE
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LOMBEET LIME WRT 128

=0 7474 OrT=1
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EXTERNAL
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ITds b oanh

G Rt DFT=1

FidcTIOH Rolaeye
COMMON ~0OHE. HIDIHEE. CLFYFITe b

DIMENIION HIDWCREE ST CUHFWFIT o3

FI=3,14193205 30

Wl

110 1

on

150

e FI

% e = A
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Apvendix B

Listing of the Two-Dimensional

Digital Filter Desipgn Program

This appendix contains a listing of the two~dimensional
digital filter design program developed in this investigation.
The program is written in Fortran IV extended and uses

overlays to reduce memory requirements,
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e
E
v

4

OO a0 e X XaXe X2 Xv o Xe R X2 K2 X Xe R K2 A A 2

THIG P 50664 3T5T3NS THA=OTYIHLIGhrL,y LANEAK DHIF -2 NVARLANT,

LINE AR 'F!3 g SINIY™ TMONLST RFSP0RSEy NTCITAL FILT=RS

gy YCIq3 THT O ASCLTLL N . PAML BIRMATIONL.  THI USER T84 TH335Z TG OJST IS QORI

THZ FZ‘"T LR OITEONY GO 4fCLELLAL TRPANSFORMATION,  THz SI7E 0F THE 2-0
}

FILT P §HE

THT M5 14 MLl DER1IGH (AN E CHANGED 3Y SHANSING T4°

DIAEMSIEr ® AF THT A= AY~ I=YT, i, ALFHA, ¥, Y, H, .XT\, JES, GR1D, WT,
HEDSHES, Hi1l, JAV, H N84T, €200, HEEK, CoGy AND H2D! AND THE VALUE OF TH47
VARTARL® NEMPYAS THNOTCLTIA BT CovHMINTS IN THE YARTOUS SECTIOKS OF THE

PR

GFham,

AUTHOR = LRYTN (T337 7LLA

FIx FAS°T T STITUTE OF TLCHROLOSY
CEBY_MRBTR 4 an

BohP st a2LBGursMT NN VU T 2 b REA RN AP I BN SR ABNPAGEANRE G PN LN %"

I LAYOMOL 37y )

BLEG AT Ao S AT ALY EX L CN A a o, FEFLRIXQFL 37 ARIZLBALRY A R0 0D R sl d XUV o N~

PROSFLM CONTEOL "TNOUT, L, LTFUT RESULT 9 14PEL=RISULT,TLRZ2,PLOT)

THIS PH2GFA'E SALLS 77 L7X CEAGRAMS THAT CONSTLITUTE THE 2-D DESIGN FACKAGZ,

COMMOY 7oA BZALNCUERY /P R/ U-VFIY J050/MY0PT2
Co¥vDN /3079y N"Tr, 4YJ FTS, MYOPTHL.
COMY Qb /3NF/NST T /EQUR/MOTEAN /FIVE/H /TEN/H2354?

c
i NIYENSION HATSHET(EY) 5 GLRVFIT (10D, HCTRAN (343)y H{3%)
s DIM-CCIAN H2NAHT (6T,57)
j c
- y ThL mOLT N
¢
; WEIT I (1)
; 5 FGIZRT (27 41X, P {AHY ),/ yaY,
1 "EUGPA™ FOR THE DESIGN OF TAS-DIMENSIONAL®
{ 2 % CRTTe IMPULST (ISPINTL"s/yiiX,"FILTEKS USING THE MCCLE..AN "
2 CTORUSEAMATTON 3/ X, T L (IHY) 4/ /)
SeINT O
‘ 10 FGRHAAT (274147 (%Y, 7 41X,
1 “EPOGRAM FGR THo DESIGN OF TWI-DIMENSIONAL™
2 " FINIT- IMPULET I=SRONST™,/,1EX,"FILTERS USING 742 MGCLEL_AN ™
( 3 CTIAMS FORMATTON /7, AX9 71 (4HY) 4y /// 4a4X, "ENTER ALL FREQUENCIES"
4 wOorN RALNTAMNC BITWIE P Bk AND LeBs THE PROGRAM™,/,4X,"AILL *
5 wAITIM TICALLY MULTILPY TIMES FPIe"™s// s4X,"IN RESFONSE *
¢ b “T0 YES/MI M'TETIONS t ENTER € FOR NO ANN L FOR YESe™,/)
c
C PRAGPAM CUREIT CALS'MATIS THF AGPAROXIMATING FUNCTION
£ ¢
CAL. CVIRLAY(TH% Ly, ty
c
 C IF THE 6PPLOYIMATION PRITISS SRULUCES UNSATISFACTORY RESULTS, THE USE&% CANL
C TERMI IBTE TAF 2«0 DTG PROOKAM,
¢
E IF(AYUPI 7 oEGs & o0Rs MYCPTHE JEMs U o0 MYOPTL: (E3. 2) GO TO 6O
c
C PKOG <A PROTYPI CALONLATES THE IHPULSE RECPONSE OF THE ONS-DIMENSTIONAL
( C PROTOTYFL FILTER,
c
) CALL GVERLAY (3HM I 43, 33
C
ji*n_g IF THE JSER ONLY ATSHES 70 NESTON A ONE-DIMENSIONAL FILTES % 45 CAN TERMINATE

MMWWW%W”WNMWMﬂngmevH, % o s

BN e e

EN P Y

v

b I i -
N i




[PV I

[e N N] OO0

(o] OO0 OO OO

QOO0 (2] O0O0000O00O0O0OO0O

THE 2-n DESIGY PRSP N,

PRINT &

26 FOr~bl (/7 4aXo"™™ 0 YY) WISH 10 CORTINUI®PY, /)
KEAZY g MO OO L
TFREMY(BTL  FY, ) G0N TR &

PROG AL FLICHT R, SXTAND, AT PACVYCHE SOLCJLATE THT TWI-3IMENSTOINAL
IMPYLRF KESRGISA,

CALL CVIFLAY(IHMTL 4u, )
or T 7.
37 FOnMpAY (7 J4NX"™0 YN WISH 70 C/LCULATE THE 2-0 IMPJLSE FESPORSE"
e /)
iEaUL,MYEOThi
LR YUFT L 57, Y () T A
CALL (VLAY (TR 45, 1)
CALL CVERLAY(SHAT 35, 1)
i  PRINTLY

P

)
51 FORMAT (LV,74(17*))
PROG wAM GI AOH SENTRETTS JATA FQF THE CALGCOMP PLOTTEL .
CALL CVI RLAY(IWUM L 42, 5)
6" STCO" NIYMAL £ NG . AM T EPMINATION"
NP
BELF NP A E AR R EIR LD ABE LIRS, JREANA AN DO DAL AREE R ERP MG I PP P EE R X E PSSR

GVERLEY( ¥ L 41y 7)

P e R R PR SRR T VS O O R R T LIS TR R NS SR I RN

PROGREM R FIT

THIS PRJGHAM OTRFIRME A LINT AR LEAST SQUARES APPROXIMATION WITH CONSTRAINTS,

THE USLIIS THy=CIMENTTONAL CONTOUF, DEFINED BY A SE7 0% PIINTS, IS
APPROXIMATFY) Y THT FOLLAUTNG FUHLTIONS P(W2,W1) = A*GL(W2Z, K1) +

B¥G2 (W2,Mi) + DAGI(WI, KLY + DXGY (W2,W1) + Z*GE (W2,W1) + F*GH(W2yW1) ¢+

G*G7 (W2, W) + 4A233(W2, W) + TI¥GS(WZeW1) OR P(W2,W1) = & ¢ 3*COS(WL) +
C*¥COS(WZ) + C+20S(WLI*CIR(W2) + C¥COS(WI)I*COS(2H2) + F*2O3(2W1)*30S(H2) +
G*COS(2W1) + HeCIS(242) + T" COS(2HL)YCIS(242), THLS PRI5SAM CA_SULATES THE
VALUES ZF A THRNOUSY 7 T THT ABGVL EQUATION

COMMCE /PRI ETRAN /83 FR/LUnVFIT  /CCC/NYOPT2
CoHM~Gh /NDL/MYOCTT AYIPTA,VYDPTL

CIMENSION MCOTAANIZ,7), CLRVFIT(12)y A(18418)y R (18)
DIMz HETIP W2(Ba% UL (5 ) 4GSyt Ll )y D{Gy1v)

MCTRAN STOR: S THE NTI' = ZINSTANTS OF THI MCCLELLAN TRANSFGRMATION. IF THE

FIRST OROER MOZLELLAY TRANSFORMATIGN IS UStD (MYOPT2 E£QUALS FQUR)Y, FIVE CF T-

NINE CONSTANTE WILL ©% SET SQUAL TG 7ExR0. THE FIRST NINE SLEMENTE OF
CHRVFIV STOXE THZ NT'F CONSTANTS OF THE APPROXIMATING FUNITIONe THE LAST
NINE ELEZMINTS STORE THE LARRANGE HULTIPLIERS, WHICH ARE NIJT USED B8Y THIS
PROGRAMe W2 AND W1 STORZ THE COGPGINATES OF UP TJ 30u PJINTS THAT ARFT
SUPPLIZM BY THT UST® T0 JEFTME HIS CONTOUR IN THE W2,Wil 2_ANE,

D IS US-D T2 “AVFE THD CORFFTFLIENTS UF THE CONSTRATNT c£QUATIONS.

ZELL HACTRAN

PI T4 41592657 390

THE USSR CA% CHMROST "0 USE FITHER THE FIRST FOUR TERMS OF P(WZ2,W1: OR
ALL NIND TEIMN,

18 PRINT 24
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20 FON4aT (/9 ieYy 3300 YO WISH G AFPRIXLMATE YbJ< 20 3UATOUR WITH
14 FAUFE JF NINT T72H, /30 Y Z2oHARTROXIYATING FUNCYTON?  INTER 4% CGF 9,
2 /)
QELDY Y (2T 2
IF(AY(RT 2 JHNE. - JAdT. MYAPT2 (NF, &) 50 TO i
PLINT @«
e FQRvAT (79 LXy 5300 YOU RAVS L PREJETERMINEYD STT OF 4PPROXIVATING
LFURITIOGH - DHSTAYY §2, /)
READ* MYCOT 7
IF(MYCRIT 576 1) GG 7O =7
CH PRINT .
6L FORMPT (/yuXy SLUENTZD T FC 1= FRENUENCY THAT YOU WISH TO M&P TR Y
10UR 2«0 CONTDT /54Xy 23H 1, TC 288 (X PI))Yay/)
~EADY G F
IFIF (LZe ) 006 F .54 1) GO TO b
COSW = ZOS(F“nT)
FRINT 8
8 FOR™MAY (73:X3367°70 YOJ FAVE ¢ PREDETERMIMED SET OF ZIUNSTKAINT €£0U
LATIONS?, /)
FEADY MY DT &
IF(MYCPTL LE”y 1) GN 77 14
g8 PRPIIT 1§
103 FOrwAY (796X, 3" HTHNISZ (NE OF THf FOLLOWING ZCHSTRAINTS 8Y NUMREK
Los/yb¥s284L) W= MPES TGO (UZyWL)=(Fy3)96X,
2 I1HZ) A=PI MBS TN (b2,W1) =(PI,PT) s/ 46X,
3 2iHR) I)TVH 4 NL 2?2 AACVE, /)
REAN yMYORTY
IF(HYOPTE 48Ny 1 o707, MYC(PY:, LEQ, 2) NCON = 1
IFIMYOPTE 45N Y HCON = 2

IF THE PPOGRRA 4 SUPRLTIC THE (OMSTREINTS, THE LOWIR LREFT 24T OF THE A ARPAY
AND THE LOWzh 2ART 07 THT 8 ATKAY anE SET UP ASSUMING THAT THz ZONSTRGINT W=
MAPS TC (HW2y W1) =(PT,4"I) "AS CHOSEN ®Y [HZ USER, '
B(MYOQFTz+1) = 1.
po 1.7 K=1,vn0N
G 13t J=i,4Y0FT2
AMYJRT2+%, 0) = Lo
154 SONTINIT
167 (ONT INUF
IF(«YCPIE JE™ 1 6D TO {15%
IF THEZ USEP CHI08TS "TH™R PRECGRLM GENERATED COMSTRAINTS, ON.Y A FEW ENTIIES
OF THE 4 ANY 3 BRDRAYST MUST QF CHANGED,

BMYOPT24NZ(N) = ~1,?
A(MYOPTZ #420N,2) = -1,?
A(AYOPTZ 450N, 2) = «1,10
IF(MYGPT2.NEs 9) GO T3] LG8
AMYOPT2 443 0M,5) = ={,1
AMMYOFT2 #15CNy ) = =14,1

GG 70 13t

HERE THf D'SZF JAN ENTER HIS (WN CONSTEAINT SQUATINNS. ZAZH CONSTRAINT
EQUATION USES QONE R0OY¥ OF THI A &RFAY (LOWER LEFT SECTION) AND ONE ENTRY OF
THE 8 AnREY (LJIWER 35CTINN)

1112 PRINT 121
129 FORMAT (/4LX,#4""ZNTER T FE NUMBER OF CONSTRAINT EQUATIONSe,/)
READ¥ 4 N3 ON
IF(HCON oLTe 1 4NRe NCON oG e MYGPT2) GO TO il0
IF(MYOPT2 LENe &) PAINT 131
130 FORMAT (7 HuX455HEACH G CNSTRAINT EQUATION MUST HAVE THE FOLLOWING
1 FORMIy/ 44 %554HMOS(W) = A + B¢COS(W1) + C*¥COS(W2) « D*COS(W1)*COS
2(H2) o9/ 94Xy EBHTVTER C£OS W)y 31, COS(W1),y COS{W2),y 3I5(W1)*CIS(W2),

3 AND CARPYAGE o9/ 44Y,26HKFTURN FOR EACH CONSTRAINT EOQJATIONe,y/)
SO s mw o ¥ " ; . ey i CScie v ~

v, RACTighs ]
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TRGIYERT 2 o FA, 3VTRITNE T T T e
14y FORMAT (7 b} y™ HEACH CCNSTRATINT ZQUATION MUST HAVE THZ FOLLOWING
L FOSME,/7 uXy33H7NS(W)Y = A + BYCOS(W1) + C¥COS(W2) + JI¥Z0S(WL)¥COS

2(W2) 4+ s 94X, ST FINCOS(WL)*COS(2H2) + FXCOS(ZAL) *COS(WZ) +
{ 3 GECOS(2WL) + H¥POS(2W2) + 2/ 3uXyELHI¥COS(2WL) *30S(2W2) .
GENTFR CIS(H)y %, CCR(WL) y CuSIW2)y/ ,4X, G2HCOS (WL F225(W2), COS(H
54)¥30S(2¥2), 5NSI2WL) *C0S(N2), COS{2WL), /y4Xy57HCIS(2W2), 3DS(2wWi
" SYECIT(2HZ), AN “ARYIASY RLIUKN FOP TACH SOUATTONey/)
E GO 4.% LRTAP={,%NCIN
150 PEAD y RIMYATT24LREAT)y (A(MYOPT2+LREADy JZ)y J7=1,HI2PT2)
c
¢ C THZ UPP: R RIGHT FNTR FS NF THE A ARRAY ARE ENTERED. TASH SONSTRAINT FOUATT O
C USSS 0HE CCLUMN IN T'TS SERTTIOR OF THE A AIRAY.
L ¢ 155 PE 470 «2z{ 40N
0 15 ¢ 19=1,MY (P12
i 8 (JP,MVAFT24¢P ) = A(MYCPT24K?,4JP)
1€ 3 SONTT N
17 CONTTVUE
g ¢C
C THZ LOWFF KIGMT SENT AN 7F TFS & ARKEY IS TERG FILLED.
c
{ PO 0 NA=1,NCOM
NO 137 N8=1,NCON
A (MYNBT PENALMY COT24RP) = %,
¢ 199 SONTINHT
269 CONTINUE
c
{C € HERE TH- COIFSICISNTS OF THZ SOMSTRAINT ZOUATIONS ARE SAVED SO THAT
C THESY CaN FE PITNTEN LATFER,
¢
{ DO 2.5 LSA=4,NONN ;
Di.S% s1) = 3(MYIPT2 + LSA) ;
P J0 294 LSN=1,MYNPT2 }
(' T(LSA .LSA+1) = A(MYOPT2+LSAyLSB) j
204 SONTTMNE f
2545 CONTIN' :
{ ¢ :
C HERE THZ USIK S*N Iw"cw A SET OF POINIS (UP TO 50L) TO DEFINE HIS CONTOUR
C IN THE W2,Mi PLANE,
( c
PRINT 21t
214 FORMAT (/,LX,A/7H0Q YOU WISH TO ENTER A SET OF PO0INTS THAT DEFINES
( 1 YOUR CONTYUR?, /)
READ* ¢ MY OPT S
IF(CAYOPTE «NF, 4! G0 TO 250
( PRINT 228
220 FORMAT (/44X,37'HOW MANY POINTS DO YOU WISH TO ENTER?,/)
READ* 4 NPOINTS ,
{ FRINT 23¢ i
230 FORMAT (/,uX353H NTER THE (W2,Wi) COORDINATE PAIRS (W2 [S THE HORL é
LT7ONTAL AXIS)es/ 9sX 932HCARRIAGE RETURN WHEN COMNENIENT«y/) .
'8 DO 240 NO=1,NPOINTS
READ®, W2(NF), WL(NF)
24 CONTINUE :
¢ 60 TG 27¢ |
c 1
C HERE THE USIR CAN ENTEK HIS SET OF POINTS BY USING A SUBRIUTINE THAT CONTAINS
¢ € THE EOUATION THAT DEFINES 4IS CONTOUR IN THE W2,W1 PLANE.
c
{ 250 PRINT 25¢
( 260 FORMAT (/,uLX,54HIF YOU FAVE A CASE NUMBER ENTER IT! ODTHERWISE ENT
1ER Goy/i
READ® yNJASE
G CALL YOURSUB(NGASE JNPOINTS,W2, W1)
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S THE UPPER LZFT SEITT N oF THE A ARFAY IS FILLED USING EQUATIONS OF THE FORM

NP CINTS
A(KARYKAC) = A(KAT,KI1) = sYmr G (W2 HyWL )5 (H2 4 W1 )
=1 KaB 1M IM KAC M IM

273 DG 275 LN=14NPOINTS
G(LyLN) 1.3
G(2yLN) COS (W1 (LNI*¥PT)
G(I,4LN) COSM2(LHY*PI)
G+l V) G(2yLH) * G(ZyLN)
IF(MYIPT2 , Ny &) GC T 275
G’ yLN) COSWL(_N) *2 ¥ PI)
G(sylN) GRS (M2(LN) ¥2 + PI)
CRERIR D) GE24LN) * G(8,LN)
G(3yLN) GET9LN) ¥ G(3,4LN)
G(34L V) GI74LN) ¢ G(E4LN)
275 CONTINUF

I O TR TR R O R VR ||

00 Z.% ¥A3=1,MYQPT2
J0 299 KAC=KAR yMY) 272
A (KABYyYAC) = : 47
ne 287 TV =1,NPOINTS
ACKAB,KAC) = A(KAB,KAT) + G(KAR,IM) * 5(KAC,1M)
CINTINUT
A (KAT,vAB) = A IKAB,KEC)
291 SONTTNIE
3ny CONTINUE

rn
o
<

THE UPPER SICIION J3F THE 3 ARRAY IS FILLED USING ZQUATIONS JF THE FORM!?
HPOTNTS
B(LAM) = SUMt  COS(W)*G (Wg  JH1 )
L AB=1 LAM IM IM

DO 228 LAM=1,MYIPT2
B(LAM) = G,
30 318 LA3=1,NEOINTS
(L.AMY = 3(LAM) + COSW * G(LAM,LAB)

3148 SONTTN!'E
324 CONTYINUE
THE MAT~IX SQUATION ° = AJURVFIT 1S 3SOLVED FOR THE CURVFIT ARRAY.

NEQ = MYOQOPT2 + NCON

CALL LINED(Ay3,C'RVFIT,NED)
IF(NER «GTe 8) GF TO 38}
PRINT 32¢%

325 FORMAT (/,4X,57HTHE MAT RIX EQUATION DOES NOT 4AVE A UNIQUE ScLUtl
10N WITH THE STZT "F,/,4Xy 69HPOINTS CHOSENe ENTZIR 4 T3 START JVEK O
2R £ TC TERMINATZ THIS PRCGRAMe,/)

READ* 4MYOPT Y
IF(YYOPIC +E% 1Y GO TO 17
60 TO ust

330 IF(MYOPT2 +E0e 4) PRINT 34

340 FORMAT (/7 HUX,y&fHTHE AP FROXIMATING FUNCTION HAS THE FORMty/ y4X,
1 B7HI (H24W1) = A + A7 COS(Wi) + C*COS(W2) + I*COS(ALI*COS(H2),

2 9 /9 Xy L3HENTER A THROUGH Dey/)
IF(WYOPTZ e« ENe 3) FRINT 356

350 FORMAT (/7 HbX,4 HTHI APPROXIMATING FUNCTION HAS THE “OIIMUy/yhX,y
1 SE8H? (U2,W1) = A + B*COS(WL) + C*COS(W?) + J*COS(WL)*COS(H2) 4
[4 ,/,MX,STHE‘ 0 (HW1Y*S0S(2W2) + F*COS(2W1)*0OS(W2) + GrCOS(2W1) +
3 H¥COS(2HM2) +4/4 X u0OHI*COS(2W1)*COS(242)e ENTER A THROUGH I49/)

READ?Y, (CUQVFIT(TCUR),ICLR=1,MY0PTZ)

ONCE THE APPROXIMATING CONST INTS ARE FOUND, THE MCSLEL.AN TRANSFORMATION
IS EVALUATED ON A 441t POINT CRID IN THE W2,Wi PLANZ TO SEZ IF T4E MAPPING

FROM THE H-BXIS TO T'E A29W1 PLANE WILL QE WELL~- DEFIN”D.
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f 360 00 330 L2=1.21
LC=22+L7
WA = I * (iC-1) /2%,
. N0 379 LW=1,21 "
LD = 22=LW
WB = 9 1% (L7-1)/20,
LF(MY M T2 50, 4) CHECK = CURVFIT (1) +
5 SUPVFIT (2)*50S (HA) + CUFVFIT(3)¥COS(WS) +
i JURVETT (4) *COS (WA) *COS (W3)
. ~ TFIMYORTZ 480, 9) CHECK = CURVFIT{1) +
SURYFTT (2 ¥CIS (WA) + CURVFIT(3)¥COS(WS) +
SURVF I (4)#COS (WA)*GOS(WB) + CURVFIT(5)*CIS(HA)*
30S(2743) + CURVFIT(E)*COS (2%WA) *COS(WB) ¢ SURVFIT(7)
PCOS(2*WA) + CURVFIT(8)7COS(2#WR) + SURVFIT(3)
*COS (2" WA) *CIS (24WB)
I IF(ABS(CHECK) 46T. 1) GC TO 394
373 SONTINUE
380 FONTINUE
] GO TO 4565
330 PRINT (D
409 FORMAT (/5 uX, RLHYOUR CONTOUR WITH YOUR FREQUENCY PRIDUCES AN ILL~-
L 1OEFINED MABPING,/,4X,63HFROM THE W-AXIS TO THE W2,41 PLANE., ENTER
2 ONT OF THE FOLLOWING,/,4X,15HOPTION NUMBERSey/y5X,
3 LGHL) IHOOSE NIFFEIT AT PROGRAM GENERATED CONSTRATNTS,/,5X,
36H2) ENTER YOUR OMN CONSTRAINT EQUATIONS,/,6X,
ETH3) ENTED ¢ SET OF AFPROXIMATING FUNCTION CONSTANTS,7,5X,
13HY) START NYFR,%X, 1uHS) TRY SCALING,5X,
» 25H5) TEIMINATZ THIS OROGRAM,/)
|- KEAT y MY GPT 7
IF(MYUPT? LEQ, 1) GO TO €1
1 IF(MYCPT7 4ERe 2 GG T) 141G
IF(MYOPT7 B2 3) GO T 33
-~ IF(MYCPT7 oEM &) GO TN 15
i IF(MYOPT? LEN, &) G) TO 257

(AN o

ot ——
s

JURE N
P‘
TE W

e
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o . TN

IF THE MAPPING FOM HE YW-AX3IS TO THE W2,Wi PLANE IS ILL=JEFINED, THE YSER MY
WISH T0O USE THT SCALTHG PO0UTTRE, IT WILL USUALLY PRODJSE A WEL.-DEFINED 3
MAORPING, HIWTVER, T1!Z SNALED" FXEQUENCY MAY NOGT ENJAL (0% ZVEN 3c CLOSZ T90) %
THE VALUE 0% THE UREES D7I5INAL FREQUENCY. ;

DQOO0OOO

Y TMAY
FMIN
HTRY
NK = 143
LG 637 I=4{,"TRY
! 90 42" J=14NTRY
TF(MY N T2 oNZs #) GO TC 4145
S = CUSVFIT(1) + CURVFIT(2)¥COS(RPI*(I=11/NK) ¢
SURVFEFTI™ (2)*COS (PTIY (J=1)/NK) + CURVFIT(4)¢
S0S(PT (I-1Y¥/NK)FL0S(PI"(J=1)/NK)
50T0 18
410 § = THPVYFIT(L) + CURVFIT(2)4COS(PI*(I-1)/NK +
SURVFTI (3} *20S (PIT(J=1)/NK) + CURVFIT(4)¢
SO0R(2T (I-4)/NKY*Z0S(PI¥ (J=1)/NK) + SURVFIT(5) .
PCOS(C ¥ (T=1)/NK)*COS(22PI*(J=1)/NK) + :
SURVF T (€ *50S (2%PI* (I=1)/NK)*COS(PI® (J=5)7NK) + ,
SURYFIT(7)%C0OS (2¥PI¥ (I-1)/NK) + CURVFILIT(8)*
S0S(2*cT¥(J=1) /NK) + CURVFIT(9)*COS(2¥PI¢(I~=1)/NK)¥
SOS(2*PTI*( 1=1) /NK)
438 FMAX = ArFGXL(F MAX,S)
EMIN = AMINL(F FINGS)
429 SONTINYIE
439 CONTINUF
2e/ (FMAY=FM N)
CirFHAYX =«
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CURVFIT(1)
CURVFTT(2)
CURVFIT()
CUPVFIT(L)
IF(MYOPT 2
CURVFIT(®)
CURVYFIT(E)
CURVFIT(?)
CURYFITLR)
CURVFIT(S)

(2]

CLXCURVFTIT (1) ~ T
SL¥CURYEITC D)
CLXCNRYSIT (D)
SI*TURY TIT (L)

Ny Y GN TO LLt
SLYCURIFITLR)

0L ANRYFIT(S)
TLECURIFTIT ()
SLFTURVETT(E) '
CLXTNRYFETT (C)
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443 WO = ECIS(312395M - 32)/P1

e

SV )

7

6 R

ChY i)

F o=z WS
PRINT &35

453 FOR“AT

FO 3

LgA®

s/ 9E¥ gL THY)
1143) 3
READ* ¢ MY COT 4D
IF(MYCPT 1. 4 ER,
IF(NYCPT Y 457
LES IF(MYCPT 2 o F

F oA

HERE TH*"
FUNC
ST

FCOLELLAN
TICONS IS
NGLE AMGLE

QOO0

MCTRAN (L, 1)
MCTRAN(Z41)
MOYRAN(L 42)
MCTIAN(242)
GURVFIT(E)
CURVFIT(E)
CURYFIT(?7)
CURVFIT(8)
CUFVFIT(®)
GO 70 58
MOTREN(L,1)
MECTZAN (291)
MCTR2L (1 ,42)
MOCTPAN(242)
HCT?AN(Z,i)
NCTQAN 19 2)
MCTRAM(391)
MCTRAM(1473)
MCTRAN (34 2)

oo
U S g

k57

» on own R g

Pl

c
C PROGRAM
C

QUTAUT SE3

[y

458 1F(SYOPT2
IF(MYOPT 2
IF(MYGPT 2
IF(4YGPI2 4 E0,
TF(MYOPTZ L EN,
DO 33 L1
IF(KYIPT2
TF(RYIFY2
TF(NYIPT2
IFIMYDFT2
CONTINUE
PRINT 510,°
HRITE (19510)
4608 CONTINUES
471 FORMAT (/7 42
£ON WITH COVSTR
22541)

o Fe
e £
o £

459

9;:.\“":7.'.
Uk ~“OKTIU e 9/ /y

,QNW{NU'

(/4 0¥ 44 THY QYD IR IGIMAL FREAUINCY HAS 3ZIN S28_E0 TO

THE
4
ST ART

SCALEDC,/

VT RyEX,
2 /)

b
T
T

47
-
an,
Le

TTANIENRIM ATION

TUNCTTIONS RET

CUTYETT (L)
SIWVFIT(2)
CICVETT(3)
CUTVFTT (%)

SUTVEFTT (L)
SHVFITA(2)
GUIVFIT(Y)
CYU VFIT (L)
TUHPVFIT(S)
SUTVYFIT(5)
CHUVFIT(7)
SUVFTT (R)
NP VEIT(3)

cu
cu
U

X R R
R B\ oS T N WY AN Y

TITN

4
e
[o]
Q.

1y Gu 70
1=1, NN
e T e B)
TNe 4)
Fhe 9)
e SN D)

PRTNT 476,
PRAINT 4al,
56 L
PRINT
WRITE
©RINT
WRITE (

-~
-

X9 1
ATITS

(LH*)y / 511
2 /7 94X, 71

A+ “"“”(WJ) + f¥C S(W?)

LPHENT E2 ONE OF THZ FOLLOWING

WRITZ(14478)

WRITS{4,484)

s LXy 81 HFREQUFNCY AILL 38 YAFPZ] TC YO

OPTION NUMBIRD5e

2FHZ) TERMINATZ THIS PRIFRAM,EX,

IN THE FORM OF MJLTL2LE ANGLE SOSINZ

SONVIRTIEN T THE MCOLELLAN TRANSFORMATION IN THE FO®M OF
JISTHT

SEN TO THE 72RO, FIRSTy AND SECOND POWEFRS.

RVFIT(7) #
KVFIT (%)

KVFIT(H)

- CURVFIT(3) SURVFIT(9)

o by, A%,

- CUPVFIT(9) * 2
= CURVFIT(S) * 2

(CURVFIT(JB)sJE= 1,%Y3P72)
(CURVFIT(JGH)yJ6=144Y3PT2)
(CURVFITUJS8) 4J8=14M4YIPT2)
(CURVFIT(JY) 4J9=1,4YIPT2)

48y, IN(L1194M11),4411=1,43)
19490) (D(La1yM11)yHiL=1,3)
Bil,y (O{L11yM11)yM11=1,10)
19500) (D(LL1yML11) y1M18=2,1D)

S

X9 B1HLINEAR LEAST SOUARES
HTH¥ APPROXIMATION HAS THE FORMS
+ / 7. 1)(,

APPRIXIMATI
F(W

2HD#COS (114 #COS (H2) WI
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TTHy /b gadh = 51003 3R SRNE B FT0 e 3y IX ARG E  ET 5, B, hH) =
. F1o vty /7y A%, 2 BUI NS TRETHT SOUATIONS, /s 26X, 29 (1H=))

La) FORYAT (/7 AXG 1 (iH44)y /7 411Xy SIHLINEAR LTAST SNUARES APPRIXIMATYT
LON WITH CANSTRRAT TS, // 4 1Y, 1HTHe ACFRUXIMATION HAS T4F FORM: P(W
22yM5) = &+ 2G0T (W) 4 (PCUSIUH2) + 4/ iXy6LHP*SOS(WL) ¥30S(WZ)Y + ¢
3COS(UWL)CAS(2W2) + T2008 (PWIYTLOS(NZ) 4457 314Xy 2" Hu*CIS(2W1) + H*CO
£S(2H2) + T¥CIS (ML) NNS(M2) WITH,/ ,uX,hHA = g F17e593IXy4HB =

L) Tl oo g7 = 4T GF 93X GUHL = gFLlneny/ $4X34HE = gF10.,543X,
5 LHEF = gpi}'Z ’X,-HG = ,F1<OD,VX’+Hu = ’Fiuo),/ ,4X,}HI )
7 Lee S e/l /g 257 20HTINS TRAINT EQUATIUNS, /426Xy 20{iH=))
491 FOTMAT (4.X,F%,7.
1 IR = ,:F029&“A + ’F%o?’kqﬁ + ,F&OZ,RHC + ,:,02’1HD,,)
Br 3 FORYAT (1 X4F5.7,
i IH = G T6, 2,874 + 5% (2,4HD + yFU4Zy0HE + 4T5,2444) + 4F542y
2 AHE 4,/ 413 y" B2, hHF 4 G FL 4 29BHG + ZFF 4 2,4AH + 47542414, /)
519 FOLMET  (1X,33MTHT =N FREQUENCY THAT MAPS TO THE USE2S 2-D SONTOU
10 = yFOLE,349Tay/ o1, 71 HH))
€MD

B P W I T P D G A S G WG A A B D G AL WP G T G P ED G ED G R WD D R T R E N Tk MR ar S O S e

SUPROUTIN: LIMEO(A,, XyN)

THIS SURRGUTINE SALVY S U2 TO 1& STIMULTAHEQUS LINZSAR ALGEERALC
SNUATIONS 2y SAUSS < N2 0AN I TMIMATION

THS CALLING PRI3GRAM 1ST 3PICIFY THE FOLLOWING?
TH: COEFFYTSIFNT MAT™IX (B)
THE RIZHAT-HANY ¥V7NTD2 (R)
THE MUMRE: OF TAATTINS (N)

THE SUITCQUTIN: MWILL "“7“TURN THE SOLUTTION VECTOR (XY TO THE CALLTING
PROG & &M

NI¥ L3N A (13, 17) ,3(48) 4X(18)
THS FOLLOWING D0 LNY REFERS TO0 EACH OF THE FIRST N COLUMNS

DO 4 1=1’1
THTZ FOLLOWING JC LANT REISZRT TO EACH *OW Poik COLUMN EXCIPT THE PIVO]
Ro"

BV

Dﬂ ;‘_’ V:j ’:4
IF(Y £26 1) 350 9 2
TF(a(I,1) 5% " GO YO R

CONST = =A(K,T) /" (1,T)

THE FOLLOWING 70 LOO REFERS TO EACH ELEMENT IN A ROW
D0 ¢ J=lyn ‘
A(Ked) = ACKyJ) © CONST 3 £(I,J) ‘
IF(J W89 T) A% ) = -,

1 CobTINUS
A(K) = 3(¢) + CO'ST * a(D

2 CONTINUE
CONST = A(T,T)

THI FOLLOWING J0 29" RSFTIS TO EACH ELEMENY IN THE PIVGT ROW
RO ¥ J=t 4N

3 A(L, ) = 4(I,)) /ONST
A(Iy1) = 1.

§(1) = AT /CONST

4  CONTINUZ

0BTAIN SOLUTION VINT R
00 & I=1,N

5  X(1) = (D)

6 IF(E(I,I) +ENe ) ‘i==3
RETURN
END

PR RO MR O DB BPD DOO® CA AR DED N PR O DR BNEON P BEREDRE OB DD D RARCCERYLPEPEERD DD

C meme e ot

BUFOBAVU NI LF RSP RRP L I BURXML JLACH b BRIAD I B RS A RN SRR I UNAS Y PP LR A BER LR XBC
V*&LFY(N'L ?,‘)
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BELF N AP AR N LR RERA Y S AN ANAR By amd KR e A S LA RSN AR A n AL BV F RV B YA K42 2T 0
PEOGREY GiTAEH
THIS P Z6FA% *20VINT THT I8 TA PECISSARY FCR THEZ MNALCOMP PLITIEF TO PLOT
THE CME=DIRINTTONAL FAGRTTUNG YIFESUS FRIAUINCY (W) CURVE,y THE TA)~-
IMENSIONIL C3NTIUR TMRYSS, AND THE YTWO-J1MENSIONA. MAGNITUDE v:iIssus
FREOWINTY (W2,41) THTZZSITYINRIIONAL FIGURE,
CoMv O FEAAZ4LNTHER JTER/CURVFIT JCRCIPYCP T2 JONEINFILT
DIMoNSION SURYTIT (1), HMOIOF(3:2)y VYCUSR(IG2), HINIHEI(5T)
TH™ FLIr 37 Nh. TLEMT TS 9F CUPVYFIT STGRS THE NINE 20ONSTaNTS OF THE
APPROXLYPTING FUNTTT My  THL FJI<ST 1 ¢ LOCATIONS OF HCOUR AND Y-QOR STNHRE
THT HORT7GNTAL AYIS ANDY YTRT ICAL AXIS CQORIINATES OF THT 20INTS 10 SF
PLOYTED, HIC™4FR IS JIVTNUST ONEN ((NFRAX=1) /72+1)

PI = Je1h15092657% 3G3

THE USt~ (AN GH0NST "N HAVT TABULAK O02T4 (UP TO 12t POINTS) FUR ENY COMTOUR T

THE FIRST QJATTANT 07 THT W2 ,M1 PLENE PRINTED ON YIS HAD3I2Y QUTPUT FILE

(RESULT) o 2LL CONTO'RS ARE FIUS QUADNKANT SYMMETRIZ. THZ PROGRG&M MAY GFMKR 6T

IHYALTIN PCINTS,  ALL TWVALIN SOINTS HEVE THE COORNDINATES (=415,-.25) ANR
SHOULD 2% DIS~TGARTTT RY THE USIR.

PRINT 1!

10 FORMAT  (/40%,52°D0 YOU WISKR TG HaVL TASULAR NBTA FJIR ANY CINTOURS
1 IN THE Fi3ST 4/ ytXy383HAUSDRENT OF THe W2,W1 2LANE 2FINTED CUT O
2N YIUR ABIICIRY YHTPUT FILE  of 38X AH(RESULT)?4 )

RESDF g MY QT 27
IF(MYCRT 2 «NEL ') 59 1D St

CURVFIT(1.) = L TS LS THE R0T OF THE PROGRAM THAT TA3JLAR DATA IS
TO 2E RENERATED AND 0T 2L0T S,
CUIVFIT(1 ) = L,
1% pPeinNy 27
28 FORMAT  (/ybY, 34V ENTIR M (7,0 TO 144) OR FNTER 2 TJ JINTINUE WITH

LTHE PIQOSKAM 4y /)

READ® 4 FOF]

IF(FOFT o276 2) 6I 10 57

IF(FOPT 4LTs ™ P4 FOPT LGTe 1) 60 TC 15

COSHOPT = S0S(RPI + ¥0eT)

PRINT 37

Iy FORMAT  (/ SLXy RTHHOW MENY EQINTS 00 YOU WANT QUTRUT? ,7)

REAN® 4 MY(OPT 22

IF(MYLPT 22 oLGT, “%2) MYDFT22 = 1ii

SU3RQUIINE FORIFR )2 SIORIZR GFNERATE THE MYQPT-22 20INTS 1O 8F
OUTPUT TG THE FILZ RISILT,

IF (MYDRP12 87 ') CALL FORCER(MYOPT22 HTOORy VCIIRy CJURVFIT,
1 COTHORT)

IF(C4YOPT 2 4 E% 3 CALL S LOKDER(MYOPTZ2, HCOOR, YCOJR, CURVFIT,
i Co3woaT)

HERE THI POINTS BRZ "UTOHT T ( THE FILE RESULT.

WRITE(1yL1) FOPT
PRINT L1 4FIPT

e - 4wty B

Sedne

41  FORMAT (771X BHIT0R U = 4F7 4591 6HPT; (W2,W1) =12)
Lsz = 1
LEZ = %4
46 IF(MYOFT 22 LS. LR2) LF2 = MYOPT22
WRITE(L,€1) (HO0MR (NQ) yNF= 52,LE2)
riru - e N B PN " MORER 5.
w‘ﬁ:x:;;x«:;:*faA«mu o 92 x .. .
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)

SRR

PRINT + 1, (VOGP RV, MRy~ ~ T e

MRITE (L, 00 (U570 (IN) N T=L 82, Le2)

PRINY 1, (VEIN?INN), =t ]2, E2)

TF(UYCPRI 2¢ WNTe © 72) MRTIT (1, 7)

IF(VYLRT 22 (NTe L72) PRIN &7 N
51 FOSMAT (X, 3HW?T 1L (F7,0,2%X))
B&  FOVMAT (Y, TSHWiY LB F7, 6 ,2%))
57 FQOu~pT (2¢ 4

LSe = LS2 + it

LEZ = LE2Z2 + {4
IF(-S? oL::o “YJD 22) "'.? Th "L‘
GO TQ 4%
55  WRTTH (1,.%)
O, NT F 8
5&  FORCAT (Fy X" (B POTNTY WITH CuQ«DINATES (=.4%,-.23) 4RE INVALIN®
i *OAND SHOULD 3E VISTEGAT DY, /)
c
C THE NS=x AN J400°% 70 STUZTATE THE FOINTS NECESSARY F0X THZ ON:=-DIMEWNSIGNAL
C MAGNITUNT VIFSUS FRIPUENCY (W) CU-VL AND THE TWO-2IMENSLIONAL CONIOUR CYURVES,
c

bb  PRINT 7.
70 OFOEYAT  (/ 40X, T HIA YO MANT TO CREATE A PLOT FILE 0% THE CALCO™
1F SLOTTIR™, /)
READS yMY (OT 27
IF(MYOPTZI (N7, 4) 50 70 11

o

C CURVFIT(17) = 24" TELLS THT ®IESY OF THE CROGRAM THAT PL)Ts ARE T2
C BE GENSXATED 1NN NOT TARULAP DATH,

(]
CURVFIT(L ) = 247
c 4
C THE PROGRAM PLATS NO7S TNNALLY SPACID POINTS FOR THZ ONE-OIMENSIONSL MASNIT U]
C VERSUS FREAJENIY (4) su=y=, ]
c
NPYDT = 1t
NINTVL = 43
KD = ( (NFILT=-1)/72 ) + 1
c
C THI OWT-DIPENSTOMAL "ACGITTUSE FOR EACH W 1S CALCHULATED JSING THE FRUATICH §
C K J
C MAG(H(W)) = StMt UWATNYHI(J) (DOSH)Y
¢ J=n
¢
00 9 MA=1,'27S3
W= 2T % (M =4) /NINTVL
HCIOR (MAY = W /3T
VCH0R (M) = H{NNHER (1)
30 31 > n=2,KN
PRIN = HANSHI (MB) ¥ (COS (W) ** (MB-1))
VCOAR(*A) = YCOOK(MA) + PROD
8¢ SONTIMIC
1] CONTINUF
c

C THESE SUSFOUTTNE AL S TN THE CLLCOMP PLOTTER GENERATE 7HI PLOT.
c

HCO2R (11 1) = 1,7
HCOOR{1:2) = 4%
VCOOR(121) = =,2°
VCOJIR(132) = ,2F

CALL FPLOT(C oBy=1:1,y=3)

CALL FLOT(N.,041.25,~3)

CALL AXIS(foeyglvy' IHW=AXIS (Y FI)y=132374y04yHCOOR{LUL)yHIOOR(LL2))
CALL AXIS(U4yNe ", 28HFREOUCNEY KESPONSE MAGNITUDE 328474930 ey
i V20044, ¥N00R (L r2))

CALL LINEC(HCONR,ZVCOIRs1M Byde0yl)

CALL SYMPOL [, 1RA,7 45,421 y32HONE =DIMENSIONAL PROTOTY?E FILTERyGey
n AT B . AT or— o mmereseny v

R Y o5 Lemr
S . P

R e e DA

e L A2 I i i
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I xeg
| 5224

Vo)
Y e

P‘ﬁ
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1 37) T ) .
CALL FLJT(QC”’LQ:R’-?)

M ~,/s.§.:t\f
L en O srvrot ook .u{i..:r st T b i d S ‘Mf‘_..f';)l's-‘ SgxF S
i G

[}

i
i

c .
C THE Poerahy ™ FLATS 44 TWI=L[WENLIONAL CONTUURSe  FIR THESZ SONTOURS, W RANGES 4
C FROM o' 10 1,0 WITH A o1 INITRVAL, '
C
WCONT = 13
NCTLVL = t°
c =
C THESZ SUAGITING SAL S TY FUS COLCOME PLOTTER GENSRATE T43 PLOT (SUBRDMTING
C FORD ™ JF SIC-DER AAIERATY "wr MPOFRTZ? ©QI4TS TO T PLATTZID) .
c
HPNRTE? = 480
CALL RLOT(NY g =f 9=3)
CALL CL')T("I 9’0 ,"'?)
Clol FXIS{H 790 yjz‘H"’?"Q){?S (X PI) g=il g7 4l g3ag. alygeld)
VALL EXT Sl gy Y, g 2itHAL «AXIS (X FI), 1976l 33 elgLosyell)
CALL SYMOOUL (102747 079021 y25HTHC=NIMENSLIONAL CONTOURSy o7y 2%)
no 405 NN=4.00NT
COSHGDT = PES(RT * (MN-L)/NCTIVL)
1IF (MYGOPT2 (Fry &) CoLL FUPDER(MPOFT2Y, HIUdhy V3JIIxy CUSVFTT
1 s CO3HIPT)
IF(MYDPT? , 00, 4) AL SPORDER(MPOPT27 s HIOUR, V300Re TURVFIT
b 2+ COENTPT)
i6n CONTTINNE
CALL FLIT(10e5y " Ty=3)
CALL FLOT-(ID
117 COWHYINUZ
c
C IN TH1IY SECTION THT “ATA NECESSLEY FGh £ DISSPLA 3-7 DOLLT OF ¥HE
C MAGNITUDE 0F {47 2=7 FRINYINCY IcSFONSE [S PUT ON TAPEZ,
c
KD = ((NFILT -« Y72 + 1)
PRTNT 2 ¢
27 FOPMAT (7/44%Xe37H™N YN} WANT TO CREATE A DISSPLA 2-D P_IOT OF THE FR
LENYINCY FISPONST7y N
READX yMYGOT 4
TR(MYOPT L ,8F 1) "N 19 719
WRITE(2y275) K
275 FO~MAT (T 3)
WRITE(2425) (SUTVFIT(C4™ YyMa=1,49)
283 FORMAT (F:1R8.3, /5,4813,.3)
WRITE (24 290) (HL™ HER(MT) MT=L,KD)
293 FORPMAT(3(7EL18,3,7))
PRINT 2,6
303 FOFYAT{/ 42X 4564 ( HE MATA SLQUIFED FOR THE DISSALA P_JT IS NIOW OM 7
1LEPE2) 4 /1)
313 CONTINU:
END
c
 omcrmmmccrrcrcne wn e n e e br e cne—- [ cmrn Gt e - Cn e ree e o e mon
SURYQUTINE FNROFI(MYNPT22,HC00k 4 VLCOORZCURVFLT,2ASHIPT)
C
C THIS SURRQUTINT CALNSMLATES THT FOINTS THAY ARE OUT?YT TO FILE RESULT OR
C PLOTTED AS THO=OTHMIN"TONAL CCNTOUKS 1F THE FIRST OIDER MISLELLAN
C TRANSFOXMATION I¢ US™Q,
c MYOPTZ22 = THT WY’8E" OF FOILIS TO 8% OUTPUT OR PLOTTED
] HCGOR AND VCOIR - STORE THE HOKIZONTAL AXIS AN) VERTICSAL AXIS
c COORDIMNATES 97 THE PIINTS TU BE QUTPUT OR PLITTED
c CURVFIT = THE FI-ST €042 LOCATIONS STORE THE FOUR TERYS OF THE
c APPROXIMATING FUNCTION
] COSHOPT = THE OHF=-DIMENS TONRL FREAUENTY (W) TO 8 442220 TJ 4
c THO=D[ MENSTIMA., CONTIIFR
¢
DIMTNSION HCOOR (1 92y, YL COP(102), CURVFIT(18), INK(10])
c
e iebrsaroumescia o in el s
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FEhL wiFLVLT
PI = T43¢.RY263T 1Ca
ng ¢ ypP=2,4""
5 IR (¢2) = °
FOPT = ACHIR(SISH PTHY /0T
MBORTY = T
MPOT T2 = wal
FOM ALY Wy TS LARST™T 4970 SMALLEST VALLD M2 IS FAUND Y TYALUATING THZ
FINST OADLR MAITLTLLA TIANSF! -FATION FOUATTON, SOLV-T F3Y Wi, AT MAMNY
EAYRLLY SFASETD VYALNTE Ar W
WeRT = O
N2END = F 0
ne 4 I=ti, NETH
W2 = 2T % (=1, /4COFT2
TFCCSIRYFRTT(2) 40V ETT (LI CLS(W2)) 87 L) 3D 1) 1
COSHWL = (NN UGPT="HEVFIT(1)=CIRVFIT(I)*CD5(W2))/
1 (CJFvFT'(°)'“l°VrIT( YECOS(W2) )
FOR3S(SISWAY 53T, %) 50 10 1+
w?ST = AMINEW2ST , W2) i
W2ZRY = AMAYY (W2IND L K7) ;
16 TONTINUE .
THE INTERVA. YSEY TN “QUALLY IPACE THE W2 YALUYS IS CALZJ_ATECD,
INTERYVL = (N2INN-W2ST)/ (MYOCTZ2-1)
THI 1YIRTZ2 (H24M1) "Q0°NINATE FAIFS ARE i
CALCULATED ASSUMING  LL VALUES (F W2 BETW:. x THE SMALLEST AND L8FGEST VELID
W2 ARE ALSC vaLIn, 4
HZ = W2ST :
re 6 Jsi,Mvaer 2o 5
HCIOR () ) = N2/°T )
TFCASUPYETTI2) 40V EIT (4 ) *CUS(H2)) +E%¢ %) 50 TI 35 1
CO3WL = (SN MNEPT-YIRYFIT(1)=CURYFIT(3)#00S (H2)) 7/
i (CYFJFTT U2V 4R YFTIT (4) < COS(W2))
TF(AIR(MIZY ) 46Te ‘es) GG TN 78 !
Wi = ACOS(mISWi) H
VCIOR( S ) = Wisoeg '
60 16 38 g
]
IF A VALUE OF W2 ABS7TUZEN T4% SMALLEST AND LARGEST VALID AZ IS NOT VALIO, THT |

COQROINATES (OF THT

AT
2 R

COMTAINING THE

INVALID W2 ARE 8R3IITRARILY 5CT TO

(=41 54=e2F)y THFST 20ITS SKQULD Fi TISREGARDED 8BY THZ. USER. ;
3 HCICR(J) = =~.15%
VCIGRLJ) = =427
INK()) = 7
INY(1+1) = °
38 42 = W2 + T'TEPYL
45 CONTINNE
IF(CUFRVEIT(IMY 70, 14) GFTURM
THESE CALLS T0 T47 £ LCOYR PLOTIEKR CAUSE THE CURVE TO 3% PL3TITED. i
X = HCOJF(1)/ 15
Y = VCOIFR(1)/.,15 .
CALL FLOT(X,4Y¢ ) 2§ -
IF(X LT 34 INC(2) = 2 o
IF(X «GEs Te) GALL FLOT(X,Y,2)
DC &) MP=2,'%0
Y = HOOOR(M ) /.15
Y = J00NLIMT) /415
" A " - L O
Ot 2 e o A pere e S ey o et e N o T N AR s
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(o] o DO OOOOOOOO OO0

QOO0 O

JEET——

CALL PLOT (Y, ,7Ne(v 1))
s oyt
IFy T ) e :’LJ“("',Y,C‘)
ve oz W03 (1Y + W12
Ye - NO°C (1) 74! o
TF(YY (3T, ) Ak NIHMY XTI 4 Ylya1° FPPTyseyd)
X2 = HEJ0 (10907 45 + 412t
Y2 2 VOIPO(ANIY/ M b g1 S
TE(YZ oET. .¢) "L ‘1"‘4"“(72,\!2,.1’“,,"GPT, sa9l)

ST JRN

T

SUPICLTIE T QDTN I (MYIRT 224 HUGL R 3 VB UKy O VFITy S0uADRT)
THIS CUPRCUTTINE CALCM AT ™R THT EOLIITL THAT Axt QuUT=NT T2 FILe ~28%ULT O
PLITT O BG TW,=aNIHTY Tt T CITOUS S (F THE SECOND D AR VISLELLAN
Th“‘l‘r("\"f)’ Cr, I(‘ e,

AYASRT I = THE W) AT, A€ F.rGy TO 37 QYIPUT 9% PLOTTED

MOCZP AND Y ONAD = ST 7 TUF MNAFI70MTAL AXIS ANT VSRTLISAL PXIS CCO”ITRATES

JF W HT O0INTI A F AYTOUT 6 FLCTETN

CUEYFIT = THC Z7ep o[0T LCOfTTOLS STERE THI NINI TIIMS QF TH~-

ARCLOXIMLTI NG TP TI

CUSMOET » THE 9% = (L4748 TAONLL FRIPUENLY iU BI 4APPED TO A

THI=D M RSTONAL  ONTAYR

T NCITK 409200 2, JOEI (4 1)y CUSVFIT(L8), INK(1..)

FTAL O INTVLY, [NTYL2

T = 3,1415G257 7 ~ga

Lo b NF=2 177

5 TPy = 2

Fur™ = ACuS (5 27) 72T

“oePTY s I

MONTTZ = 9N
FAR piY Wy THI SFIN ZYED MACLELLAN TPFANSFCHMATION EAJATION (o AYADLBTIO)
I SoLv-0 FOF Wi D?’PG TH? ALAGKATIC FO¢MULARe FOR 1HE FIRST SOJTI0N AF THF
QUADSATIC, TH- LO?57"T 817 SYALLEST VALID W2 ARE FOUND 8Y ZVALUATING THF
FIST SOLUTION FT MAMY SAUALLY 3PACER VALUES OF W2,

Wwz2tig=s 27
N2EMngE (.
W2¢T 2= 2]
W2rNDZ= [,
Le 2« } Ly MTOETY
W2 = DI ¢ (Teq,Y)/MEOPRT? :
roz PRCURVE T(H)ACOSIWZY +ZICURVFIT(7) #2*3J WFIT(3) *COS(E2TW2) X
"oz CUGEETT (2)+3URV ETT () > COS(W2) +CUPVFIT () *5IS(2¥W2)
£ = (SUSYFT™ (1) =~117 YFYTT (7)) =COSHOPT) + (CURVFIT(2)=CURVFIT(C)) i
1 *033(42) $ I8 YFIT (B) ~CUFVFTIT(3))*COS (284 2)
A3 TS = Y ME 4R
IF(psnIFAL LT e ) GUOTE 2.

. IF(E 480y 7.) NISWY = -C/F
, TR(A GHE, 7 0 07%ML = (=8 + S0: T(RADICAL)) /(2%4) ¢
: TF(ARR(RISUY) W57, 1) "0 10 12 i
A WoRTi= AMIM (V2ST1, W2)
¢ N2ZNDL= AMAVL (HPINN1,H2) X
~ c o
. (* C NOW FOR AWY W AND S0 74T STCOND SOLUTION OF THE NUADRATIC EQUATION, !
: C THE LA&FFEST A4D SHAL.SST yALIY W2 IS FOUND BY FVALJATIVJ THE SECOND ?
. C SOLUTION EQJATION AT MANY “NTALLY SPACED VALUES OF W2 \
P ¢ 5
e ¢ 1 1IF(A W67 ) LISWe = -C/P é
SO S wﬂf~MmWywammymuunuunummnmmmmwmmmwmﬂm“@ﬂmﬁ“*wvf L 4 b
fra . SR St T g i
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e A TR T U P

P O N R U E O TCRNSALY) 7 (200
DE(RIS (RN 3T, 1) 20 To 7.
H2S Y 2= A vT Y- (U2"i2, )
MITE 3= AV (MOTYD 2, W7 )
2 (LYTNe

C

THE VARIAZL.S USTY ~ gayapLy SPAL: THME MZ VALUES FLR Tand SLLYTION
OF THL TUABIAYTE =A0 Ty a7 CALIULAS 9

AR
“wr

AYOR T2 >

(4YD2IT2 72y + 1

T OHSTINL - W2y

= WITNTY . owyomTo

T LT ") MUy
LTe o MoK

P elTe Yoy 601y ¢
ToeaTe e MUATYY = “YNETZC

noz

-4

I3
N 7Y ) hen

i

- i K

[ IR L I
PR
e . - ’

"17‘-
~ o~
Pl
rr
e

TH

THT-VEL USEY TOOSIALLY SPACL THE U2 YALUSS TS CALSJ.ATES,
I LT 2 (2SI UIST L) / (s =1)

THI wveo10z/72 (U2 M 8 IV OIMATY PAIES ARy bAlFUL\T D OASSIMING THAT
ALL VALUES DF A2 a7 =5y 74- SHLLLEST ANNY LARRIST vALTY A2 AFF LLSO veLIn,

W2 = MZ?'U_
NG bt Jl=t,wy0.14
HOIGO(JL) = Wwa/nT
T PRCURYETT (L) NS IUR) o CURYE] ITAT) #2201 VFIT(3)*COS(2 WD)
CIRVET T2 LTURVELT (4)3 COS (M2) #CUSYFIT(5)4595( 2% WD)
(PUBJET (1) =2U7 WFIT(, ) ~COSHOPT) + (CUSVFIT(I) =3UnyE TT(6)) ‘
1 PO LU 4 1RUSYSIT (8)-CUI VFIT (3)) 4GOS (2702) ?
FRYI~AL = 7 TR mitran
FROYIYICAL LT, W) 50 TG «f i
TEOL o f0N, )y [ I -C/® |
SECA WHE. "0y SASHE = (=3 ¢ 507 T(IAND1CAL)) /(2%L) }

L
¢
{

(2 B

SFOERS (03 y A&7, 1 ) GC TO ¢35
Wi = ACDI (™~ ape)
VCIC2(J) = WysnT
GO TY a7

-4

IF 4 VILUE 58 A2 artysry T4c YELUES 6 SMALLFST ANO _ARGEST VALID up

IS NOT WALIY, THT SaaonTyar-g C‘ THE PO CONTAINING THZ INVALID W2 X
ARZ ATRTTEARILY SET =g (-, L5, L) HZ POLNTS SHOULD 3%

DISREGLIALN Ry THT n~zg, ?

~f M

HE
N
3

,|v—~€

-

45 HC30  (JL) = <433
VEI0<(J1) = 25
INCK(IL) =
InK (1] +41)
47 W2 = W2 + T* Tyt
1 COTINUE

-

k4

THZZE CHILS T9 THZ ~ L gnup PLOITeR CAUSE THE CURVE T0 RZ PLITTED,

IF(CURYFIT(4nY (70 1) fn TO 6L
X = HOQGIR(1Y/ 4"
Y = VCOJF(i)a’.iG
CALL FLD.r(’(,Y, T

IFEY L Te. TN7( = 7
I:(x oGr\ « "-’L >Y”“")L(X9!’t;a,3,.|o"jl

PSR

ot T M e

X A0 )fo 5

Vo g ety i

PALL D1erte gy, 1 ye(MrEy)
5¢ CONTYIVGF

e e s e S
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61 L G S AR e JAUT TRTY L 0T. se) 50 TH AT
THZ g F VLA, 093 T 20y Y SELCT TR W2 YALUTS TS CALZJLATEN,
IHTYL2 = (W2U IV -N2TT)/ CIYT RPT 22 -MACRKL-1)
THS “YGE5 0272 (NP, MY CowvAINAT- BFAIFS A%E CALGULAT. D ASSJMING THAT
ALL VAL UZS 3F W2 7747780 VI8 SMALLIZT ang LARGEZLT VALTD A2 ARE LLSU VYELTD.
W2 o= WoLG o
L( [ J‘) ..un,”**;K? Jypc“;
urs et J?y = W’/“'
o= JECURYTTT (L) PTORUWI )42 CURVEIV (T #2F3JVFIT () #GOS (27 W2)
Yoz TURYETTI2)eNMIRVETT () * (S (W2)+UVFIT(R)*3D5(2V WD)
= (SHSYETT (Y - SUT YRFIT (7)) =00SUAPT) 4 (CURVFIT(3) =ZURVFLT(r))
1 FCAS(W2) # ITUPYFTTA(8)-CULYFIT(9))>00S(2"4W2)
FAYTINAL = RE2 LEL T
IFLEADTICAL LTy Yoy [0 TC 28
TF(L o B3¢ ") TISHE = =0/F
JF(L «NFy ™ ) 7NSHL = (= = AT (RADICAL)) /7 (2%0)
TFORARSA(2ISW ) (5T L) 60 T4 ot
Wi = B80S (rIsu)
VC3C " (J2) = W1i/>7
G TS 87
IF & yILUS AF A2 3ZTU7EN THT L LULS CF THE SMALLIST &) LARGEST VALID W2
IS NOT vAaLI%, THT £ @0OLNATS S (F THE POINT CONTAINING THE: INVALID W2
RE AP F0b~ILY S5T 70 (a7 425 THOSE POINTS SHOULD 3%
DISRFGATL Y Y THET VTR,
8% HCICWJ2) = =415
VC2C < J8) = =40
INK()2) = 7
IN“C(J241) = 2
a7 WZg = W2 + T TyY"
g: CONTINUF
IF(CURVEITCLY) ¢ N 1er A5 10 2.
THES® CALLL T2 THT CTLCuM? o171k CAUSt THE GURVEL TO 37 PLITTED.
¥ = HOCOIR(MUWDRY Y/ 415
Y = YLCIR(MUOL? /417
CALL FLIT(X,Y, )
IF(Yy LT4 %) TNY(2) = R
IF(Y +GE, "4} A L ?Y"ﬁ’-';(JL(XyY,c-?,‘4,?0,"1)
MUE = MI0ORLZ + 1
0 . MG=MUW", MVOOIT2 D
X = MZ00(¥7) /.45
{ = J200Q(MR) /1
CALL PLOT(X,Y,THY(M())
9E CONTINUF
irF(y G2 Te) AL SV"'Q-')L(X,Y,oi-7gl+,..'0';"1)
X1 = HCJG (MWNRY2) /.15 + ,125
i = VOOGA(MWINL?) /o5 + L,1ié%
TEIXY o5Ta o) CIOLL JUMRER(X4,Y1yeludyFOPTy (eyl)
¥?2 = HCICRP(RMYDDT22)/ .15 4 125
Y2 = VCOOKH(MYNDPT22)/,15 4+ .12~
IFIY2 oGT. To) CALL HUMB ER(X2,Y29¢1C39yFOPT 0 eyl)
184 CO~TI U'

Iy GO 1) RN 'VJ‘Q-\'L(ny,o~7937}oy"‘i)

Xt = KOG ()71 4+ 012

Y = VOIOP(4) 7.1 + 4,12

TE(Y1 «GTe wa) 7 LL MRARES(YL ,Y;,al. },;‘()C‘ s Jeyd)
X2 = HOZCMAIMWIRVLY /o5« o300

Y2 = VCOO (MUN2V Y/, L7 + g

IF(Y2 5T, "e) 7L NJARE(Y23Y 240l L 3sFOPT V4,10
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L Y R WP
CVET Ly YONOL 7, 7))

L P L R A PR

Ay E . XN

FICORpM F2)7YR T

MODTET

PHAST TIwiih IMEULw
RIMI7 “XCMH EST
EPRIL 13, 10T,
THIS . 0GRAN NERTAN

;
RANDPLI S, "8 ICT)O,
i

NOV.ERTON AF T

P N S T RN

I A IR 20

BELEE
AND UL TT-PANE FILTSE S

BANCA
REogyarT
QLG TTHY,

P PR

PR AT TEY

(FIv) ¢

FOK THE NISIGN 2F LINZAR

ILTenS USInNG 7o

JT4 »COUILLAN,y KICE UNTVERSITY,

SHEST FIR

LOWP/SS, HISHPASS,

WITH "2 79 3¢

CISJCINT FIEMIENTY "ANDI S, SACH Fr IRUINCY BAND MIRT Q%
SIPEPATER Y A STNTTT L N5TE 1 ANSITION OAND,

A NTSCKIeTING OF THS ¢ Ir AL FRLTER JDE3I5H PROGRA Y
INCLUJJ NG SQIRCF ~r-s, ¢ "W""i"n‘, LU IXAMPLE FLLTER
GISTONS CAN 2T =AUN T't T47 T£:% TadbSASTIONS OWN AUDTD AND
ELZOTHIACOIETIOS, VYIL, AU=Dd,N0, t, FECTMIck 1973, pRNg,
IN THE PAPIE TITLEN 4 ‘OWCL*S FEUGFRAM FOR UESIﬁNLNG
OPTIMM FINV LINTAT 1895 D1 GITLL FILTERS' RY JAMES H,

MOCLELL AL,

THOMAS u,

PROUT, ALT L AUFFNGE

e RAFINED,

JF

ANG

GriDy

TR Lt n ] BN BK A AR ATV ET R AN AL Rk oy

I e R T Y I L N R

LINGTH

H o6RZ
ENY

LESSe"y /)

THIS ProGYAM WTLL O9ST6N 4 FILTF P WITH 4% IMPULST 27S2Q04ss
HFML X Q= L{Ss
SOMMOL /ONI/ NFET T /F LS K /CCC/ MYQPT2
GOl PIZ2yhNy0T0y YeY,5 Iy SECyWT ALPHA L, TEXT yNTONS,,NG1ID
C
DIMTREION TEXT (S ) 4A0 (ST )y LLPHA(ER), X(bb), Y(u6)
BIMTNSIIY 4(53), TXTI(5%)
DIMINGIOH JES(LD 5)y SRID UL L) y 0T (1" 48)
DIM-NTIDN FOET(2 ) yRTNGIA20) yFX (4, )y WTX(40) y OB IAT(L)
c
C THE 2IY.NSION, OF THY AP24YS TEXT, AD, ALPHAy Xy Yy EXTHN,
C (TRUMCLTE (HFMAX/2)) +° THT CIMENSIONS OF THE ARKAYS J:53,
C WT ARY 1E ((FFUNCATT ('FVIX/2) Y 42) ,
c
U LE 2K ST =3° DI
DOUTLE 2FISTRINY 42,37, X,Y
c
©IZz=f (2331363374795
PI=3e 3. {F12FRTI53C3
HFrAXY=112
ITHYOPYZ G RN, 3 NEMAY = (IFMLX » 4)/2 + 4
TRECCFT=1
1es CONTINUE
C
C PLIGKLM INPUT 83377 M
c
115 IF(IPERDPTLLEL?) SRINT 115, NFMAX
116 FOr YAT(/ /794X, “FNTYZR A 0TG5 FILIEx OROER OF “,T7," 0%
LF(TREPOPTeLFe2) SEAN*, JFILT
IF(IFTILT oLT o7 N, NFEILT WHTLNFMAX) GG TO 115
CALL CDICHZC (MF LT,T0RN)
IF(I0OND.ER DY &Y TO 14%
103 LONT T NUE
IF(IREPOFTWENG1) PRTNT 4 47
117 FOTMAT (4 ¥, "HOW M*NY TRANSITION 2ANOS DOES THE FILTER {AVE?R"/)
JTFULFEPOPT S FRL L) RELIT,NIRAND
. NBANDS ﬂT?GND + !

(R X I

“nrlne dommrmas b s 5 s

Sy o L s
"mw ATTT,




PN N

TF(NRENISIL B o Py IRAITS,65,1.) 66 1 413

c

C 6217 7 RSITY TE 15

C N
LGF . D=15 "
JR=DA1 NS .
FEEEE(I) T, 0 3 EMRT()R) =g, 4

IF(NFLNNS, 7N 1) 7 T (21
gh 118 TF(LEFPIPT(CN 1,07, T7POET, N, 3) ERINT 119
119 FGUCAT (¥ ™FNTZ " M7 "0 e56r FRTAUERSTES FOR
Yo" LCH THANSTTT M oeqN, “2/) .

Jov=JReg

IF(TREPHTT ¢ FAOGL DT JTRIFPART(EG.3) WIAN7, (REDGT(S) g J=2y J341)

0 1231 =7, JR41

LF(TENGT (1) oR el "ed2eRENSED) WL e v} 60 TO its
121 SURTINUF ;
122 CoONTTVUF '

a0 2. =1y JP

C

C SINCD YCOLILULANYS P NG AM 11878 DRURtLES, HeRzy <ADTANS
C 4RI PAITIALLY CONYETTED 79 TFERETER,
c
b

IR (J)=RNGRE()) /2,
IFCFERDPT L ENG 1) ORINT 4 20
125 FOPVAT (X, "ENTT™ AN TNZaL ApfﬂlUT” MAGNITUDE FIR ZAZH SAND™/
X P Xy MR HAYS ITTTETYRLD BT LY eh (USUALLY 1 0OR 1) ,*/)
JFUIREPOFT 47N 1)
X TTAD g (TY()) 12 1,N3ANTY)
IFGIFEPART ¢ FI, 1 IR JIPEI0ETE0.L) FRINT 128
128 FOFMAT (WX, "ENTZ= TH™ AT 17 OF THF 3AND ERPORS (ONI NJ48Ik “/ E
Y« XgU"FIR ZTACH 2Ny, FOR IXEMPLE £ T BAND FILTER'/ !
X o X" MLIGHT HAYE AN Z2R0& RATIC GF fy Loy o'
I EPIPT A FN L M IRIPQFT 200 1)
Yo FIADR g (ATY(J ), J=1,N3AN0S)
NFECWS=NFTLT /244

c i
C ST UP THZ [ NSF 52 9, THI NMI2TL OF POINTS IN THE GRiD B
C I35 (FILTLF L7NATHY + ) 51N NENSITY/?
c
GRIZ()=EN35(1)
DELF=LGYIOENFCING
NELE =, o‘."/QEL:
J=i
I.=%
LBAND=1 )
1] FUR:= ENGI (L+1) X
105 TEME=CGRID())
C

C CALC'".ITE TH™ O9STFTN MAGNTTHRE RESPONSE AND THE AZIGHT
C FURCTION O THF 5RTM

NES I =2FE(FY,LR"ND)
WTC) =SWATI(UTX, L"AND)
JzJ+d
GRIZ(J)=T MP#IILT
IF(SRPIDID L6GTFHTY 59 Tn (8
GO YO isf !
189 GRIN(J=121=71P
DES(J=1) =t FF(FY 4 3A49)
UT(S=1)=HATE(NT Y, L BAND)
LBAND=L3 R3] 44
L=t +2
IF(LBANI «BT N3ANTS) 60 TC 454
GRIG (I =ERSG (L)
GO TO 11
NFPIU J=1

151
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PN
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e Xo XoN e

QOO0

OO0

OO0

- -

INTTIAL €U:S° FI2 T “XTR™vAL S eili-
SPACEN ALONG "HT 67

-

TMESELOAT (NR20- 1)/5LN T INT CRS)
W24 )=, NS
211 Ir‘(l(J)-()-i\ ATT D 44
TEXT(NFONS+2) =00 T
wl—mrrqs-i
SHFCw #1

27 v

we
&
K

o

CALL THr RTM-7 FXAH N3T ALSCRLIHY TG 00
PR] L

SARLL BEMET(EDST QVMIANIS)
CALCNU AT THL TMOML ST (7SO™NSE.
s NV L

WLPHA (' =)
PR N

fos

an T =
Ius M)y = 0"
HRTO MY ="
PROGRAM U PYT SINTTIN

35, PigNY 339 g MITE (L, ™

e, FORMAT /77y 720004 ) /15X,y " (NE-DTMENLTIGN

X FILTFL NESTIR™ N
PRINT 7 8,NFILT W TT (4, 278)KFILT
373 FOTMLT(2TX, "STLT™R LoN3TH = *,T13/)
WITTE (4 290

N e v

TE ==TOUALLY

THE APRRNTMATLION

4L FIn PROTOTY2EZ™

344 FORUMAT(22V, Mérx TUDYLGE FEDFONSE ¥ #¥23%Y)

N0 2837 1=1, NEINS
vnPILT+1-])
WRITE {1y 35 2) ()=4sH () 4K=-1)

384 COMTILYF

382 EUPMAT 20X,y H(T, T3,
00 37 =iy NRA)
K=K+ ?
TF(VUR ST N KD =N AN0S
PRINT 78k, (Jy J2¥,KU"7)

URTTF (1,327 )( )y 1=K,¥'1P)

365 FOSAAT (Fz:X 4 (NI LT3, X))

PRINT 30, (RTNGTI2%J=1), J=K, KUF)
WETTE (19307 (37N F (2% J=1)y =¥, KUP)

3C FORYAT(Z Xy "LOUIR AND TN EE",yTFLE o 5)
PEINT 32+, (RENSC (2% ), J= kyKUP)

MELTE (1) T33) (REDIE (244) 5 oK, KUF)

305 FOEVAT (2X,"UPOTD AN TRAFS,LF15,Y)

DEINT 7T, (EX LS, J2K,yWIIE)
HPTTE {3,k . 0Y (FX {J) 4 =K, KLP)

o) FOPMAT(2X"DESTIRTN VALUF *42Y4LF1%.9)
PFINT x.il‘,(UT\(( J)’J:‘(,‘(HF)
WRITE (L, LL2) (ATYL ), 1=K, KUP)

Lio cO’("ﬁT( X "WFIGH ING"$BX y5F154%)

DO 126 J=¥,KY®

429 DEVIAT () =)EV/UTY (J)

PRIMT L2204, {DIVTAT ()4 J=K 4XUF)
WRITE(1y 625)(ISYTAT( 1), J=K,KUP}

423 FOPMAT(2Y,"DFVTATION" 35X 35F15.C)
1o .. %t "‘( K2
IF(?EVI“T(J).EQ. ) GN TO 43¢

L3 NEVIAT (J)Y=204 2% A, QGin(UCVTAT(J))
PRINT L35, (DFVIA™ (J)y J=¥ ,KUP)

WRITF (4, £33) (7YY AT(’),J =K, ¥ UP)
435 FORMET (2X,"DCVTPL IOM IN (8"yLFyxeS)
436 CUNTIhd’

] 'y = .9’:1:':.‘&," =
N

H('.’Iz’ll)ll)

Attt S o v

Y




BE CONTTRUE tT
! 45T FORVAT (O, IXTR MAL TRIOUENCLES (NUSEIRS MUSY 78 4 JI2L1R5Y
X " ORY TI)U/(2Y, Fi2.7))
Ne 554 =i NT
i C
C SINCE THE MA N DPIGTAM 9667~ TpLilRS, Hi 2k, DLGRETS ARE
C PARTI/LLY COWERT™N TO 2ANT ARS
§ c
% LSL IXTL(J) 220 P RTH IXT )
WRIT T (L, b TY(IXT L J & g7)
' . PRINT 4ne 2 M TE(LynT ")
i * WE~ FO AT (ITLLHNY)
¢ OpPTHY » 8
¢ L 480 CORVAT (744X 4N YOU NI3W TO FLLESIGH THL PROTOTYP: FILTER?",
; EEADY L ICCNT T
‘ IF(IBLCF" BNy 1) GC TH 04Q
1 PRINT &7
490 FO MET (s X, "ENTTT NNE OF THE FOLLUWING DPTIUN NUMBTRE™/
X 1Y, "4 THANGT YT YTHT ARG/
{ X bX M2y CHAMST ONLY THY FILTOR GRDER™/
X 1 Y,"3) SHANAS TNLY TOLRSITION RFINDR £IGE FRECJIHCIZST/
X Xy "G) CHANST CHLY TH4- TEEGE RRTIQM//)
{ KELDT 4 1RF 00T
60 TO 1'-
999  CO"TIh *EN
{ c
FURCTION ~FE(TX, amm)
c
{ C FUNCTIZH 70 SALDILA™ S THE D ESTREN MEGHITUIE RISPONST
C AS A FURNCTLCH OF FR7AYT Ny,
C
‘ JIATNSTON T YD)
ST = (-C",\]D)
£ Nl
& eNt
C
FUMSTICN WATT (T4 LA
{ c
C FUNCTILY TO DRLALATE THI WEIGHT FUNGTION AS A FUNCTION
; C CF FETIUENTY.
b o
DIMZNLION WTX(3)
WATE = WTY (1 3AND)
{ DETJIRN
[ N ia]
c
v Sims QUTINT REIZ 707067, N ANDS)
c
£ THIS SURFQITINE [H™ M 5::% THE RUME7 IXCHARWGF ALGORITHA
L C FOR TH- ¥ZIGHTES AW 2Y3HIYy APPAUXIHMATIGN OF A CONTINUIUS
C FUNCTIGN WITH A 3™ F ‘OsTh S, INTUTS TO THE SUIROQUTINE
C ARE A DENST A°IN wHt vH 231 ICES THE FRENUEINCY AXIS, T4F JESIRED
£ € FUNCTINON (N $4TS 690, T4T WIISHT FUNCTION ON THT 5RI)y THE
€ HNUMBER GFF 3C3TM73, #ND AM 1 MIIAL GUISS OF THE vaR&%A' TREQUEMIIES,
C THE PEIGEAM 4TNIMI7TS THE " LIRYCHEY FRROR RY NETIRMINING THE SEST
' C LOCATION OF THE SXT>TMAL 7 €AULNCIZS (POINTS OF MAXIMUM 2R0R)
C AND THEN CALCJLATIR THE 30X FFICICETS OF THE REST APP-OXIMATION.
. c
Y COMPOb 932,Aﬂ,ﬂFV,X,Y,GPTﬂ,DES,WT,ALDHA,IEXT,NchS,NSQID
{ DIMENSIIN EDGS(2 -
- DIMTNGSTIH TEXT(ES ),Aﬂ( £ )y BLPHA(SB) y X(BE) 4y Y (66)
v L NIRENSIOK YES(L F5), 5RINUIGEE) yWT (L 4b)
DIMENSTON A(55) " (53) V(%)
- DOURLE DF<TISTON PI2,INUVY, DDt Ry DTEMP,AyP,y0
J_“"i £ c NOURLE 2FSRISLNN ADyITV 4 Xy Y
ok
R e e s et e 4 ook o R TN LR I R STV 0] s
r e per LSy«
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103

111

12

137

16

15}

[
7= NFONT +¢
N77zNFryT+”
BIT- Rz
COyvt I~
IFYT () 77)~-NGRT 4+
HIT-FP=hLT 244

TIE(PFTNe1) /10
LI LR ] K4
ADCI 2D0IN TS 17T
D=,
GOF =y 4
K=1
DO 13 Jz1y N7
L=I=XT(N
OTevwP=pYI (P =g 1)
DRUM= 0NV TEYD
DITVP=KFLI(J)Y /YT
LNEN=LDI N4 TE 4D
K==k
DFY=DLUM /DI EN
U=1
IF(DFEV3T.345)
GEV==t:Ur 7Y
K=

DO 1/ 1= 4 N7
L=T7%T())
CTOvR=Ky Dy 247 (10
YD) =T (L) +NTE
Kze¥
IF(IEVZELNFYLY 0
CALL oucH

60 10 L,¢

DevLl =CEV

JCHNGE =
Ki=12XT(D)
KN7=TEXT (N7)

KLOW =

NUT = -1 1)

-
=4

Mz -y

ia {TA

SEAPCH FOR THT IXTOFMAL SRENAYFNCIES GF THo BEST
APPROXIKATL Ou¢

20y IF(JWENGNT7) YNT=0 040

IFL)eGELNT7) G50 T 399
KUP=IFXI (J¢1)
L=YIXT () #t

NUTs -NUT

IF(JetNe 2) Yi=nn¥P

ConP=0EY

IF(LaGE, K'IP) /0 ~0 221
ERVEGEE(L,N7)

ERP= (ERI=JSSIL)) WT(L)
DTEMP=NITFFRR=SN (P

IFINTEMR ,LE G 41) <0 TO 227

COoMr=plT*TRP

21) L=L+s

T Ty R e W ® -

e = SATL

%i,::' o o . -
- . " 3 s e A+ L kO A R R AW W ¢ e e &
THE DRIGE A% LLAYS MENTH N MUERER OF TTYRATIONS OF 2%

¥y Wom okt

«

B s ST terer

e e, MTS s N A proon A et s =




o marta, e o
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j‘v

™y

217>

22!
22%

2,

26

313

IF(L.G7, KDY 67 o <130
cPPZGIE(],N7)
TamE(LEZ~3TS(LYY MTIL)
To 4R )] TRRaAAYE
FoTI240T 4%, 1) G0 TN 2143
OMD:."H_IT‘! 'Q [

B0 7O 24!

T (J) =L -9

O

]

—d
M!

KLOW=L -
JORNGE=IC T+ ¢

GC 70 &

L=l=-1

L=t-1

IF(LJLCaLAIWY 50 TO 27,
TrRaRUEILWNTY)
TARE(EER-NTS( ) )TNT(L)
NT:MP=iill] TL7="h D
IF(OTEVYZ AT 4, ) 50 70 27
LE(JCBNSELLFLY) "0 i) 2258
GO 0 257

SOMFE=RyTY. P

L=L-1

IF(LSLE.XLAW 6N T 24,4
EPP=GES(LyN7)

Erd s (ERR=T2S(L) ) W)
BITVE=NJT* ZRR=-30MP
IF(PTLEMP L Teke 1) 50 T3 24
COMT=NUTHY TR p

¢ TC 23¢

KLOW=I8XT(J)

IEXT (J)=1#1

J=J+1

JCHNGE=JCHNGT +14

GO 10 21

L=TXT(4) +1

TFOJCHENGE,RT4 1) 10 Ta 24¢c¢
L=L+1

TE(LeGeuaKIP) B "1 26
ERF=GES(LyN7)

ERES (PR =TQ(LY )Y YT
NTE«P=NJT 6] 2=00"D
IF(OTEME L 4™ 47) (0 TG 2855
GOMP=NUTY -

GO o 21t

KLOW=TI2XT(J)

J=J+1

GC 7O 2

IF(JWGTebT7) 57 "0 320
IF(KL Gl «ITEXT(L)Y Ki=TZXT(L)
IF(YNZGLTSIEXT(MNTY) ¥NT=1XT(NT7)
RUT L =HUT

W=«

X1IP=K4

COMP=YNY2 (L 13 7))

LUCK =1

L=L+1

IF(LeGELKUP) 30 TH 248
ERP=GcE(LyN )

Thirz (FRR=DESILYY*UT(L)
CTEMP=NJT*FRRe00'C
IF(OTEMPGLE W4 1) 50 T 740
CONMP=HUT»<RR

=77
GO TO 24¢

i
‘v
{
l
;




PR

v -

*

Lyrv. ;*.Q)

5N T¢

P
T

H

IF(
TF(COMEe 0 o YY) V2 =017
iz7#XT(M77)

325 L=k&f ]9+
YiH=vaT
ANUT =z -2UT ¢
CoMe=viar (1, Y 4%

32 L=L-2
TF(LeLn, ¥LIMW) 57 T 2,0
TEERRET(LgNT)
WREZ (Pis=25Q00))) MT(L)
OT:vPz YT SR N2
IF(TTe M2 4LE 4" Y) RO 7)Y 77
J=77
CoMv= 1Y .20
LUCV=LUS v+
GO TC 2%¢

It IF(LUCKEN,B) G0 ™C *7»
DO 241 4=1,4 NFONR

U5 IEXT (N7 =) =TEXTINT=]))
TEXT (1)=¥¢
GO 16 1t

T3 KN=TEXT(NTT)
Ng 361 J=gyNFoNT

Iy TEXT (J)=T7XTL+ 4
TeXT(h7) =N
GO YC 1 ¥

7t IF(JCHNGZE,ST.,2)Y 7 T 49

CALCULATIOM
USING THE TV RS*

OO0

Lt | COnTINUE
YML = NFONS -
FSH=1."
GTevP=GRINY)
X (N77)=v2:"
ChH=c* NFINS=4

£= 5

JE TYI CAEFCy
NTINRT™Y

S1 ENTS OF THZ Z2EST
FCURIE® THANSFORM

APFROXCMATION

PELF=1., /7N

L=1

KKK =4

IJFCGPEF (1) e FN Y s o PNNGINEZT(ZHRPANDS) «ENefla ) KKX=1
IF(NFONS 4LF o7} K K=t

IF(KKKZRGLY 59 TN 436

DISMP=0CCS(PT2 'R T0(L)Y)

DNUw# =
AA=?

BT3S(PI?SR T D(NGPINY)
o L/(DTT MR~ HINIM )

QA== (DT VEEDHIMY /(DT MR - CNUM)

hi3 CONTINUZ

00 431 J=i,wFoNS
Fr=(J=-1) *0z L*
XT=DCOS(FL2¥FT)
IF(KKK,,eN,1) 39
XT={XT=3R) /LA
ET=ACCE(XTY 121
XE=X (L)
IF(XT.GT«%XF) 33 "G
ITCIXE~XT) o LT 4FSH)

N

L1

L=L+3
GO 70 &t
15 AL =Y (L)
GO 70 42E
423 IF((XT=XE) o LT o7 )

GRIN(1)=FT

A IR i il Wi,

4224
50 TN 417

60 TQ 44

Yt o

hpiS

1

D JEA NI b e =2

o




TR

_;.ﬂ\\. e R Rl -
A1) =GE (1,N7)
: 2% Gyt TIny”
‘ JF(LeGTed) L=zi=*
L35 CONTINU
0 Gri (4)=6TMe ’
IV NP2 /N
anoo1c J:z,ﬂcvwc
g . NY-vos .
: a- PN E (e 1) 7 0 Ty
IF(E™1uTat) 30 " 7 s
t { f0 7 sz, g
: IR I R S HE A I I ' R T SN oY S T VNV
{ 4T 01 vPmg, r-2TT4D s (3)
: e 54) ALEYL (J) =T =MD
; r\,(: oy ;:'),N:A”n
i 555 ALPMA(J) = 2% ALDHA()) /e
] }'; l’\LPHL(-‘L):\LPu‘{‘.;,C‘\'
T:(Kkkotf\ci) ;‘) ') 1‘3
FU1) =23 AL PHA(NTONTY T30 441 FHE (141)
{ F) =0, RIATAIDU (RFANS)
O SLELPHA I NEINT =2 ) = ALt A (1, F AHC)
00 - 11 j=2,04e
IO L Tet vty 50 =a - n
HT L W
8z, -3F
515 OO TLU™
P(J+s)= ‘
D0 T2 =i, | :
( BK) =F (<) é
|- 521 Pz, 2 3388 (¥)
P(Z) =P (2) 38 (1) 37, “¥8 4 l
‘ . JMiz ey
(I D0 L2 =1, M
S 525 PV =B (C)+N ()44 sg1al} 1
4 D1z J41 1
20 © 2 <=3, Py i
B2 R(Y)=F(L)+ANFA (¥ 1) J
{ IF(JebQulne ) 508 79 aa !
) O L%t (=i, J )
535 N(Y) =-A( K)
{ B =0 ) +ALPHA (R OIT =4 = ))
b | §13 CONTIMJ-
' N0 L3I §=!, NFINS
‘ 5643 ALTAL(J) =92( )
565 CONTTHUT
TFINFRNSOGT ¢3) RETURN
{ ALFAA(NEC S #1)= " ©
: ALPHA (NGNS 42) =8, 1
‘ KETYRD
Y END
; c
: DOURLE 2HITISINN FUHNTION DK N 4M)
{ c
C FUNCTI?N T CALSILA T TH7T LACRANGE INTZRPOLATION
C COSFFIZIeNTS S0° 787 IV T4 FUNCTION GEE. .
C ;
; COMMON PJF2, 20977V Xy ¥y 3R T3 UES s UT AL PHA y TOXT 9 HECNS 9 N3RID {
; DIMTNSION TEYT(E ) ,40(56), PLPHA(LR) , X(bE), Y(66) !
D & NIMENSTIGM NES(LI/5),6RIN (40 L8B) 4 HT (14 45) 3
i DOURLE PFIZISTAN AD,NCY, X, Yy 0,P12 i
‘ Nzi,n g
0=Y(K)
no « L=,
% . ui ¢ Jl b"’!,“
L IF{Jau)1 47,1
§ .. 1 D=24040% (=¥())) ,
42;*y*"'“"“*"*’ A A e e e e = Y




.
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PlaaN
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o

OO0

[ Xe]
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‘OOOOOOOOOOOOOOOO

P, L P L ceew Sem B

LoUTLE PR ISISTIY FUIRTICON GFS(KyN)

FIPCTILN T) "VALUAT S THE FE 72U MCY FESFGNST YSING THE
LAG "4viL INT RFOLAT oM 02 LLEA IR THL 7ARYSUENTRIC FOsM

Covv O FI‘,hﬂ NEy
RIS MLIDN TEXT(F )
DIMTNSION .)C. (1~ %
nogRLE PP ITICTAN P
Pz o

YFE=CQEIN(Y)
XF=DCCS(FL22Y ™Y
1=,

NG sty
C=xF=¥(J)
C=a7(J)/ 0

0=0+0

Bzp+C* YD)

GET=R/D

FETUEN

THG

Z Va3 INGLES, WTyALPHa g JEXTHNFCHSyNGR1ID
40 (H% )y, ALTHA(LD) y X(HE),, Y(1.0)
-
1

“I“ (10 F) g MT (1705

X
9 =
)
s ,,YC PI ’/") ne V’X,Y

’
~
%

[

SURRCUTING QUSH

PLINT 1
§OFQEUAT (* xarmexs xave FATLURE 10 CONVERGE *=exncrerin/
L97PTORAALT CAJST IS 4ACH TME ROUNDING ERROR™/
2. TH4E IMPULSE RTIOGNII MUY R CORRECT™/
IUACUTCH WLTH A F SMTHCY RESPONSE®™)
FEE L
ur

SURRQUTINT ONATH~C (NCILT,IC00)
CHICKS FOR DT FILT=? (2Dthd
I=nFILT?72
I00D=NFILY - 27*7
RETURE
M

B BRSPS B AE NP RUA R X L AP ARED NAAY EX SR A S AP FRRRPANALEE RV RFER B LT R R NS

QVi "LAYIMTL 3l )

X ok BB B n*q‘«;ua;;x A ERXRE DS BAFL R I G L LI LRI RN R ALY P Y C AN E R FE XY
PROGREY FJIRTHER

THIS PFSGRFAM TSONVIRT™ THE MACNITUNE OF THE 1-D FRETUENJY RESPONSE

MAGIHMY Y = R{Z) + SUMe 24(JICOS(WY) FIRST TO
J=1
¥
MAGCH(W) ) = SUM 41D 11)CAS(I k) AND THEN TC
J=1
K J
MAG(H(®W)) = SY 2 ENTHER( )Y (COSW) « TT ALSO CALOULATES AND PRINTS

J=
THE MAGNITUIE 0& THE 2D FRELHENCY RESPONSE AT 421 POINTS IN THE FI1RST
NUADRANT OF THE W2-# DOLAME, TH1S IS DONE BY REPLACINSG JISW IN THE
K J
ENUATION MAS (H(W)) = SUM! Hi TCHEB(J) (COSH) BY THE MCCLEL.AN




- e a3 A igem WS o R at o WONEE X

TRANGFUEMATL G T YTITUE T (we, 1)),

0OMMGR  ZaAA/7 HANTHIY /ey CORVFLT
LOMMON /MEZIFT T JFIVE/H

AT W STIN A4 HTTET ), OUBYFIT(LE) y H (B Yy HIN(ETY Y9 dAW (07 4537 )
BIMNTNST N A2NMA A L4, 1) ¥
4. C
W C THZ NIM:NSIONZ AF A¢ AYS Hy Ki0, HIGCHIT, AND DAV 475 ((NTMAX-1)/2+1).
C H2OMLSG 1S PIMINSTVITT (11,44) 70 S1OWE THE 121 CALCULATZD H(HW2,H1)
§ € MESMITHDE YALNTS, "NPYFTT TS NIMIASIONSD (18) s THE FIRST NIN® LOCATIONS
C STIPE 14 CNMNSTANTS A5 “HZI SI5CK0 CSUtx 4OCLELLAN THANSFOIMATION (IF THL FIS3
C OSJFF MOCLA_LAN TRAM O MATTCN 1S USEN, FIVE OF THI NINE JONSTANIS
§ C WILL "% 7¢R)),
c
v = (NFILT = )/
€N = K4y
1 C
C IN THTT SICIION H(J) TS SOMYFERTED YO HIO (D).
i C
HiD(1) = H(K+1)
Bo 1 J =1 4K
{ HAY (J+4) = "¥H(Ks1-0)
1 CONTINUFS
c
C IN THIS SECQTINY ALD( D TS 30MERT=0 10 HIDMHEA(J).
c
C F1<ST PLL SNT.TES TN ARTAY DY 8Ft SET T) 7LRC. ‘
¢ C i
- B 20 T JA=! K 3
OC 21 JR=1 ,Xb :
t_ TAV (38,03 - de 9 %
2t COMTINUZ M
v 3 CONTTNUS ;
i C :
€ NEXT THZ MA3NLTUISS “F ALL TFHS NUN=7EXOQ SNTRIES IN THE FIRST TWC ROWS i
C ARE GENERATIC, X
{ c §
3
20 L JAzd LK, 2 i
PAV i, JR) T g, §
{ 4" CONTINIE i
C :
No ¥, JA=” 4KDe2 !
DAY (24 J8) = JA-1 '
5¢ CONTIVUF
c
, IF(K ENG3) 6N TN 424
c
C THEN ALL THI 2THED A ANTTHIE S OF THE NON=-Z3RO ENTRPI-S ARE SENERATED
( C USING A4 PLCUFIION Sn-MULA,
C
ae 7 Jaz=z T 4, KO ;
( no € J3=z Ja,¥n, 2 ;
DAY (8 5 J3) ~ PAV(JA,IR=2) + NAV(JA=1,J3-1) :
bl CONTINUF
' 7¢ CONTINUR
c
C NOW ALL NON=750 471635 ARE AKIVEN THE PROPER SIGN.
¢
{
DG €5 JA=1 4KD
LF{MGTa KDY 60 10 3¢
DG 83 J3=M ,KN,4
~ DAV (JA,J3) = =170AV (JA,yJE)
A ( 8t CONTINUF
17 o= 444
s IR N S S 4 LT o P TR AL




e

.

. e e e w

Plant 3

——

it

9 coNTTNNT
c
C THEM THI LON-ZIRC “W O ITT THORSH FGM AR MULTIPLIEN 3 JAE PRO?IK
C PONZI CF THD,
c
oLl = 240
£C 417 JA=T LK)
rO 4 JRT S GK 2
REY (18 ,J3) NV (JA, JR) < ECHFR
1.0 CONTTNUE
s = 24T MED
147 CONTINUF
C
C FIUALLY 2£CY JALUMT A% FO)74T R IS FROGUCED 3Y MULTISLING T4%
C CORR™SEIN{INR 240M AT AV 7Y HID(J) .
c

12: re1 o ) =1,k
H1ICUTR()) -,
10 12 JP=) 4V ,2
Nz Ly JR) £ HID(JP)
HARGH TR )Y = HANCHER(J) + 3

13. TONT [HET
1679 COMTINUT
c
C INM THIS SACITAM T4~ AGITTUTNE OF Y (W2y4W.) AT 221 FOLNTS 14 THE FIRST
C NUADRANT OF THT N2=u¢ PLAME IR NALCULATED.
¢ PI = Z,1418C2A57 3ac¢F
po ten T=4, o
Wi = 2T % ("=1)/17%,
30 15" ¥=1,14
42 = P ¥ (J=-{)11,
4274547 T,)) = HLOCHtB(1)
A" 4T % 4z 7,KD
P NG = A SAHFR(MY T ((CURYFIT(L) + CURVFIT(II?ZIS(HD)
i ¥ CURVFITCE)*COS(2*U2)+ SURVYFIT(2)*CUS (MWL)
2 + [URVFIT{#)*CO3S(WL)*C0S(H2)
? + O CURVFIT(E)=CNS(WL) »COS(27UW2)
@ + CURVFLY(7)+02S(2¥HW L)
° + CURVFIT(RYIACAS(27UL)I*CIS(NWZ)
6 + CHRVFLT(9)=CIS(2#WL)*CIS(2¥H2))**(H-1))
MZAaNMASL (T, ) = HEOMAG(T,J) + FROD
15¢ aOMTINE
16( SONTTNC
i7< CONTINUF
c
C PROGRAM GUTAUT SESTT N,
C

PRINT 12f
WPITE(1,4398)
180 FORMAT(//794H o7 (1H*) o7 920Xy 3IHTWO-OIHENSIONAL FIR FLLTEP DJESIAN)
PRINT 224, YR LT,NFILT
WRITE (1) 227) NFTLT,YFILT
22) FORMAT (/421X T3y H Y I 3,2iH SAMPLE POINTS FILTER)
PRINT 2211
WRITE(1,23%)

223 FOPYAT(/ /45Xy 31H¥AGNTTYNE QF THE 2-N FREQUENCY ESPINSE IN THT FIR
1ST NURDIENT 3/, L 1¥ 4S54 (THE FREODUENCY ReSPONSE IS FOUZ JUADRANT SYMV
2ETETIC) 9l 95X 954 (14=) g/ /4 12H  HL=BXIS(TIMES P1))

rg 243 I1S=1, 11

Iv=12-17

0C=(11=13) /' 5,

FRINT 281,00y (H2WMA CLIV,IN) 4T4=1,411)
WRT Y. (49257 GO, (H2 THAG(IVyIH) yIW=1,411)

Y ESTNT T

2Ly CONTINUE
283 FORVAT(¥Y 1H4 43/ 3" X gdiH g/ X yiH44/3Fh ey 1H+ 4 L1F6,.2)
e A O Wt 5 s s o
L ! RS T




P T 3’f
Wit (™)
2t ¢ FL"/‘F(iY,%R(i"},/y'/yi" e 3 YyitadeaXy2He 2y ‘;2“-07,fx’2"1¢"’ Xy
TP g Xy T aaByn¥y 2807y oy Fdfy Xyglha Yy IV T g 474570,
JLOHUT LAY (TTUST o)
HEHE
C
c B Db “wae oy 4 RN AXANT  » sa b oA PO I Y IR LR E T I I ) ST RTINSy SRS T I SO N S N B
O YR Ty )
C Br v . - TR Ny S e X € Be vs R e 2aar.a L2 R N I R Y] CR A b~ S P LRGN WALy
C
AT R 4 D |
C
C s J
C THIS SRk SONYTYT  MAGIH(W)) = [ uMi HINCHIQ(J) (S 55u; i3
C J=. ;
c (<20)(K) (K°7) (% e 1 i
C MAG(W(M y 1)) = S S HoDTHZZ (L, ) (COSWL) (2Nn542) 3Y i
c L=4 1z
C RFOLACIAG T3S NTTH “us e BLUM TREYST0KIATION AN THEN SXPL')1NG
C TO THF v EQOAF . ANY R 4075 vgi “IweS, [F THE FINQT Ot MILLE "N
C ToANSFIIMATIC « I7 1S N, «2=1, IF THY STCOND ORN72 MI3L:_Lapw
C T aySFC 7107 IS ntn, von= g,
C
COoerol 2L/ HATCROY S (0(/ PYLFT2
COorm Ol /0% IETLT e/ MOIERAN /Tl H207HESR
c
ST INREIGN MCTRAYIR 5y, HACHeR (17 ,37), PROO(37, "7)
AL NSIIM AORCLS &9 )y HAN(HES(7T)
]
C THI NIVYTNCIOhS OF TH™ APDAYS MHZDCWER, 2000, AND HI3 Y3 A2f
C (NEMAX=1) /241, THE VTPTUSTIONS OF WOKK A<E (NFMAX~1) /7. TH4F E
C DJFIERSTARS IF ¥CTRAM ART (2, 7) T STOFT THI NINZI FONSTANTS JF TH°F -
C SZ00%N DiFE. OCLILL N TUANTEIPMATION viF THE FISST 02)3kx 2CLELLEN
C TPANGFLA%ATINY IS 'S 0, TIVF AF THE wI-E CONSTANTS WiIo. 22 7:510),
C
P-ar ~(CIFRAN
C
K= (FFILY = 1377
C
C IF MY PTe SO0 R 4T 17, MINT TSprS WILL RS YSED IHN THT 433 TLLAN
C THRALFS~1ETEQ Y [F VCPV2 “rULLS FCULy THLN FNUR TIRMS ALLL RF
C US=O Th TpEe MOSLELLAY TOANSE(OMATY (M,
c
IF (MY(RPT™ W53, Y ¥27) = 4
IF (MYOQBT2 ¢80 ") ¥23 = 7
K = W2NeLs |
v = w23vve
c
C ALL FuTILS T4 P97, WK, KD HZO(HER ARE INITIALI?ED TD Z_URC SXCFPT
C PROMD (as1) AID H2RTHT (4,1),
(»
LC £ L=i, vA
LRI § =i, “A
FFATA{L M) = 7,7
H2ICHER(L 44 = -t
iv CONTINUT
L CONTINUS
c 3
U9 4 L=t1, v3
up o7, M=y, ”a
WOTK (L g4) = 340
3n CONTINUE k.
4g CONTINUF ;
PRUJI(141) = 1.7 ﬁ
HZDOHEB(4,1) = WNCHTI(]) }




o«

£

e XoNeNe) e XeoXoRoNoNeNe)

OOOOD

(o N o XeRe)

o R Mo NeoNe] (o]

o0 (e X9/

o

EACH TIvc 14E 2PI53A0 £Y7T T utOULH FH)3 Jifi LOGR, Ho FOJA G NINE
TEYE *CoLrbLoh e TRUIRTAA TN 3O ~ULTIRLTE) 11423 THL SITINY PUNKI LG
PEATUCY AT R.TEY T AT T TME R oUAY THT MALN L03P,  3_Y5 ON: OF
THE €ar SUM«pTTONS T XE7 2La 7 20F I8 THe PROGFAM TYSLIZ TH<IUGH :
THI Ay, LCGF,
{03 J=t. ¥
KE = (2N Ja-
if (Y CeT? L F9, M) N = ]
IF (Y QeT2 .77, ) N = 20 = |
I THTY FLI< )T €)R-rAntS, TR ZUTERT PROPUCT GEMENATION THZ LAST
TIMT Wared 3UE gAY LR TR AR FAQy FRO0 10 M) V.,
s A=, N
an "\ |'1-_._4’ \l
NOIK (1!, 7Y = E0N (SR, 07)
5 SeurT T
€, SoNTT T
IN THE VEXT T4 2ATOT 98 Y2« (DPsy F2CH T2wM OF TH  ASTLILLAM

TEARTENLMIIICE IC M TTIPLIS

r
~ TTe el TUT
¢

CURENT

PEAJNCT STIREN TN

WORK ¢ fLL JF THT RAITIAL 2ECHTS £ 8 STIT0 IN PRI,
Yy 31 L=ty
30 7Y m=p o,
ORIN(L 44 ) = WORK(L gm ) + MCTPON(L,4)

7 STONT T wie

8 SANTTY RS
N0 L1 L=t :
IN YT tE N :
2R0N (L s HLY = B QUL gt 41) ¢ WORK(L MY v MOTREN(1,2)
PRIV(L+1L 4% ) = PIOT (L+34™ )+ WORK(Lgyr) * MITRAN(Zy1) S
BRAN(Le g, ta1) = DLGD(L41,M41) + WORK(L,4) ¢ AZThANL(2,2) i

IF MYGR 2 VLS TNy THINT Al LRLY TeRnhs IM THE

MCCL - LU TRE SFORAATT N,

TF O (MYOFT? LT, ) 60 Y0 O

peayng L gAE?Y = PROT(L g M+ 4+ WORY(L M) F MITRAN(1,3)
OO L+ 142 = PxON(L+LyM+2) + WORK(L,A) @ MITRAN (2, 3)
DPIN(LA2,M ) = FROD(L42,M ) + WORK(L M) * HSTFAN(Sy 1)
EPAY (L 2,48 L) = BrON(L+2Z,M41) + UORK(L,™M ¥ MCIRAN(3,2)
PRPAN(L4T y442) = PECD(L424M+2) + WORV (L M) ¥ MITRAN(Z,3)

Q’ SONTT IS

4. TOMTT AT
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