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ABSTRACT

Image quality criteria that have quadratic aberrational
dependence find wide application in the design and analysis of optical
systems. Those members of this class that have direct physical sig-
nificance are of special interest, particularly for use during the
final aberration-balancing stages of the design process.

In this work a continuum is established between the physically
significant extremes of the mean-squared spot size and the variance of
the wavefront aberration. This is achieved by obtaining an analytical
second-order expansion of the optical transfer function (OTF), includ-
ing most of the wave aberrations through eighth order. This expression
is then multiplied by a‘weighting function that approximates the trans-
fer function of a typical detector and the product is integrated over
spatial frequency and azimuthal angle. The continuum is a smooth func-
tion of a single parameter characterizing the width of the weighting
function. The second-order OTF expansion and the continuum obtained
from it are both expressed in orthonormalized form so that a detailed
study can be made of the behavior of the separable balancing and
weighting coefficients.

Results comparing the use of all these criteria are established
by exact OTF calculations via autocorrelation of the pupil function.

It is shown that the variance of the wavefront aberration is consis-
‘tently the most successful aberration-balancing criterion within the

vii
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class being studied, regardless of the level of aberration. It is
emphasized that this result applies only to the balancing coefficients
associated with the variance criterion. The mean-squared spot size
is shown to have limited applicability in terms of aberration-balancing,
being suitable only when the OTF is high. This is because the use of
this criterion is equivalent to a consideration of only the curvature,
at the origin, of the OTF. It is also indicated that the choice of
aberration-balancing criterion is important mainly at lower relative
modulation (below about 0.6) where convenient analytical treatments
are not available. Under these circumstances, the variance criterion
offers the closest systematic approach to the optimal balaﬁcing of
aberrations. At higher relative modulation, differences between the

use of the variance and the OTF-based criteria are very small.



CHAPTER 1
INTRODUCTION

There is a class of optical image quality criteria character-
‘ized by having quadratic functional dependence on the wave aberration

coefficients. This functional form is generélly typical of the merit
function in automatic optical design. There are certain members of
this class that have direct physical significance, lending usefulness
particularly to the final stages of automatic design. The mean-squared
spot size and the variance of the wavefront aberration are generally
fegarded as being useful criteria in the extremes of systems having
large and small amount§ of aberration. A second-order expansion of the
optical transfer function (OTF), known as the Hopkins criterion,
occupies an intermediate position.

The objectives of this study were to develop a logical continuum
between the spot—size and variance criteria and to explore the resultant
grmut in terms of extent of validity and applicability to optical design.
In this latter context, the problem of optimal balancing of aberrations
is of particular interest.

The approach is firstly to develop an analytical version of the
second-order OTF expansion up to, and including, most of the eighth-
order wave aberration coefficients. It is intuitively obvious that this
expression will have a close relationship to the spot-size criterion

1
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(at sufficiently low frequencies) and to the variance criterion (for
sufficiently small aberrations). Once a suitable continuum is estab-
lished, the process of orthonormalization is used to eliminate cross-
terms in the aberration coefficients. This orthonormal form greatly

facilitates the subsequent analysis and presentation of results.

Background

Two well-known optical image quality criteria date from the
nineteenth century. The Rayleigh quarter wavelength rule (Born and
Wolf, 1975, p. 468) imposes a reqﬁirement on the maximum deformation
of the wavefront, relative to the exit pupil reference sphere. This
concept is useful primarily for the establishment of tolerances on
individual aberrations. It is less useful in the general case of
mixed aberrations, where the shape of the wavefront and not just the
maximum deformation requires consideration.

The Strehl Ratio (Born and Wolf 1975, pp. 461-2) compares the
irradiance at the diffraction focus (point of maximum irradiance) of
an aberrated point spread function relative to that for the same system
without aberrations. It is physically meaningful only for small aberra-
tions, under which circumstances the diffraction focus is unique. It
is well-known experimentally that the primary effect of individual aber-
rations and defocus, in amounts of up to about a quarter of a wavelength,
is a drain of energy away from the central maximum of the diffraction
image. Quantitative calculations of this sort were first made in 1879
by Rayleigh; Richter; in 1925, was the first to calculate aberration-

balancing relafionships, for small.amounts of aberration, using the
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Strehl Ratio as a criterion (Born and Wolf, 1975, pp. 467-8). A sig-
nificant development by Maréchal (1947) relates a physically meaning-
ful criterion, viz., the concept of the Strehl Ratio for small
aberrations, to the variance of the waveffont aberration. The variance
of the wavefront aberration, is, in turn, easily related to the clas-
sical wave aberration coefficients. Alternatively, if the aberration
function is expanded in terms of Zernike polynohials, the corresponding
coefficients can be directly related to the Strehl Ratio in an analo-
gous manner. The restriction to small aberrations still applies.
Maréchal developed extensive tolerancing and balancing results, based
on the requirement of the Strehl Ratio exceeding 0.8. The usefulnéss
of the Maréchal relationship lies in the ability to consider the sig-
nificance of an arbitrary combination of aberrations, subject to a
prescribed value of the Strehl Ratio. The Maréchal tolerancing results
correspond approximately, in terms of maximum allowable aberration, to
the Rayleigh limit for individual aberrations.

Use of the Optical Transfer Function {Duffieux and Lansraux,
1945) is extensive in modern optical image evaluation. Its use in
design is limited primarily to post facto analysis, since the mathe-
matical form is generally complicated. The formal relationship to
image quality is in terms of the Fourier Transform of the point spread
function, under conditions of linearity and spatial stationarity. In
terms of the scope of this investigation, useful approximations to the
exact OTF are of interest. Steel (1953) obtained an expansion of the

OTF to second order in the wave aberration coefficients. The resultant



form is accurate for sufficiently small aberrations at all spatial
frequencies; for larger aberrations accuracy is retained at progres-
sively lower frequencies. This form of criterion was extensively
developed .by Hopkins (1957a). His results are formulated in a manner
analogous to the Maréchal relationships. The relative modulation, as

a function of the normalized spatial frequency, is defined as the ratio
of the value of the OTF of an aberrated system to that Qf the same sys-
tem without aberrations. This is related to the variance of the wave
aberration difference function, which occurs in the argument of the
autocorrelation formulation of the OTF. The requirement, both for
accuracy and for satisfactory image quality, is that the relative mod-
ulation should exceed 0.8. The Hopkins criterion was used to establish
aberration-tolerancing and balancing data, as functions of spatial fre-
quency. The aberration-balancing information is potentially of the
greater significance in optical design. Subsequently it was shown by
King (1969) that the Hopkins criterion is reliable for relative modula-
tions exceeding 0.6-0.7, depending on the type of aberration.

Another often-used approximation to the exact OTF is an expansion
to second-order in spatial frequency (e.g., Sayanagi, 1963). Linfoot
(1959) has shown that this form of approximation is equivalent to the
concept of the mean-squared spot size or the radius of gyration of the
point spread function. This is normally used in the context of the
geometrical point spread function, but Linfoot has indicated that an
extension to the diffraction image is valid, provided that the increase

in the moment of inertia of the diffraction image is considered. This



is to avoid the problem of infinite second moments occurring, for
example, in the simple case of an aberration-free diffraction point
spread function. In the historical context, criteria such as the
mean-squared spot size and the minimum circle of confusion preceded
the development of the OTF, since these were intuitive concepts in an
era when diffraction-based criteria were either not available or wére
extremely tedious to evéluate.

A geometric-optical analysis of image formation is considered
appropriate for systems haviné large aberrations because, under these
circumstances, the point spread function predicted by geometrical
optics, is similar, in general form, to the actual point image. More
specifically, Hopkins (1955) and Miyamoto (1961) showed that geometric-
optical analyses become increasingly accurate at lower spatial frequen-
cies, for systems having aberrations exceeding about 2A. Thus a
strongly detector-limited optical system, having large aberrations,
may reasomably be-expected to be described in terms of optical perfor-
mance by an image quality criterion such as the mean-squared spot size.
In the other extreme, the variance of the wavefront aberration is a
valid criterion for systems having small aberrations, where, in addi-
tion, good performance at all spatial frequencies up to the optical
cut-off is of interest.

The development of the modern computer introduced the concept
of the so-called merit function into optical design. In its most
fundamental form, this function is expressed as a weighted sum of
squared image defect terms. This general functional form is also

characteristic of the three criteria discussed thus far, viz., the
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mean-squared spot size, the variance of the wavefront aberration and
the Hopkins criterion. This suggests, as shown by Hopkins (1966), that
these criteria can be directly incorporated as merit functions in auto-
matic optical design. The need for the merit functiop to have physical
significance is important mainly during the final stages of a design
procedure (Glatzel and Wilson, 1967). This stage would include the
optimal balancing of the residual higher-order aberrations by the adjust-
ment of lower-order aberrations and by the location of the focal surface.
This problem of the so-called aberration-balancing merit function has
been discussed by many authors (e.g., Hopkins, 1966; King, 1970; Offner,
1970; and Itoh, 1971). Even if a merit function is not used, as in the
design programs of Glatzel, the use of these criteria provides appropri-
ate target-vélues for the aberration-balancing stage.

Although use of the spot-size and variance criteria is physically
justifiable in the respective extremes discussed earlier, it is relevant
to point out that this segregation is not rigorously adopted. Thus
Linfoot (1955, p. 31) has used the spot-size criterion for the optimiza-
tion of a Schmidt system having small aberrations. Unvala (1967) and
Meiron (1968) have indicated that the variance criterion may be used
beyond the limit of well-corrected systems; this is justified on the
basis of its general geometrical significance in terms of the shape of
the wavefront. This extended-range use has also been discussed by
Tatian (1974). The quantitative extent to which these procedures are

justified has not been discussed. Indeed, a comparative evaluation of

all these criteria, in terms of the relative extent to which the OTF



can be affected, has not been made. This leads to the statement of

the problem to be investigated, as discussed in the next section.

Statement of the Problem

The fundamental task in this dissertation was to establish a
continuum between the extremes of the mean-squared spot size and the
variance of the wavefront aberration. The approach was to be along the
lines of the Hopkins criterion, but the mathematical procedure was
similar to that in the work by Steel, except that the classical expan-
sion of the wavefront aberration function was adopted. The work by
Hopkins discusses individual aberration types and includes the fourth-
order classical wavefront aberrations, together with six?h-order spheri-
cal aberration and linear coma. Hopkins used a rectangular coordinate
system in the integration over the sheared pupil; this necessitated the
use of tabuiated integrals for the subsequent presentation of the
results. The use of the appropriate polar coordinates permits an ana-
lytical result which is potentially more conducive to the establishment
of the mathematical trends stated earlier. The task was aléo to include
all the wavefront aberrations through sixth order, together with eighth-
order spherical aberration. An eighth-order oblique spherical aberra-
tion term was subsequently added.

The Hopkins criterion does not, in itself, form a logical con-
tinuum between the spot-size and variance criteria. However a possible
process is suggested by the relationship of the spot-size criterion to

the low-frequency OTF on the one hand, and by the relationship of the
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variance criterion to the normalized volume under the OTF, on the other
hand. A reasonable continuum might be a progressive integration of the
Hopkins criterion over increasingly larger ranges of spatial frequency.
A logical reason for the choice of spatial frequency range might be the
characteristics of a potential detector.

Once the appropriate criterion has been obtained, an important
procedure is that of or;honormalizing the resultant quadratic form in
order to eliminate cross-terms in the aberration coefficients. This
procedure greatly simplifies the presentation of results, since the
weighting and balancing coefficients are immediately identifiable.

The orthonormalized form is both elegant and practical, since it is

directly suitable for use as a merit function in automatic design.

Qutline of the Remaining Chapters

The Hopkins criterion is developed in Chapter 2. The ortho-
normalization procedure is described and used to display the variationm,
with spatial frequency, of the coefficients in the Hopkins criterion.

In Chapter 3, the continuum between the spot-size and variance
criteria is obtained. The coefficients are again plotted as a function
of a parameter characterizing the properties of a hypothetical detector.
The transitioné to the two limits are shown and discussed. Chapter 4
is devoted to a discussion .of aberration-balancing. This is done in
the context of the so-called aberration-balancing merit function. It

is shown that the use of the variance criterion in this connection is
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widely justifiable and that the Hopkins criterion confers only slight
advantages at high relative modulation. At low values of the transfer
function, the spot-size criterion yields the poorest results.

In Chapter 5, the extended-range use of the variance criterion
as a merit function is discussed.. Although this usage is often
adopted, it is important that justification be made in terms of the
extent to which the OTF can be optimized.

A summary of the results and the significant conclusions are

given in Chapter 6.



CHAPTER 2

THE SECOND-ORDER EXPANSION
OF THE OPTICAL TRANSFER FUNCTION

Mathematical Development

The following work is performed under the assumptions of
incoherent irradiance, a circular exit pupil and the usual simplify-
ing conditions of scalar diffraction theory, as applied to problems
of image formation. Under these conditions, an unaberrated wavefront
will yield a classical Fraunhofer diffraction pattern centered on the
Gaussian image point; aberrations are regarded essentially as pertur-
bations from a reference sphere centered on the Gaussian image point.
These assumptions and simplifications are reasonable in the study of
photographic lenses of moderate aperture and field coverage.

The two-dimensional OTF is the Fourier Transform Bf the point
spread function. It is usually more convenient to consider a number
of one-dimensional transfer functions, obtained as cross-sections of
the two dimensional OTF, at various azimuthal angles. As is well-
known, these one-dimensional OTFs are identical to the Fourier Trans-
forms of the corresponding spread functions. Any desired section of
the two-dimensional OTF can therefore be obtained by considering the
imaging of an infinite line object, rotated to the appropriate azimu-

thal angle. It is necessary to formulate the aberration function so

10
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that this rotation, which is effectively a rotation of the coordinate
systems throughout the optical system, is taken into account.

The Optical Transfer Function O(w,8) can also be expressed as

the autocorrelation of the pupil function P(x,y) (e.g., Hopkins, 1957a)

0

ffp(x,)') P* (x-2w,y) dxdy (2.1)

-0

0(w,68) = =

where (X,y) are the reduced pupil coordinates, w is the
normalized spatial frequency and & is the azimuthal angle of the fre-
quency component.

The coordinate system and the vaiious parameters in the above
expression are shown in Fig. 2.1. The pupil function P(x,y) is related
to the aberration function W(x,y)

2wi

- W(x,y)

P(x,y) e within the pupil

=0 outside the pupil (2.2)
Since the calculation is to be performed with respect to the
coordinate system (x,y) and the aberration function is normally
expressed in the unrotated system it is necessary to re-express the
aberration function. This is most simply done if polar coordinates
are used; the aberration function is then formulated in terms of the

rotational invariants

H2 , p2 , Hpcos(¢-8)

where the (p,¢) system corresponds to the (x,y) rectangular coordinates;

H is the normalized field parameter.



Fig. 2.1.

The Coordinate System and Parameters Involved
in the Calculation of the OTF via Autocorrela-
tion of the Pupil Function.-

Z1
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The second-order expansion of the real part of O(w,8) is given

2
S(w,8) = ﬁ%- f f pdpdd - %Ef- f f (W-W')2 pdpd¢ (2.3)

where the region of integration is the area common to both pupils (cf.
Fig. 2.1) and.W and W' are W(x,y) and W(x-2w,y), re-expressed in the
(p»¢) coordinates.

In terms of the classical wave aberrations the expansion used

for this work is

'¥ = B cos(¢-8) + Dp2 +'Ap£c6$2(¢;6) + Cyp3cos(¢-9)
| + ECp3cos3(4-0) + S'1p1+ +.0B1p4c052(¢-6) + CapScos (¢-6)
+ S20% + O0B2pbcos?(¢-6) + S30® (2.4)
where ‘ .
B = Hwiyy + H3wayp + HSwsyg R H'w711 + ...
D = wogo + Hlwzpg + Hwygg + Hs@szo .
A = H2wpp, + HY%wyoo + HOwgao + ...

Cp = Hwyzp + H3w33p + HSws3p + ...
EC = H3W333 + H5W533 + ...

S1 = wWoug *+ H2wpug + Hwyug + ...
OBy = H2wpyp + HYwyyp + ...

lesl + H3W351 + .

(@]
[
il

L Sz = wqggo * H2wago + ...
032 = H2w252 + ...
53 = Wggg * ...

where the wijk are the classical wave aberration coefficients.
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W' is obtained by substituting pcos¢ - 2w for pcos¢ in the expression
for W, taking care to express p2 as p2cos?¢ + p2sin2¢, etc. |

The resulting expression for W-W' is given in Appendix A. The

calculation of S(w,®) can now be done analytically once the limits of
integration have been established. It can be seen in Fig. 2.1 that,

over either half of the area of integration, the limits of integration

for p are from to 1, while ¢ ranges from -a to +a, where

[
cos¢
a = arc cos u.

Some additional simplifications can be made. The calculation
of S(w,0) involves the integration of (W-W')2. This will include even-
even, even-odd and odd-odd aberration product terms. The even-odd
products will cancel over the halves of the area of integration whereas
the other products will reinforce.

The final expression for the second-order expansion of the OTF

is therefore

a a
1 2 1
S(w,8) = -% j f pdod¢ - %%F f f (W-W')2 pdpd¢
—y 8 w
2 Cosd "3 Cose
2 4 21
= T (a - usina) - 73 f [ W-W")2 pdodp (2.5)
-a W
cosé
where a = arc cosw
and sina = (l-wz)%

The evaluation of S(w,8) is lengthy but straightforward; the

result in given in Appendix B. This second-order expansion of the real
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part of the OTF forms the basis for most of this work. However, a cor-
responding result for the imaginary part of the OTF is also useful and
may be obtained as follows:

The exact OTF is given by

O(,8) = = ” et ¥ pdpds

m
where K = %;—(W-W') and the integration is over the overlapping
pupil region.

The imaginary part is given approximately by

a
1
I(,0) = 3 ” (W-W') pdods (2.6)
‘ -a o
cosd

where (W-W') is given in Appendix A and the integral is evaluated
in Appendix C.

The modulus and phase of the OTF may be obtained from the
expressions for the real and imaginary parts in the usual manner.

The second-order expressions for the modulus, phaée, real and
imaginary parts of the OTF have been programmed. The DIFFMTF program,
listed in Appendix D, permits any of these quantities to be calculated
as functions of the wavefront aberration, spatial frequency and azimu-
thal angle.

In the remainder of this work the real part of the OTF, as
opposed to the modulus, will be used. There is, of course, no differ-
ence as far as the spherical and astigmatic aberration types are con-
cerned. Use of the azimuth-averaged real part will provide the link

between the variance and spot-size extremes mentioned in Chapter 1.
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In addition, the real part of the OTF retains aberration terms involv-
ing the B coefficient (lateral shift and distortion). This is desir-
able both for completeness and for ény potential work in which accurate
knowledge of the optimum lateral shift is required. The modulus of the
OTF is, of course, independent of the lateral shift term; by the
Fourier Transform relationship between the OTF and the intensity point
spread function a lateral shift in the image space affects only the
phase of the OTF. In addition, as mentioned above, the second-order
expansion of the real part of the OTF will be averaged ovef azimuth for

the work that follows.

Orthonormalization of a Quadratic Form-

Thg second-order expansion of the (azimuth-averaged) OTF is a
quadratic function of the wave aberration coefficients. It is highly
desirable to orthonormalize this expression in order to eliminate cross-
terms between the aberration.coeffiCients. The resultant form will be
a sum of squared terms each of which is a linear expression in the
aberration coefficients. Minimization of this form is obtained by simply
having each linear term equal zero. This yields information concerning
the optimal balancing of aberrations and the choice of focal surface.
The process of orthonormalization is most simply discussed in

terms of the familiar completion of the square. A general quadratic

form is first expressed symmetrically:
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ajiAlA; + ajoAjAp + aj3AjAg ¢ - - - - - + aipAlAp
* agiAA * aAgfp + - - - - - - - - - - * azph2hn
] 1
1 1
+ anaAnAl L R R T T B I T R I B +lannAnAn
. . 214 .
Forming a1y = ET% 5 J = 1-+n.

The quadratic form can now be written as

a11(A; + @128 + - - - - - - - ®1nAn)?
+ b21A2A1 + b22A2A2 e
\ .
]
]
]
+bniApAp ¥ - - - - - - - - - - o + brnAnAn
| 3k121j j = 1-n
b,. = Sk oL
where K3 akj e 5 %k = 2on

Repeating the process

bos
Form sz = 5§%~ s j = 2-+n
b b 3 3 =
and Cz- = b‘e. - —’ez_%l; J 1 - n
J J b22 L = 3 -n

This yields the second squared term and the process is repeated in an
obvious manner. This procedure is easily programmed and the necessary
steps are included in the TFORTHO program, listed in Appendix D. This
program is used to obtain the coefficients for the orthonormalized form
of the second-order expansion of the real part of the azimuth-averaged

OTF, as a function of spatial frequency.
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The General Orthonormalized Criterion

The image quality criteria having quadratic aberrational depen-
dence that are discussed in this work can all be expressed in the fol-

lowing general orthonormalized form.

Niwgaq + (awguo+bwogo+cwWogo) + [(Woq+iWaz2) + a(Wayg+iwayo)

+ b(wago+ wag2)1HZ + [(wWyz0+iwy22) + a(Wyyo+iwyyp) JH
+ (Wg20+iwg22) HE }2
+a{(woyo+ dwogo+ewggg)* [(Wauo+iwaua) + d(wzso+%W2sz)]H2
+ (Wyyo+iwyyp)HY}2

* B[(Woso+fwoao) + (Wpgo+iwag2)H2]2 + y[wgggl?

+ 8[ (wa22+gWau2+hwag2)H2 + (Wy2+gWyyp)HY + WepoHS]2
+ e[ (Waup+iwpga)H2 + WyyoHY] 2 + WwygoH?) 2

* w{wiiH + (Gwiaitkwisy)H + [wayg + j(wa3p+3/4wass)

+ kwssi]H3

+ [ws11 + j(Ws31+3/4ws33)]H® + wy11H7}2

+ u{ (Wyg1+awys))H +[(w331+3/4w333) + Lwgg]H3
+ (W531+3/4ws33)H5}2

+ n[wyis1H+wasH3] 2 + tlwaggH3+ws34H5) 2
N 2.7

where.the wijk are the wave aberration coefficients and H is the normal-
ized field parameter. The values of the weighting (a-1) and balancing

(a-2) coefficients depend on the particular criterion. Results for the
second-order expansion of the real part of the azimuth-averaged OTF are

shown in Figs. 2.2(a-c) and 2.3, for N = 1. It is of interest to note



Fig. 2.2. Balancing Coefficients--Second-order OTF.

Figs. a-c illustrate the‘'behavior of the
coefficients corresponding to the ortho-
normalized second-order expansion of the
real part of the azimuth-averaged OTF.

The corresponding values for the variance
criterion are indicated by the horizontal
bars on each curve. The values for the
spot-size criterion are the zero-frequency
limits.
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Fig. 2.2. Balancing Coefficients--Second-order OTF.

(a) Spherical Aberrations
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Fig. 2.2. Continued.

(b) Astigmatic Aberrations.
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Fig. 2.2, ‘Continued.

(c) Comatic Aberrations.
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Fig. 2.3. Weighting Coefficients--Second-order OTF.

®, B8, y --Spherical Aberrations,
8, e, p ~-Astigmatic Aberrations,
K,H,n,T --Comatic Aberrations.
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that aberrations having the same aperture dependence, but with differ-
ing azimuthal nature, always have the same constant relationship; e.g.,
Wo20 and wgpoo, Wi3y and w3z3, Woyp and wgyg, etc. Clearly, any desired
field point or field averaging can be considered. Wiese (1974) has

indicated how the primary chromatic aberrations can also be included.



CHAPTER 3

THE CONTINUUM BETWEEN THE MEAN-SQUARED SPOT SIZE AND
THE VARIANCE OF THE WAVEFRONT ABERRATION
The mean-squared spot size and variance of the wavefront aber-
ration criteria may both be obtained from the OTF-based criterion
developed in Chapter 2. The algebraic procedure is best illustrated
by a simple example. The second-order expansion of the real part of

the OTF for the D and S; aberration only is (cf. Appendix B)

.

- 2DS1} (L, 542 4) _ wsinaf L+ 25 42 4 2 b
256mw 2 a<6+2w +2w> m51na<6+ 3 w +9w

2 . . ) 2 D? 1, .2 . (13 1 o
Tr(a. wsina) 641w iz a<—+w>—m51na<12+6w

2
- 256mw? 5—12- a(%— * -161 w2 + 8u* + 4w5)
A

i 29 . 139 o, 202 4, 14 ¢
m51na<24+ A AR (3.1)

If this expression is expanded in powers of w the lowest order terms

are
4 8w2w? 8 .

and it is seen that the coefficient of the term in w? is, 'to within a
numerical constant, the expression for the mean-squareci spot size.

* If 3.D is integrated over spatial frequency and azimuth, i.e., over
the volume under the two-dimensional OTF, we obtain |

24
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3 .
T__T 2 16 o 2 3.3
7 12X2<D +2D§1+1551) (3.3)

Normalizing by %-we obtain

2r\2 | 1 16
1- (_Alf_) TZ-(D?- + 2DS; + ﬁ312) (3.4)

This is the familiar formulation of the Strehl Ratio and the expression
in the square brackets is the variance of the wavefront aberration.

The example given.suggests the procedure whereby a logical
continuum can be achieved between the extremes of the spot-size and
variance criteria. The second-order OTF expansion is multiplied by a
weighting function approximating the transfer function of a hypothetical
detector. The produce is then integrated over the spatial frequency and
azimuth. As the width of the weighting function tends to infinity, i.e.,
as the function tends to a constant value, the result of the integration
should tend smoothly towards the variance criterion. Similarly, as the
function becomes very narrow, the relative weights between the aberration
terms should approach those for the spot-size criterion.

This procedure has been carried out for the entire OTF expression

in orthonormalized form. The weighting function used was

1
v @ 5-5)

F =
where q is a parameter characterizing the width of the spread function
of the detector and S is the spatial frequency. This expression can be

re-expressed in terms of the normalized spatial frequency w
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1

F = —m————— (3°6)
1+ (Rw)?
—9
where R = SrEGEDer)

The upper limit of integration is the value of w for which F falls to
0.I, or the optical cut-off, whichever occurs first (i.e., depending
on the value of R). The truncation of F is necessary for the effective
isolation of the appropriate frequency region of the OTF expression.
The results of this work yield an orthonormalized criterion
that is again of the generalized form Eq. (2.7) given in Chapter 2,
except that the coefficients are now a function of the parameter R.
The computational work is described in the listing of the TFIORTH
program, given in Appendix D. The variation of the coefficients as a
function of R is shown in Figs. 3.1(a-c) and 3.2 (again for N = 1) and
the smooth transition from the spot size to the varianée limits is
evident. The coefficient values for the spot size and variance limits

are given in Appendix E.



Fig. 3.1.

Balancing Coefficients--Integrated Second-order OTF.

These illustrations show the behavior of the coefficients
corresponding to the orthonormalized image quality criterion
that forms a continuum between the spot-size and variance
criteria. This criterion is a second-order expansion of

the real part of the OTF that is multiplied by a weighting
function of the form 1/1 + (Rw)? and integrated over
azimuthal angle and spatial frequency. The upper frequency
limit of integration is

3

“max R ° s 1.0

> 1.0

Dl e

= 1.0;

(a) Spherical Aberrations
(b) Astigmatic Aberrations

(c) Comatic Aberrations
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CHAPTER 4

ABERRATION-BALANCING AND OPTIMIZATION
OF THE OPTICAL TRANSFER FUNCTION

As mentioned in Chapter 1, the class of image quality criteria
developed in this work is of particular significance for use as a
merit function during the final aberration-balancing stage of an optical
design procedure. In practice, consideration of the characteristics of
the entire imaging process would determine the spatial frequency range
for which the optical system has to be optimized. This would, in turn,
determine the values of the coefficients for the orthonormalized crite-
rion.. The resultant criterion and the balance of aberrations will be
optimal provided that the relative modulation of the optical system is
sﬁfficiently high.

It is of considerable practical interest to examine the results
of different aberrational balances over a wide range of relative modula-
tions. A systematic approach is to compare the various balances cor-
responding to the spot size, the variance of the wavefront aberration
and the OTF-based criteria. The basis of comparison will be the extent
to which the exact OTF can be optimized. The exact OTF has been cal-
culated via autocorrelation of the pupil function, using the Hopkins
algorithm (Hopkins, 1957b). This procedure is described in the AUTCORR

program, listed in Appendix D.
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In the examples that follow, the balancing relationships are
obtained by setting the appropriate orthogonal components of the par-
ticular criterion to zero. Results at frequencies below 0.1 are of
the greater interest since it can be seen from Figs. 2.2(a-c), pages
19-21, that the balancing coefficients for the variance and OTF-based
criteria are similar in value at higher frequencies. Moreover, good
correction is required to give appreciable OTF values at the higher
frequencies and hence the variance criterion becomes appropriate any-
way.

Figure 4.1(a-e) illustrates the effect of the choice of
criterion for aberration-balancing. There are some consistently
demonstrable results. Differences at high OTF values are small. At
lower OTF values, use of the spot size criterion becomes inappropriate,
even for large aberrations and at low frequencies [cf. Fig. 4.1(e)].

Use of the OTF-based criterion is advantageous mainly at rela-
tive modulations in the range 0.65-0.85 and at frequencies such thgt
the numerical balance is appreciably different from those for the other
criteria [cf. Fig. 4.1(a-c)]. A typical result is shown in Fig. 4.1(a)
at a frequency of 0.08. In general, the choice of balancing criterion
is seen to be important mainly at lower OTF levels.

These results are again illustrated for data obtained for an
actual lens. This is a 150mm Double-Gauss (Stavroudis and Sutton, 1965),
analyzed at £/3.5 and a 14%-degree half-field. The performance is
adequately described by the wave aberration coefficients through eighth

order; these were obtained using the PROXI program (G. W. Hopkins, 1976).
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Fig. 4.1.

Normalized Spatial Frequency

Transfer Functions for Aberrational Balances
using Different Criteria.

These illustrations show the effect of the
choice of criterion for aberration-balancing.
In each case, the MIF has been calculated by
autocorrelation of the pupil function. The
various lower-order balances are distinguished
as follows:

v --minimization of the variance of the
wavefront aberration

S --minimization of the mean-squared
spot size

H(x) --optimization, at a frequency of x,
of the second-order expansion of the

OTF. .
(a) S§; = 2A.
V ~-D = =22
H(0.08) --D = -2,34)

S =--D = -8/3x
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Fig. 4.1. Continued, Transfer Functions.
(). S; = B8A.

v --D = -8

H(0.015) -- D = -10.4

S -- D = -32/3
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Fig. 4.1.

(c)

C, = B8A.
\Y --Cy
H(0.08) --C;

H(0.04) --C;

Continued, Transfer Functions.

-9.6A
-10.59A
~-11.24)
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Fig. 4.1. Cohtinued, Transfer Functions.

(d) 0By =
Cp = 12A; EC = 122

Curve:

S2
S1
D
0B,
A
B
C1

21A; S3 = 21A;

V:

-52.51
412
-10.2)
-28)
8.4x
3.6)
-23.42

H(0.015):

-57.34A
50.65x

- =14.901

-32.772
11.98)
5.70A
-26.55A

S:

-58.51
52.8)
-15.9:
-33.6)
12.6)
62
=272
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(e)

Continued, Transfer Functions.

Sy = 70A.
V. -- S = -140A; Sy = 90A; D = -20A
S --'S; = -160A; Sy = 120A; D = -32A

This example illustrates that the spot-
size criterion can be inappropriate even
for large aberrations and at low frequen-
cies. .
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Figure 4.2 shows OTF curves corresponding to different balances using
only the fourth-order wave aberrations and the choice of focal surface
as variables. All the data are for the edge of the field. Chromatic
aberrations were not included in this analysis.

Optimal Aberration-balancing
at Lower Relative Modulation

It can be seen from the examples given that the variance
criterion yields the best results at lower relative modulation, regard-
less of the level of aberration. This indicates that the true optimal
aberrational balance moves towards the variance values as the relative
modulation decreases. There are, however, no convenient analytical
procedures for obtaining the precise values corresponding to the true
optimal aberrational balances at lower relative modulation. The author
has investigated an extension of the OTF expansion to fourth order and
has found that very little additional insight is provided; the expansion
has poor convergence. It is easily shown empirically (see, for example,
Born and Wolf, 1975, p. 488) that, at lower relative modulation, the
true optimal balance differs from that obtained using any of the seéond—
order criteria. All that can be inferred is.that, under these circum-
stances, use of the variance criterion yields the closest systematic
approach to the true optimum.

It is also easily shown thgt the aberrational balance that is
optimal (obtained empirically) at frequencies for which the relative
modulation is low will yield a corresponding .deterioration in the

response at lower frequencies where the relative modulation is high.
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Normalized Spatial Frequency
Fig. 4.2, Transfer Functions for a Double-Gauss Lens.

0B, = 0.0A; OB; = 5.661; S3 = -0.35);
S, = -2.97A; EC = -0.73); Cp = +0.31)

The above data were obtained for a 150mm Double-Gauss
lens evaluated at f£/3.5 and at a half-field of 14%°
The lower-order balances are as follows:

s1 D A [oi% B
\Y 2.20A 0.02Xx -4.25\ 0.18x 0.09A
K 2.46)\ 0.04x -4.83) 0.16) 0.11Aa
H(0.0S) 2.82) -0.11) -5.22) 0.13x 0.13)
S 3.352 -0.40Xx —5.661 0.09x 0.15x

The curve labeled K illustrates the use of the integrated
version of the OTF-based criterion, described in Chapter 3.
The weighting function used falls to a value of 0.1 at a
frequency of 0.150 (i.e., R=20). The curve labeled D shows
the diffraction-limited performance for a lens of the same
specifications.. V and S refer to the variance and spot-
size criteria.
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Under these circumstances the aberrational balance provided by the use
of the variance criterion appears to yield the most satisfactory sys-
tematically obtainable compromise between optimum performance at both
high and low relative modulation. This compromise is in the sense that
significant improvement at lower relative modulation can be obtained
with only a small deterioration at higher relative modulation. This
conflict between good performance at both low and high relative modula-
tion (i.e., referred to differenf regions of the same OTF curve) means
that the aberration-balancing problem cannot be adequately approached

by considering only the properties of the optical system.



CHAPTER 5

THE EXTENDED-RANGE USE OF THE
VARIANCE OF THE WAVEFRONT ABERRATION

This chapter is devoted to a discussion involving the extent
to which the variance of the wavefront aberration can be used as a
general-purpose merit function in automatic optical design.

This merit function is invariably a sum of squared image defect
terms. As shown in this work this type of function can adequately
describe optical image quality, provided, essentiélly, that the rela-
tive modulation is sufficiently high (above 0.6-0.7). Otherwise, it
is necessary to use a more complicated function such as the actual
OTF. This has not been done although there is no fundamental problem.
The computational complexity has apparently deterred most attempts in
this direction and, .instead, a great deal of work has been devoted to
optimization techniques involving the sum of squares type of merit
function.

The need for a physically significant merit function, whether
‘of sum of squares form or otherwise, is of importance primarily for
the aberration-balancing stage. It has already been indicated that the
variance criterion has extensive applicability in this connection. It
is to this extent that the variance can serve as a general-purpose merit
function. It is, however, important to note that the value of the
variance does not necessarily correlate with image quality for other
than well-corrected systems. This is best illustrated by an example,
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shown in Fig. 5.1. In this example, each OTF curve corresponds to
a value of the variance that is five times that for which the Maréchal
results start becoming inaccurate, i.e., an rms variance of 1/3x. It
can be seen that large aberrations of different types cannot be reliably
compared using the variance as a measure of image quality. The weight-
ing, as opposed to the balancing, coefficients in the orthonormalized
expression for the variance do not have applicability beyond the domain
of well-corrected systems. However, it is clear that the variance will
correlate with image quality if a given system progresses from a certain
state of correction to another differing primarily in the amount and
not the type of aberration.

Empirically, it»appears that the variance is generally appli-
cable as an aberration-balancing merit function for situations where
the relative modulation exceeds about 0.5, although this value depends
on the type of aberration. This conclusion results from some trial
and error attempts to find the optimal aberration balances for fourth-
order spherical aberration plus defocus, and for third- and fifth-order
coma. This is worthy of further investigation, but the process is
clearly a tedious one.

These conclusions about the appropriateness of the orthogonality,
as opposed to the normalization, of the variance criterion are a justi-
fication for the expansion of the wavefront aberration in terms of the
Zernike circle polynomials. This expansion is clearly not limited to

situations where the aberrations are small.



MTF

1.0

0.8

0.6

0.4

43

45° Azimuth

0.02 0.04 0.06 0.08 0.10 0.12

Normalized Spatial Frequency

Fig. 5.1.

Transfer Functions Corresponding to the
Same Variance Value.

Both curves represent the same rms variance
of the wavefront aberration = 1/3A.

E——EC=3.77A; C = -2.83)
(The 45° azimuth does not differ significantly
from an-azimuthal average)

SPH S3 = 70A; Sz = -140); Sy = 90A; D = -20A
In each case, the lower-order balance is such

as to minimize the variance of the wavefront
aberration.-




CHAPTER 6
SUMMARY AND CONCLUSIONS

The original goal of this work was to develop a continuum of
physically significant optical image quality criteria, usable for any
amount of aberration, and subject to the functional form that has
quadratic aberrational dependence. While it was anticipated that this
would yield a useful tool for the analysis and comparison of optical
systems, it was expected that the main use would be in terms of a
merit function suitable for automatic optical design. Specifically,
the work would provide the required aberration-balancing information
necessary for the final optimizational stages of a design procedure.
All this has been achieved but the significant conclusions that have
emerged are, in the author's opinion, more important than the routine
attainment of the initial objectives. >

Firstly, it has been shown that the use of criteria based on
a second-order expansion of the OTF is of somewhat limited value in
optical design. This type of criterion is theoretically accurate only
at high relative modulation and, under these circumstances, the choice
of criterion for aberration-balancing is not critical. The maximum
advantages obtainable do not appear to significantly exceed 0.03 OTF

units as compared with aberration-balancing using the variance of the

wavefront aberration as a criterion. These small advantages can be of
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significance for situations where it is desirable to maximize the
irradiance at a point on a detector; in these situations, any additional
energy, however, small, can be of importance.

Secondly, it has been shown that use of the variance of the
wavefront aberration as an aberration-balancing criterion is widely
justifiable beyond the usual limitation of small aberrations. Indeed,
this offers the only systematic approach, known to the author, towards
- the problem of optimal aberration-balancing at lower relative modulation.
It appears that, as the relative modulation decreases, the optimal
balance of aberration moves from the value for the OTF-based criterion,
at any frequency, towards the value for the variance criterion and then
proceeds beyond this value, in the same directional sense. This last
point requires further investigation. The significance of these results
lies not only in an establishment of the extent to which the "'sum of
squares' type of merit function can be reliably employed. There is
also an indication that a more complicated merit function, such as the
OTF itself, may not be necessary for most situations in automatic
optical design. This is an important avenue for further research.

Thirdly, it has been shown that the mean-squared spot-size
criterion should be used with caution. It is a reliable criterion
only when the OTF is high, typically above 0.7-0.8, depending on the
t&pe of aberration. At lower OTF values, even for large aberrations
and at low frequencies, the spot-size criterion becomes a progressively
poorer aberration-balancing criterion. This might have been antici-
pated, although it does not seem entirely obvious, from the limited

relationship of this criterion to the curvature of the OTF at the origin.
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Finally, as indicated at the start of this éhapter, it is

anticipated that the orthonormalized criteria developed in this work
will have some intrinsic value in the analysis and understanding of
optical systems, as, for example, in the use of field-focus displays.
In addition, the explicit aberrational dependence permits a systematic
investigation, at least for higher relative modulation, of the compara-
;ive effects that different aberrations have on the diffraction-based

OTF.



APPENDIX A

CALCULATION OF THE WAVE ABERRATION
DIFFERENCE FUNCTION

The expression W-W', the wave aberration difference function,
occurs in the autocorrelation formulation of the OTF. In terms of the
- wave aberration coefficients used in this work, the following result is

obtained.

W-W' = Aw {4 D[(pcosé - w)] + 881 [(pcoss - w) (p2-2pucoss + 202)]

+ 4 5, (Spscos¢ - 120%ucos¢ - 3phw + 16p3w2cos3p + 2403w2cosé
- 480%uw3cos2p - 12023 + 48pucos¢ - 16u®)

(p7cos¢ - 60%uwcos2¢ - pbuw + 16pSw2cos3¢ + 12p5w2coss
+ 168 - 16p*w3cos*p - 48p"%w3cos2¢ - 6p*wd + 64p3utcos3e

+ 4803utcosd - 96p2wScos2¢ - 16p2wS + 6d4pwBcoss - 16m7)
+ 4A [cose (pcos (¢-68) - mcose)]

(2p3cos3¢ - 6p2wcos2¢ + 8pw2cos¢ - 4m3) cos28
+40Bq| + p2sin?p (pcos¢ -m)

+ psingsinfcos® (3p2cos2p + p2sin2¢ - 6pwcosg + 4w2)
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-cosze(?pscos3¢ + pScos¢ - dptucos*p - 10p*wcos?¢p - p*w
+ 24p3uw2cos3p + 16p3w2cose - 52p2wdcos?p - 8p2wi
+ 48pu'tcos¢ - 16w5)
+ Zsinzec-pscos3¢ + pScos¢ + 2ptuwcos*p - p*wcos2¢
- + 40B, - p“m - 493m2cos3¢ + 4p3m2cos¢
+ 2p2w3cos?¢ - 202m3)
+ sinBcose (ﬁp5c052¢sin¢ + pSsing - 8p“*wcos3¢sing

- 12p%wcos¢sing + 32p3w2cos2¢sing

+ 2B [cose]

+ 2Cy -2p2c05¢cos(¢-e) + p2cos8 - 6pucosécosd - mesin¢sina]

i + 4wlcosh

+ 2C; |4p*cos2¢cos8 + dp“cosgsingsing + pYcoss - 8p3ucos3gcoss]

- 12p3wcos¢cosd - 8p3wcos2¢singsingd - 4p3wsingsine

+ 3202w2cos2pcosd + 16p2w?cospsingsing + 8p2w2cose

- 40pw3cos¢coss - 8pwdsingsind + 1l6w™coss

+ 2ECcos9 [3QZCOSZ¢COSZQ + 3p2sin2¢sin2e + 6p2singcosésindcos

- 6pwcosdcos28 - Gpusindsindcos® + dwlcos2e

+ 8p3w?sing - 40p2w3cos¢sing + 16pm“sin¢> A

S

J
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APPENDIX B

THE EXPANSION OF THE OTF TO SECOND
ORDER IN THE WAVE ABERRATION COEFFICIENTS

The second-order expansion of the real part of the OTF is given

a 1

S(w,08) = %(a-wsina) -% [ f (W-W')2 pdod¢
d W
cos¢

where a = arc cosw

(1-u2)?

sin a
and (W-W') is given in Appendix A.:

The integration can be done analytically and the result is

S(w,8) = -2- (a-wsin a)

64mn202{ (— + mz) - wsin a <13 % 2)}

2561rw2D51{ (—-* 2w + 2w ) - wsin a (6 + -—9—- w? + g-w“)}

3841w2DS, ( =+ 3w? + 10w" + % ws)

) 29 , 1477 o 389 ., 2 s)
wsin a (24 180 " * 75 tge
5127w2DS3 { a —113+ 4w? + 28w + 480° + lém) l

i 372472364442_2_9._5645
“’51’”‘(30+ 15 @ * 75 vt 735 75

1287ww2DA cos28 {a (%- + mz) -wsina(B8 .1 wz)}
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Some of these terms are plotted, as functions of spatial

frequency w, in Figs. B.1(a-h).
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Second-order OTF Expansion.

(a) Spherical aberration terms.
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Fig. B.1. Continued.

(e)

Astigmatic aberration terms, 8 = 45°
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Fig. B.1l. Continued, Second-order OTF Expansion.

(d) Astigmgtic aberration terms,
8 = 90
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Fig. B.l. ‘Continued.

() Comat%c aberration terms,
8 =20
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Fig. B.1l. Continued.

(g) Comatic aberration terms,
f = 45°

1.0



Value of Term

1.0

0.5

67

0.2 0.4 . 0.6 0.8

Normalized Spatial Frequency w

Fig. B.1. Continued, Second-order OTF EXpansion.

(h) Comatic aberration terms,
8 = 90°



APPENDIX C
THE IMAGINARY PART OF THE OTF

Calculation of the imaginary part of the OTF requires the

evaluation of the following expression

1 .
ff (W-W') pdpd¢
-a W

cos¢

where W-W' is the wave aberration difference function. The result is
[ 3

B [a - wsina]

+ Cl[ a(l + 402) - wsina (—131 + %wz)
2uhcosd | + Cy [a(l + 1202 + 160*) - wsina
<

cos?9 (a (%4- 4w? - wsina <71_+ %u@))
+ EC
in20 [ 3 4 - usi s _1 .2
+51ne<4a msma(4 zw»
L

The above result is for half the overlapping pupil area.

The result
for the other half is the same as the above for the odd aberrations and

opposite in sign for the even aberrations.
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APPENDIX D
COMPUTER PROGRAMS
This appendix contains listings of the following programs:

DIFFMIF-----second-order expansion of the OTF. The modulus,
phase, real and imaginary parts of the OTF are
calculated as functions of the wave aberration
coefficients, the normalized spatial frequency
‘and the azimuthal angle.

. TFORTHO----- the second-order expansion of the real part of
the OTF is orthogonalized, averaged over azimuthal
angle and displayed as a function of spatial
frequency.

TFIORTH-~-~~ the second-order expansion of the real part of the
OTF is multiplied by a Lorentzian weighting func-
tion of the form I:T%GTE . The result is then
integrated over spatial frequency and azimuthal
angle; the upper integration limit for the spatial
frequency is either the frequency at which the
Lorentzian has fallen to 0.I or the cutoff frequency.

The expression is then orthogonalized and the output

is displayed as a function of the parameter R.
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AUTCORR

- - -

70
this calculates the exact OTF by autocorrelation
of the pupil function, using the Hopkins algorithm.
The output displays the modulus, phase, real and
imaginary parts of the OTF, as functions of the
wave aberration coefficients, the normalized

spatial frequency and the azimuthal angle.



PROGRAY DIFFMTF(INPUT,CQUTPUT,TAPESSINPUT, TAPEG=QUTPUT)

COMPUTATION 2F APPROXIMATE DIFFRACTION-BASED OTF

c
c

5

10
11
15

16
17
18
20
21
22

23
24
30
35
36
28
29

40
41
42
43
44

THIS PROGRAM COMPYTES THE DIFFRACTION-BASED OTF TO SECOND ORDER

IN THE WAVE=ABFRRATION COEFFICIENTS

READ(5510)0951952553,C1,C2,EC»A»081,082,8

FORMATIL1L(FS42})

IF(D.EO-QQQ.)QO) 15

READ(55,20) THETA

IF({THETAGEQ.9994)5,16

RTHETASTHETA*PI/180.

U=(COS(RTHETA) ) *%2,

Vs (SINCRTHETA) ) *x2,

FORMAT(F3.9)

WRITE(H,22)

FORMAT{LHL»4X o #THETAR)8Xpk D%y 8Xp*S1%, 8y %524, 8X,*#S3%, X, #0814,y 8YX,
2%0B2%p X s #CLlH¥y8X s *C2% 98Xy *ECHy BX gk A¥, 8Ny %B#)

WRITE(Hs24)THETAYD»S519S2,53,081,0825C15C2,ECsAsB

FORMAT(S5XsF4409TXsF8e293X0F0e253XsF0a2y8(0%,F6e2))

READ(5535)W

FORMAT(F543)

IF‘V. EQQZO,I‘)',ZB

WRITE(4A929)

FORMAT(/7/94XowW s Xp*DIFF*,6Xs%DD*»7Xp#S1S1%,y 7X,%20S1%,7X,%#5252%,
§7:;*ZSISZ*O7X:*ZDSZ*:10X:‘Aa*:7x:*2ﬂ0*:7X’*2451*17XJ*2A$Z*:5X:*C1C

1 :

PI=3,14159265358979

YwACOS(W)

=Wk {SQART(1e=(WEW))})

Xuplayey

Tmy=Z

CaWky

Eupikxb,

Fayhkg,

Gmyk®10,

Hayh®xl2,

Puyskls,

QaWkky, :

5235331024453 #S3*XR{(YR((1e/164)+(C*89:/144)+({Q*388,/3.)+(E*4898,/
250 )4 (F®3L3H )P (GR125444/3e) +{HP204D )+ (P*256,4)))={Z{({6Le/4Be)+(C*
338753478404 )+(0%36229¢/70e)+(E*4393674/189)+(F*28426988476615+)+¢(
4G¥#327710084/110254)+(H*188835524/7330754)+(P%2030244/33075+))))

S$253a512,k52%S3xXR((Y*((3¢4/14e)+(C*334/2.)+{0*12084/5¢)+(EXL226,)+
2Q(F 2352 )+ (G¥L56R ) +(H*256,)))=(T#((53,/14s)}+(C*21089,/210.)+{Q*16
31962672104 )+(E*10518494/749¢)+(F%25583924/1225e)+(G*6612164712254)4(
4H#9792¢/712254))))

$15321024#S1uS34XR((YR({La/124)+(C*eT74/10:)+(Q*48,)+(E*44B8e/3,4)+¢

71.

2F#144)#(G*324) M1 =(Z8((54¢/40)+(C*L1Be/5)+(0¥B154/T4)+(E*905564/52

35¢)+(F*993044/1575,)+(6%2048,/1575.))))
DS3a512,40#S3I*Xk((Y*((1e/106)+(Cxbe)+(Q%2B, )+ (EX4B.)+(F*164)))=(T*
2€(374/306)4(CH24T7e/15.)14( Q%3644 /75.)+(E*T28e/25)+(FH644/7750))))
AS3m512.#A*SIHYRXE((YH((1e/10e)+(Ch4e ) +(QH284 ) +(E#4B,)+({F*16e)) )~
2(T%((37e/306)4#(C®247e/15:)+4(0%3644e/75:)4(E*T24e/25e)+(F*644/754)
ERRD)



0810R1A2(Y*((CHhS¢)+(Q%244 )+ (E*166)))=(2%((464/356)+(C*1254/70)+(Q*
28524/354)+(E*52,/35,.)))
NB1OBLA=(Y*((3e/8¢)+(CH144s/3e)+(0%64)))=(Z%((433./168.)+(C*3119./4
2206)+(Q%*389,/315.)=(E*€E2./7315.)))
0B1l0B1Ca(Y#((1a/64¢)+({C/B8e)))=(Z%((221e7224C4)+(C*37e/75T724)=(0%13,
2/8604)+({E/4204)))
0810B1=((U+U*0B10B1A)+(U*0B10BLR)+0QBLGB1IC) *64,*¥X*0BL*0AL
NB1S2A(Y*((94/20¢)+(CH*19)+{Q¥1204)+(E*192e)+(F#64e)))=(2%((1194/
2200)+(C*5161e/7Co)+(Q*1G35764/525, )+(E*603084/525¢)+(F*6326/1754))
3)
0B1S283(Y*((3e/7606)+(CRTe/be)+(QA*6)+(E*Ge)))=(2%((29750s)+(C*498
2¢/1056)+(Q%2059¢/350¢) #+(E*268¢/5254)=(F*Be/1754) 1))
081S2=((U*0B1S2A)+(031528)*128,*¥*§52#(0B1
BBLSLAa(Y*((34/164)+(CH294/66)+(QK15,)+(E*B4)))=(7%((46T¢/2404)1+(C
2%1517e¢/1206)+(0%*11514/90¢) +(E*294/454)))
NB1S1Bm(Y*((1e/324)+(C%54/12e)+(0Q/2)))=(Z*( (1130 /4804)+#(C*1514724
206)+(Q%1747180e)=(E/S90Qe)))

081S1=((0BLSLA*U)+(081S1B)*256,*X*0814S1
0BL0A=(Y*((Lle/Ge)#(C*T7e/24)+#(QA*44)))=(Z%((1134760s)+(CH27,/54)+(Q%*
2747154)))

QB1DB=(Y* ((1e/244)+(C/4e)))=(Z%((94/40.)+(C*T74790)=(Q/90.)))
0B1D=((U*0810A) +(381DB8) )*128,%X*D+*QR1 ]
NBLAAR(Y®R((1e/4e)+(C)))=(Z%((19:/204)+(C*134/304)=(Q%2,/154)))
0B1lA=128.%X*0BL*A*U*((QB81DA%U)+03108+(V*381AA))
OBL1S3As(YH((1e/B8e)+(C*794/104)+(QA*366)+(E¥2B0)+(FH280,)+(6*64,)))
2=(Z*%( (261471206 )+(C*17351e/74204)+(Q%22562e/1054)+({E*248864¢/754)+(F
3%658164/7525¢)+(G*4b644/1754)))
0B1S3B=a(YR((Le/43¢)+(CHIe/%e)+(T*5¢)+(E#284/3e)+(FH44)))=(T*((594/
© 2240¢)+{Ck2473478404)+(Q%3776./74204)+(E*6914/1054)+(F*116e/315.)=(G
3%8¢/315.)))

0B1S3=512,4X*081%*S3*((U*0B153A)+081538)
082082A=(Y*((13¢/24¢)+(C*13514/404)+(Q%352,)+(E*11224)+(F*11204)+¢
2G%2564) ) )=(Z¥((7321e/840s)+(C*37177e/216e)+(0%3267347¢/3780.)+(EH2
3090101:/1575.)+{F*2369194./4725.)+(G*71844/7675.1))
0820R8282(Y*((1e/96e)+(C*394/160e)+(0%3e/4e)+(E/24)))=(Z#*((349./336
20)+(C*186594/30240,)+({Q*10823. /151200)*(5*499./6300 )=(F*®127./945
306 )+(G*B4/47254)1))

0B2082C={Y®((7¢/12s)+{C*4234/204)+(0#131,) F(E#228,)+(F296,)))=(T*(
2(5834/7944)+(C*1C08ALe/1260)+(QA*1409234/6304)+(E*275844/1754)+(F24
37964/5254)=(G*368+/52541)))

0820322644 X*QB2%032%( (082082A%U*U) +(0B820828%4.*V*V)+(032082C*Y*V)
2)
082S3Aa(Y*{(5¢/28e)+{C*504/44)+{0%22514/10¢)+(EX1172.)+{F*2296,)+(
25715520 )+ {H*2561 )} )=(Z%((1381./420,)+(C*38699,/420.)+(Q%*138238,/18
3941 +(E*137782274/66154)+(F*22707008+/110254)+(G*178160724/33075,)+
4{(H*2664644/33075.)))
082S38u(Y*{(1e/56¢)+(ChT7¢/8s)}+(Q%33,/4,)+(E*266)+(F*28,)+(G¥84)) )=
2(2*((209e¢/8406)+(C*0974/1206)+(Q#53776/2704)+(E*421613¢/132304)+(F
3%318524/2205)+(G*3676e/6615)=(H*208./6615.)))

082532512, %X*082*%33%((U08253A)+(2.%V*0B2538))
0B820BLlAm{Y*((9e/204)+({C%151e/8e)+({Q*T719¢/6e)+(E¥192,)+(F*644)))={2Z
2%{ (24834742041 +(C*61717e/8404)+(0%4143494/21004)+(E*1808844715754)
3+(F*8144/2254)))

72



45

131
136
140

145

N82CBLBm(Y*((194/604)+(C*43,/4.)+(Q%109,/3,)+(E3204)))=(Z*((37134/
28404)+(C*10184/35,)+(0%123174/3504) +(E%50424/1575¢)~(F*5364/1575)
3))

0B82081Ca(Y*((1e/80e)+{C*3,/164)+(Q/44)))=(Z*k((57e/7560)+(C*503./16
280¢)+(Q*253,4/42004)=(5/75:)+(F/5254))) .

0820812128 +¢X*082481x( (U*U*032081A) +(U*Y*0B820818)+(2,.,*V*V*0B82081¢C
2))

0B8252A=lY*{(5e/R0)+(C*¥3710/10e)+(Q*T747e/2¢)+(E*L160e)+(F*1136,)+(6
2%2560)))=(Z%((3914/40e)+(C*T7731e/420)+(Q*63111+/704)+(E*33833,4/2
350)+(F%26406447525.)+(G*55298,/525.)))

N82528=(Y#((1e/16e) #(C%434/20e)+{Q%4e/b¢) +{EX204)+(F*8,)))=(Z*((5
290/80e)4(C¥6479:78406)+(Q%*5514/284)+(E*46534/3506)+(F*3864/5254)~¢(
3G6*44/751))

QB252=128,#X*CR2#S2+((U+0B252A)+(2.*V*(082528))

QB20Aw(Y*( (54716, )+(C*49e/6¢)+(A%294)+(E*16e)))=(2%((757./240.)+(2
2803e%C/120e)4(Q%23174/90e)+(E*11e/%}))

0B208=(Y*({1¢/32¢)+(C*5,/12¢)+(Q/24)))=(Z%((113474804)+(C*151./24
200)+(°*17./180.)‘(E/90.)))

0B20212R.*X*gR2*0* ( (U*QB20A) +{2.,%V*(8208))

Q82AA= (YR ({54/16)+(CH*T70/2e)+(0%5.)))=(Z*((469¢/7240.)+(C*707./120,
2V4(Q*7,/64)=(E/54)) )

0B82A=128 %X *0B2*A+Uw((U*Q32DA)+{V*QB2AA))

082S1A=2(Y*((1le/4e)+(C*31,/84)+(2%18B8e/3e)+(E*IBe)+(F%32:)))=(Z®((1
2936/606)+(C*326034/7940)+(Q%2863./284)+(E*181734/315)+{F%562,/315
3.)))

0B82S1B8a{Y*((1e/206)+(CHB¢/16e)+(0%54/34)+(E)))={Z#((294/1204)+{C*1
257¢/112)+(Q%€2814/74200.)+(E*4014/31504)~(F#19./15754)))

DIFM=2,0% {ACOS(W)=(W5SART(1.0=~(W**2.0))))/PI

0B82512256,.%X+032+%514((0B2S1A%U)+(Q3251B%*Yy*2,))

AAABVR((Y/G4)=(Z*((Fe/712e)={W*W/64))))

AABaUR((Y*({{1a/Ge) +(WAWIII={Z*((13,712:)+(W*N/64))))

AAnURES (kX RARAR(AAA+AAB)

AD=128,%X*A%D¥AA]

AS132564 ®ANSLAXRUM ((Y*((La/00) #(WMWH2, )+ {(WHKL41%2,)))={Z%((Te/bs)
2H(WHURIG /T ) +( (WhkG,)%2,/2,4))))

AS2m3 8L ¥ARS2*XUR((Y*((1./8, )+(H*U*3o)+((ﬂ**4-)*10 JeltWxkb,) %160
273413 ¥=(T%((296/240 ) +{WHNH14T7T7¢/1BQe)+{(Whes,)%38F,/45¢)+((Wkkb )%
324754))))

DM2E4 o ¥Xk QRO ((Y*((Le/bo )+ (WrUW) )} )=(2Z
2%((13e/12e)+((La/6e)*u%u))))

SLMaZ256, *SIRSLRURWHP TR (YR{{10/Re) +{1T7 e *WAV /6 )+ {(WHHL,4)%8,)
2H((URBE )44 )} )= (TH((294/244)+(130*WHW/204)+(

3292 %{UWk%44) /45, ) 4 (Lo *(WX*H,)/654))))

DS1M22256 ¢ ¥DRIL*WANRPIR((Y*((Lo/Oe )+ (2 o0Unil )+ ((UkRs,)}k2,)) )=
2(Z0({(Te/6e)+{254¥N*W /G )+ ((WE2L,)%2,/94))))

S2S52w4 o kX *S2RS2 R (YX( (124 )+( 6624710 *WHW )+ {6368 % (WH %4
2e))4(19200¢¥(WH%He))+{184324{WH¥R.))+(409he*(WA*10,))))={(2)%
3((1806)+ (3208, %WkW)+(527328e/35.#%(WH*4,))+(77274884/3504
R (WHHE) )1 +(23287044/350e%(UHHB4))+(5R3686/350e%(Wk%x10,)})))

S1S28768e*S1*S2kX*k( (YR ((1e/L00)+{WTWHL4/Ga)+( (WH%G4,)52
22414 ((WHH66)%100e/3 4+ {(Whk3,)%32,734)))=((2)*((37.

3730 ) +{WxWR2497, /1300)+((U**4.)*15679./450.)+((H**é-)*8692.14500)*
4((W*48,)%264./45041))))

73



60

100

110

115

120

125

65

0S2m384*O*S2HXK((YR(( Lo/ B )+ (WAURT )+ { (WHkH4o) %10 )+ ({ Wk
2464)%160/3e)))=((2)*((29e/7244)+(WKkWKk14T774/180.)+ (VW
A%%4,)%3894/45.)+((Ukkbe)*2./54))))

CICLARBL  * XX ( (Y% ({3a/Be)+IWFURLT /0 )+ ((WEKG ) *4,)) )= (%
20(10Le/20s 14 (WhWHB/15.)+{(WHRG,)%k1T74/304))))

ClC1B=04 *X*({Y®((La/280)+{WAW*14/64)))=(Z%((9e/40e)+{WHW*7:/90¢)=
2((WH**44)/904))))

ClCICa4 o #Wd((YR((1e/2:) +{2#WHW) ) ) =(Z#((1la/be)+(W*WH*2,/34))))
ClCLlaCl#CL*((C1CLA*UI+(CLCLB*V)=(CICIC*CICICHG#PIHYU/T))
C2C2AsU*((Y*((11e/54)+(85e#WMU)I+{(WHk*L4)1*1520a/3 )+ ((WRkE,)%784,)
2H((Wh*B4)*#2560) ) )~ (7%((413e/154)+(33359+2W*UH/105)+((Wh¥k4,)¥426506
3e/525¢)+{ (W6, )0T727144471575e)+((WS%3,)%22928471575.))))
C2C2RaVR((YH*( (24754 ) +{Fa*WxY )+ ((WHEL ) #B0/30 ) +((WER64)RLEe)))=(2%
ZU(58e/154 1401570k W/Te)#{(WH4)%125624/5250)+((WH¥*H64)%32084/1575
Je)=((Wk*8,)%304,/1575.))))

C2C2CaY R (1ot (12 dWru) +( (Wrro o) *15e))={Z¥({1Ge/3e)+{WaWH204)+{ (k%
24)%8e/34)))

C2C22C2%C2%16.«X*(C2C2A+C2C2B=(C2C2C*C2C2C+U/T))
CLC2ASUR((Y#*((Te/%e)+(1222WAW/3)+{ (WG, ) 4124, )+ {(WhEb)}*64,)))=

74

2(Z%((L0074760e)+(3149¢*WHW/30e )+ ((URRE,) R8540 745)+((HRRba)*2440/

3454))))

C1C2BaVACCY*((Lo/ba) +(NFNH100/ T ) +( (WE¥Ga) %ba) ) ) m(ZH( (113476001 +(1
250 o ¥ W N /300 ) 4{(Wh¥Go)%34,/45 4 )={ (WH¥64)%44/454))))

CLC2CRURC (YA((L14/20) +(WAN%24)))=(Z¥({214/64)+(WAW*24/34))))4C2C2C
C1C2232.#X*(C1C2A+C1C28=(C1C2C#*2./TII*C1%C2

ECECALs((Y#((9¢/Fa)+ (15 *W¥WI+((URkb ) k160)))=(2¥((3394/40s14(4
221U HU /204 )+ ({WHH44)%13,/54))))

ECECA=ECECAL®UXY .

ECECBaUXVX((Y#( (94740} +(154%ukt)) ) =(Z#((2434/204)+{W*U*674/104)=(¢
2WH 4, )%84/54))))
ECECCaVXVR{{Y#9,/84)=(Z*( (9947404 )=(W¥WH394 /204 ) +((WAk44)%34754)))
2)

ECECD® (U ((YH((34/64)+(WPNkG)))=(Z¥( (130704} + (WhWR34724)))) ) +LVKY
2(Y#3./44)=(2%( (54740 )={WsW/24)))))
ECEC=164*EC*ECHX U (ECECA+ECECB+ECECC-(ECECD*ECECD/T))
ECCLARUR((Y*((54/00 ) +{UBUSLO )+ (WPHG,)%164))) =02 (183,/204)+(WhY
2#2174/710.) +{(W*%44)%12./54))))

ECCLBaVH ((YH((5,/40) #(WaU%64)) )= (ZHII1110/200 ) +{UANRET /300 ) =( (k¥
244)%84/154)1))

ECC1C=C1C1C*ECECO
ECCLsECKCL*U( (32, #X*(ECCLA+ECCLB) ) =( 164 %P [*W*ECCLC/T))
ECC2AaUR((Y*((34/2¢) +{WAW304)+{(WhHL,) 2120 )+ {(Wkh6e)%644))) = T%(
2015347204 ) #{WFY¥3004/3¢ )+ {(W*%4,)*15344/15,)4( (WH*E,)#284/54))))
ECC2BaY* ((Y*((3,/2)+(YeNA1Bo) +( (Wh#0,)%264)))={25( (20247100 ) 4 (WeY
2420, ) {(WHKG, ) %264/54)=( (WF*641%44754))))

ECC2C=C2C2C*ECECD

ECC2a32.#X*ECHC2*U* (ECC2A+ECC2B=(ECC2C/T))
PCLaCLlCLCACL#2,#PT#COS(RTHETA) /T
PC2uC2C2CHC2%4 o #PT WHCOS(RTHETA) /T
PEC®ECECD*EC*4e *PIAW*COS (RTHETA) /T

PREB*4, APTAYACOS (RTHETA)

PTFePCL+PC2+PECHPS
XMTFaDIFH=DM=S1M=DS1M2=C1C1~5252~S152-DS2-AA=AS1=AS2=C1C2~C2C 2~



76
17
79
e

81
82
83
84
85
86
87
a8

150
160

S0

75

2ECC1-ECC2~ECEC~DS3~5153~5253~5353~453-0310-081A~-08152-08152-081081
3~08151-0820-0R2A-08251-08252-082S3=0B2081=082082=40D

AUX=COS(RTHETA) #( (2, *W#*B¥T)+(CLl*CLCIC)+(2.*W*C2*C2C2C) +(2. *W*ECECLCD
2*EC))

RESXMTFR={4,#PI*AUX®AUX/T)

XIMng o RAUX

WRITE(6sT77IW)DIFM,049S1M,0S1M29525255152,0525AA9A05A519A525C1C1

FORMAT(2X s F6e397F9¢59FLl0e55FL0e596(XsFL0e5)93(FLl0.5))

WRITE(6580)

FORMAT( /92X p#2C1C2* 9 7XpRC2C2%» TXs#2ECCL1¥94Xy#2ECC2%yb6X s ®ECECH,6Xp*
220S3%,TXs 25153 %,5%X»%25253%,BXy*5353%,5X,)*2A53%,5X,*20810%55%X, %208
31A%p5X,%2081S1*)

WRITE(6,82)C1C2,C2C2,ECCL,ECC2,ECECYDS3»5153»5253,5353,A53,781D,08
214,081S1

FORMAT(3(F10.5),XsF10+5,XsF1045sF1045,Xs7(F1045))

WRITE(E»84)

FORMAT(/»2Xs#*20BLS2%, 7X,#208153%, 7X»%0B10BL %, 7Xy %20B2D* 97X, ¥20B2A*
25TXp#2082S1%,TX,*20R252%, TX,#208253%, 7X,*20B2081%,6X, #UB20B2*, 56Xy
3*MTF*)

WRITE(6,86)08152,08153,081081,0820,082A»08251,08252,08253,082081,0
2B20B2sXMTF

FORHAT(FIO.5.X.F10-5s3(3x,F10-51:2(ZX;F10.5)’3(3X:F10 5)sFl0.9)

WRITE(6,88)

FORMAT(/92%Xpo*PCLley TXp*PC2% X s %PECK,SX y#PBH 3G X s REXGX, kI M%,70X)
2¥PTE*)

WRITE(%5160)PClsPC2yPECHPBIRESXIMIPTF

FORMAT(2(F1065)94(XsF1l0+5)9»59%XsF10451)

GO TO 30

sSTOP

END
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PROGRAM TFORTHO(INPUT,OUTPUT,TAPES=INPUT,TAPES=0UTPUT)

THIS PROGRAM CALCULATES THE REAL PART GF THE OTF TG SECOND ORDER

IN THE WAVE ABERRATION COEFFICIENTS.THE RESULTING QUADRATIC FORM

IS INTEGRATED OQOVER AZIMUTH AND ORTHOGOMALIZED.THE OQUTPUT DISPLAYS

THE ORTHOGANAL CGEFFICIENTS AS A FUNCTION OF SPATIAL FREQUENCY

DIMENSION EV(T7,7)sALPHA(T»7)2BV(T57)sBETA(T»T7)sCV(T797)sGANMA(T57 )
20V(727)sDELTALT,T)sFV(TsT)oEP(T9T7)sGV(Ts7)sPHILTS7)sHV(T»7)sRHO(?,
37))00(4,4)tGALPHA(#:#)’UBV(Q;Q)'DBrTA(4’4)’OCV(Q’Q)QGGAHHA(‘,
44)y00V(494)90DELTA(S54)

READ(5,35)W

FORMAT(F53)

JF(WeEQa2.0)50540

PI=3.14159265353979

YoACDS (W)

ZaW*(SART(Le=(W*W)))

XapLouWhy

Tay=-Z

Cawry

EaWk*b,

FaWxeg,

GaW**10,

Hawx*xl2,

Pu¥%ls,

Qayx*y,

Val.0

U=l,0

0=1.0

Asl,0

S1=1.0

S2=1.0

§3=1.0

G81=1.0

g82=1.0

8=21,0

Cl=l.0

C2=21.0

EC3l.0

DS1M2%256 ¢ #0%S1¥W*WkPTR( (YR ( (1 o/ 0o ) +(2e4WkW I+ { (WKL) %*2,)) )=
2(Z%((Te/6e )+ (25 ¥ d*W/Fe )+ (W%, )%24/9:))))

SIMa256 4 %SIaSIAUAWROTR( (YR ((1e/B8e)+ (1T %WHW /6 )+ ((WHRG,)%8,)
2H{(WARE ) %44)))=(Z#( (297244 )+ (139, %WkW/20)+(

3292 ¥ (WAk44) /6544 { LGk (Wk*6,)/454))]))

DM264 o X *DHDR( (YR ((La/be)+(WHkW)}))=(TZ
2%((13e712)+((1le/6e)*U%W))))

AAA’V*((Y/Q.)-(Z*((5-’120)'(“*”/64)’))

AABaUR( (Y% ((Lo/%e )+ (WHW)))=({Z#({13.7124)+(WH*W/6e))))

AAnU%64 %X *(AAA+AAB)

AD=128.%X*AAB

AS132G56 e kARSLeXBUR((YR((Lo/ba) +(WkWH2 )+ { (WHkS,)%2,)) )~ (Z*((?./6.)
24 (WHWH25 /94 ) +({(UR%4,)%2,/9,.))))

AS23384,%A#S2%X*UB((YR((Lla/B8a)+(WhkWEI )+ ((W5*G ) R10)+((Wh*kH)*1b,
2/73a))1)=(7%((29¢/2%0 ) +{W¥W*1477e/180e)+({td*%4,)%389,/45.,)+((Wen6,)*
32¢75413)1))

S$353n1024 %533 AXR((YR{(Le/164)+(C%8F./14a )+ {Q*38B /34 1+ (E*48984/
251+ (F*3136e)+(G*12544¢/34)+(H*20484)+(P*2564)))=(Z%((61s/484)+(C*
3387534/8404)+(0Q0%36229,/70.)+{E*4393674/189¢)+(F*284269384/66154)+(
4G*32771008e/11025) +(H*18883552./33075.)+(P%*209024./33075.))))



S2S3%512 ¢ #F2¥SIRX*((YH*((30/14e)+(C*33./24)4(0%12084/5.)+(E*12244)4+
2(F*23524) +(G*1560 ¢} +(H#2560)))={Z%((53c/14)+(C*2108F9,/72L0.)+(Q*16
319624/21041+(E*X1051844/49,)3+(F*2558392./12254) +(G*651226./1225.)+{
4H*9792,/1225.))1))

S1S331024#S1*S3kX*((Y#((1e/712:)+(Ch4T74/104)+( QAR5 )+(E*2284/3¢)+(
2F%*1444)+{G#324) ) ) =(Z3{(5e¢/64)+(C*118e/5.)+(Q*RL54/Te)+(E*F0556,./52
354 )+ {F¥99304471575¢)+(G*2048./7/1575+)1)))

0S3a512,%D#S3kX M (Y% ((Le/10s)+(C*G,)+(0%28B4)+(F44B)+(F%Lb6e)))=(Z%
- 20(374/30e)4(C*24T7a/15e)+(Q*3644,/T75)+(E%T244/254 )+ F*644/T7561)))

AS3a512 4 RANS3IRURY*((YX((Le/L104)+(C¥o o) +(QA%28¢) +(E*GB, )+ (F%16a)) )=
Z(Z*((a?-lSO-)*(C*247.115.)+(Q*3644./75 J+(E%726,/25)+(Fx84. 175.)
3N

0BlOBLA=(YH((C*5.)+(0%24,)+(E*166)) ) ~(2#((66e/735)+(CRL254/T7e)+(Q*
28524/354)+(E¥#52.735.)))

0810A18B=(Y*((3./8.)+({C*104/3,)+(Q264)))={Z%*((4334/168.,)+(C*311%9./4
2204)+(Q%*389,/315,)~(E*62,/315.)))
081081C2(Y*((1e/6%e)+(C/8a)))=(ZH((221e/22404)1+(C*3T74/672.)=(Q%13,
2/8404)+(E/6204)))
0B1081=({U*U*0B81J31A)+{(U*0810818)+3B10B1C) %64, *X*RL2N3]

OB1S24={Y2((9:/206)+(C*¥1F:)+{Q*1204)+(S*192)+(F*644)))}=(Z*((119./
2201 +{C*5161./70.)+(Q*103576,7525.)+(E*603084/7525.)+(F%622./1754)})
3)

NBLS2Ba(Y*((3:/40e) +(CHTe/4e)+(Q*E 1 +(E*4.) )1 =(T*((29.740,)+({C*439
2¢/1054)+(Q%2059¢/350.)+(E*2684/525,)=(F*84/1754)))

08152=((U*081S24)+3JB1S28)*128.%X*S2#081

OB81SIA=(Y#*((3e/16¢)+(C%29./64)+(Qk15,)+(E28,)))=~(Z%((467./72404)+(C
2%15174/1204)#(Q%L1514/90.)#(E%29,/45,4)))

081S18a(Y*((1e/3241+(C%5./12e)1+4(0/724))1)=(Z%((113e74804)+(C*151472%
204)+(Q#*17+/180e)=~(E/90.)))

081S1l=((QAL1S1A*J)+031S1B) %256, *X4#QRB1%S]

QBL10A=(Y*®{(La/o o) P (CKkTe/2e)+(Q%%4) ) )={Z*((113,/60,)+(C*27,/5¢)+(Q%
27471541 ))

0B1lE8a{Y*({1e/264)+(C/2)))=(Z%((9e/%04)1+(C*74/90.)=(0/90Q,1)))

Q810a((U*0310A)+(0B1L0R) I%128 ., %X *D+0B1

Q81AAm(Y*((La/&e) +{CH)I=(T*( (194720, )+(C413 1304)=(A%24/15.)))

081A2128.%X*QB81*a*U4((QB1DA*U)+0810B+(V*J3LAA))

081S3A3(Y*((1e/8¢)+(C*79./10.)+(Q%36,)+(E*280.,)+(F*280, )+(G*64 1)
2=(Z*((241¢/120e)+(C*1735L¢/%204)+(Q%2256247/105+)+(E*248864/T5e)+(F
3%658166/525.)+{G*454,71754.)))

0B81S38a(Y*{(1./48e)+(Ck30/00)+ (AT )+(EX2Be/3e)+{F%4,)))=(Z%((59./
2240.)+(C*2473./8404)+(Q%37764/4204) +{E%631,/105:)+(F#1164/315.)~(6
3%84/3134)))

081538512, *X*0B81%S3#((U*QBLS3A)+081538)

08208’A=(Y*((13./24.)+(C*1351./40.)+(O*352.)+(E*1122.)+(F¢1120o)+(
2G#%2564)))=(Z2%( (7321784040 +(C*371774/216)+(0%32673467.73780.)+(E*2
2090101/1575.)+(FH2369194:/4T725)+(G*T718B476754)))

0820823 = (Y*((1s/96)+(C*39,/160.)+(0%3 /41 +(E/24)))=({2*{{349,/236
ZO }+(C*18659.730240. )+(O*10823 /151204 )+(E*4G9,/6300e)=(F%1274/945

)+ (G*84/6725.)))

GGZBBZP=(Y*((7./12.)+(C*423.I20.)+(0*131.J+(b*228.)+(F*96.)))-(Z*(

2(583./84.)+#{C*100861./1260.)+(3%140523./630.)+(E*¥275844/175e)+(F4%

37964/525.)=(G*3£8,/525.)))

082082264 ,%X*082+*0B2*( (0B2082A%U*U) +(0B82082844*V4V)+{0382382C*U*V)
2)
0B2S53A2(Y*((5:/28e)+(C*594/4¢)+(Q*22514/104)+(E%1172.,)+(F%2296€4)+(
2GA1552¢ )4 (H¥25€64)))~(7%{(13814/4204)+(C*38659.7420.1+4(2%138238,.,/18
39¢)+(E*137792274/6615,)+(F#227070084/11025:)+(G*17816072./330754)%+

77



€0

4(H*2664644733C754.)))
082S38a(Y*((1e/56¢)+(CHT7e/B8¢)+(Q#¥334/0¢)+(EH264)+(F¥28e)+(G*A)) )=
2(Z2%((2094/840e)+(C*4974/1204)+(0Q0%53774/270e)+(E%*4216134/132304)+(F
3431852472205 +(G¥*36764/76615)={H*2084/656154)))
0B2532512.%X*0R24$34((U%Q82S3A)+(2.*V*0R25343))
0B208LA=(Y*((9./204)+(C*L51./84)4(Q%719,/6,}+(E*192.)+(F%64,)})={Z
2%((24834/74204)+(C*617174/8404)+(Q%416349,/21004)+(E*180884471575,)
3+(FeR144/2254})) :
0B208183(Y*((194/60e)+(C%*434/4e)1+(Q%1094/34)+(R*244)))=(2%((3713./
20406 )+(C*10184/354)+(QA%1231747/350e)+(E*5062,/15754)=(F%5364/1575,)
3)) . ‘
0B20B1C=({Y*((1e/B0es)+(C*34/164)+(Q0/4)))=(I*((57./5504)+(C*533./16
280.)+(Q%253./42004)=(E/754)+(F/52541))
082031’12§o*x*082*081*((U*U*UBZQBIA)+‘U*V*0520315)*(Zo*V*V*UBZUSIC
2))

CB82S2A2{Y#({S+/8¢)+(C#*3714/106)+(Q%7474/24)+(E*1L1604)+(F¥L136.)+(6
2¥2564)))=(7%((391e/40s)+(C*¥T7773147/420e)+(C*63111e/70Qe)+(E*33833.4/2
35e)+(F*26404447525.)+(G*55284/525411))

0825283 (Y*((1e/16a)+(C*k434/20.)+(Q%294/4)+(EX20)+(F434)))=(Z*((5
296/806)+{C*54794/3604)+(Q%*561e/284) +{E*4653,/350.)+(F*3R647/525¢)={
3G*4,775.)))

082522128,%X#082%52%((U*QB2S2A)+(2.,4V#082528) )"

QB20A=(Y*((5./16)1+(C*43,/64)+(0%29,)+(E*164))1=(I*((T757./240)+(2
28034%C/1206)+(0%23174/90¢)+{E*1Le/%94)))

0B20B8#(Y*((1e/32e)+(C*54/124)4(Q/24)))=(2%((113474634)+(C*1514/24
206)+(0Q0%174/7180e4)={E/3G4)))

08202128 %X*0B2%D*((U*0B2DA)+(2.%V*08208))

OR2AAS(Y*((5./164)+(CHT4/2)1+(Q%54)))=(Z2%(1469.72404)+(C*707./120. .

2)+(Q*7e/6e)=(E/54)}))

022A=128 ,#X*Q32*A%Y*((U*QB20A) +(V*QB2AA)}

082S 1A=(Y#{(1le/44)+(C*B1e/B8,)+(0%188,/3,)+(E¥9B)+{F%32,)))=(Z%((1
293e¢/60414(C*32603,/840.)+(Q%2843,/284)+(E*181734/315,)+(F*5624/315
34¢)))

082S1Ba(Y*((1e/40e)+(C*9e/164)+(Q*54/3)+(E)))=(Z%*((294/120.)+(C%1
2574711240 +(Q%628L4/4200)+(E*401./31504)=(F*13471575.)))

082S12256.%X%0R24S14{(0B2S1A*UI+(C82S1B*Y*2,))

S252ab4wx #2452 ( (YR ((12.)+{06624e/10.2WkW I+ (6368 * (V%24
20114019200 %(W¥86,))+(18432.%(Wk*8,))+(4096.%(N*413.))))=((Z)*
3((18Q4)+(3208,¥WkW)+({5273284/35.%(Wk*44))+{(T7727488./350,

4% (WHH64))+(28267044/350% (WRRB)I+(582684/350,%(Ws210,)))))

S1S2376B8.#SLAS2HX*((Y¥((La/L0¢ )+ (WHW*15,/b o) +({ (Wxkb,)*2
224 )4 ((WE¥64)%100e/3 )+ ((WHkGo)I*32,/34)))=({Z)*( (37,

37304 ) +(H¥WH2497 /1804 )+ ((WHK4,)%156794/650e)+( (W%6,)%8592,/4504)+
G{(Uhk8,)%264./450.))))

05223844 %D*S2%X ¥ ( (YR ((1a/B o)+ (WhWHI S )+ {(WHEL4)*10,) +( (Wx
2%60)#160/30)))=({Z)%0(294/204) +(WHU*12T7T74/180)+((W
R84 ) #6389 /45 ) r((WRHE)*24/540)))

ClC1A384 ¥ Xk ((YH((3e/Ba)+(WHWHLT /G )+((WUFKG ) RG,)))=(T%
2((101e/40e)+(WHWHBIo/L5e )+ ((WHH4,)%17,/304))1))

ClC1Bub4 e ¥ XM (Y *{(1e/28e)+{WhWHLo/40) ) )=(Z*((Fe/40s)+(WHkWXT4/90,)~
2((W¥%4,)/90.1)))

CLCLCHa oW ((YH((La/20)+(2e*UHWI ) I =(Z*((11e/ba )+ (UMWR2473,))))

ClClsClaCl*((CLCLA*S) +(CLCLB*V)~(CICLC*CLC1C*4 ., *PL%U/T))

C2C2AnU*( (YR ((11a/54 )+ (B85 %WHU)+((Wh%G,)%1520,/34)+((WH25,)%784,)
2H((WmnB ) #2584 ) ) =(Z#((4134/15)+(33359.4WxUW/L105.)+((Wk*4,)%626506
367525 )0 { (WH*64)RT2T1L44e/15754) #((WH%8,)1%229284/1575.))))

C2C2BuVYk({YR((24/5¢)+(FonUBWI* ((WHH 6 )*BG /o) +( (UP*E,) %100} ) )=LTH
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115

201586/15e) #1157 % WAW/ T o) +{(WHH4,)%X125624/52F4)+((Wh*64)*32084/1575
Sel=( (W*%8,1%3044/1575.))))

C2C2CaYR(L e+ (12 e MWAW )+ ( (WKLo ) %160 ) I=(Z*((1Fe/34)+(WhW*20,)+((WH%4
24)%84/341)) . '
CLC2A3UR{(YR((Ta/0e}+(122.2WAW/I oI+ ((WhRG ) 2124 ) +{(WH*0)¥64,)))=
2(Z*((1007e/606)+(3149*WHW/IQe ) +((H**Le)*30464/454)+((4%%p,)%2044,/
345.)1))
ClC2BaVA((Y*((Lla/ba)+(WWh10e/3e) +((WkAL ) #*64)))=(Z%((11347604s)+(1
251 o*UKA /300 )+ ( (W R4, 34,/65,)=((WHk6,)%0,785.))))
CLC2C=U*((Y2((1e/20)#(WhkWh24)))=(Z*((L1lo/Be)+(WH*W%24/34)))1%32C2C
ECECALs((Y*®((9¢/Be)+(15skWkw)+({WHN4e)H16a)))=(Z%{(339./40.)+(4
221 ¥R 4220 )+ WRRG,)%134754)1)))

ECECA=ECECAL*U*Y

ECECBmURVR((Y*((9e/4e) +{154*WAW)))=(Z%((2434/20)+(WHW*67,/10)=(
2W*R4 ) *¥8,/54)1))
ECECCaVAVA((Y%9,/8)=(Z*((994/40¢)={WAWR39,/720)+((W**5,)%3,/5,)))
2) | .
ECECOa(U*((YH((3e/4¢)+(WEWHE,)))=(ZH((L3a/bo)+{WAWK3/24)))))+(VN(
2(Y%3 /04 )=(Z*(({5e/0e)={WH*W/2.))))) -

ECEC=LE *ECH*ECKX*U*(ECECA+ECECB+ECECC-(ECECD*ECECD/T))
ECCLAaU&((Y*R((Sa/0e) +(WAWH164 ) +((Whko ) H166)))=(Z*((183./20) ¢ (WY
2#%2174 /104 ) +((WH%k4,)%12./54))))
ECCLBaVA((Y*((S5e/0e)»(WHWHH66)))={Z%(({L11e/20¢ )} +(WAWKET /300 ) =( (Whk
244)%8,/15.0 )00

ECC1C=ClC1C*ECECD

ECCAaUR{ (Y*((3e/2¢)+(WhH*3B ) +{(WEk%4,) %120, ) +((Wk%6s)%H44)))=(Z%(
201534710 )+ {WaN*30L /3 ) H{(WHHG ) R1536,/15e)+((N*k%6,)%284/5,))))
ECC2BaVa((Y*((3e/2¢)+(WHH K18 ) +((Wk¥44)426403))=(Z2((101e/10)}+({WHW

. CH294 )+ ((Wk*6,)%264/5e)=({WHkk6o)*44/5,.))))

ECC2C=C2C2C*ECECD

EV(1l,11=0H

EV(1,2)20S1M2/2.

EV(1,3)=0S2/2.

EVIls4)=DS3/2,

EV(1s5)=A0/4.

EV(1,6)=((1810A/2,)+081D8)*644*X

EV(1,7)=20820/4%.

EV(2,2)251¥

EV(2,3)=S1l52/2,

EV(2,41=5153/2.

EV(2,5)3AS1/4%.

EV(256)=((1B1514/2.)4081518)%128.%X
EV(2,71308251/4.

EV(3,3)252s52

EV{3,4)35253/2.

EV(3,512A52/4.

EV(3,6)3((NB1S2A/2.)+0B1528)*64,%*X

EV(3,7)=208252/4.

EV(494)=53S3

EV(4,5)=A53/4.

EV(496)=((NBLS3A/2.)+081538)%2564%X
EV{4,7)=0B253/4.
EV(Es5)a((AAA/E W) +(AABR3,/Ba) ) %04 %X
EV(596)=2((J81l0A*3./78)+(0B8L08B/2.)+(0QBLAA/B4)) %G04 *X
EV(5,7)=((0B20A%34/734)+(0B2AA/8,) ) *64e%X
EV(6s6)2((0BL0B1A*3./8.,)+(0810818/2,)+081031C)*64,%X
EV(6s7)={(0B82081A%3,/8,)+(NB82081LR/8.)+(0B2JBLC#34/44) ) %64 %X
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10
16

20
25

31
37

39
45

50

£1
é5

EV(7,7)2((082002A%3./8.)+(0B20828%34/2.)+(2B20B2C*14/84))%644%*X

EVI(251)aEY(1,2) .
EVI3,1)Y2EV(1,3)

EV(3,2)3EV(2,3)

EV(4,y1)=EV{1,4)

EV(492)2EV(2,4)

EV(453)=EV(3,4)

EV(5,1)2EV(1,5)

EV(552)2EV(2y5)

EVIE,3)=EV(3,5)

EVIS594)=EV(4y5)

EV(6,1)aEV(1s6)

EV(652)2EV(246)

EV(G6s3)=EV(3y86)

EV(&ya)=EV(4y8)

EV(6s5)2EV(556)

EBV(7»1)=EV(1,7)

EV(T52)3EV(2,7)

BV{753)2EV(3,7)

EV(754)2EV(4s7)

EV(759)3EV(5:T)

EV(726)3EV(6,7)

00 5 Js=l,7

ALPHA(L, J)=EV(L,J)/7EV(1,1)

00 10 K=2,7

0Q 10 J=1,7

BV(Ks JI=FV(KeJ)=(EV(KsLIXEV(1sJ) /EV(1,1))
00 14 Jd=1y7
BETA(2,J)=8V(25J)/8V(2,2) - .
00 20 K=3,7

00 20 J=1,7
CVI(KyJ)aBV(KsJd)={BV(Ks2)%BV(25J)/BV(252))
00 25 J4=21,7
GAMMA(3sJ)3CV(35J)/CV(3,3)

00 31 K=4,7

DO 31 J4=1,7
OV(K»Jd)aCVI{Ksd)=(CV(Ks3)%CV(3sJ)/CV(3,3))
0Q 37 U=1,7
DELTA(GyJ)aDV(4sJ)/0V(4s4)

00 39 K=a5,7

00 39 J=l,7

FV(Ks J)2DVIKsJ)={OVIK, &) #*0V{45J)/0V(4y4))
00 45 J=1.7

EP(SsJIIFV(59J)/FV(5,5)

DA 50 K=6,7 -

DO 50 J=1,7

GV Ky J)=FV(Kpd)=(FV(Ks5IRFV (553} /FV(5,5))
00 55 J=1,7

PHI{69J)aGV(653)/GV{696)

0n 61 J=1,7

HV(75J)2GV(75J)=(GV(T56)%GV(6,d)/GV(656))
00 65 J=1,7

RHO(TJ)=sHV(7+sd) /HV(T7»7)

Q0(1s1) =8 *X*T

BO(1ls2) 3168 Xk( (Y4 (10/24)+(2e%C)))=(Z*((LLe/6s)+(2:/34%C))))
00(1s3) =@ wX*((YHR((L)P(12.4C)+(164#C)))=(Z#{{19e/3)+(20.%C)+(8B4/
23.%Q))))



110

120
125

130
135
141
146
400
405
500
€00
700
£00

850
900
950
70
75
g0
€5

OD(1s4)m8  RXK(({(YH((30/ba)+(4o*C))I=(Z#((13e/4e)+(30/2.%C)))I%3 0/
28,14 (((Y*((30/600)))=(Z%((5e/%a)=(1e/2.%C))I)R1 /8. ) %2,
00(252)=(CLCLA+C1C13) /2,
00(2y3) 26, #X*(C1C2A+C1C28)

0D(254) =164 *kX#( (ECC1A%34/84)+(5CC18/84))
0D(3,3) 28, #x#(C2C2A+C2C28)

Q0(354) =16, %X*((ECC2A*34/84) +(ECC28/84))
00(4s4)al6e*X*((ECECAL#S4/164)+(ECECB/164)+(ECECC/LEL))
00(3,1)200(1,3)

00(3,2)=00(2,3)

90(2,1)=00(1,2)

Q0(4511200(Ls4)

GD(452)=00(254)

Q0(453)200(354)

D0 110 J=ls%

CALPHA(1,4)=00(1,4)/00(151)

00 120 K=2,4

00 120 Jals%

GBV(X»J 1300 (Ksd)=(00(Ks1)%G0(1sd)/30(1s1))

D0 125 J=l,sé

QBETA(2,4)308V(2,41/08Y(2,52)

00 130 K=3,4

D0 130 Jal,4

QCVIK,J) =BV (KyJ)=( 38V (Ks2)%0BV(2,4)/08V(2,2))
00 135 Jalst

QGAMMA(3,J120CV(3,d1/0CV(353)

00 141 Jals4

00V (4sd)=0CV(45Jd)=(OCV (453)%0CV(354)/0CV(3,3))
DO 146 Jal,é

O0ELTA(45 41200V (4sd)/00V(4s4)

WRITE(69400) W

FORMAT(1HL,#Wuk,F6.3)

WRITE(65405)

FORMAT(//510Xs*EVEN ABERRATIONS®)

WRITE(65500) (EV(LsJ)sd=ls7)
FORMAT(/ /5 7(E134653X))

WRITE(6,600) (EV(254)pdul,7)
FORMAT(7(EL3.6,3%))

WRITE(65700) (EV(3sJ4)sdnl,7)
FORMAT(7(EL34653X))

WRITE(65,800) (EV(45Jd)sdxl,sT)
FORMAT(7(E134653%))

WRITE(65850) (EV(5,d)pdalsT)

" FORMAT(7(EL3.653X))

WRITE(65900) (EV(6sJ)sd=l,7)
FORMAT(T7(EL3e693X))

WRITE(65950) (EV(TsJ)sdsl,T)
FORMAT(7(EL3.653X))

WRITE(5,70)

FORMAT(///»2Xs*ORTHOGONAL COEFFICIENTS®)
WRITE(6575) EV(1s1)s (ALPHA(L»J)sJd=1sT7)
FORMAT (/5213.658%Xs7{F1lebs4X))
WRITE(6580) B8Y(2,2)5(83ETA(2,4)512L,7)
FORMAT (F134698%57(FllebsaX))
WRITE(6,85) CV(353),(GANMA(3,J)eJ31sT)
FORMAT (Fl3.658Xs7(Fllebs4X))
WRITE(6,91) OV(4s,%)5 (DELTA(G»J)»Jd=ly7)
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51

95

100
105
410
415
420
425
430
435
440
445
450
455
461
462

463
464

466
90

FORMAT (F1l34558X,T(FllabssX))

WRITE(O69G5) FVI5,5)s{EP(55J)ydal,?)
FORMAT (F1l346e8%,7T(Fllebsr2X))
WRITE(45100) GV(6s6)»(PHI(EsI)»d=1r7)
FORMAT (E1l3.658Xs7(Fll.654%X))
WRITE(6,105) HV(7,7)9(RHA(TeJd)si=l,s7)
FORMAT (E134698Xs7(Flleby4X))
WRITE(565410)

FORMAT(//7/777/510Xe %000 ABERRATIONS*)
WRITE(65415) (0D 1y S)sdnlyréd)
FORMAT(//7,6(E13.653X))

WRITE (65420) (00(25J)sd21y%)
FORMAT(4(E13.653X))

WRITE (65425) (00({3,J)sdnly4)
FORMAT(4(EL3.653X))

WRITE (6,430) (00(4)J”J'1:4)
FORMAT(4(EL13.,653X))

WRITE (65435)

FORMAT( /772X *0RTHAOGONAL COEFFICIENTSH)
WRITE (6,440) 00(1ls1), (OALPHA(LsJ)»dm1)%)
FORMAT(/»E13.698%s4(F11ls654X))

WRITE (69445) 08V(292)9 (OBETA(20d)sd=lys)
FORMAT(EL134698X)4(Fllebs4X))

WRITE (656450) OCV(3,3),(QGAMMA(3,J), Jll:h)
FORMATIELI34698X,4(Fllebs4X))

WRITE (69455) O0V(4s4)» (0DELTA(S,J)sJd=154)
FORMAT(EL34558X,4(FLllebrsX))

WRITE (65461)

FORMAT(//9s20X,*0QROER OF ABERRATIQNS*)
WRITE (65462)

82

FORHAT(I’10Xn*EVEN*;5X,*O*,5X’*Sl*s4X;*SZ*’4X;4S3*;4X:*A*:5X’*GBI* .

2,3Xs%082%)

WRITE (65463)

FORMAT(/ 910X, *TD0*» &Xy *¥B2y 55Xy ¥CL¥ky 46X s uC2% 94Xy RECH)

WHRITE (65464)

FORMAT(// 92Xy *FIRST COLUMN JF QRTHOGONAL COEFFICIENTS NORMALISED B

2Y EV(l,1) AND PRINTED IN ORODER FRGH THE FIRST EVEN TO THE LAST Q0O

3 COEFFICIENT*)
EVN2EV(1,s1)/E8V(1s1)
BVYN=BY(2,2)/8V(1,1)
CVN=CV(3,3)/EVI1,1)
DYN=DV(4,6)/EV(1,1)
FUNaFV(555)1/7EV(1,»1)
GUN=GV(546)/EV(1s1)
HYNaHV(T757)/EV(1s 1)
ODON=QD(1,1)/EV(1,1)
Q8VN=QBV(2,2)/EV(Lls1)
QCVN=0QCV(3,3)/EV(1,s1)
ODVN=Q0V{4» %) /EVILyL)
WRITE (69466) EVNeBYNsCUNsDVN,FVNsGYNSHVNsJON»OBVN,QCVN,QOVN
FORMAT(/52X511(EL1.4))
GaQ TO 30
sTaeP
END



OO0 OO0

998

G99

83

PROGRAYM TFIORTH(INPUT,OQUTPUT,TAPESSINPUT,TAPE6=QUTPUT)

THIS PROGIAM COMPUTES THE DIFFRACTION-BASED RFAL PART 3F THE gTF TO
SECOND CQROER IN THE WAVE—A3IERRATION -CGEFFICIENTS.THE JESULTING

QUADRATIC FQRM IS THAEN INTEGRATED OVER AZIMUTH AND SPATIAL FREQUENCY
AFTER MULTIPLICATION BY A4 LORENTZIAMN WEIGHTING FUNCTION

WHICH APPROXIMATES THE MTF 'OF A DETECTORCTHE UPPER LIMIT OF THE SPATIAL
FREQUENCY VARLABLE IS TAKEN TOQ 8% EITHER THE FREQUENCY' AT WHICH THF
LORENTZIAN FALLS 7O 0.1 OR TO THE OPTICAL CUT=-CFFyWHICHEVER QCCURS FIRST.
FINALLY,THE QUADRATIC FORM IS ORTHOGONALTZED.THE RESULTS ARE

DISPLAYED AS A FUNCTION OF THE PARAMETER R,CHARACTERIZING

THE WIOTH OF THE LORENTZIAN.

DIMENSION EV(7s7),ALPHA(T»7)58V(757)sRETA(T,T7)»CVITs7)sGANMA(T,T),
20V{(T7sT)sDELTA(T»T)sFVITs7)0EP(Ta7)sGV(ToT)oPHI(T7»T)sHV(T»7)sRHO(T,
37)s00(424),0ALPHA(S54) » 0BV (4941 s08ETA(454)90CV(454)»0GAHRMA(Gy
44)s00V(4s%4)»00ELTA(4s4)

READUISs4) R

FORMAT(FB.2)

DO 998 ¥=al,7

00 998 J=1,7

EV(JsK)=Q,0

DG 999 Kal,é&

DO 999 J=l,4

00(JsK)=0,0

W=20.0

IF(R«EQe99.0190,7

IF(R=3,0) B,8,9

WMal.0

G2 TO 12

WM=3,/R

PT=0,0

WaW+(WM/100.0)

WMD=WM/100.

PI=3,14159265358979

Y=ACAS(W)

ZaWx(SART{Le=(W*W)}))

X 2Pl ewky

TaY=Z

Cxwzy

EaWkkd,

FaWw¥*x3,

GaWk*1],

HaW%%12.

Psiwklly,

QaWh¥y,

Val.0

U=l,0

D=1.0

Asl,0

Si=1.0

$2=1.0

§3=1.0

08lsl.0

082=1.0

821.0

Cl=1.0

C2=1.0

EC=1.0



©131
136
140

145

OS1M23256 ¢ *¥DRSLAWAUKPIR((YH((Le/6e) P2 kWA )+ ((WikH4,)%2,)) )=
2028 (Te/6e )+ (25 HWRA/F )+ ((WH%Le)%20/9e11))) )

SIM=256. ¥SL*SIAWAWEPIHF((Y*((1e/8e )+ (1T ok /) +((UkRG,)%8,)
2H((WARE ) %44 ) ) ) —(Z*( (2947260 )+(139.%W*H/20,)+(

32924 ¥ (W*H44) /654 ) +(Loet(WA%04)/65411))

OM=a64 =X 20%0*( (YR ((Le/0e) +(WaW)))=(Z
232( (134712 )+({1e/ 5 ) %W} ))

AAAaY*((Y/4e)=(Z%((54/12)=(W¥W/B))))

AABoUR((Y*((1a/%a)+(WAW)))=(Z%((13e/124)+(U*W/6e))]))

AAaU%EG ¢ xX % (AAA+AAR)

AD=128.%X%*4A8 .

AS1a250 4 #ANSLIAX*UN({YR((La/Bs )+ (WEWH2,)+((WHH%4,4)22,)))=(ZH*((74/00)
2H{WHUBR25,/9. 1+ ((WhkG,o)%24/94)1)))

AS22384 s kARS2%XUR((Y*((Le/Bo )+ (HRWHFI I+ ((WHHL ) *LQ I ((UWRXE,) %16,
2/34)))=(7%((294/24o)+{WkWHLETTo/180e)+((WHH44)%38Fe/45e)+((WhhG,)%
324/541)))

S353210264#53%S3Xk((Y*((Loe/26a)+(C*E9 /14 e ) +(QA*38E /T )+ (EXGBA84/
25 )+ (F*31364)1+(G*125440/3¢)+(H%20484)+(P*2564)))~(Z*((6Le/048e)+{(Ck
338753¢/8404)+(Q%36229¢/70+)+{E*439367./189.)+(F*28425988./76515.)+(
46#327710084/11025,)+(H*18883552./33075.)+(P%2090244/33075+) 1))

52533512 %52%33%X¥( (Y2 ((34/140)+(C¥33¢/2,)+(Q%1208e/54)+(E%1224,)+
2(F*2352.) +(G#1568,)+(H%2564)))=(Z*((534/144)+(C*21039./2104)+(Q*16
319624/2106)+(E*1Q518%e/4F¢)+(F*25583924/12252+(G*6612154/1225.)+(
4H*97924/1225.))))

S1S321024,*SLaSAKXA{(Y*((La/12s)+(C*6T74/10)+(Q%48e)+(E*6484/3, )+(
2F%1644)4(G*324) ) )=(Z%((5/%)+(C*¥L18e/5)+(A%*BL5./T)+(E*905564/52
35.)+(F*99304./1575.)+(G*2048.11575.))))

DS32512%04S32X* ((Y*((Le/104)+(CH4e)+(Q%28, )+ ({E*48.)+(F%164)))=(Z*
20(374730.)1+(C*287e/15.1+(Q%36444/75)+(E*T264/254)+(F%64./754)1)))

AS33512 % ARSIRURXR((Y*((Le/L0e)+(C*oe)+(Q%284 ) +(E*48s)+(FHLOe)) )=
2(Z*((37730.)+(CH267, 7154)+(0%*36440/T5¢)+{E*T2644/254)+(F*64:/754)
3N

0B10BLA=(Y*((C*5e)+( Q%244 ) +(E*1H4)))=(Z%((4964/35,)+(CHL25, /Te)+{Q%
28524/35.)#({E*524/35.)))

0810818a(Y*((3e/841+(C*L4a/34)+(2%041))=(24( (433, /168 }+(C*311G./4
220.)+(2%3894/315.)~(E*62,/315.)))

0810B1Ca(Y*((1e/64,)+{CrBa)))=(2Z%( (221, /2240.)+(C*37./672 }={Q#*13,
2/8604)+(E/420.)))

N81G81a((U*U*0B1I81A}+(U*0R10818)+0B1081C)*64.*X*0B1*081

NBLS2A3(Y*((9e/20e14(C*19)+(Q¥1206)+(E*192.)+(F*H4,4)))=(Z%((119./
22Q.)+(C%5161L. /70.)+(Q*103576./525.)4(5*60308.1525.)#(F“&BZ./I?ﬁ })
3)

081S2B2a(Y*((3./404)+(C%*T7,/44)+(3%6, )+(E*4.)))-(Z*((29.140-)+(C*499
24710541 +(Q%*20594/35041+(E*2684/5254)1=(F%*8,/175.)})

081S2=((U*081S2A)+081528) %128, %X *52%081 ’

OB1S1A=(Y*((34/164)+(CH2Fe/64)+(Q*15.)+(E*B.)))={Z%((467./240,)+(C
2%L15174/12Q414(Q*1L151./9Q ) +(E*29.74541))

081S1Ba(Y*((1e/324)+(C*54/22e)+(Q/72e)))~(Z#((L13.74804)+(C*151./2%
20¢)+(Q%17.,/180s)~(E/90.)))

081S1=((0B8L1S1A*U)+031S1B)*256,%X*(Q31%S1

0B10A=(Y*((1e/0a)+(CBT7e/24)+(0%44)))=(Z%{(113./7606)+(CH*27/5.)+(Q%*
27471541))

03108=(Y*((1.124.)+(CI4.)))'(Z*((9./40.)+(C*7.j90.)-(0/90.)))
0B1l0=((U*QB81DA)+(0810D8))*128.*X*0*(0B1

NB1laA=2(Y*({1le/4e)+(C)))~ (Z*((19 /204)+(C*134/304)=(Q%24/15. ))}

081A=128,%X*081*A*Ux(((OB10A*Y)+QB1OR+(V*CBLAA))

081S3A=(Y*((1e/84)+(C%79,/10)+(Q%B64)+(E*2804)+(F%280.)+(G*64,.)))
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2=(Z8((261¢/120,)+(C*173514/420Q4)+(2%22562471054)+{E*2483647754)+(F
34658164/525.)+(G*4644/175.)))
08153An({Y*((1e/48eV+(C*3a/Ge)+(Q954)+(E*2Be/3e)+(FRree}))=(Z2%((5%4/
22400)#({C*2473./840.)+(Q%3776./420.)+(E*691,/105.)+(F*116.7315.)=(G
3484/315.1}))

081532512, &X*0B14S3%((U*GR1S3A)+091538)
0B82082Aw(Y*({134/24e)+(C*13514/404)+(Q%352,)+(E*1122,)+(F*1120.)+(
26%2564)) Y =(2%((73214/840s)#(C%371774/2164)4(Q%32673474/37304)+(E#2
30901CLe/1575.)+(F*2369196,/47254)+{6*¥718B4.7675411))
0B208293(Y*((1./9641+(C%39,/1604)4(Q%34/4s)+(E/24)))=127113494/336
20414(C*18659¢/302404)+(0%108234/151204)+(L*4994763004)~(F*1274.7945
304)+{G#8./4725.) ))
082082C*{Y#*{(74/12)+(C#4234/20)+{Q4131,)+(E*228,)+(F*95,)))={T*(

2(5834/84.)+(C*100861./1260)+(Q*140923./630.,)+(E*27584./175.)+(F*4

3796475254 )=(G*368./5254)))
0820%2=64.¢X*082*097*((082032A*U*U)+(GBZOBZB*Q AVRV) +(IB820B2C*U*V)
2)

OB253A2({Y¥*((54/284)+(C¥594/44)+(C*2251¢/104)+(E*1172)+(Fr22964)+(
2G%15524 )+ (H#2564)))~Z%*((138147420.)+(C*38599./420.)+(2%138233./18
39¢ 1 +(E*13T7782274/6615)+({F#227070084/7/110254)+(G*178160724/33075.)+
& (H%26464644/33C754))) .

0825382 (Y*{{1e/55¢)+(C*7a/84)+(Q%334/4.)+{E*¥264) +(F#28.)+(G*8.)) )~
2(Z%((209+/78404)+(C*4974/120)+(A%53774/2706)+(E%*4216134/132304)+(F
3%318524/22054)+(G*38764/76515.,)=(H*208476615,)1)

0B2S3=2512.%X#QB2#S3*( (U*0B2S3A)+(2.%V*(0B2538))

08208 LA=(Y*((3¢/20e)+(C*1514/Be)+{0%719e/064)+(E*192)+{Fk64,)))=(2Z
2#((2483¢7420e1+(CH*6L7172/8404)+(0%4146349,/21004)+(E*18038344/15754)
3+(F%B14./225.)))

Q8208133 (Y*((19¢/40¢)+(CR434/44)+{0Q0%2094/34)+(E%244)))=(Z2%( {37134/
28404 ) +(C*10184/354)+(Q%*12317.47/3504)+(E*50424/15754)=(F*5364/1575.)
3))

Q82081Ca{Y*((1a/B0s)+{C*34/164)+1Q74:)))~(Z%((57.7/56G4)+(C*503./16
2804)+(Q%253./42004)~(E/T5.)4({F/525.)))

082081’128.*!*082*081*((U*U*DBZGBIA)+(U*V*0820818)+(2.*V*V*082981C
2))

08252A={Y*2{(5,/8.)+(C*37L.,/10.)+{Q%T767./2.,)+(E*11&0. )+(F*1136 1+(G
2%2564 1)) =(T#( (3914740 )+({C277731a/420.)+(0Q%*63111,/70.)+(E*33833./2
3541+ (F#254044./525.)+({G%55298,/525,.,)))

082528=(Y*((1e/164)+(C*434/204)+(Q%49,/4, )+(:*’O-)*(F*8 1))=(Z%((5
294 /6Ce ) +(CH64794/8404) +1Q%561./7284)+4(E#4653,/350.,)+(F%386,7/525.)=(
3G*4,/754)))

082523128, *X*0B2+*S2¥%({ (U*082S2A)+(2.*V%0B82528))

0B20A=(YH*((5e/164)+(C*09,/64)+{QA*29 )+ {E¥LE4)))=(Z*((T57./240e)+(2
2803.%C/120414(Q#2317./90.)+(E*11./94)))

08208=(Y*({{14/324)+(C*5./12401+(Q/24)))=(Z*(({113.474804)+(C*151a/2%
20.)+(Q*17.1180.)-(EI?O.)))
082D=1284%X#082% 0%k ( (U4QB20A)+(2.%V*082D8))
082AA3(YH((54/166)+(C*74/2)+(QA*541))=(Z%((4634/2604)+(C*7074/220,
2)+(Q*7,/64)~(E/S4)))

0B2A3128.,%X*NB2#*AxU+((U*0320A) +{V*0B2AA))

08251Aa(YH*{(Le/4e)+(C*8Lla/84)+(Q%L884/34)+{EX98,)+(F*32,)))={Z%*((1
2934/604)4(C*32603./8404)+(Q*2843./728.)+(E*131734/3154)+(F%¥562./315
330D
L 082518a{Y*((Lla/20e)+(C*Fa/28e)+(Q*54/34)4(E)))={2%((29./120.)+{C*1
2574/1124) +(Q%62814/42004)+(E%401./31504)1=(F%194/15754)))

0325122564 %X#*0R2#S1*((NB2S1A*U)+(0825184y*2,))

S2S2w4 ok XhSG2uS2 ( (YR ((12e) #5624/ L0 *WAW)+(636B ek (WHHG
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€0

115

11

20114010200+ %({WHh%64) ) +{186432.#(WxKB, ) )+ ({4096 (Wk*104))))=((2)*
SC{180.)1+(3208 ek WHW)I+(527328¢/35.%{WH*4,))+{TT27488,7350,
QR (WE*G,))+(28267044/7350 % (WH¥8,))+(58368,4/350.%{Ux%10,))})))
S1S22T76R ¢ ¥SLAS2AX . ((Y*((1o/10e) P (WhWH1Sa/Gs)+{((Whko ) x2
22+ ({W*%6,)7100a /3 )+ ( (A28, )%32,/34)))=((Z)%*( (37,
37306 )+ (WY H2407 /1306 )+{(WHk4 o) %R15679¢/4504 )+ ((WHk6.)%8692.,76504)+
G{{Wk%B4)}%2644/450,)))}
0S2u384 *ORS24XH( (YR {(Lo/Bo)+lWRYRI () +{ (WhkL, ) *1 00 )+ ((WH
C¥*Be) %1 6e/3e 1)) =( (7)1 %((29/264)4(WAIR1ETT4/180s)>( (W
3%%44)%3894/65 )+ ( (WX 4)%24/54))))
ClCLA=64.aXH((YH((3e/8e) P (WaHALT /00 ) +((WHX4, )*4.)))-(2*
200101 e740a )+ {W*W*83 /156 +{(Wr*4,)%174/304))))
ClC1Bmba o #X2{(YA((Lo/28¢ )+ (WAWXLe/be)))=(Z*((9e/ 40 )+ (W*WXT74/904)=
2{(W%%4,)/904))))
CLCICa4 *y ((Y*((1e/2.)+{2*WkWI)I=(ZR((2110/6e)+{UEWX2,/3,))))
ClCl=Cl*CLl#((CLCLA*U)I+{(CLC13%V)=(CLCIC#CLCLC*G ,*PI%U/T))
C2CZAaUR((Y*((11a/Te)+ (S5 Rk WI#((WaRGL ) *1520a/3 )+ {(W**6,)1%T84,)
2+ (W58 ) %2564} ) )=(Z#((4134/25e)4(33359*W5W/1054)+((WH%*4,)%426506
37525 )+ {{Wk24e ) %RT727144./15754)+((WH%*3,)%22928,/1575.))))
C2C28aVa{(Y*((24/5¢)+{ 0 oW I+ ((WE%4,)%804/3a )} +{(WE*H)*16,)) )=(L%
20056 e/ 150 )4 (L0Ta* A W/ To)+{ (d*®GIXL2562475254) +({W**6,)%3208,/1575
Je)={(Wk%8,)%3004/1575.))1))
C2C2CaY*({Lle+(124WEW)I+{ (WHkL ) %16} ) =(2%((LTe/3e)+ Wk *20.)+((yxky
2e)*80/34)))
CLC2AaUR((Y*((Te/0e)+ (12244 4*W /30 )+ ((WA*5, ) %1244 ) +{(Whkb)*64,)))=
2(Z#((1007¢/760e)+(3L20*W*W/30e)+((WHHk4,)%406464/745.)+((WkkO,)%244,/
345.)1))

C CLC2BaVR((Y*((Le/be) +{WHHX10e/3a}+{(WbkG ) *0,)))={Z%((11347604)+(1

251« *URY /30, )+ ((WH%L ) %344/05.)=((WEHEL ) H4,/65,))))
CLCACaU*((Y*((1a/20 )+ (WHWH*24)))=(Zo((11a/6. )+ (WHkW*2./3,))1)%C2C2C
ECECAL3((Y*((9e/3¢)+(15e*WkW)+{(Wh*G)%*164)))=(Z*((339./40.2+(4

221 «*W¥*4W/20. JH((Wh*4,)%134/54)))) .
ECECA=ECECAL*U»Y
ECECBaUMVE((YH((Fe/Ga)+ (LS rWEW) ) ) =(Z*((243e/20.)+(WHU*ET o /104)=(

2URFL ) %8 /TFe))) )
ECECCVRVH*((Y#*9./84)={Z*(({99¢/40e)=(WHWA3G, /20 )+ ((Wh%k4.)%3,/5,)))

2)

SCECD=a{U*((Y*((3e/6e)+{WhWRS,)))=(Z%((13e/4, )+(H*H*3 124)1)))+(V%(
2UYR3 6740 )=(Z*((5e/Ge)=(WHW/24)))))

ECEC=16 #ECHEC*X#UX(ECECA+ECECB+ECECC~ (ECECD*ECECO/T’)

ECCLAUR((YXR((5e/ G0 ) +(WAWRLO )+ { (WAL} %154)))={Z#{(183./20.)+{WkW
2%21Te /10 )+ ((WH%4,)%12,/5.))))

ECCLRaVR((YHR((5e/%e ) +{d*U%b, ))) (Z#((L114/20e) +(WH*Y*ET4 /304 ) =( (W

2%44)%84/154)) 1)

ECC1C=C1lC1C*ECECD
ECC2A=UX{IY*{(3e/2¢ )+ {WAWA33 ) +( (Whko ) %1206 )+{ (WAkH,)%64,)) )} =(Z%(

2(153/7104 )+ (WAWA30La/3 )+ (WHk4)%15344/15. )+ ((Wk*6,)%284/54)1)))
ECC2BaVE((Y*((3o/2 )+ (WaWRL1B )+ ( (WKL, )N204)))={Z*((10Le/106) +{WhuW

2H2Q0 )+ ((WHkL o1 *284/ 54 )= ((W**kb )44 /54))))

. ECC2C=C2C2C*ECECH

WFala/(le+(REWkWER))
IF(W=(WN-WMD]}) 11,111,154
DHIaDMeWF*Y
DSIMZIaDSIM2+UWF*W/2,
DS2I=0S2*WF*YsWMO/2,
0S3I=DS34WF*xWMD*W /2.
ADI=AD+WFAWMD*W /G,

8a
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N8L0I=2((0B8L0A/24)+09108 ) %64 kX kU YFAWN)

OB20I=N3204WFsW%WMD /4,

SIMIaSIMRWFRWRWMD

S1S2I1aS1S2%WFsWMD2W /2,

S1S3[=S1S3*WkWHMD*YF/2,

ASLI=AS1*NFXUXUMO /4,

081S1I2((031S1A/24)+0R1S18)%128,%X*WFkyWikWM]

NB82S1I30B2SLeWFHW*WMD/ 4.

§2521 25252 WF*w*WMD

$2S3Ia52S3%YFayW*ymMp/2,

AS21=2AS2*WF#RsWMD/ 4,

081S2I=((081S2A/2)+081LS28) %64 *XkUYF*W*WYMD

082S212NR252%WHWF*WMD/ 4,

S3S3[a5353kYkWF*YMD

AS3I3AS3I*WnWFHWMN /4,

081S3I=({(NB1S3A/2.)+08153B) %256, %XaWkWF*WMD

082S3Ia082S3*WF*WrWMD/ 4,

AAL=(CAAA/B ) +{AABRI 4/ 8,4)) %54 kX %LU EWFHYMD

0B81AI=((0BLOA*3,/8,)+(0B10R/24)+(031AA78.))%64 . 5XkuMDRyFsy

0B82AI=((0B20A%3,/84)+(0824A/8.) 1764 %XRUFRYAYMD

08108B1I=((JB810R1A*3,/84)+(0310818/2.)+081l031C)*04¢kX*WFEWYMD

0B2GB1lI=((0B2081A*3,/8,)+(082081R/8,)+(082081C*34/%4¢) )B4 kX*WFHYk
2WMD

0820821 ((032082A%3,/8,)+(0820828%3./2,)+(0B20B2C*14/84)) k644 *X*UN
20%WrWF

ECECIaLbe*X*YhWFRWMN*( (ECECAL*54/154)+(ECECB/16.)+(ECECC/LE.))

C2ECIalhe*XhWrWF&WMDR( (ECC2A%*3./84)+(ECC28/84))

C2C2I3R * X ®W*WF*WMD*(C2C2A+C2C23)

ClECI=16 o *X*WkUF*WHOR( (ECCLA®3,/8,)+(ECC1B/8,.))

ClC2I=8 42 X*WHUF+WMN*(CLC2A+C1C28)

ClC1I=(CICLA+CLCLB)*U*WF*UMD/2,.

BECT B kX kW kUMD AUF*((((Y*((3e/be)+(4e*C)))=(Z*((13e/%4)+{3s/2e%C))
2) ) %30 /8 )+ {(Y*((3e/8a)))=(Z%((5e/%0)=(1e/24%C))))%10/Ba))%2,

BC2T 384 4XkWFRWRWMDR( (YR ((L1a)+(124%C)+{16e%Q)))=(Z%({({194/34)+(204%C
2)+(2e/3.%Q))))

BCLlISlo ¥ XkWhWF&WMDR((Y*((1a/24)+(2:%C)))=(Z%((11e/6o)+(2.%C/34)))
2)

BBIaB Y *THYENFRWMD

PTaPT+(B ¢ *PI*THWMD*WE%Y)

0D(454)20D1494) +ECECT

0D(3,4)30D(3,4)+C2E5CI

N0(3,3)200(3+3)+C2C2L

00(2+4)=0D(2s%)+CLECT

0D(2,3)=0D0(2,3)+C1C21I

.J0(252)Y20D(2,2)+C1CLI

00(1,4)=0D(1,4) +BECI

00(1,3)=00(1,3)+8C2I

00(152)300(1,2)+3C1lI

0D(1s1)200(1,1)+88T

EV(7,7)=EV(7,7)+0820821

EV(65»7)8EV(657)+3B20811
. EV(b6s6)=EV(6s6)+0810811

EV(S5y7)=EV(5+7)+0824A1

EV(5,6)=EV(S5+6)+Q81AL

EV(555)uEV(595)+AAL "

EV(4,7)3EV(4+7)+082S31

EV(456)aEV(4»6)+081S3T



14

EV(ey512EV(%95) +AS3T
EV(494i=EV(454)+S3S3]
EV(3,7)=EV(3,7)+082S521
EVI3,6)2EV(3,6)+081521
EV(3,5)2EV(3,5)+AS52!]
EV(394)=EV (3541452531
EV(353)=EV(3,3)+52521
EV(2,7)=EV(2,T)+382S1I
EV(256)2EV(2,6)+08151I
EV(255)3EV(2,5)+AS1I
EV(254)3EV(2,4)+S1S3T
EV(2,3)=EV(2,3)+51521
EV(252)3EV(2,2) +SINMI
EV(1,7)=EV(1,7)+0B201
EV(1l,6)=EV(1s6)+0810I
EV(1,5)2EV(1,5)+40T
EV(154)3EV(1s4}+0S3I
EV(153)=EV(1,3)+DS2L
EV(1,2)3EV(1,2)+(DSLM2I*VHD)
EV(15L12EV(L1,1)+(DMI*4YMD)
GO TO L5
EV(1l,1)=(EV(1,1)+(OMI*WHD/2.])/°T

EV(1,2)2(EV(152) +(DS1M2I*WMD/2.))/PT

EV(153)s(EV(1,3)+(DS21/2.21/PT
EV(1s4)=(EV(1s4)+(DS31/24))/PT
N0(4s4)=2(0N(4y4)+(ECECLI/26))/PT
00(3»,4)=(00(3,4)+(C2ECT/2.))/PT
00(353)=(00(3s3)+(C2C2I/2.))/PT
00(2,4)=(0D(2,4) #{C1ECI/2))/PT
00(25,3)=2(00(2,3)+(C1C2I/2.)1/PT
00(2,2)=(00(25,2)+(CLC1L/2.))/PT
00(1,4)3(0Q0(1s4)+(BECI/24))/PT
00(15,3)=(0Q0(1,3)+(8C21/2.))/PT
00¢(152)2(00(1,2)#(BCLL72.))/PT
Q0(1,1)=(Q0(1,1)+(881/2,))/PT
EV(7s7)=(EV(7,7)+(0820821/2.))/PT
EV(697)=2(EV(657)+(0820811/2.))/PT

- EV(6s6)=(EV(6,6)+(0310811/24))/PT

EV(S,T)=(EV(5,7)+(0B2A1/2.))/PT
EV(556)=(EV(5,6)+(08LAI/2.))/PT
EV(Ss5)=(EV(595)+(AAL/24))/PT
EV(4,7)u(EV(9,7)+(08253L/24))/PT
EV(496)2(EV(456)+(081S3L/2.))/PT
SV(4s5)a({EV(4y5)+(AS3T/24))/PT
EV(494)3(EV(454)+(S3531/2.))/PT
EV(3,7)=(EV(3,7)+(08252L/24))/PT
EV(356)2(EV(356)+(08B1S21/2.))/PT
EV(355)2(EV(3,5)+(AS21/2.))/PT
EV(354)=2(EV(3,4)+(S2S31/24))/PT
EV(353)2(EV(3,3)+(S2521/2.))/PT
EV(2s7)=({EV(2,7)+(382511/2.))/PT
EV(2,6)=(EV(2,5,6)+(0BLSL1I/2.))/PT
EV(2,5)={EV(2,5)+(AS11/2.))/PT
EV(254)3(EV(2y4)+(S1S3I/2.))/PT
EV(253)2(EV(253)+(S1S21/24))/PT
EV(252)=(EV(2,2)+(S1MI/2:))/PT
EV(ls7)2(EV(1,7)+(082D1/2.))/PT
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10
16

20
25

31
37

39
45

55
(33
&5

EV(1,56)=2(EV(1,6)+(08LDI/2.))/PT
EV(1,5)=2(EV(L,5)+(ADI/2.,))/PT
EV(2s1)2EV{ls2)
EV(3,1)=EV(1,3)
EV(3,2)2EV(2,3)
EV(4sl)aEV(1,s4)
EV(452)2FVI2,4)
EV(493)2EV(3,4)
EV(5,1L)=EVIL,y5)
EV(5,2)2EV(2s5)
EV(553)=EV(3,5)
EV(5+4)2EV(4y5)
EV(6s1)=EV(1,6)
EV(692)2EV(2,6)
EV(693)uEBV(3,6)
EV(654)aEV(4)y6)
EV(695)=EV(5,6)
EVITsL)=EV(L,T)
EV(7,2)=EV(2,7)
EV(753)3EV(3,7)
EV(T7s4)1=EV(4s7)
EV(T,5)=2EV(5,7)
EV(756)2EV(6,7)

00 5§ J4=nl,?
ALPHA(L,J)=EV(L1sJ)/EV(1,1)

DC 10 K=2,7

00 10 J=1,7

BV K JI=EV(Kyd)=(EVIKs LI*¥EV(1,J)/EVIL,1))
D0 16 J=1,7
BETA(25J)=28V(2,4)/8BV(252)

00 20 K=3,7

00 20 J=1,7

CV Ky d) =BV (KoJ)={BVIK2}%BV(25,J)/BV(2,2))
00 25 J=1,7
GAMMA(3,4)2CV(3sd)/CV(3,3)

00 31 X=24,7

D0 31 J=1,7

LOVIK I aCV(Kad)=(CVIKe3)#CV(3,J)/CV(3,3))

00 37 J=1,7 )
DELTA(45J)=0V(454)/70V(454)

00 39 K=25,7

00 39 J=1,7

FVIKs J)3DV(KsJ)={OV(Ky &) %DV (45J) /0V(4,y2))
DO 45 J=1,7

EP(S5yJ)=FV(553)/FV(595)

DQ 50 K=6,7

00 50 J=l1l,7
GVIKsJ)aFVIKyJ)=(FV(Ks5)%FV(55J)/FV(5,5))
00 55 J=1,7 '

PHI(6sJY3GV(65d)/GV{656)

DO 61 J=1,7
HV(T75J)=2GV{T9d)=(GV(Ts6)%GV(65J)/GV{6s6))
00 65 J=1,7

RHO(75J)2HVIT9J)/HV( 79 7)

00(3,1)=00(1,3)

00(3,2)=00(2,3)

00(2,1)=00(1,2)

~N



110

120
125
130
135
141
146
400
405
500
€00
700
800
850
500
$50
70

75

80

£5

51

95

100
105
410
515

00(4,1)=DD(1s4)

00(452)=00(2+4%)

0D(453)2CD(3,54)

DC 110 J=1,4
QALPHA(1,J)1=30(1,J)780(¢2s1)

00 120 K=2,4

00 120 J=1,4
08V(K,»J)=00(Kyd)=(T0(Ky1)*QD(1yJ)/70D(1s1))
00 125 Jd=l,4
OBETA(2,J)=08V(2,J)708V(2,2)

0Q 130 K=3,4

D0 130 J=1l,4
OCVI(K,J)=08VI(KsJ)=(0BV(K,2)%08V(254)/08V(2,2))
00 135 J=1,4
OGAMMAL39,J)a0CV(35J)/0CVI(3,3)

00 141 Jal,4
Q0V(4,d)=0CV(4,J)=(0CY(4s3)*0CV(3+4)/0CV(3,53))
D0 146 J=1,4 '
ODELTA(4sJ)20DV(4sJ)/00V(4s4)
WRITE(69400}) R

FORMAT(1H1,%Ra%*,£10.3)

WRITE(69405)

FORMAT(//7510%s*EVEN ABERRATIONS*)
WRITE(65500) (EV(lsJd)sd=ly7)
FORMAT(//57(E134653X))

WRITE(6,600) (EV(25,4)9dnl,7)
FORMAT(7(EL3.653X2)

WRITE(62700) (EV(354)sd=21s7)
FORMAT(7(FL346,3%X))

WRITE(65800) (EV(4sJ)sdal,7)
FORMAT(7(EL34653X})

WRITE(55,859) (EV(55J4)sdnly?)
FORMAT(T7(EL13.653X))

WRITE(6,9C0) (EV(6,5J)yJd=1,7)
FORMAT(7(EL34603X)) .
WRITE(65959) (EV(7»d)sJul,?)
FORMATI7(EL34623X))

WRITE(6570)

FQRMAT(//7752Xs*0RTHOGONAL COEFFICIENTSH)
WRITE(G6975) EVI(LsL)s (ALPHA(LS»J)»J21,7)
FORMAT (/79E13.628Xs7(F1llebs4X))
WRITE(A,80) BV(2s2)s(BETA(294)»d=21s7)
FORMAT (BLl3.,698XsT{FLLlabyaX))
WRITE(S,85) CV(3,3)s(GANMA(3,d)rdals7)
FORMAT (EL13.698Xs7(Flleby4X))
WRITE(6551) OV{(454),(DELTA(G5d)sd2157)
FORMAT (E1346s8XsT(FL1le654X))
WRITE(6595) FV(595)s(EP(5,J)9d=ly7)
FORMAT (F134628XsT(FLl1ls654X))
WRITE(H5100) GV(b6s6)s(PHI(O»J)sdmlyT)
FORMAT (E134698X97(Fllebs4X))
WRITE(S5,105) HV(T7s7)s(RHO(Trd)»J21s7)
FORMAT (E1l34628X,T(Fllebs4X))
WRITE(65,410)

FARMAT(/7777,10X,%00N ABEFRATIMANS*)
WRITE(H5415) (00D(1sd)sd=ls4)
FORNAT(//»4{E134693X))
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420
425
430

435
440

445’

450
455
461
462

463
464

466
90

WRITE (65,420) (0D(2s3)sd=1ls4)

FORMAT(4(F13.653%)) .

WRITE (6,425) (0D{35J)sd=1y4)

FORMAT(4{EL3.693X))

WRITE (6,430) (GD(4sJd)sdul,4)

FORMAT(4{EL34653%X))

WRITE (5)435)

FORMAT(///52Xs*0ORTHIGONAL COEFFICIENTS»)

WRITE (69440) 00(1ls1)s (QALPHA(L,)J)sJs1l,4)

FORMAT(/9sEL3e698X904(FLllaby4X))

WRITE (6,445) 0BV(252),(0BETA(25J)sJ31s4)

FORMAT(EL13.5608X4(FLll.b54X))

WRITE (65450) QCV(3,3), (QGAMMA(3,Jd)rJ=1s4)

FORMATIEL2e6sAXs4(FllebsaX))

WRITE (65455) ODV(4,4)s (COELTA(S»Jd)5J2154)

FORMAT(EL3.628X54(Flleb6s4X))

WRITE (69461)

FORMAT(/7520%X,*0RDER OF ABERRATIONS*)

WRITE (65462)

FORMAT( /510X, REVEN*,5X, *D5, 55X, #SL1ky 4X s #S2%9 4 X, RSB, 4X g %A%,y 5Ky 2Q8 1%
253X, *032%)

WRITE {65,463)

FORMAT(/510X,%000*, 6X:‘3‘95X:*Cl':4XQ*CZ*’4X:*cC*)

WRITE (65464)

FORMAT(//792Xy*FIRST COLUMN OF ORTHOGONAL COEFFICIENTS NORMALISED 8
2Y EV(1,1) ANO PRINTED IN ORDER FROM THE FIRST EVEN TO THE LAST aDo
3 COEFFICIENT*)

EVN2EV(1,1)/EV(1,1) -

BYN=2BV(2,2)/2V(1,1)

CVN=CV(3,3)/EV(1,1)

DYN=DQV(494)/EV(L,s1)

FYNSEY(595)/EV(1s1)

GUNaGVL6,6)/8V(1,1)

HYN=HV(7,7Y/EV(1,1)

QON=CD(1s1)/EV(1,s1)

OBVN=O3V(2s2)/EV(1,1)

ACVYNaQCV(393)/EY(1,1)

QOVN=0DV(494)/EV(Ly 1)

WRITE (65466) EVN!BVN’CVNIDVN)FVNp:VNJHVN’QDNJUSVNIOCVN’GDVN

FORMAT(/22X»11(ELL.4))

GQ TQ 3

sTop

ENO \
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19
200

205

12

2l
210
13

29

18
10
15

PROGRAM AUTCORR(INPUT,OUTPUT»TAPESaINPUT, TAPE630UTPUT)
THIS PROGRAM CALCULATES THE QPTICAL TRANSFER FUNCTION 8Y AUTQ=-
CORRELATION QF THE PUPIL FUNCTICNCIT USES THE HeHHOPKINS
ALGORITHM WITH E=20.,02 FOR THE NUMERICAL INTEGRATION.
READ(5,3) D»S1,52,53,A5081,082,8,C1,C2,EC
FORMAT(11(F7.3}))
READ{5,300) P
SORMAT(F3,.,0)
PI=23.1415926535898
IF(D.EQ.9990)9016
READ(5,7) THETA
FORMAT(F5.0)
IF(THETA.EQ.QQQ.)Z’IQ
RTH=THETA*PI/180.
WRITE(65200) )
FORMAT(1HLs3X,)¥D%ky X, S Ly BXy*kS2%,BX s kS3 k8 Xy kA%, IX,,%0QBL%,y 7YX, %082 %
2o TXs*BRy X9 %CL k9 BX,) *C2#%,8XyHEC*)
WRITE(65,205) D09S1s525,53,A5,0815,082,85CLyC2,EC
FORMAT(9(FL043),2(F10.3)) '
UsCOS(RTH) .
VaSIN(RTH)
IF(THETA.EQ-O.°,9’8
IF(THETA«EQ49040)9512
L=2 '
K=25
GO TO 21
K=50
L=l
WRITE(65210) THETA
FORMAT(//793Xs*AZIMUTHAL ANGLE=#yF5.0)
READ(5,5) W
FORMAT(F6.3)
O0XISUM=0.0
axXsumM=0,0
X==~0,98
IF(WeEQ.2414529
DO 25 I=1,50
Ya=0,98
0Q 20 J=1,K
XA=3ABS(X)
CXa{(XA=W)* (XA=W) )+ (Y%Y)
CYS((XA+W) *(XA+W) ) +(YRY)
IF(CXelTele)10s24
IFICY.LTele)15524
FD=4,%X%0
FXDs4,4%D
FSLla2e¥STH{(4o* Xk ((X*X)+(YRY)) )+ (GkWkwkX))
FXS1lu8e#SLa( (3, %XxX)+ (YY) +(W*Y))
FYS1a3l6e*SLeXkY
FS232%S2#{ (6o (X¥%G) )+ (20 kX KX RXRWEW)I P (S ok X R (WE¥L) )+ (S kX k(Y h%G))
ZHLL2 . X XHXEYRY )+ (L2 XX AYRY kWRW) )
FXS232%S2% ({304 #(X%44) )+ (60 ¥ XKX¥kWHW)+{Ha R (WkH*L) )+ (0¥ (Y**L) )+ (36
ok XEXRYRY )+ (L2, kY RYHYRW) )
FYS2m48 %32k X kY k( (X*X)+{Y*Y)+{(WhY))
FS3alOe®S3u((X*RT ) (T oeAWRNR (XRS5, ) )+ ( TooWh{ (XU R%T ) )+ (X R (Whbd,)
2) P (3akYRYS(X*KT o ) )+ (10 * Xk ( (XY RW)H%2 ) )+ (T OXPYRY R (YhkGy ) )+ (3 ,%YH
BC(XRY)Ihk3 ) )+ (3o *URYRXK(YRRGo) )+ (XR(YR%E,)))
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35

36
37
38

24

20
25

FXS3wLl6akS3H((Tav(X¥¥64)) (35 o R R(XRKG o) )+ (2L MXAXR(WhHG ) )+ (Whk
260 )+ (15 R YRYH(X2H44) )+ (30 k((XRYHY)kH24) }+(3 ok VRYH(UKKG ) )+ {9 uXEX
IR(YRKL ] )+ (3o kWkYR(YREL ) )+ (YH%6,))

FYS3316eRS3K( (O rYR(XRR5,) )+ (20 RYRXRXXXIWAW) (Lo hX*YR{Wk*G,) )+ (12
2ek(IXRY R34 ) )4 (L2 HXMURYE(YEET L) J {6 HXR(YER5,)))

FA2((Ge®X*URU)+ (L Xk YHURV) ) 2A

FXA=4 o *UkUkA

FYA24 o 2URY A ! .

FOBL122. %08 L*((UnUn ((44 kXXX EX) £ (0% XAWEW) ) )+ (26 %URYR( (3 ok XRXRY )+ (Y ¥
2RI ) H(YRURW) ) N+ (244X 2Y%RY))

FXUBLa2 #0031k (URUR( (12 %X*X)+(0o*¥WkW) ) )+ (L2 % XRYHURV )+ (2. 4Y%Y))

FYOBLa2+*081#( (2 sUsVE( (3 oo X* X+ (3 2YRY)+(WW) ) ) +{42X*Y))

FB=22,%U*8

FCLu2 #C1a{ (UR( (3 4#X2X)+(WHW)+(YRY)) )+ (2., 2Y2Y4V))

FXCLa2*CL*( (6 ®UBX)+(2o%Y2V))

FYCLaZ2.#CLH( (2. %URY)+(2.%X%V))

FC2((2e#UX((Se%(Xk%4) ) +{LOoaX R AWK )+ (kKRG )+ (G HXRXRYRY) $( 2, RYRY R
QURW) +(YR%4) )} )+ (8o kX RYRYR( (XAX)+{YRY) +(WkW))))*C2

FXC23(2%C2%UR( (20, *¥XRX*X ) +(20 s R XAWRW) + (12, %X XYY} ) )+ (B, %C2%V*((3,
2HXEL) +(WEWI+(YRY) ) *Y)

FYC23(24%C24UR( (L2 AX¥XXEY )+ (4 hYRWRY )+ (L ok YhYHY) ) )+ (B uX*VHC2*((
2ARX) +(WEW I +(3a%YRY)))

FEC32HECH{ (URURUR( (3o X*XI+(WHY) ) )+ (6o XXV RYHURU) + (3 AYHYRUXYRY) )

FXECaLl2 #EC*UsUR{ (X*Y)+(Y*V))

FYEC2L2, #ECKURV* ([ (X*xU) +(Y%V))

FOB234¢%0B2*U*U*( (e X*%5,) )+ (L0 kX PXMXRNKW) + (3 ohXR(Whhs o))+ (4o%X
2RXRLRYRY )+ { Qo X TRV RYRY )L (XBLYRBE,) ) )+ (Lo RYXURVHOB2H{ (S (X%H%4,) )+
(104 XRX AW AW) +(WFHG )+ (Lo XXXRYRY )4 L2 ¥ YRYRYURW ]} +(YHRG ) ) ) +{ B kX kYR
SYRVIVRB2H((X*X ) +(YRY) +(WAW)))

FX0B2244%032% ((URU* ({15, %{(XH*¥4,) ) +(30 . #X*X*WHFW) + (3o k(WkkG,) )+ (12, *
SXMXRYRY ]+ (4 A RYEURYI £ (Y R%S, ) ) )+ (YRUSVR( (20 kX RXEX) +{20 ¥ X xWAWI+(1
B2XX¥YRY) ) )+ (20 HYRYRVRYR( (I, HXHL)+(WHW)+(TYRY)}))

FYOB224 #0822 ((UXUK((Bo kX AXBXRY )+ (B XXYRWRU) + (4o hXAYAYRY)) )+ {UkyH
25 (X¥%L 4 ) ) +{LOa*XAXKWRW) + (WKL o)+ (LB ¥ XAXMYRY )+ (6 RURWRYRY ) +(5,
R (YFNL ) ) ) )H{2.%XFVERYR( (2 FYEXR, ) +{G o R (Y*RI ) )+ (2, %YRWHW))))

FX32 o #Y¥PT*Q QL* (FXO+FXSL+FXS2+FXS3+FXA+FXQBL+FXAB2+FXCL+FXC2+FXEC
2)*2,

FY32 4 *UsP T80 02*%(FYSL+FYS2+FYS3+FYA+FYOB1+FYOB2+FYCL1+FYC2+FYRC)

Fa2e*PIaW*(FO+FSL+FS2+FS3+FA+FOBL+FOB2+FB4FCL+FC2+FEC)

SINKFXaSIN(FX)/FX

SINKFYaSIN(FY)/FY

IF(FX.5Qe0.0)35,36

SINKFXal, '

SINKFYsl.

CONT INUE

Q=SINKFX*SINKFY*COS(F)*0.00146/P[

OXSUM=QXSuM+0

IF(P.EQ.0.0) GO TO 24 )

OI=SINKFX®SINKFY®SIN(F)I*0.0016/P1

OXISUM=0XISUM+OL

CONTINUE

C=J

Eal

Y2=0,98+(C*0,04)

X=2=0,98+(E*0.04)

QSUM=0XSUMAY
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24

QISUM=QXISUM=L :
XMOD=aSORT ((QSUMHOSUM) +(0ISUM*QISUM))
PHASE=aATAN(QISUM/OSUM)
WRITE(69215)
215 FORMAT(/,2X,*SPATIAL FREQUENCY*,4X, #*RE(OTF) %, 14X, *IM(OTF )%, 14X,
2¥MTF#9 18X s #PHASE#)
WRITE(65220) W,QSUM,0ISUM,XMOD,PHASE
220 FORMAT(7X,F6e355%XsF10e4511X,F10e4210XsF100%512XsF10e4)
68 TO 13
90 sToP
END



APPENDIX E

COEFFICIENTS FOR THE ORTHONORMALIZED FORM
OF THE SPOT-SIZE AND VARIANCE CRITERIA

The coefficient values for the spot-size and variance criteria

are given below. The coefficients are labeled in accordance with

Eq. 2.7
Coefficient Spot-size Criterion Variance Criterion

N 2 1/12

a 4/3 ' 1

b 3/2 9/10

c 8/5 - 4/5

d 9/5 3/2

e 12/5 12/7

£ 16/7 2

g 1 3/4

h 1 3/5

i 8/5 4/3

j 1 2/3

k 1 1/2

1 3/2 6/5

o 4/9 1/180

B 3/50 1/2800

Y 8/1225 1/44100

s 1/2 1/24

€ 1/8 1/640

Y 1/75 1/12600
1 1/4
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Coefficient

Spot-size Criterion

96 .

Variance Criterion

2/3
1/10
3/16

1/72
1/1200

1/128
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