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SECTION 1
INTRODUCTION

The objective of this study was to investigate and develop
techniques to characterize the quality of the products producéd by an image
data system in terms of measurable performance of the virious system
elements. The product quality measures were required to be meaningful
to the user and related to unambiguous, measurable element performance
descriptors. A specific objective was to investigate the requirements for
quality control procedures at the Earth Resources Technology Satellite NASA
Data Processing Facility (ERTS NDPF') to demonstrate the developed

approach,

The fundamental problem was to establish an objective,
functional measure of image quality and a means to predict that measure
from accepted system element performance descriptors. Supporting
tasks undertaken included familiarization with the NDPF, survey of
ERTS user's ''image quality' requirements and survey of currently
accepted image quality evaluation techniques. It was found that adequate
performance descriptors existed for the NDPF elements but that no

adequate measure of image gquality existed in terms of user's requirements,
g Y

The measure of image quality developed is the error intro-
duced by the image data system into estimates of target characteristics
from measurements made on output products. If the system is characterized
by a sequence of operators corresponding to element performance descriptors,
then the parameter estimation errors are mathematically ;elated to the net
system operator, A software program, Image Data System Simulation
(IDSS), was written to implement the approach. IDSS uses computer simula-
tion to synthesize the image data system from its element performance

descriptors and computes the estimation errors for specific target parameters

1



The IDSS program, applied to the ERTS NDPF, can be used
to analyze a large class of image processing systems, and should be useful

in system design or upgrading.

In addition to NDPF quality control, the ability to monitor
payload sensor performance by measurements made on NDPF output
products was examined., KEdge gradient spectral analyses software was
written for NASA's computer as a tool for Modulation Transfer Function
(MTF) measurement. The feasibility of a technique for correction of
radiomet'ric distortion due to atmospheric scattering and sensor effects
based exclusively on measurements made on output products was also

considered.

The next section of this report presents a summary of the
background information devéloped at the onset of the study. It includes the
results of survey of the data flow within the NDPF, ERTS imagery users'
requirements, and state-of-the-art image quality evaluation techniques.
Section 3 contains the mathematical bases of the approach and Section 4
describes the software written for its implementation., Section 5 identifies
the elements of the NDPF and their associated performance descriptors,
The results of the application of the developed technique to the NDPF are
presented in Section 6. ¥inally, conclusions and recommendations are

presented in Section 7.



SECTION 2
BACKGROUND INFORMATION

At the onset of this study a specific operational description
of the NDPF and its subsystems, particularly the Bulk Processing
System, had to be developed. In addition, it was necessary to form a
concept of what the users of image products expect to obtain from them.,
Finally, a brief survey of the state-of-the-art to image evaluation was
conducted, The results of these surveys provided necessary background
information that is summarized in this section and presented in more

detail in Appendix A.

2.1 NDPFE Description

This study was limited to consideration of the NDPF wvideo
data to film product conversion process and digital products excluded.
The inputs to the NDPF are video tape recordings from the ERTS payload.

Although payload and telemetry link elements are external to the NDPF,

the quality of the video tape input will influence the image product gquality

and consequently these elements were represented in the analyses.

A block diagram of the data flow within the Bulk Image
Processing system is given in Figures 2-1 and 2-2. This block diagram
served as a basis for system modeling., The following comments refer
to the circled numbers in Figures 2-1 and 2-2, More specific data is

presented in Appendix A,

The Return Beam Vidicon (RBV) @ consists of three
boresighted RCA vidicon systems in three different spectral bands,

Radiometric and geometric calibration capability exists in the payload.
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The RBV telemetry @ is analog, The net frequency response
of the RBV videotape record is given in Figure 2-3 (taken from Ref. é,

p. A-5).

The Hughes Multispectral Scanner (MSS) @ has four con-
jugate linear detector arrays, each in one spectral band. The MSS tele-
metry @ is digital. The frequency response of the MSS videotape record
is given in Figure 2-4 (taken from Ref. 2, p: A-13}). MSS data is D/A
converted @ in the playback operation., Radiometric corrections are

applied in the digital domain before conversion.

The Electron Beam Recorder (EBR) produces all
archival latent images, The film type used is Kodak SO-438 (Ref, 1).

A fifteen step gray scale is put on each image.

The first processor @ is a Kodak Versamat used only

for processing archival images,

The quality control blocks (QC) consist of standard
Kodak chemistry quality control plus the placing of a special target on the
head and tail of each roll processed. The target consists of two frames:
one containing a gray scale, another containing five equal, uniform
density patches and a standard Air Force tri-bar target. The gray scale
is read and a Hurter-Driffield (H-D) curve fit to the data points. The
density values at two exposure levels are plotted and deviation from
nominal values used as a processing quality criterion. The constant
density is -read at the five format positions to provide uniformity data.
The Air Force tri-bar target allows determination of on-axis resolution.
Additional information on the qualitfy control procedures is included in

Appendix A
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2,2 Users' Reguirements

It is required that the image quality characterization
resulting from this study contain sufficient.information for users to
determine the adequacy of ERTS imagery for individual needs, Users!
ability to define '"image quality!' is not established and completeness
of an image quality characterization based on users! requirements would
not be expected, But a general understanding, at least, of what tasks
users of ERTS imagery would like to accomplish is certainly required

if the "quality'"which is controlled is to have relevance,

A literature search was consequertly conducted, Based
on the literature sampled, no definition of "image quality' useful in
accomplishing the study objectives can be drawn from the users. Surely,
one might adopt the terms "radiometric fidelity', "geornetric fidelity",
Uresolution', but these terms have different meanings to different people

and are certainly not sufficiently well defined to provide a useful basis
for quality control criteria. They are general terms which classify
rather than specify the ability to make certain measurements on

photographs.

We examined the users' tasks to determine what sort
or measurements each user user was making, The results seem to

span the following questions:

1. How accurately can a boundary between different

transmission levels be located on a photograph?

2., How well can the radiance, size, and location of
small objects be measured?
3. How well can the distance between two objects

or boundaries on a photograph be measured?

9 OoF POOR Q



4, How well does that distance represent the separation

on the earth?

5. How well can the transmission of a photograph be

measured?

6, How is that transmission related to radiance at

the earth?

Clearly, any working definition of "image quality' adequate
for the task at hand must be capable of obtaining quantitative answers to

such questions and must relate those answers to measurable properties

of elements of the image processing system.

2.3 System Element Performance Characterization and "Image Quality"

This section delineates the techniques commonly employed
to characterize equipment performance and image quality., The purpose
is to establish some concepts that will subsequently be used and to

point out why some others are unsatisfactory for the study objective,

In order to ensure familiarity with the current state of
the art, a literature search covering the period from 1968 to the present

wa.s undertaken,
Four overlapping categories; optical transfer function,

resolution, noise, and subjective image quality, provide convenient

areas for discussion.

2,3,1 Optical Transfer Function

The optical transfer function has been shown to be a

useful tool to characterize the performance of many imaging devices,

10



The blur introduced by an optical system can be

characterized by a "point spread function'" s(X) defined implicitly by the

convolution:
[(x)=0(X) % 5(%) (2-1)

where: r:(;{) = image brightness, a(f) = object brightness, and X =
position coordinates in plane orthogonal to optical axis, (** denotes

convolution),

Thus:
1(3)=0(7)2(P) (2-2)

where: 1(17)::{(?), o[f?):o(:‘{) s TP)=S5(X) , and =

denotes a Fourier transform,

T ('V) is the optical transfer function (OT¥), It is in general a two-
dizémensional, complex valued function. I’L‘(ﬂ?) I is the modulation
transfer function (MTF)., It is emphasized that the OTF is not a
measure of image quality but merely the frequency response function
of a linear device and consequently a measurable property of the

performance of that device,

Application of the OTF concept to photo-optical systems
requires linearization of the generally non-linear development process.
Generally the OTE concept is applied to the object to exposure irmage

transier process. Methods for measuring the OTF are discussed in

Appendix A,

ORIGINAL PAGE 15
OF POOR QUALITY

11



2, 3.2 Resolution

Resolution is related to the ability to determine object

characteristics especially shape from zn image., A number of resolution

criteria are in use,

Rayleigh's criterion assumes that the diffraction limited
images of two points are just resolved if the central maximum of one

lies on the first minimum of the Airy disc of the other.

The Rayleigh criterion is clearly related to the spread

function and can thus be derived if the OTF is known.

A number of resolution criteria are simply defined by
an observer's ability to distinguish the existence of a particular target,
Such criteria depend, not only on the properties of the image, but on the
properiies of the detection process as well. The most common is the
standard Air -Force Tri-Bar target, Oune can obtain a "modulation
detectability curve' by having a2 number of subjects observed tri-bars
of varying spacing and contrast and plotting the detection threshold
contrasts versus spatial frequency. '""Resolution' is then defined as
the intersection of an MTF and a modulation detectability curve,
Uncontrolled variables and experience produce uncertainty in this
measure of resolution, One summary measure of -“image quality"
that Is in use is the area enclosed between the modulation detectability

curve and the MTTF,

The term "resolution' is sometimes applied to the ability
of an optical system to "resolve' a specified object, This definition is

similar to the preceding one but requires recognition as well as detection.

12



2.3,3 Noise

In photo-optical systems, the major noise source is the
granularity of the emulsion and is expressed in the granularity constant,

H . . . . - .
G, The rms density fluctuation observed in scanning a uniform density

area is o = &
1A
where: A, = area of scanning aperture (2-3)

In actuality the emulsion records the continuous exposure distribution
as a discrete, thin but nevertheless three-dimensional, distribution

of silver particles. The photographic macro-image is a continuous
intensity distribution which results from multiple scattering of

photons traversing the developed emulsion, If the photographic image
is observed over a very small area very close to the ernulsion surface,
it is not clear how the observed intensity is related to the inténs ity
distribution which exposed the emulsion; in other words, the micro-
image is not yet adequately understood. Considerable research has
been perf-rmed to attempt te characterize photographic granularity. 4-6
It has been represented as both additive and multiplicative noise.

Since no clearly superior model exists it is most often represented

by additive white gaussian noise. We employed this approach and

represented the grain noise by rms fluctuations in transmission.
F'or the electronic image processing systern elements,

an additive white gaussian noise model is theoretically as well as

pragmatically acceptable,

2.3.4 Subjective Image Quality

Efforts have been made in a namber of studies 7-11

to define subjective assessment of image quality in a quantitative manner,

13 ORIGINAL PAGE IS
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Such techniques by definition include hwman variables which are not
well controlled, It is not surprising that a universal subjective measure
‘has not been acceptéd although correlation of subject response with
measurable parameters within the limits of specific product use has baen

shown,

Subjective image quality efforts are directed to

achieve a causal relationship between measurable system element

perform-a.nce properties, such as fz:eql_.lency' response (OTF), signal-to-
noise ratio, etc., and the ability of the user to make subjective
judgments (usually in the form of detection/recognition decisions) on the
output product. The motivation of such efforts is consistent with the
objective of this study. However, the quality measures depend on the
human detection process as well as the image data system. To develop
quality control procedures the selected measure should depend only

on the sy~«tern itself, Thus, subjective image quality measures aré

not appropriate for the present study.

2.3.5 Conclusion

For most conceivable image processing systems, the
elements' performance can be characterized by OTF's (if linear),
nonlinear gains {photographic development), noise sources, or combinations
of the three, Thus adequate ""performance' descriptors exist, But
based on the survey of the state-of-the-art of image quality evaluation,
no objective technique to relate such de scriptors to a quantitative

measure of image quality was available,
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SECTION 3
MATHEMATICAL BASES

The review of image system performance evaluation
techniques indicated that descriptors of the influence of system elements
on an image exist and are in common use. In particular, the performance
of elements linear in intensity can be described by OTFs, the performance
of elements non-linear in intensity can be described by non-linear gains,
and elements which contribute noise can often be described by gaussian
statistics. In general, the influence of a piece of hardware can be

unambiguously described by a sequence of mathematical operators

corresponding to these three measurable descriptors.

One finds no such consensus on a metric for the quality

of the output product of an image processing system.

What the user of imagery does is to make observations on
the output product, from which he estimates a radiant distribution (as a
function of position) on the earth. But because the system is both band-
limited and noisy, these estimates will necessarily be imperfect, A
suitable image quality metric is therefore the error which the system
introduces into estimates of ground radiant distributions. Precedent for

13
this idea may be found in a studylz’ of Lunar Orbiter imagery.

In this section, it is shown that to formulate the image
quality problem as one of parameter estimation yields an objective
mathematical relationship between output product quality and element
performance descriptors. In addition, analytic relationships required

for implementation of the approach are derived.
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3.1, Cramer-Rao Bound

Consider a user who wishes to measure some parameter
A", say the radiance of a wheatfield, as a funation of position "x'' on the

earth by making cbservations on an NDPF output product,

Let the
ground object be mapped onto the photograph space as the function S (x, A).

Since the system adds noise to the signal, the user will obtain
a distribution of values with some standard deviation Oa -« To avoid

consideration of the user's specific technique, it is assumed that he uses
an optimal measurement process.

4 .
It can be shown {see Van Treesl‘\ that the variance, y

2
3
of an unbiased estimate of A made from an output signal contaminated

by additive white gaussian noise is bounded by the Gramer-Rao inequality:
-1

o) o] o

= white noise power density (double-ended*) at the output and
X, = record length,

. where N,

The user will generally be interested in estimating

multiple parameters,

", 11

Equation (2~1) can be generalized, for the
n

independent parameter case to:

(3-2)

* Van Trees uses a single-ended spectrum which results in a factor
of 2 in the denominator of Equation (3-1).
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where the matrix M is given by:

ML‘ =

J jro a_s(x,:a‘) aﬁ(x.;:‘:) dz {3-3)

o ANL BAJ'

A is simply the vector whose components are the independent parameters:

Al, A An used tc describe the input signal,

If the noise power spectrum is not white at the system

output, an inverse or ''pre-whitening' filter must be included as the

last systerr element in order to apply the bound,

) The equality in the error bound represented by Equation
(3-2):
(1) holds if s(x,A)is linear in A
(2) is approached when s(X,A) is nonlinear in A, but the

signal-to- noise ratio becomes large,

35(z,RA)
dA¢

If one can compute the set of partial derivatives
as a function of changes in S(z,R) re sulting frorr changes in the
performance descriptors of elements internal to the system, one can
use this relationship to predict the change in estimatjon error intro-
duced, ZEguation (3-2) is therefore the objective relationship between

"'system element performance' and '"image quality" required.

In order to illustrate the use of this tool, some specific

examples are given:

First, consider the task of. determining the boundary
between two different crops and the reflectance level of each. The ground
object can be represented as a three parameter '"edge'’ target where A

. 1
is the radiance level of one field, A?. the radiance level of the other, and

17



A, as the location of the boundary, One computes the sensitivities:

%%' { =1,2,3, determines the components of M from equation (3-3),
[

.obtains- the inverse matrix M

, extracts the diagonal élements, and

obtains the estimation errors on each parameter from equation {3-2),

If the user utilized an optimal measurement technique,
he would obtain statistically distributed values for each parameter with
standard deviation Sac - according to (3-2), If his technique is not
optimal, he will do worse, but in no event will he obtain more precise

results,

As a second example, consider measurement of a river,
i the
. radiance level of the land on both sides, AZ the radiance of the river

The river can be represented as a four parameter target with A

water, A3 the width of the river, and A4 the location of the river.

An example similar to "resclution' might be two bright,

narrow lines on some background of radiance A, separated by distance

lJ
A?.' The '"resolution' would then be expressed by Th; @S a function of

Al and Az.

It can be shown that a very broad class of functions
(ground objects) can be expressed as n-parameter sets. Thus,
this approach can, in principle, be applied to any conceivable ground
object, It is sufficient for the purposes of this effort to use simple
targets with four or less parameters shown in Figure 3-1 and discussed

above,
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Note that the estimation errors are directly
proportional to the white noise spectral density, N_, the height of
the double-edged noise power spectrum, Thus in the limit of a
noiseless system, the object can be measured exactly regardless
of the effect of the system. (It is of course implicit that the object
form is a priori known in that it has been represented as a complete

orthonormal set of n~parameters and that the system effects likewise

are known a priori.)

In summary, 2 procedure has been defined for objective
determination of the effect of changes in subsystem element performance
on the precision to which users can make measurements of target

characteristics from image products,

3.2 Dimensional Analysis

The dimensional analysis is useful in augmentation of
intuitive understanding of equation (3-2) and of some of the results to

be presented in Section 6,

The one-dimensional case is considered., The ground
object (parameterized target) is defined by radiance as a function of
position, Call the radiance unit IRl and the position (distance) unit

|X[ . The autocovariance function f' (x) is defined by

3 1

lem  _1 j ) f(x-z) de = £
x=eo 22 J_

where f (x) in the image of the ground object and consequently f (x)has

dimension iR] 2,

The double ended power spectrum:

. 4
N = Imp'(ﬁc"(?‘ﬁ?z)dﬂ where Y = spatial frequency

-_—

thus has dimension IR] 2 ]X] .
20



Therefore,

2
—
oy

No

SILE

Now if the input target is expressed in terms of a set of

orthogonal parameters A, the the image is given by Ff&x)=50,4)
for some particular A, By equation (3-2), the variances characterizing

the error in estimating the components of that particular A vector are:

By definition

AL

so that
At
[R)" 1 x]

|

[

Finally, since

2

2

'

[

substitution vyields

2 A

2 [ A,

o
.

And the variances are seen to have the correct.dimensions.
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3.3 Noise Characterization

a

A major noise contributor in many.-image-data systefis”

is photographic granularity, The photographic granularity constitutes
a two-dimensional noise field which, for the purpose of this study, can
be characterized by a two-dimensional white noise spectral density.
Transformation relationships between the two-dimensional field and a

one~-dimensional representation are required for two reasons:

1} Many users utilize microdensitometer— traces or
scans to obtain quantitative measurements from photographs. The
microdensitometer record contains one-dimensional noise obtained
by moving an aperturé along some line over the two-dimensional
photographic noise field, How do we account for the two-dimensional
nature of the image and include the appropriate noise spectral density

in the calculation of the Cramer-Rao bound (Eq {3-2)}?

2) Section 4 will indicate practical reasons for a one-
dimensional system simulation, Such implementation requires valid
characterization of the noise field in one dimension so that the
simulation'’s results converge to the real physical situation. What
magnitudes of rms noise should be added to the one-dimensional

signals in simulating an imege data system?

The questions are related since the measuring aperture (size and shape)
will determine the magnitude of the rms noise to be added in the simulation
as well as the noise content of the one-dimensional trace used to obtain
quantitative measurements (parameter estimates), There are two aperture
shapes which might be employed: slits and circles, Both will be treated

in the discussion that follows, however, a slit aperture appears to be the
more likely candidate,
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3.3,1 Treatment of noise for parametric estimation from one-
dimensional scans.

The procedure for establishing the variances of two-
dimensional target parameters from one-dimensional scans requires
knowledge of the scan noise spectrum. This, in turn, depends on the
net two-dimensional spectrum as transmitted through the optical system

to the point of scanning, and on the scanning aperture function.

Arguments are presented illustrating that slits are a
scanning aperture compatible with both the spirit of the present study
and a mathematical requirement for the validity of the variance estimator,
THe results for a circular aperturé are included for completeness,
As either the slit length becomes arbitrarily large, or the width
arbitrarily small, certain simplified asymptotic behavior between
tﬁe scah spectrum and the two-dimensional field spectrum emerges,
We can refer to such apertures as ''partially asymptotic’'. Ia the

event both conditions are met (totally asymptotic slit), the following

relationship occurs:

|
és(vs) = _Z— @ (DS 70) (3_4)

-

where:* & (V) scan spectrum (transmission -mm/cycle)

B s, V,)

field spectrum (transmission -mm’ /cycle )

N

length of aperture (min)

Vs

spatial frequency in scan direction (cycles/mm)

spatial frequency orthogonal to Vs (cycles /mm)

* All spectra are double-ended (i. e., —o0< P <oo)
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The remainder of this section: )

e Derives a convolution theorem having general utility
to the following sections,

- Establishes the relatidnship between film granalarity
‘and the two~dimensional Wiener spectrurmn, ’
' ¢ Derives the relation between the scan Wiener spectrum
and the field spectrum for slit and circular apertures and examines

various limiting cases for the slit aperture,

3,3.1,1 A Convolution Theorem*

Consider a two-dimensional stochastic variable T(x, y)
representing point transmission of a2 field. Allow this field to be con-
volved with an aperture function A to yield a new field having poi’nt trans-

mission TA' We write:

T, (8:7) = [[T(x08; ) A (7y) dndy (35

i{T} =0

H A(I,fg) dzdy =1
]
Since we shall be interested in the Wiener spectra of the two-dimensional

fields, the autocovariance [‘;!55 (GC,,B):} of T, is computed:

with the conditions:

b (<,8) = E{TA (é..""’c;?]*ﬁ) Ta (597)} {3-6)

*An equivalent theorem in frequency space is given by O'Neill in
Reference 15,
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which along with Eq. (3-5) results in:

¢ (2, 8) =JTH E[T(I+§ > Y 1) T(x+ &+, ’9”“"7*-‘3)} A(I.,}’()A(x:'g')dxdg:/z'a’y’

—oo
or:

D

8, (x,8) =Jm Bz 1%, 4"~ 42 8) ALAA(ZSY) dx dp dx' Ly (3-7)

. . . - ’ ’
where & 1is the autocovariance of T. A change in variables 2 —-«, Y =

according to: ,
Az X+ L
¥ o= ?’_ ?1.15
allows Eq. (3-7) to be written:
oo )
Bs (<, 8) =H @ (1) ” A(x,zy)A(;ux—oc,m*-r%;-,ﬁ) ofxcinj dopt. (3-8)
- = 0
The integral in brackets is the auto-"covariance'* (@, ) of the aperture

and we hoving finally:

S

PRCHY-) =ﬂ (ura s - +8) ba (,U-’f?{') du d (3-9)

-0
This convolution theorem will have general utility to our analyses that follow.

3,3,1.2 Granularity and the Two-Dimensional Spectrum

The NDPF model requires the Wiener Spectrum of photo-

graphic grain as inputs at several stages.

This spectrum has already been assumed to be white
thereby allowing its single degree of freedom to be evaluated in terms
of the classical measure known as ''granularity”., Granularity is the
RMS fluctuation in density (07 ) derived from 2 scan of vniformly exposed

film, For this purpose the scanning aperturég is always large and the

* A(x,vy) is, of course, not a stochastic variable,
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corresponding fluctuations are small, We shall deal here with the RMS
fluctuation in transmission (07 ) rather than density, but the two are” °

simply related,

3

The variance 0% of a one-dimensional scan is given by

-

its autocovariance $g (<) (= ¢4 (x,Q )) evaluated at zero, Thus we have

through Egq.(3-9):

G-J-:: = 955 (03 0) 3[{‘ ¢(/(‘L:ﬂf) ¢A(4“-;/y-) d—/—’- GL/V_-

-

Since the grain spectrum is white its autocovariance is written:

@ () = N B(n) cS(ﬁr}

where: . N - two-dimensional Wiener spectr%rn of grain
{transmission®-meter®/cycle”)

2
and the variance CI‘.r becomes:

o-:_ =N ¢, (0,0 (3-10)

A uniformly transmitting aperture of area AA is written:

/AL Cwithin Ay)

A =
0 (outside AQ)

This yields ¢A(O,O} = I/AA and the value for ' in Eq.(3-10) is established:

2

N = O‘]’_ AA {3-11)

This is equivalent to Equation (2-3) presented earlier.
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3.3,1.3 Wiener Spectra Relations

Prior to deriving the relation between one and two-
dimensional spectra, it is appropriate to digress in order to present
the rational for selecting slits as having special significance to the

present study, We build up the logic as follows:

¢} The purpose of the present study is to determine the impact
of processing parameter errors on optimum user perform-
ance and not user performance per se. To this end simple
psuedo-realistic one-dimensional targets (such as edges)
are sufficient to make the connection since they contain
the fundamental properties of transmission level and

position,

(2} In light of both (1) above and the point that the variance
estimation represents optimum information extraction,
the scanning aperture should not further degrade the _
-gignal. Thus, its dimension in the scan direction should

be small,

{3) Generally, the lower bound of Equation (5-2) is

realized only for differential departures of the parameters

from their true values., The validity of this requires
small noise fluctuations which in turn means a scanning
aperture of large area. Since its dimension in the scan
direction must be small, the other dimension must there-
fore be large. Since the targets are one-dimensional, no

signal degradation will occur under this requirements,
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We now derive an expression between the scan spectrum
resulting from a slit and the two-dimensional field spectrum. First,
the scan spectrum @'s (Pe) is defined as the Fourier transform of
the scan autocovariance Pg(x)

oo

R

g8, (V) E:J ¢ (x,0)e dec

- O
Eliminating ¢4 by means of Eq. {3-9) yields:

5 T -2TT £ YK
PS(QOC) :E{[[ 4)(!1-1'&,@') ¢A(}.L,/U"‘) d/,{,d,y- EZTT =< Jdee (3"12)

-

The field spectrum @ is defined by:

o L (Dee K+ U
6 Ciyr) H £ Guvr) T L 9

Eliminating ¢ from Eq. (3-12) allows the integration over &¢ to be

carried out in closed form:

o _zl‘Tc.'())‘,ClL—f-l),u—?)
s (V<) =HU $ (Ve ,Yar) € AVl Cp(eynr) du dam (3-13)

—

The aperture autocovariance, ¢, , defined in Eq. (3-8) is written for

a slit of width 4~ (in the scan direction) and length I:

e [ F(1-w e )(1-F o) =k uli{e) (wishin .,
alpe,r) = -

L {otherwise)

Inserting in Eq. (3-13) we have:

- 2TTE Vo £ Y 2 TR
2,0%) = i““ buli)e dpe E@cﬂx,ﬁr)[%c/»—)c T dar| L2,
gy 1 ,
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The two transforms in square brackets have solutions:

N

7 5674,:.2-(# Ve .LU")

c—
2

2L sine (TFV,;;-ff)

ey
2

-L )

Thus, we have the final general relationship:

B 0h) = sinc i wm)| 8 (V) sene TV 2) L) (3-14)
st TR TR PR “ ~ . GENERAL

We now give five special cases of Eq. (3-14), 211 of which follow immediately.

The first three are the asymptotic slits defined earlier:

T .2 - (3-15)
2.0 =f§@x Vir) sCec (TL2,) L3V, NARROW SLIT
-ea (W "‘:PQ)
— '-L . 2z - (3‘16)
B () =7 scne (Mwr¥e) & (Vx,0) LONG SLIT
(£~ o)
_ [ (3-17)
& 0)=7 & (Y, 0) LONG AND NARROW
SLIT
Finally, when both the dimensions of the slit become small or large
together we have:
7 (3-18)
21 O) %j 2 (P> Vo) dV,- SMALL SLIT
-~
. (3-19)
- N S
2.(V) = g seve CTTer V) LARGE SLIT
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The asymptotic form given in Eq. {3-17) is recommended since it represents
optimum parameter estimation. However, formally requiring the field
spectrum _6_5- at all frequencies can be side-stepped in those cases where
the signal spectrum is severely band-limited. Under sucha-condition,

the spéctrum § can he taken as white over the frequency domain of

the signal:
F (Ve»0) = 8 (0,0) =W

with N/ now interpreted as the net grain spectrum, Thus the scan noise

spectrum is simply:
N

éS(v«) = No =z (3_20)

Now the field spectrum A is given directly by Eq. (3-11), and we have:

2
07" Aa
No = —73 (3-21)
where o is the composite granularity due to all contributing system elements,

An expression for the scan noise spectrum foxr a circular

ale

aperture was developed during an earlier study by Trabkalé, namelym

4 Hy (2 md, V)
&, (u.) = ,,,,QC ?{rdovd)a (3-22)

where d, is the diameter of the scanning aperture and Trabka's normalizing
constant k = 4/d . The aperture diameter must be large enough to vali-
date the assumption of white noise made by Trabka. Assuming that Sq (Ud)

varies slowly over the signal spectrum (effectively white noise) we set

32 N
$s(w) = (o) = N, = 572 I

since H, (2%)/2%= 8/3w for Z4<1. 17 Using Eq. (3-11) for /' we have

*The units of the independent variable have been changed Irom radians/mm
to cycles/mm in comparison to Trabka's Equation (6).
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2
oy A 2 A
N, = :f.’f,g TdoA = 1.08 E’—‘a-:i— (3-23)

which is analogus to Eq. {3-21) developed for slits, We note that both
equations can also be expressed in terms of the rms density ¢, through

use of the approximation

0, = 2.3T7 0’0 . (3-24)

3.3.2 RMS Noise for One-Dimensional Sirmulation

If the image data system is represented by one-dimensional
model we must determine an equivalent rms noise, Up , to be added to
the signal to represent the film granularity or noise. Since we simulate
at intervals, A , the simulated signal is band-limited by the Nyquist
frequency, V), =72/ , we should only add noise inside this bandpass.

In this case '

No
A

Gt = Ny(2y,) = (3-25)

We can relate g, to Kodak rmeasured grainularity by using Fquations

(3-21) or (3-23) depending upon the shape of the aperture we designate

in scanning the image to obtain the one-dimensional trace. Consequently,

5 (lc-mg and _
G7 fin As narrow slits) (3-262)
g?=1 24
2
e O';, AA
1.08 9 A { circles) (3-26Db)

[«]

If Kodak's published granularity values are used for 0, s then A, in
Equations (3-26a) or {3-24b) is the area of the aperture used by Kodak
in making the measurements,

31
ORIGINAL PAGE IS

OF POOR QUALITY



SECTICON 4
SOFTWARE IMPLEMENTATION

To use Equation (3-2) requires calculation of the partial
derivatives 9..5_(_}(__’_}.5.‘._ . There are doubtless image data systems
for which the sys‘éem can be represented analytically and the derivatives
‘of the output signal obtained directly, But for a multi~element system
"which contains nonlinear elements and where it is desired to arbitrarily
vary the response of individual elements, an analytic approach is
intractable, Consequently, a computer program was written which
simulates the system in order to calculate the derivatives and the

Cramer-Rao variance bound,

4.1 Image Data System Simulation (IDSS)

The primary function of the Image Data Systern
Simulation (IDSS) is to compute the Cramer-Rao bound on the
parameter estimation error introduced by a multi-element image
t:fata syétem composed of an arbitrary sequence of linear elements,
nonlinear gains, and additive noise. A second capability of IDSS is to
provide graphic display of test signals as they appear after every
element 65 the image processing system so that the effect of individual
elements can be visually assessed. A third is to deterrnine the region
of approxiraate linearity of the lumped-multielement system which
contains individual nonlinear elements; the bounds of the '""small signal"

or "low contrast' linearizing approximation can be determined.

Although IDSS was developed as a tool necessary for
solution of the.quality control problem, application is in no way
restricted to the‘ NDPEF system, The program could equally well be
used in analysis of entirely photographic, electro-optic, or digital

systems,

Program IDSS is written in Fortran IV for use on
Calspan's IBM 370/168 computer. It requires 250K core and of the
twenty three subroutines, eleven are called from the 370 system

library.
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What the program actually does is create a numerical
isomorphism to the image processing system being studied, crezte test
signals, propogate those signals through the simulated system, and
perform the mathematical operation on the processed output signal

which yield the estimation error variances,

The system simulation is one dimensional. A two
dimensional simulation would involve no conceptual difficulties, but
would greatly increase program size and running time, The one
dimensional simulation is adequate for most conceivable purposes,
but can given rise to certain subtle difficulties regarding the two
dimensional photographic grain noise field which will be discussed

in the second part of this section,

Input

Most image data systems can be represented
by a sequence of elements whose performance is characterized
by either OTF's (linear elements), nenlinear gains, and/or additive
gaussian noise. The data defining the response of each element —

is required as input.

For the linear elements, the spread function rather than
its Fourier transform, the OTF, is used for computationzl convenience.
The spread function is of course always real valued, complex valued
OTF's being manifested as asymmetrical spread functions. The eifect
of each linear element is thus determined by performing the
convolution of its spread function with its input, The spread function

defining the performance of each linear element is read as input,

The nonlinear gains encountered are typically the
photographic H-D curves, A table of output density versus input density
values defining each nonlinear elements H-D curve must be read as
input. The input signal is converted into density space (= -log (signal)),

transformed to output density by linear interpolation of the table

, and

converted to transmission by exponentiation (10
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The noise is characterized by the standard deviation,
which for the photographic granularity must be computed from Equation
(3-26). A standard randormn number generating subroutine is used, its
distribﬁtion scaled to the correct standard deviation, and the resulting

white Gaussian noise added to the signal.

Any input target type can be generated that is
expressible as a function of position and a set of orthogonal
parameters. The number of parameters and the magnitude of
each is required as input. For this study, targets with four or
less parameters are adequate. Consequently, the routine that
creates targets, Subroutine GEN, currently produces: 1) One
parameter target - constant level A(l), 2) Two parameter target ~
two delta functions separated by distance A(2) on background level A(l),
3) Three parameter target - step at location A{3) between levels A(l)
and A{2), or 4) Four parameter ta.rget- - square pulse of width A(3) and
location A(4) on background level A(l) with pulse level (height) A(2),

These targets were illustrated previously in Figure 3-1,

In all computations, the signal level is represented on
a scale of 0 to 1 and will henceforth be referred to as "transmission',
The 0 level corresponds to zero ground radiance, The 1 level corresponds
to the radiance input which yields full scale output voltage for the
particular active sensor.  This scale factor is defined as R .. Therefore
all standard deviations in estimation of Ai representing radiometiric
parameters are in units of R _, The 0 to 1"transmission'’ scale is

actual photographic transmission at stages where photographs exist,

Qutput

The program operates in any one of three modes, In
all modes of operation the values of computational parameters and the
functions defining the response of each simulated system element are
-printed out. In mode 1 operation a table of the vdlues and a table of -
errors for each of the target parameters A(I), is printed out, The

process is repeated for new system element performance data as desired,
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In mode 2 operation, 'the noise power spectral densi-ty is computed, and Ng
and the pre-whitening filter spread function are printed out, Mode 3
operation yields a plot of the target function as it appears after passing
through each system element., Punched output of the processed target
for auxiliary analyses (e, g., edge gradient spectral analysls) is

optionally available in any mode,

Program Oper ation

For logical convenjence, the simulation separates the
system into a number of blocks each containing sequentially a spread
function, non-linear gain, and additive noise, A set of control cards
determine whether one, two, or all of the three possible element
types axe present in any particular block so that any permutation of
element types is achievable, A second set of control cards determines
whether data is to be changed for each element so that the program
user can vary the performance of any element or any combination of

elements as desired,

Mode 1

) A block diagram showing the major steps in the variance
calculation mode is given in Figure 4-1, Contirol parameters, constants,
and system element performance data are first read in. FEach spread
function is normalized to unit area; the spread function is integrated and
then divided point by point by the value of the integral, Normalization
yields conservation of energy (unity gain) in the subseguent convolution
operations. Values of each of the A(I) are set and a test taréet generated,
This target is propagated through the simulated system by the correct
sequence of convolution with spread functions, and alteration by non-linear
gains., Additive noise elements are omitted in this mode, The resultant
output signal is stored, The operation is repeated for the same target,
but with each of the A(I) in turn altered by a differential increment. The
" partial derivatives of the output signal with respect to each A{I) are then

computed by subtraction of the first stored output signal from each of the
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respective differentially altered output sigrals and division by the
respective differential elements., The derivatives thus computed are
labeled DYDA(I, X). The program next evaluates the integrals over

X of DYDA(I, X) x DYDA(J,X) for I, J=1, ..., NA wherg NA is the number
of A{I). The matrix thus created is then inverted and diagonal elements
of the inverse matrix are extracted, These elements are labeled
SIG(I,I). FEach is multiplied by the white noise power density, yielding
new values replacing the old SIG({1,1). The quantities SIG(I, I) thus

arrived at are the variances in the respective A{I),

The program then returns, assigns new values to the
A(I) and repeats the computations for a2s many sets of A(I) values as

desired,

When all target A(I) values have been exhausted,
the program returns, reads new system element perfiormance data
where desired, and repeats the forego:‘:ng operations for the new
simulated system. It stops when no new system element performance

data remains fo be read.

Mode 2

This mode is used to evaluate the noise characteristics
at the output of the system., The initial data input is the same as Mode 1,
A one parameter {constant level) target is generated. The target is
propagated through the simulated systern, in this case with the noise
elements included. No differentials or matrix elements are calculated.
Rather the autocovariance function of the output sigﬁal is computed and
Fourier transformed to yield the power‘spectrum and N,. The operation
is repeated several times (the number of replications is specified as
input), and the results averaged. The prewhitening filter, given by
the square root of the reciprocal of the power spectrum, is computed

and inverse Fourier transformed to yield the pre-whitening filter spread
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function. This spread function must be used in Mode 1 operation as the
last in the system simulation sequence if the power spectrum shows that
the net noise is non-white. The value of N can also be used as- input

to Mode 1 for the double-ended white noise power density.

"Asg in Mode 1, the operations are repeated for different

target parameters and system element performance data as desired,

Mode 3
) This mode is used to obtain plots of the target function
at the output of various system elements. The initial data input is the
same as Mode 1. Targets are generated and propogated through the system
as in Mode 1. The signal is plotted as it appears after each system element.

No operations are performed on the output signal.

As in the other two modes, the operzations are repeated
for different target parameters and system element performance data
as desired,

User descriptions, including z listing and flowchart of

IDSS program, are given in Appendix B.
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SECTION 5
NDPF MODEL

The initial step in applying IDSS to an image processing
system is to specify its data flow and construct a model of the system.
We will illustrate this procedure using the NDPF, The data flow in
the NDPF Bulk Processing or Initial Image Generating Subsystem was
discussed previously in Section 2,2, In this section, the NDPF will be
broken down into elements whose performance can be characterized
by OTF's (frequency responses), additive gaussian noise, or non-
linearities consisting of signal dependent gains, The results obtained

from IDSS using this model are presented in the next section,

5.1 Element Performance Characterization

NDPF Input

The input is videotape records of telemetry from the
satellite sensors, The télemetry and recording process are linear
and characterized by frequency response functions (OTF's). White
gaussian noise is added to the signal in transmission and recording,
The RBV and MSS are linear devices characterized by OTF's and

white gaussian noise,

. Playback

The playback videotape recorders are linear and
characterized by OTF's and white gaussian noise, The D/A
conversion of MSS data and subsequent filtering is similarly

characterized,

EBR Electronics

EBR Electronics are linear and characterized by an

OTE and white additive gaussian noise,

1
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EBR Preemphasis Nonlinearity

In order to obtain linearity between input radiance and
archival transparency transmittance, and because of.processing con-
straints on the EBR film, s-ugnal dependent gain is applied to the

electronic input signal to the EBR,

Photographic Processors

The non-linear photographic process is defined by the
Hurter~Driffield (H-D) curve which can be specified as a plot of output

density as a2 function of input density

D= doy L (5-1)

where D = density and T = transmittance, Since the linear elements

of the system are linear in intensity (radiance), they are linear in T,
so that the H-D curve represents a signal dependent gain, Henceforth,
the relationships aefining the photographic processor performance as
well as that of the EBR preemphasis nonlinearity will be referred to as

nonlinear gain,

Contact Printers

The physical process involved in contact printing is
coupled multiple scattering within the master-duplicating film sandwich,
That process yields a nonlinear image transfer in the general case, but
has not been adequately studied to be useful in the present application.
As part of a study 18 of the Kodak Niagara Printer, one of the authors {(EKS)
showed that in the limit of infintessimally thin continuous emulsions, .the
contact print would be the Fresnel diffraction pattern of the master,

Fresnel fringes for edge targets were in fact observed by Yeadon,
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Diffraction phenomena result from discontinuities in the
electric field, However, as edge gradients become finite and sufficiently
low, the diffraction effects become less pronounced and the printing

process approaches linearity. For the sensor imposed bandlimit
of approximately 50 cycles/mm sufficient edge blur is expected that
the linear model be valid. Should future payloads have increased OTR

cutoff frequencies, this contact printer approximation must be re-examined.

In the present application, therefore, the contact printing

process is considered to be a linear process with white gaussian noise

(film granularity)., The film MTF is lumped together with the printer
OTF and referred to as a film-printer OTE.

Bulk Enlarger

The Bulk Enlarger is a linear device characterized by

an OTF. That OTF is expected to vary as a function of field position,
" but since its magnitude at the sensor cutoff frequency (~=12 cycles/
mm on 9.5 in. format) should be high, field position variation can

be neglected. Barring catastrophic dccurrences, the enlarger's
aberrations are constant, and the source of OT¥ variation expected
in normal operation would be defocus. (Note that if the enlarger
system is misaligned, there will be defocus as a function of field

position, which cannot be neglected.)
The film MTF. is lumped with the enlarger MTF so that

the subsystem is modeled as a linear element characterized by its

OTF, and additive white gaussian noise,

5,2 Model Constraints

Several constraints were imposed on the analysis of
the NDPF':
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1. As the RBV sensor in the current payload has been
inoperative, the MSS configuration of the image processing system is
emphasized,

2, The bulk processing (nitial Image Generating
Subsystem) only is analyzed, Precision processing (Scene Correction
Subsystem), the prime purpose of which is large scale geometric
modification for mapping purposes, is not included in model manipulation,

3, Paper prints are not likely to be used quantitatively
and are not considered,

4, The bulk processing is modeled only through the
third generation transparency which is the prime product delivered
to users for quantitative study.

5. Sensor-telemetry noise can be lumped together,
and NDPF electronic element noise can be neglected,

6. Telemetry and recording apparatus can be assumed

transparent {no effect on signal),

5.3 MSS Configuration Model

" In terms of the subsystem element performance
descriptors discussed, and under the preceding constraints, the

NDPF model for processing MSS imagery is as follows:

Element Measurable Performance Descriptor
1. Sensor OTF
Electronics Noise Standard deviation (gaussian, white)
2, EBR Control Electronics OTF
3. Digital to Analog (D/A)
conversion QTF
4, Bessul Filter OoTH
5. EBR Electronics OTF

EBR Preemphasis non-

linearity Nonlinear gain
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6. EBR {Beam) OTF

7. EBR (Film) OTF

EBR {film development Nonlinear gain (H-D)

EBR film granularity Standard deviation (gaussian, white)
8., Contact printing/enlarging OTF

Contact printing/enlarging
film development Nonlinear gain (H-D)

Contact printing/enlarging

film granularity Standard deviation (gaussian, white)
9. Contact Printing oTFr
Contact Printing £ilm
development Nonlinear gain
Contact Printing film Standard deviation (gaussian, white)
granualarity

This model is represented by a series of 9 blocks identified above,
Input values for each of the performance descriptors are presented

in Section 6, 1,

5.4 RBV Configuration Model

Element Measurable Parformance Descriptor
1, Sensor OoTF
Electronics noise Standard deviation (gaussian, white)
2. EBR Control Electronics oTF
3. EBR Electronics . OTF

EBR Preemphasis nonlinearity Nonlinear gain

4-7,Same as MSS elements 6-9

5.5 Large Scale Errors

If all of the system elements introduced no degradation

into the signal, the ERTS/NDPF system would only introduce a scale
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change into the ERTS imagery. However, effects of payload attitude,
sensor optics, and distortion internal to the NDPF result in a film
plane geometry distorted compared to the ground. The NDPF was
designed to correct for this mapping distortion (correction _mecbanisn‘is
are outlined in Appendix A.); however, some residual geometric
mapping distortion error results, This error applies to measurement

of distances of the order of magnitude of the frame size,

If the NDPF is described by a pseudo spread function of
the entire lumped data processing system, the geometric estimation
error introduced by the NDPF element performance descriptors is
separable from t‘he large scale geometric mapping distortion described
above; the two error sources can be treated independently. The errors

calculated assess the small scale, not the large scale geometric error,

Similarly the radiant input to the sensor would be mapped
into a related radiance scale at the output product for an ideal system.
However, a radiance mapping error exists over distances of the order
of the frame size due to sensor and processing nonuniformities. The
correction mechanisms for this error are also discussed in Appendix A,
and the residual errors resulting from application of the algorithm can
be calculated directly, Again, this radiometric error is separable from

the parameter estimation errors of concern in this study.

5.6 Modeling Summazry

’ The NDPF and sensors have been modeled in terms of
accepted, measurable descriptors of the performance of system elements.
These descriptors can be utilized as a sequence of operators to obtain
system output as a function of input to the sensor. To develop or assess
quality control tolerances requires determination of the effect of changes

in the performance descriptors on parameter estimation errors,
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SECTION 6
RESULTS

The results of application of the technique to the NDPFE are
presented in this section, The first part discusses the input data base
identifying the specific values assigned to the descriptors {functions)
which characterize the performance of each element of the NDPF model
delineated previously. -In the subsequent discussion, the nominal
performance of the NDPF/MSS coniiguration is established and
examined in detail, The effects of off-nominal element performance
are determined, The results expected from the RBV configuration
are considered by comparison to the MSS, The implications of these
Tesults on procedures for quality control of the NDPF elements are
subsequently examined, Finally, a technique for calibrating ERTS imagery
in order to relate transmittance to ground radiance or reflectance is

illustrated,

6.1 Input Data for Element Performance

Valid quantitative definition of each spread function,
nonlinear gain, and noise standard deviation are obviously required
as input to IDSS, Approximate accuracy of input data is adequate
to determine the influence of changes in system element performance
or changes in estimation error, which is of course, the prime objective,
However, accuracy of the calculated estimation errors as a measure

of absolute system performmance requires high confidence level input data,

Although some simple measurements of element
performance were made by us, for the most part it was necessary
to rely on external information sources. Sufficient confidence in
the approximate accuracy stipuated is asserted; the best data
found to be available was used. But it must be emphasized that
the reader keep in mind that inferences of absolute system

performance are affected by absolute accuracy of input data,
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Input data used and the manner in which it was
acquired for each system element are given below., All spread
functions plotted have been normalized to unit area, The unit of
‘.Iéngth used in computations is the micrometer and distances refer
to the 70 mm format. All nonlinear gains are preéented as plots
of input density vs output density. Noise sources, always gaussian

and white, are characterized by the applicable standard deviation.

a) Payload Sensors

1. MSS - the sensor spread function was obtained

by inverse Fourier transform of the MTF given in the User's I-'Ian.dbool*:.2
No phase data were available. The curve given appears to have been
fitted to only four data points. The resulting MSS spread function is

plotted as Figure 6-~1(a).

2. RBYV - the sensor spread function was obtained by
inverse Fovrier transform of an "eyeball average' of the three
characteristic MTF's given in the User's I—Ia.nc'i.book.2 No phase data

were available, The spread function is plotted as Figure 5-1(b).

b) Telemetry and Recording - Assumed Transparent.

¢} Playback Video Tape Recorder - Assumed '.'L'ransparvsmt.1

d} Video Tape Recorder Control Elecironics - Assumed Transparent.

e) EBR Control Electronics (EBR CTL) - Spread function obtained by inverse

Fourier transform of MTF given in ER'.['IVI-—I-I—Sl.19 Plotted as Figure 6-1(c)

f) Digital to.Analog Converter {D/A)- As in {e) above. See Figure 6-1{d).
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- gj Bessel Filter - As in (e) above., See Figure g-I1{e).

h) EBR Electronics ~ As in {e) above. See Figure 6-1(f).

i} EBR Preemphasis Nonlinearity -

Two sources of information were used,

2
1) User's Handbook. The system is designed to obtain a net ¢ = -1

between log of the ground radiance and archival density. Further,
the archival film is processed to =2 (with "slight" deviation from
linearity at end of the H-D curve, the actual shape not being given).

Thus, the EBR preemphasis nonlinearity has ¥ = 3. Mapéing the
0-1 (relative) earth radiance scale onto the Handbook prescribed

archival density range yields the curve shown in Figure 6-2(a),

2) Measurements - A current quality control procedure utilizes a

twenty~one step gray scale at the head and tail of each roll of film
processed. A sample was obtained and measured, and an archival
processor H-D curve obtained, FEach frame of imagéry includes a
fifieen step gray scale written by the EBR for radiometric calibration,
The densities were read on an archival frame, The relative log

radiance of the gray scale was obtained from the User's Handbook

and zn H-D curve for relative log ground radiance to archival
density thus obtained. This curve together with the curve for
archival pr-ocessing alone allowed determination of the EBR
preemphasis nonlinear gain plotted in Figure §-2b,

j) EBR Beam

The EBR beam spread function was obtained from ERTM—H—SI.IC)

It is Gaussian in shape and plotted in Figure §-3a.

k} Film spread functions

The {ilm spread functions were measured frem sample data, The
edge of the large square in a standard Air Force tribar target
currently used in:quality control at the NDPF was scanned with a

microdensitometer on archival, second, aad third generation 70 mm
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transparencies, The edge spectra were computed by an edge
gradient technique described in Appendix A. Each spectrum

was divided by that of the previous generation and the resultant
MTF Fourier transformed to yield the spread function of a

single duplication process, The MTF's were compared {o the
limited section of the film MTF given in the User's Handbookz
(Figure H-5) and found to be in agreement, It was concluded

that the combined contact printer plus film MTF is approximately
equal to the film MTF alone., Conseguently the resulting spread
function was used for both the archival film and for the second and
third generation contact printer/film combinations, This spread
function is plotted as Figure 6-3b, Edge ringing (Fresnel diffraction)
was not observed on the samples examined which provides support

for the validity of the linear contact printer model approximation,

1} Film Nonlinearities

Three approaches were used:

1, User's Handbook, 2 The design goal or nominal
NDPF performance were obtained from the Handbook (Figure H-4)
and are plotted in Figures 6-4 a-c for the first through third generations.

2, The twenty-one spot guality control gray scale weas
measured on samples of each generation, The H-D curves thus obtained
are plotted in Figure 6-5 a-c for the first through third generations,

3, The fifteen level.calibration gray scale was measured
for each generation., The H-D curves for the second and third generation
processing thus obtained are plotted as figures 6-6 a2, b, This
approach could not be applied to the first generation as no independent
measure of the EBR preemphasis nonlinearity could be obtained and the
" 15 step density input to the first generation processor is unknown,

The obvious disagreement between the three sets of data will be examined

later,
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m} Electronic Noise

Total electronic noise at the NDPF is assumédl to yield

electronic noise standard deviation equal to 10"5. Electronic noise
1 . .
added by NDPF elements is neglected, This noise amplitude is small

compared to the photographic grain noise.

n) Film Grain Noise

The rms granularity values given in the User's

2
Handbook (Figure H-6) can be used to calculate ¢, the rms noise

e ?
fluctuation. The value of o‘.,? A, , presented in Figure 6~7 for
either the EBR (archival) or copy film, is substituted into equation

(3-26) to compute g, . Itis recognized that some noise sources encoun-
tered may be signal-dependent; nevertheless, the perturbation technique
can still yield correct results if a standard deviation corresponding to a

. nominal or worst case is utilized.

6.2 Nominal Performance -~ MSS Configuration

Referring to the MSS image processing configuration
model established in Section 5,3, the operations entered in a sequence

of 9 blocks in IDSS to simulate the system are:

Convolution with the payload spread function,

-

Convolution with the EBR Control Electronics spread function.

Convolution with the B/A Convérsion spread function.

Convolution with the Bessel Filter spread function,
Convolution with the EBR Electronics spread function,

Level change by the EBR preemphasis nonlinearity.

Convolution with the EBR Beam spread function.

Convolution with the film spread function.

W oyt o e

Ievel change by the nonlinear first generation development process
(H-D curve)

.
Q

Convolution with the film-contact printer spread function,
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i4. Level change by the nonlinear second generation development
process (H-D curve)

‘42, Convolution with the film-contact printer spread function.

13,- Level change by the nonlinear third generation development process
" {H-D cuarve) )

Operation No, 10 is replaced by convolution with the Bulk Enlarger .
spread function for 9.5 inch products., Distances refer to the 70 mm .

format unless explicitly stated otherwise, -~

Recalling the disparity between the User's Handbook
and measured H-D curve data, a decision was recquired on what to
accept as "nominal”. Since the measured data was taken from a
small sample of NDPF products, and there is no evidence confirming
the data as nominal or even typical, the Handbook data were chosen.
This data is, however, clearly idealized, so the measured data were
also used as input’and the results compared. Other sources20 indicate

that the first generation nonlinear gain or g, is about .5 in agreement

with the measured data.

In order to estimate the noise statistics the IDSS program
was run in Mode 2 with nominal element performance data detailed
in Section 6.1. The noise spectrum was found to be white and a pre-
whitening filter spread function need not be included in subsequent

computation,

To understand the noise propogation behavior in morzre

detail, consider the last several steps in the data flow of the NDPE:

e =additive noise {archival film grain)

e film-printer film spread function

o non-linear eain . Znd Generation

= Negative

e additive noise (copy film grain) |

¢ film-printer spread function

e non-linear gain - 3rd Generation
. . .. . Positive

o additive noise (copy film grain) J
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The input to these ste'ps is a bandlimited, low-noise signal. Since

the noise amplitude is small compared to the signal, the nonlinear gains
do not modify the noise spectrum, WNow the film -pri’:c;.ter OTFE cﬁtoff
frequencies are large compared to the cutoff of the signal imposed by
the sensor. The first grain noise is filtered by two OTE's, the second
by one, and the third not at all. Small changes in the performance

of either film or printer, will conéequently have negligible effect on NO.
Therefore, for the current ERTS system, No is independent of reasonable

changes in NDPF element perfofmance.

Another benefit is obtained from the insensitivity
of No to NDPE system performance, From equation (3-2)}
2 5 -
O;\; = N (M )Ef‘.
with the equality holding for the sufficiently high signal-to-noise ratio.
The constancy of No for slightly off nominal element performance allows

relative error comparisons, namely:

0;.2 (off nominal) (M -

)‘, : (off nominal)

O’ie (nominal) (M"l )ii (nominal)

where 0’}:2 = G"Azi to simplify notation. Thus the quality control
problem for the current ERTS image processing system can be studied
by computing only the (M-l)i_i as a function of element performance.
Therefore initially only the relative performance was exarnined. The
effect of N, was included later to relate relative performance to

absolute values.

6.2,1 Edge Target Results

The three parameter '‘edge'' target, where AI =
one radiance level, AZ = other radiance level, and A3 = the position of
the edge between Al and AZ will be used to describe the change in image
quality as a function of changes in subéystem element performance for

the following reasons:
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1, It is the simplest target that yields both radiometric
and geometric estimation errors,

2, It corresponds to a most common user estimation
task,

3. The spectrum of thé output edge gradient can be

used to determine system radiometric linearity.

6.2,1.1 Linearity
In order to study system linearity IDSS was used to

generate the nominal MSS output for the twenty targets shown in Table 6-1.

The NDPF system output for each of these targets was
subsequently used as input to an edge gradient spectrum computation

program {Appendix D) and the spatial frequency response of the system
thus obtained.

If a system is linear, then its frequency response is inde -
pendent of input, A nonline.ar system on the other hand is characterizéd
by harmonic ge.,neraf:ion, the presence of signal at higher frequencies is

observed, and the apparent frequency response is input dependent., The

region over which the response of a nonlinear system is independent of
input is defined as the '"small signal®” or quasi-linear region which is
useful to those who want to approximate the nonlinear system by a linear

one,

The nominal NDPY¥ is designed such that the four cascaded
nonlinearities give a net processing ¥ = -1so that ground radiance
should be directly proportional to third generation transmission, How-
ever, each nonlinearity generates haimornics while the OTF of the following
linear element can eliminate some of those harmonics, Applying an
inverse nonlinear function to the modified signal might not yield the
initial inputagain, Therefore, the presence of the linear filters (OTF's)
between the nonlinearities may cause the system to behave in a2 nonlinear

manner even though the net ¢ is held equal to minus one,
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TABLE 6~1. EDGE TARGET PARAMETERS
(IOO/Mm records)

Target Designation . él éz __A_3
{normalized {normalized {edge location)
radiance radiance
. level) level)
i . v . 0001 . 50,
2 " .2 "
3 "o .4 i
4 13 . 6 1!
5 " .8 1
6 « 25 . 0001 "
7 " .2 "
8 H L4 T
9 t .6 "
10 " . .8 "
11 .45 . 0001 "
42 i .2 "
13 i L& n
14 " s "
15 ’ .8 H
16 .65 ' . 0001 1"
17 i .2 g
18 1" .4 1
19 H .6 "
20 " .8 1

(#¥The value , 0001 was used instead of zero because the program must

compute leg — in the nonlinear gain subroutine,}
% 7 A, g
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The edge gradient spectra computed are shown in
Figure 6~8., Note that the spectrum of 21l the edges except those
with the very low (. 0001 or . 05) 'ra.dia.nce levels are identical and
that the others all contain higher modulations as frequency increases.
The system thus seems to be behaving in a linear manner over a wide
but bounded target radiance range. From the results obtained this

range is; at least, 0.2 to 0,8 (normalized radiance).

In order to understand the cause of this result, the
program was run in the signal tracing mode which yielded the plots
shown in pages 214 to 233 of the data, Appendix C, corresponding to
edges 1-20 respectively. Distortion of edges 1, 6, 11, 16 is obvious,
Distortion can be seen in edges 2 through 5 as well, although it is
less pronounced. From the plots, the distortion occurs at either
the electronic preemphasis or first generation development non-
linearities, Inspection of the EBR preemphasis nonlinearity curve,
Figure 6-2 shows that the linear portion of the curve extends only
as high as input density D, = 1.146 which is equivalent to a
normalized input signal (transmission) of 0.07. Thus, the edges
for va;hich the system exhibits nonlinear response have at least
one radiance level on the portion of the electronic preemphasis nonlinear

gain curve which approaches the asymptote at (D, , D_ .) = (oo, .85).

in out
(In computation, infinity was taken as D =1000).

As the subsequent nonlinearity H-D curves are chosen
such that any input signal which lies on the linear portion of the
electronic preemphasis nonlinear gain curve must also lie on the
linear portion of all succeeding H-D curves, it is concluded that
the system behaves in a linear manner if the signal’is not clipped

by the 0.07 breakpoint of the electronic preemphasis nonlinearity.

If the four H-D curves do not indeed distort spectra,

the spectrum representing the linear input range in Figure 6-8 should
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be matched by that obtained by the system with the nonlinearities

removed {composite system OTF),

The four H-D curves were removed from the simulation

_ _model and the edges run again. The edge gradient spectra were computed
as before and are plotted in Figure 6-9. The spectra for all edges are
identical, equal to those in Figure 6-8, corresponding to edges 7-10,
12-15, 17-20,

It follows that the ERTS nominal system can be
characterized by an end~to-end frequency response. One useful
result of this conclusion is that if the NDPF is constrained to
nominal performance, the OTEF of the sensor in the payload can
be monitored by measuring, on, the output products, the edge
gradient of a ground object. However, it is fallacious to ignore
the nonlinear elements in computation of estimation errors as the

following section shall show,

Before proceeding, it is instructive to compare
the edge gradient spectra of the input to that at later stages within
the NDPF. The edge targets in the quasi-linear region were
generated: 1) after the MSS, 2) after D/A conversion, 3) on the
archival product, and 4) on the third generation product. Edge
gradient specira were computed and are plotited in Figure 6-10.
The D/A conversion is logically lumped 2s an integral part of the
payload, even though it occurs on the ground.. The NDPF processing
is shown o modify the spectrum very little thus supporting the
approximations made earlier in the report that were based on the
signal bandlimit occurring before the addition of significant noise

solrces.
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6.2.1.2 Nominal Product Quality

The nominal error bounds for the estimiation of
the ﬂlree'parame'ter edge targets were calculated as measures of
product quality, The targets outside the linear range defined
in the preceding section were eliminated resulting in a2 new
set of 12 targets having a record length = 100 micrometers, a
sampling increment = 0.5 micrometers, and a distance unit =

micrometer. The target set is defined in Table 6-2.

TABLE 6-2. REDUCED EDGE TARGET SET

Designation No, A, Az A'3
(normalized {normalized fedge
radiance level) radiance level) location)

1 .25 o2 - 50,
2 " — .4 i
3 L .6 "
4 1 - 8 it
5 .45 A H
6 n .4 "
7 " .6 T
8 " .8 1
9 . 65 .2 "
10 tt . 4 1
11 ft .6 "
.8 "

12 it
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These targets can be grouped according to the normalized radiance

level difference A%m= IA; - A, I a measure of target contrast,
This results in the following classification:
8%/, _
i Deésignation No.

.05 1, 6, 11

.15 2, 17, 12

.25 5, 10

+ 35 3, 8

.45 9

.55 4

1

IDSS compute:d the matrix elements (M~ )ii’ i=1, 3. (I\.ri-']')11 and

remained constant for all edges. They can be made arbitrarily

proportional to the error in estimating radiance levels,

small by increasing the record length--it is the change in their values
as a function of subsystem element performance for a fixed record

length that must be examined to evaluate quality control procedures.

-1
independent of the absolute values of Al and Az, but to depend on

AR//?M only. The results are plotted in Figure 6-11, The shape of

the edge location estimation component, was found to be

the curve suggests the log-log plot of Figure 6-12. Note that Figure 6-12

shows the data to be exactly colinear with slope of exactly -2, Now:

0;_:. " (M—f)-z- by equation (3-2)
3 ¢

so that the data demand:

g“z N(._‘?l’?_ z where: «» means "is directly
Ay AR proportional to
or o o~ Bm
4‘?3 AR
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This relationship is expected for a linear system and can, in fact,
easily be derived from equation (3-2) analytically, It confirms that
this region. of inputtarget radiance levels represents a quasi-linear

performance region for the NDPF.

To determine the effect of the non-linear g.ins, these
steps were removed from the simulated system and the set of test
targets was run again. The results are plotted in Figure 6~13 and
6-14. Notice that the proportionality

%~ 3F
is preserved, but that the proportionality constant is roughly an order
of magnitude lower. Thus we can conclude that 1he presence of the
four nonlinear gains increases the estimation error, even though the

frequency response is not distorted.

6,2,2 Squa.re Bar Target Results

Although edge targets will be used in examining off
nominal system performance, the squarebar target was zlso
considered during the nominal performance analysis as an additional
descriptor. The following set of targets were generated where Al =
background radiance level, A, = bar radiance level, A3 = bar width

and .A4 = bar location:

Al was held constant, Al =0,1
Az' was varied in steps of , 2 between AZ = .15 and Az =,95
A3 was varied between A3 = 15 and A3 = 105 micrometars,

A4 was held constant at 75 micrometers, the record midpoint.

Signal trace plots for these targets were shown in Appendix C, Pages
234 through 278. Plots of the matrix elements (M'l)zz, (M'1)33, and

-1
(M )44

Figures 6-15 through 6-17. Both the radiometric and mensuration

as a function of bar width for each AZ value are shown in
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accuracies represented by these relative errors begin to increase

for targets less than 40 micrometers and become asympototic for
~targets smaller than 25 micrometers, This c'o'ri'esp'onaé to ground

_ distances of aéproximately 134 and 84 meters respectively, From
Figure 6-15 we see that the variance in the radiometric measurement

is indeper_ldent of target contrast, A R/Rm, while the variance in
measurement of bar width (Figure 6-16) and location (Figure 6-17) both
depend upon this contrast, If these data are presented on a plot of

log (M-l)n versus log (A R/Rm) we find that both terms have the inverse
square dependence on contrast described earlier in connection with the
variance in locating edges. We note that the variance in target width
measurement is an order of magnitude larger than the variance of the
location measurement and is about twice the variance in edge location
(Figure 6-11). The later result indicates that target width measurement

is equivalent to two independent edge location measurements for sufficiently

wide targets.

6.2.3 Delta Function Target Results

In order to obtain an estimate of nominal system
"resolution!, two parameter targets consisting of two narrow bars
on a constant background were used. Signal trace plots of these
results are shown in Apﬁendix C, pages 279 through 283. The two
bars are no long-er distinguishable at a separation of 25 r-nicrometers
which corresponds to a distance of about 84 meters on the ground
" in agreement with the results from the square bar targets presented

above,

6.3 Effect of Off Nominal NDP® Element Perfo:cma;lce

The effect of variation in performance of the NDPF
subsystermn elements is now considered for the nominzal {Handbaok

nonlinearity data) NDPF system,
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6,.3.1 Electronics

The spread functions for the EBR Control Electronics and
- for the EBR electronics are practically delta-functions They are unlikely
to vary and a great change would be required before theé signal was
affected. These two spread functions were therefore not varied in the
sensitivity arialysis.

The D/A conversion ‘spread function is defined by the
type of device used. Small variations in its shape azre not likely to
occur;either it works or it doesn't. The same holds for the Bassel
filter. Variation in the performance of these two devices is therefore
not examined here. However, both devices are related to the payload
performance~-~if 2 new, higher performance sensor were used in the
future, both devices would also be redesigned. In this sense, they can
be considered part of the payload. The effect of higher payload

performance on product quality will be examined later.

-6 3.2 EBR Beam

The EBR beam can change shape due to variations in the
electron optics, misalignment, contamination, etc, The effect of EBR
beam width was examined. The set of test edges (see page 66) was run
for EBR beam spread functions 20%, 50% and 100% wider than nominal

shown in Figure 6-3a, The off nominal EBR spread functions are shown

in Figure 6-18.

2

The effect of EBR beam width increase on ¢, and 0':,_2
is shown in Figure 6-1%, The effecton 032 is shown in Figure 6-19 b,
The graphs represent the data for all twelve test edges; the variation

among the targets is shown by the vertical bar.
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The variation in 0‘32 is the largest. However,
the standard deviation in edge location estimation for a 100%
EBR beam width increase is only ten percent larger than the
nominal value. This insensitivity indicates that abberrations causing
assymetry of the beams and also minor beam misalignment need
not be monitored,. The monitoring procedure need only be capable
"of detecting gross changes in the beam width or alternatively in the
EBR OTF.,

6.3.3 Film~Printer Spread Functions

- The sensitivity of the estimation errors to changes
in the film-printer spread functions was next examined, The edge
target set was propagated through the system for 20%, 50% and
100% increase in each of the three film stages (archival film,
second or third generation printer-film). Figure 6-20 shows plots
of the three off nominal film or film-printer spread functions. The
effects on the estimation errors were identical regardless of which
of the three elements were degraded. The results for all twelve
gdges are shown in Figure 6-212 and b, The estimation errors have

very low sensitivity to the film element's performance.

The performance of the three film/film-printer
system elements were next all made off nominal at once in the
20%, 50% and 100% amounts. The results for the twelve test edges
are shown in Figure 6-22a and b. The critical position estimation

error parameter, 0‘2 exhibits only a 20% increase over the nominal

3
value when all three spread functions at once are 100% too wide.
A 20% increase in the variance of course corresponds to only a

10% increase in the standard deviation o. .

3

80



3
2 -
!1 el
0
~>| 54 ’-«-—
20% OFF NOMINAL
{a)
3
20
a
0
R
50% OFF NOMINAL
b)
3
5 ORIGINAIL PAGE IS
R OF POOR QUALITY
gk
0

S

100% OFF NOMINAL
{e)

Figure 6:20 OFF NOMINAL FILM/FILM-PRINTER SPREAD FUNCTIONS

81



0 1% o 3(NOMINAL)

t FRACTIONAL RADIANCE LEVEL VARIANCE

L 0" 3% o2 {NOMINAL)

FRACTIONAL EDGE LOCATION VARIANGE

1.5 ’-—

1.0 + T =
"o 20 50 100
PERCENT SPREAD FUNCTION WIDTH INCREASE
{a}

15 —
1.0 L = T |
0 20 50 100

PERCENT SPREAD FUNCTION WIDTH INCRTASE

{b)

Figure 6:21 EFFECT OF ONE OFF NOMINAL FILM OR FH.M-PRINTER
SPREAD FUNCTION ON ESTIMATION ERRORS

82



1 o~12/ o, 2(NOMINAL)

6752 o2 INOMINAL)
FRACTIONAL EDGE LOCATION VARIANCE

FRACTIONAL RADIANCE Lt EVEL VARIANCE

1.b

1.0

1.5

T
T 1
T T ]
20 50 100
__PERCENT SPREAD FUNCTION WIDTH INCREASE
ta)
URIGINAL PAGE B
OF RooR QU
] |
20 50 700

PERCENT SPREAD FUNCTION WIDTH INCREASE

{b)

Figure 6-22 EFFECT OF HAVING ALL FILM OR FILM-PRINTER SPREAD‘FUNCT!ONS

SIMULTANEOUSLY OFF NOMINAL IN EQUAL AMOUNTS



6.3.4 EBR and Film/Film-Printer Spread Functions Off
Nominal Simultaneously

The film and film-printer spread functions were
considered in combination with a 20% off nominal EBR spread function.

TE;LE 20% value was chosen simply because it is quite gross and would

be easy to detect but nonetheless not so gross a degradation as to be
totally unlikely to occur. The results of the computation for 20%,
50% and 100% width increase of 2 single film-printer spread function
are shown in Figure 6-23, Comparison of these data with the
preceding shows little difference. Thus to hold a reasonably coarse
tolerance an EBR performance does not preclude the even coarser

tolerances indicated for the film/film-printer spread functions,

6.3.5 Film Development - H-D Cuarve

The following target edges were generated in the

computations discussed in this subsection,

Designation No, Al AZ A3
{(normalized (normalized (edge
radiance level) radiance level) location)

1 .25 .2 50.
2 1t . 8 11
3 . 65 .2 "
4 11 . 8 Lh)
AR

/Rm Designation No,

.05 1

.15 4

.45 3

.55 2
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The processing ¥ of each development process was

varied and the change in variances computed.

First Generation

The set of H-D curves used is shown in Figure 6-24,
Nominally ¥ = 2.0. Computations were performed for off nominal
3/, = 1,8, 1.9, 2,1 and 2.2, The rcsults are shown in Figure 6-25,
Note: 1) The very large sensitivity to ¥ compared to the preceding
spread function results.
2) The difference in sensitivity of each target edge to the processing
changes, The system begins to exhibit nonlinear response for small

departures from nominal ¥ .
3) Edges 2 and 4 which both have A, =,8 have rapidly

increasing estimation errors for 5:’; > 2.1, The increased 2; evidently
causes saturation and clipping at this radiance level.

4) Increasing 2[’ actually decreases the estimation error
to some extent before the catastrophic increase for the high radiance

level targets occurs.

Second Generation

Nominal second generation processing is to 2; =1.0,

Computations were performed for ‘?,,z, =,8, .9, 1.1, and 1,2. Results
are shown in Figure 6-26. Sensitivities are very high for all targets.
From the FIZ sensitivities, it is clear that the high radiance values
are being forced into saturation and are clipping. Consideration of the

Q}z sensitivities indicates that the only target with relative insensi-
tivity to 22 is target number one with normalized radiance values
.25 and .2, Target number four which has the highest radiance level is
most sensitive to an increase in ;. The graphs show that it is

critical to hold this processing element as close to the nominal value

as possible.
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Third Generation

Nominal third generatioh processing is to :):?' =1,0,
Computations were performed for 5; =.8,.9, 1.12and 1.2,
Results are shown in Figure 6-27. Sensitivities are very high for

all targets as noted for the second generation processing.

6.3.6 Measured Nonlinearity Data

The simulation was run using the H-D curves
measared from NDPF samples discussed in Section 6.1 and the
set of twelve edges defined in Table 6-2, Using the data obtzined
from the {ifteen step calibration grey scale on an actual frame of
imagery yielded the plot of edge position estimation error shown
in Figures 6-28 and 6-29, Note that the data points lie qu"ite close
to the nominal results, The spread of estimation errors at each
A%ﬁvalue indicates that the system is not linear - the estimation
error depends on the absolute Al’ AZ values as well asIAl - AZ‘]
There is no evidence that the frames examined are typical NDPF

products.

The twenty-one step quality control grey scale H-D

data was also used. For this data, the system exhibited extreme

nonlinearity which resulted in severe clipping. Figure 6-30 is a plot of edge

position estimation error versus A‘R/;.?’” . It is included to dramatize
the effect processing control can have on the image quality. As the 21
step grey scale data are inconsistent with both the Handbook (nominal}
and the measured 15 step grey scale data, it is likely not typical of

NDPF performance.
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6.4 RBV OQutput Product Quality

Since the RBV sensor has been inoperable during the
ERTS-A mission, the RBV configuration NDPF performance was not
as thoroughly examined as for the MSS. Referring back to Figure 6-1,
we see that the RBV spread function is somewhat worse than the MSS
spread function. Hp\véver, when the D/A conversion and Bessel filter
operations are added to the MSS sensor performance, the RBYV input
signal, which is analog to begin with, has somewhat better frequency
content than the MSS input signal, Consequently, the estimation errors’
for the RBV products would be slightly smaller than those for the MSS
presented above. In addition, the sensitivity of the estimation errors
to changes in the EBR and film-printer spread function would be
somewhat greater. But since these sensitivities are so low and the
difference between the RBV and MSS analog inputs so small, repetition
of the computations for the RBV was not required. It is concluded
that quality control procedures adequate for the MSS products are
adequate for the RBYV products as well.

6.5 Effect of Better Sensor Performance

It was desired by NASA to obtain an estimate on the improve-
ment in image gRality that might be obtained with better sensor performance

(Figure 6~31). It is emphasized that use of a better payload would require

reexamination of two approximations valid for the current system:

1. The assumption that No remains constant with small
changes ih subsystem element performance becomes in-
valid when the processing element spread functions are

not narrow compared to the sensor spread function.

Z. The linearity of the contact printing process is ques-
tionable for imagery with higher cutoff frequency than

that imposed by current sensors.
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If the assumptions were to remain valid, and the sensor
performance were improved by factors of two and four, the edge position
estimation errors would improve as shown in Figure 6-32, The RBV

. spread function was used to obtain these data in order to avoid having to
c'hange the D/A converter and Bessel filter spread functions together

with the MSS sensor., Clearly doubling the sensor "resolution! does not

reduce the variance by a factor of two.

We believe that the first assumption could be invalid
for the improved cases considered, However, the technique is still
valid: the No ferm would simply have to be computed as a function of
element performance as well, which involves slightly more time, but
involves no conceptual difficulties, If the payload spread function becomes
close to processing element spread function sli:zes, it may be necessary

to use a two dimensional simulation in order to correctly determine the

effect of element performance on the two dimensional noise field,
Should the contact printer linearity become invalid, a
better mathematical model for that physical process than currently

exists will have to be found,

6,6 Absolute Performance

To relate the relative measurements considered thus far
to absolute estimation errors requires determination of No' A reliable
estimate of the sensor noise level was not available, and, consequently,
the following ‘'absolute' performance calculations are for illustration only,
It is clear from Section 3.3 that NO depends on the aperture used in the
measurements. The long, narrow slit approxima tion will be used here
for illustration, For the current ERTS system, this approximation applies

to slits narrower than seven micrometers.
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The values for O’i A , presented earlier in Figure 6-7
for the "copy f{ilm" were substituted into Equation 3-21 to compute
No for slit lengths of 30, 150 and 300 micrometers, This corresponds
to targets about 100, 500 and 1000 meters long on the ground., The
resulting N values are shown in Figure 6-33, These data were combined
with the results for the bar target radiance level (Figure 6-15) and bar
width (Figure 6-16) using Equation 3-2 to obtain the absolute percentage
errors for the three lowest contrast targets. The high contrast targets
were excluded to permit the use of an No value at the average signal level
(transmittance) of the target and avoid the dependence of the noise upon
signal level. The resulting percentage errors are shown in Figure 6-34
as a function of the width of the target in meters on the ground for a
target 500 meters long, Both the radiance and width estimation errors
decreases rapidly with increasing target width as would be expected.
The independence of Mgé on target contrast, AR/Rm, combined with
the increase of noise power with radiance or transmittance cause the
percentige error in radiance estirmnation to increase rather than decrease
with contrast or radiance level, The width estimation error, on the other
hand, decreases with increasing contra-st. The reader is reminded that
these error estimates assume optimal data use and that their accuracy
depends directly upon the accuracy of the system element performance

descriptors used as input to the IDSS Program,.

6.7 Geometric Mapping Error

The positional estimation errors calculated
apply to local measurements, For measurements across the frame
format, geometric mapping error must be added. No new work was
done in this study to assess the magnitude of this error. Residual
errors remaining after application of correction algorithms currently

employed by the NDPF are summarized in Appendix A,
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6.8 Radiometric Estimation Error and Calibration

The radiance estimation errors calculated
yield only the local error and must be added to the large scale error.
Algorithms for correction of non-uniform sensor sensitivity are
carrently used in the NDPF. They are summarized in A]-ppendi.x A

along with the residual errors.

To determine the target radiance level users must
relate output product transmission to ground radiance by removing
the effects of the atrnosphere and contamination of sensor optics.
' For the past several years we have been developing techniques to
calibrate the transmittance of aerial photographs in terms of ground
reflectance, e1-23 We examined the application of these techniques
to some typical ERTS imagery and found that they might be successfully

applied.

The calibration techniques use analyses of scene shadow
areas to establish the relationship between sensor irradiance and

ground reflectance, Very briefly, ‘a linear relations hip exists between

the radiance jast inside and outside a shadow. The parameters of this
relationship are related to the component of radiance due to atmospheric
scattering or flare and to the ratio of suanlight to skylight irradiance.
Thus, the relationship between sensor irradiance and scene radiance

or reflectance can be established by measuring sunlight and shadow
radiance for a set of shadows and determining the parameters of the

fit to the data set. The shadow calibration techniques require no
atmospheric modeling (and consequent model parameter measurement);
rather, the calibration proceeds entirely from the sensor record of
shadow elements within the scene to deterrnine the atmospheric

component of radiance,

As a result, a calibrated sensor record is obtained
in which sensor response is directly proportional to scene reflectance.

Absolute calibration requires knowledge of only one element in the scene,

"U.S., Patent 3,849, 006.
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similar to laboratory use of a MgQO standard or its equivalent. It
should be noted that the calibration process can be automated so that

data tapes are immediately corrected for the effects.

Our previous analyses have been at sufficiently large
image scales that shadows from buildings and boulders could be
utilized. The scale and resolution of ERTS imagery preclude use of
such shadows; however, we have found that shadows on terrain with
large relief and certain cloud shadows can be used to calibrate ERTS

imagery successfully,

The first step in the calibration procedure is to reduce
the measured film densities or sensor voltages to relative exposure
or radiance by means of a D-log E or instrument response curve,
Analyses then proceed from these relative exposure values. It is
important to note that it is not necessary to have a relationship between
sensor response and absolute exposure., All anzlyses can proceed
from a relative exposure relationship; hence, the_ problems currently
existing with the MSS mirrors (contamination) have no effect on the

calibration process.

The resultant exposures are dependent upon meteorological
conditions, altitude of measurement and illumination conditions such
as proportion of sunlight to skylight and the amount of "airlight" (the
contribution to exposure by illumination scattered to the sensor by the

atmosphere beneath the satellite). These effects are depicted in Figure 6-35,

All of these effects can be approximately coupled into
three parameters for a given spectral band: «, a’ » and 8. The
parameter & is proportional to atmospheric transmittance and total
(sunlight + skylight) irradiance; &« is proportional to atmospheric
transmittance and skylight irradiance; and A 1is proportional to the
amount of air light in the scene. The exposure in sunlight, E, for

an object with reflectance R is

ORIGINAL PAGE 1y
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Figure 6-35 ATMOSPHERIC AND ILLUMINATION EFFECTS INVOLVED IN
i ESTABLISHING EXPOSURE OF A TERRAIN ELEMENT
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E=aR+ 3, (6-1)
while the exposure of the same object in shadow, E', is

E'= &« R+p (6-2)

Measurements of terrain reflectance thus requires
knowledge of « , 0(.’ and 8 in each sensor spectral band.. These
parameters can be determined in a straightforward manner using a
shadow calibration proce.dure called the Scene color Standard (SCS)

technique,

Calibration is accomplished by densitometry of the
illumination discontinuities at shadow edges. 21 It is convenient to
write « = J + & with J a term proportional to solar irradiance
only., The discéntinuity’ measured at shadow edges on two different

terrain elements then determines A and S/ a  as follows.

In the sunlight just outside & shadow the exposure, E,
is

E=( d + d )R+ 4 (6-3)
The R is the terrain reflectance. Just inside the shadow the exposure
E! is given by Eq. (6-2), Egs. (6-2) and (6-3) vield

E=(1+-% B -g-5 (6-4)

Eq. (6-4) is a linear relationship between E and E'
=}
a!
shadows determine the slope and intercept, and hence # and

with slope (1 + - ) and intercept -2

=7 . Two similarly oriented

d
- a,
In practice a number of shadows are analyzed, and a least squares fit

is made to the data,

The atmospheric conditions have now been determined.
One aspect remazains -- that of establishing an absolute level of
reflectance, akin to laboratory use of 2 MgO standard or its equivalent.
A tar or sheet asphalt scene element in sunlight (roadway, roof) is

usuzally used to establish the value of « and complete the calibration,
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These elements are used as: (1) their reflectances are spectrally flat;
{2) their reflectance rerr‘mins dons-;:arit'ji'o“ good approximation .over the - -
-year; and (3) their reflectance can "b;‘eas'il)f,'éstimated or measured,
Other objects more appropriate for a particular image can, of course,

be used.

) The SCS technique was applied to several frames of
ERTS-A imagery. An example of calibration using terrain shadows
is given'in Part a of Figure 6-36, a print.of Band 6 (IR} ERTS MSS
image of Antarctica taken 14 February 1973. Some typical shadows
used for calibration are depicted by arrows on the figure. About
twelve shadows were used in the calibration, although easily fifty
shadows could be found and so utilized.. The reflectance of the snow
was established at 70% and used as the standard in this case, -

Figure 6-37 displays the l-inear_ fit to sunlight and

shadow ‘exposures for the Antarctica scene. The parameters beta and
illumination ratio show that the atmospheric 'component of radiance
at the sa‘%:ellite is equivalent to 2 7% scene reflector, and that the ratio
of sunlight to skylight irradiance is 3.2, Eguivalent atmospheric flare
of T% means that a perfectly black objéc\t (zero reflectance) would appear
to be 2 T .ceflector, a true 5% reflector would a.;;pear as a 12% reflector,

etc,

,‘ The snow covered areas in the scene are regions of

70% reflectance. Even for these bright areas, 10% of the scene radiance is
due to atmospheric flare. The rocky peaks are measured from the

ERTS image to have a 17% reflectance so that over 40% of the apparent
radiance is due to atmospheric flare., ERTS investigators using the
multispectral characteristics of scene objects clearly must take great

care to remove the effects of atmospheric flare from their data before

analyses.
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SECTION 7
CONCLUSIONS AND RECOMMENDA TIONS

.In order to predict image data system performance
and evaluate product quality a new technique was developed, implemented
and demonstrated using the NASA Data Processing Facility (NDPEF).
.’_l-?he technique has wide potential application, not only in quality control,

but in systerm design and performance prediction,

Quality was defined as the limiting accuracy in estimating
information from an output product in terms of the Cramer-Rao error
bound. An Image Data System Simulation (IDSS) software program was
written to computie this error bound in terms of accepted system element
performance descriptors. The development and implementation of this
technique are major results of the study. Insights into qualify. control

requirements for the NDPF are also among the significant results,

7.1 NDPF Quality Control Requirements

As a result of the application of the IDSS program to
the NDPF requirements for gquality control were reviewed., These

requirements are discussed below in terms of OTEF monitoring and

photographic processing control

‘7141 OTF Monitoring

The sensitivities of estimation errors to changes in
spread function widths have been shown to be quite small, Changes
of fifty percent are possibly tolerable, changes of twenty percent are
certainly tolerable. Since the increase in spread function width is
manifested in frequency space 2s an equal fractional decrease in OTF
cutoff frequency, rough methods for detecting changes in cutoff fre-
quency are adequate, Resolution targets, accepting the variability
inherent in the human element, can be used and are recommended

because of the speed of diagnosis and relatively simple operator task

involwved,
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In addition, an edge gradient spectrum computation pro-
gram has been written (Appendix D) and can be used in diagnosis.
Edge target signals can be generated electronically and used as input
té: the EBR. These targets can be measured on an cutput (3rd'generation)
product to define the quasi-linear region of signal input as demonstrated
in Section 6.2. Under nominal conditions the NDPF is linear over a
signal range at least from 0.2 tp 0,8 normalized radiance. Measureme nts
of these targets on intermediate products' will permit the assessment of

the frequency degradation for each stage.

If the system is constrained to nominal (Handbook)} per-
formance, the edge gradient procedure can also be applied to traces of
ground: objects to yield the overall system frequency response, When
the system behaves linearly, changes in the sensor OTF c:a'n thus be

remotely monitored.

Most of the spatial frequency or resolution degradation

occurs prior to production of the archival copy, i.e. at the spacecraft
sensors. Improvement in sensor OTF will produce an improvement in
product quality. With improved sensor performance, the need to monitor

system OTF will become more significant.

7.1,2 Photographic Processing Control

The simulation results showed the estimation errors to
be highly sensitive to changes in H-D curve ¥ . Deviations of less than
10% in ¥ decreased product ""quality" by a factor of two. The shape
of the individual processing element H-D curves must therefore be as
tightly controlled as is possible, Current quality control procedures
measure the H-D curves and routinely perform a polynominal fit to the
measured data. However, the entire curve is nut observed, rather the

values of only certain selected points are checked.
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It is recommended that the complete curve be monitored,
A graphics output could be attached to the computer which currently

performs the polynomial fit, or if that is not feasible, a programmable

desk calculator with graphic output could be substituied for the computer
in this application. In any event,; the results show that it is essential
that the entire H-D curve be constrained to remain within tight bounds

if the loss in quality and departure from linearity is to be avoided.

It would also be useful to monitor composite 77 ; that is,
to plot third generation density against the log of the EBR input signal.
Measurements could be made on the fifteen step calibration grey scale,.
The composite 7 should, of course, equal minus one, and the shape of
the curve should be very nearly a straight line over the input signal range,
Since the input signal that generates the grey scale does not change with
time, it would only be necessary to measure third generation density.
Plotting and mathematicalh processing could easily be accomplished with

a programmable desk calculator equipped with a plotter attachment.

T.2 Potential Radiometric Calibration Procedure

Ouatput product transmission cannot be related to ground
reflectan~e correctly unless atmospheric and payload optics contamina-
tion scattering eifects can be compensated. The SCS technique described
in Section 6.8 could be applied, either by the user; or perhaps at the
NDPF to obtain relative reflectance values {rom transmission measure-~
ments. A reflectance standard on the ground would be required to relate
the relative scale thus obtained to absolute values. The precision with
which this technique can be applied to ERTS imagery has not been fully
established, and additional empirical work would be required before an

estimate of the error in ground reflectance can bhe given,
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7.3 Comments on User "Optimality"

“to the ERTS NDPF quality control problem characterize the estimation
error that would be obtained by using an optimal information extraction
procedure, It is likely that the errors actually obtained by most users

will not be as small as these.

The term "optimal' has been used in a strict communica-~
tion theoretical sense. That the user's equipment is working properly,
he uses the calibration gréy scale properly, etc. is taken for granted.
It is implicit that the user has a priori knowledge of the type of object
he intends to observe and that he has knowledge of the system performance,
'a;.nd noise spectrum. Unless his detection technique makes use of this
knowledge, the estimation errors predicted by the Cramer~Rao bound

will not be achieved.

7.4 NDPF Nominal Product Quality

The IDSS program was used to evaluate the nominal

quality of the NDPF 3rd generation imagery, a prim‘a.ry ERTS product.

The quality assessment summarized here depends on the absolute accuracy
of the data base supplied as hypothesis by NASA. Although we cannot
stipulate the accuracy of that data, we state the product quality deduced for
completeness. Quality was measured in terms of the limiting errors in
estimating target apparent radiance, size and location. The percentage
error in both the metric and radiometric measurements exhibited the
expected variation with target size showing a rapid increase for widths
less than 120 meters. For widths greater than 120 meters the target size
measurement errors varied from 2% to 30% and target apparent radiance
measurement errors from 0,5% to 3, 5% depending upon target size and
contrast. The radiometric accuracy due to large scale effects (e.g. EBR

non-uniformity, printer shading, film sensitivity variations, etc.) is
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stated to be 5% in the Data Users Handbook. Thus the ability to measure the

transmittance of the photographic product and knowledge of the transmittance

to.apparent radiance calibration curve have about the same magnitude errors,
For the larger targets the imprecise knowledge of the calibration curve

could limit the radiometric accuracy if the user employs near "optimum"

measurement techniques.

7.5 Recommendations

As a result of this study the following recommendations
are made,

(1) More complete monitoring of the N.DPF film
processing functions should be developed.

{2) The use of the shadow-sunlight measurement
technique for radiometrically calibrating ERTS imagery should be
studied to establish its utility and accuracy.

{3) Application of the technique developed under this
study to OFher iﬁage data system design/analysis problems ought to

be considered.
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APPENDIX A
BACKGROUND INFORMATION

To provide background information for this study a
number of surveys were performed at its onset. These included a
detailed survey of the NASA Data Processing Facility (NDPF') operations
to identify the image data f:low, radiometric and geometric correction
procedures, element performance specifications and quality control
procedures. A survey of the state-oi-the-art in image quality analysis
-and evaluation was made to identify potential measures of product
quality and element performance descriptors. Finally a review
of users! requirements for product quality was made. The information
obtained form these surveys is contained in this appendix and summarized

in the main body of this report.

Al NDPEF DESCRIPTION

The information on NDPF operations was obtained from
on-site visits, discussions with NASA personnel, NASA furnished

documentation and the Data Users Handbook,

Al 1 SUBSYSTEM ELEMENTS AND DATA FLOW

The initial task undertaken was identification of the
NDPF subsystem elements and data flow, The only information source
: 1
available initially was the NASA ERTS Data User's Handbook, = Sub-

sequently, a c:onfe:re:c».t':e:2 was held at Goddard SFC for the purpose of
obtaining fundamental information for the study. In addition to the verbal
information, copies of a number of NASA documents3-24 and Bendix Corp.
technical rnelnos2 -34 were obtained. The information contained in some

of these documents was not necessarily current, The User's Handbookl

on the other hand is kept up to date; consequently, that documents plus

verbal information received at the technical conference served as the major
quantitative information source during the first phase of this study. However,

some of the data contained in the Handbook is clearly idealized. The data

were ultimately supplemented by measurements from ERTS data products.

Note: Superscript numbers refer to the References in Section A. 4.
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This survey was explicitly limited to consideration of the
NDPF video to photographic ocutput product conversion process. NDPFEF
digital output products were excluded. The input to the NDPF is video
tape recordings of telemetry from the ERTS payload. Paylo.a.d and
telemetry link elements are external to the NDPF, However, characterization
of the video tape input will be found to enter the analysis of the NDPF per se

and is given a priori,

A block diagram of the NDPF data flow is given in
Figures A-1 to A-3, This block diagram served as a basis for system
modeling. The following comments refer to the circled numbers in

Figures A-1 to A-3.

The Return Beam Vidicon (RBV) @ consists of three
boresighted RCA vidicon systems in three different spectral bands.

Radiometric and geometric calibration capability exists in the payload,

Radiometric Calibration Images (RCI's) consisting of white,
gray, and black constant field illumination are taken before and after
each sequence of exposures (10-15 minute period). These images are
processed in the NDPF as if they were real scenes and consequently yield
a radiance map that can be fed back into the system for updating the
radiometric correction, Currently, the NDPF assumes that the camera
radiometric response is slowly varying, hence the feedback or updating
is applied to the processing of subsequent ground image sets, not to
processing of the set corresponding in time to the particular calibration

images,

Geometric correction is provided by analysis of a reseau
fixed at each of the vidicon faceplates, The reseaus allow eorrection
for geometric optical distortion and boresight errors. A record is

being kept of individual camera relative position and distortion,
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The RBV telemetry (2) is analog with 3.5 mHz bandwidth.
The signal to noise ratio on the videotape record is 12-13 db (Ref. 2).
The three channels are exposed simultaneously, but broadcast sequentially,
The band limit of the RBV videotape record is given in Figure &-4 (Ref. 1,
p. A-5).

The Hughes Multispectral Scanner (MSS) @ has four
conjugate linear detector arrays, each in one spectral band, No
geometric distortion is introduced by tﬂe instrument between the
individual bands (registration), however a mapping error can be
introduced. Two procedures take place in the payload for the purpose
of radiometric calibration; a lamp provides a linear intensity wedge,
and 2 pinhole image of the sun is passed over the array. The MSS
telemetry @ is digital with 16 MHz bandwidth. The error rate
on the videotape is 1/105 (Ref, 2). The band limit of the MSS video-
tape record is given in Figure A-5 (Ref. 1 p. A-13). MSS data is
D/A converted @ in the playback operation: Radiometric corrections

are applied in the digital domain before conversion.

The Bulk Image Annotation Tape (BIAT) @ generates
tick marks, deno*‘ces the scene, and provides input for geometric correction
for payload attitude. Attitude data are provided for nine points north to
south across each frame, The frame format is divided by a nine by nine

grid, and attitude correction is linear over each sector (only translaticn

and rotation operations line by line within each sector). Attitude correction
is the only geometric correction applied to MSS data, Attitude correction

for RBV data is only part of the total geometric correction.
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The Electron Beam Recorder Image Correction (EBRIC)
tape @ , provides input for radiometric and geometric correction of

RBYV imagery.

Radiometric correction data are derived from the Radiometric
Calibration Images (RCIs) described in the comments on the RBV, The
Bulk processed RCIs are taken to the Precision Processing Subsystem
where EBRIC radiometric correction tapes are generated, These EBRIC

tapes are subsequently applied to new Bulk imagery,

Geometric correction results from checking the
reproduced reseaus in Precision., Comparison of the actual reseau

coordinates with a priori knowledge results in generation of geometric

correction coefficients for the EBRIC tape,

The only effect EBRIC tapes have on MSS imagery is

correction for errors internal to the NDFPF,

The Electron Beam Recorder {EBR) produces all
archival latent images. The film type used is Kodak SO-438 (Ref. 2).

A fifteen step gray scale is put on each image.

The first processor @ is a Kodak Versamat used only

for processing archival images.
The quality control blocks (RC) consist of standard

Kodak chemistry quality control plus the placing of a special target on the

head and tail of each roll processed., The target consists of a gray scale,
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five equal constant density patches over the format, and a standard Air
Force bar target in the frame center, The gray scale is read and a
Hurter-Driffield (H-D) curve fit to the data points. The density values
at two exposure levels are plotted and deviation from nominal values
used as a processing quality criterion, The constant density is read at

the five format positions to provide uniformity data, The Air Force

tri-bar target allows determination of on axis resclution,

The Bulk Enlarger @ is a modified Miller-Halzwarth
The Strip Printers @ are Kodak Colorado printers,

. The processors @ are Kodak Versamats and the paper
processor is likewise a standard Kodak device,

The selective printing process @ is a hand

operation. Three Mark HI printers are employed.

Registration of color composites is accomplished
by punching holes in the black and white transparencies and fitting these
holes on locating pegs in the spectial Bendix Color Composite Printer @

Registration accuracy is one pixel,
The color processing is done in a Kodak 1811 Versamat

Ground control points are provided by film chips cut

from a contact print of a master plate,
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The Viewer/Scanner, Video Processor, and Scanner
Printer are analog devices. The Viewer/Scanner image is
digitized and the correlation @ and fit takes place in the digital
domain, The Precision Processing Subsystem generates gither
precision images or EBRIC tapes. No radiometric correction is
performed on products in precision. The system is expected to meet
geometric specifications but not radiometric specifications {due to
the optical transfer functions of the various devices). Accuracy
within each precision processed frame is two hundred feet with
respect to ground control points. Absolute ground location aceuracy

is not specified.

The annotation tapes provide tick marks and annotation

for Universal Transverse Mercator (UTM) projection.

Input to precision results from cutting out selected
‘second generation negatives, pasting them to a plastic sheet, and contact

printing to produce a third generation positive,

The photographic processing subsystems have a . 03AD
capability (AD = photographic density error) but this precision inhibits
throughput. Processing to ¥=-f is sought for the system as a whole
{including the EBR as well)., All film (except in the EBR) is Kodak
SO-467. Chemistry is Kodak 641 or 2420.

A, 1.2 BULK PRODUCT GEOMETRIC AND RADIOMETRIC

CORREC TIONS

The ERTS Data Users Handbook (Ref, 1) discusses
system performance including output product geometric and radiometric
accuracy. Two types of geometric accuracy are quantified; mapping
accuracy and spatial registration accuracy. The error sources are
classified into three categories; errors external to the sensor, internal
sensor errors and processing errors. Table A-1 summarizes the

external and internal errors for both the RBV and MSS sensors. These
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TABLE A-1 GEOMETRIC ERROR SOURCES

B rms magnitude {meters) _
ERROR RBV MSS
External 723 710
Internal 1355 26
Net-NDPF Input 1536 710
Bulk Product-Mapping 766 743
Bulk Product-Registration 336 159

combine to yield the net error in the input signal to the NDPF. During
the input video-to-film conversion corrections are applied to reduce

the resulting error in the bulk image products. These corrections

are partially negated by degradations introduced by the NDPF. In
addition, the NDPF does not attempt to correct for all of the input error
sources; specifically external sources including exposure time
spacecraft ephemeris and altitude errors are not corrected. Figure A-b
presents schematics of the image correction procedures for both the
RBV and MSS sensors, The net mapping and registration rms errors

in the bulk film products after correction are alsc included in Table A-1.

RBYV radiometric calibration is accomplished through the
EBRIC tape which contains the EBR beam adjustment information. These
data are derived from two sources: 1) the pre-flight RBV radiance mapping
and 2} the on-board erase lamps which produce in-flight Radiometric
Calibration Images (RCI's). The radiometric error in bulk processed
RBV imagery is 9% of full scale sensor voltage. The equivalent error
in radiance varies with level because RBV voltage is not linearly

proportional to apparent radiance.
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MSS radiometric calibration is accomplished through an
internal radiance source and sun scans. The in-flight internal calibration
data are obtained every MSS scan and it is ‘used fo obtain the optimum
linear relationship between radiance in and voltage out for each detector.
The internal calibration source was initially measured on the ground.
Long term drift in the absolute radiance calibration is corrected through
periodic sun scans. The MSS radiometric error in bulk processed MSS

imagery is 5% of full scale sensor count or apparent radiance,

A2 SURVEY OF GENERAL USERS' REQUIREMENTS

That the image quality characterization resulting from this
study contain sufficient information for users to determine the adequacy
of ERTS imagery for individual needs is a necessary condition., Users'
ability to define "image quality' is not established and completeness
of an image quality characterization based on users requirements would
not be expected, Buta general understandi.ng, at least, of what tasks
users of ERTS imagery would like to accomplish is certainly required if the

""quality'' which is controlled is to have relevance.

A literature search was consequently conducted. A
large variety of journal articles and symposium proceedin.gs were sampled
to survey aerial and satellite imagery users’ activities and needs. (Those
not referenced in the text are included in the bibliography.) In many
instances the user's requirements were stated or implied only in
general terms, Other cases provided specific, but qualitative, definitions
of image quality parameters. Finally, a few authors stated specific,
guantitative, image quality requirements.

7
It should be noted that some of the papers concern

aerial remote sensing, with its inherent capability for image resolution

superior to that of ERTS imagery; thus they cannot be directly applied to
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ERTS data user requirements. They do, howe*.jrer, provide additional

background on the use of remote sensing in the field discussed,

The surveyed articles were grouped into broad classes:
land use studies, vegetation and crop studies, geology and geography,
oceanography and hydrology, and oil pollution surveys. User requirements
as deduced from the articles lislted in the bibliography will be discussed class

by class,

A_. 2.1 Land Use Studies

More articles on land use surveys were available than
on any of the other topics. In addition, this class of articles contained
some of the most specific and quantitative statements of user image
quality requirements. In one article35 concerning a study performed to
determine the effects of various environments on the levels and types
of information retrieved from orbital-acquired (Gemini and Apollo}
imagery, the authors employed a technique of placing an artificial grid
of resolution cells over the image and then counting the number of image
elements in that cell, They concluded that for land use mapping the
minimum resolution requirement is that at least 50% of the cells contain

only one element, In terms of ground resolved distance (GRD) they

stated:
Level of interpretation GRD
General identification of terrain 300 ft.
Precise identification 15 ft,
Description 5 ft,

36
Another study with a similar purpose discussed space photographs

simulated by artifically reducing the resolution of asrial photographs

by various degrees. The photos were then subjected to human photo-
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interpretation., The results indicated that simulated ERTS data {GRD of

250 ft.) contain sufficient information to allow an interpreter to discriminate
among woody vegetation, grassland andwater bodies, For more detailed
information such as species identification of the woody vegetation, the
imagery must have a ground resolved distance of 50 feet'which is beyond
current ERTS capability, A third study37 supports the above results

with its own conclusion that ERTS is most useful for broad land use mapping
in regions such as the Great Plains which is dominated by large blocks

of natural categories, Additional articles in this area discuss high

resolution aerial imagery or land use classification schemes,

A.2,2 Geology and Geography

Another area for potential ERTS data users is that of
geology and geography. An example of a remole sensing project where
both the radiance-and size of a small object is required in given by
Vincent and Thomson38. Silicate concentration in rocks is estimated
to within 14% using a technique that relies on the Si.O2 concentration
dependence of the shape of the emissivity spectrum of silicate rocks,.
Radiometric fidelity of 1y in wavelength is required, A resolution
cell of less than 100 ft, is preferred, but the authors feel this
requirement can be reduced through the use of visible and near IR
sensors. Another paper39 compares aerial and space-acquired (Gemini IV)
imagery for use in geological mapping, The authors concluded that the
space photography identification performance was good, but not equal to

that of aerial photography because of reduced resolution on the space

photographs.
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A.2,3 OQOceanography and Hydrology

Stet.renson‘l'0 gives a list of specific qualitative image
deritved parameters as well as some quantitative estimates of the desired
precision in these parameters, Cited as of interest to oceanographers
are: ocean color, sea-surface roughness, sea-surface temperature, slope
of the ocean surface and of significant waves, atmospheric preiiles of

temperature, moisture and CO,_ and lunar magnilude of tide producing

2
forces. KEstimates of accuracy required in image gualify are lOO.gL in
wavlength; 1°C in temperature.c_;; spatial resolutions of 10]:c:m.2 for islands,
coasts, and current boundaries, SOOka for open oceans, ZSknn2 for ocean
surface patterns, 5m for wave heights, and 100m for surface features

and required repetition intervals of 24 hrs. near coasts, 5 days in the

open ocean,

41 :
Hydrological-data goals as given by Bock  were stated
in broad terms as: study of the hydrological cycle; ice and snow, saline,

water pollution mapping; and coastal surveys.

A.2.4 Qil Pollution Surveys

Another field for potential users of ERTS data is oil
pollution monitoring, Several articles have implications for the
relevance of ERTS data to this field, Wobber‘z suggest satellite coverage
for use in rnonitoring open sea slicks, major coastal spills, and highly ‘
probable spill areas (pipelines, ports). Aerial coverage, however, is
preferred for its speed and flexibility in covering a sudden oil spill,
In addition, this and other articles place the useful region of the EM
spectrum for oil pollution monitoring at visible blue to ultra-violet,

Thermal infrared can also be useful if ground truth data are available,.
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A.2.5 Crops and Vegetation Monitoring

Crop disease surveys and vegetation mapping are another
area where usé of aerial remote sensing makes it a candidate for an ERTS
3 .. .
data user, P’hilpotts4 discuss crop disease patterns revealed by moderate

scale color IR photos.

A.2.6 Summary

Based on the literature sampled, no definition of "image quality"
useful in accomplishing the study objectives can be drawn from the users.
Surely, one might adopt the terms 'radiometric fidelity!, "geometric
fidelity", '"resolution", but these terms have different meanings to
different people and are certainly not sufficiently well defined to provide
a useful basis for quality control criteria. They are general terms
which classify rather than specify the ability to make certain measurements

ont photographs.

One can loock at the users'’ tasks just described once

again however, and ask exactly what sort of measurements is each

user making. The following seem to span the tasks:

1. How accurately can a boundary between different
transmission levels be locdated on a photograph?

2. How well can the radiance, size and location of
small objects be measured?

3. How well can the separation between two objects
or boundaries on a photograph be measured?

4, How well does that separation represent the
separation on the earth?

5. How well can the transmission of a photograph be
measured?
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6. How is that transmission related to radiance at

the earth?

Clearly, any working definition of "image quality' adeguate
for the task at hand must be capable of obtaining quantitative answers to
such questions and must relate those answers to measurable properties

of elements of the NDPF,

A.3 SYSTEM ELEMENT PERFORMANCE CHARACTERIZATION AND
"IMAGE QUALITY"

This section is to delineale techniques commonly employed
to characterize image processing system elemerit performance and to
predict the quality of the images produced. The purpose is to establish
some concepts that will subsequently be used and to point out why some

others are unsatisfactory for the study objective.

In order to ensure familiarity with the current state of
the art, a literature search covering the period 1968 - date was under-

taken, This section reflects the content of the resulting bibliography.

Four overlapping categories, optical transfer function,
resolution, noise, and subjective image qualily, provide convenlient

headings for discussion,

A.3,1 Optical Transfer Function

The optical transfer function has been shown to be a
useful tool to characterize the performance of many image processing
devices, Some techniques for its measurement are pointed out in this

section.
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The blur introduced by an optical system linear in
intensity can be chara’cterized by a "point spread function' Sr‘;:‘) defined
implicitly by the convolution:.

i(Z)=0(%)*s (%)
(A-1)
where: ({%) = image brightess, O("?) = object brightness, and

% = position coordinates in plane orthogonal to optical axis, (¥ denotes

convolution),

Thus: . . (A-2)
ILV)= O(Y)T (¥
where: T(Ni(X) , OG)=0(%) , TG)=5(Z) , and =

denotes a Fourier transform,

l"t (:,?)lis the optical transfer function (OTF). It is in general a two-
dimensional, complex valued function. [ T’(;) I is the modulation .
transfer function (MTF). It is emphasized that the OTF is not a
measure of image quality but merely the frequency response function
of a linear device and consequently a measurable property of the per-

formance of that device,

Application of the OTF concept to photo-optical systems
requirés linearization of the generally non-linear development process,
Generally the OTF concept is applied to the object to exposure image

transfer process.

Methods of measurement of the OTF of photo-optical
systems are well-documented in the literature,44-4? Such measure-
ment obviously requires use of object targets with known Fourier spectra.

The three most commonly employed are considered here in brief.
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1) Sine Wave Targets - Sine wave targets consist of

objects whose brightness varies sinusoidally with distance (Figure A-7).
The targets are photographed, image transmission is measured and
transmission values are converted to exposure space through the Hurter-
Driffield (H-D) curve. The ratio of the exposure contrast to the target
contrast is the value of the MTF at the target $patial {requency. The
phase component of the OTY¥ cannot be measured unless a method of
measuring the displacement of the image sine wave peaks from the optic

axis (or other convenient datum) is provided.

,l
CARGET ,/\\/’ TARGET CONTRAST
]
v A

l T(V) , _ IMAGE CONTRAST

TARGET CONTRAST

’ |
/
EXPOSURE IMAGE /7 IMAGE CONTRAST

/ RS

Figure A-7  SINE WAVE TARGETS

2) Sqguare Wave Targets - Square wave targets consist

of objects whose brightness consists of a periodic discontinuous variation
between brightness levels (Figure A-8a). When the widths of the two
levels are the same, the targets can be used in the same manner as

sine waves, The ''square wave modulation' obtained is not the OTF,

A relationship between square wave modulation and t’he modulus of the

OTF is:é’:8
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l”v)lzg{&v) - L2, .. (4-3)

where M, is the target contrast and S{¥) is the image square wave

contrast,

Another use of square wave targets results from observing
that a target consisting of a finite number of square bars of arbitrary
width and spacing can be represented by an infinite periodic array of
Dirac & functions convolved with a square pulse equal to the bar
width and multiplied by a square pulse equal to the target width (Figure
A-8b)., The target spectrum is consequently given by an infinite periodic
array of § functions convolved with the Sinc (%ﬁz— } function corres-
ponding to the target width and multiplied by the Sinc function corres-
ponding to the bar width. The photographic image can be scanne;l
with a microdensitometer, converted through the H-D curve to exposure

space and Fourier transformed., The ratio of the calculated exposure

image spectrum to the known target spectrum is the OTF,

3) Edge Targets - Knife edge targets consist of a step

function in object brightness (Figure A-9). Since the derivative of a
step function is a & function, the spectrum of the target gradientis a
constant. Consequently, the OTF is given by the Fourier transform

of the derivative of the exposure image of an edge obtained by

scanning the photograph with a microdensitometer and using the

H.-D curve for conversion to exposure space, KEdge targets have found
wide acceptance because they are easy to produce, analysis is straight-
forward, and they have the additional attractive property of often being
found in natural aerial photographic scenery.

It should be noted that the targets discussed all yield

one-dimensional transfer functions,
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The accuracy of OTF measurement in photo-optical
systems is related to system photographic {(grain) noise, Four inde-
pendent studies of the relationship of noise to OTF accuracy are refer-

44, 49-5]

enced, All concern delination of proper filtering techniques

to minimize the uncertainty introduced by grain noise, The work of
Kinzly and Mazurowsk144 deserves special mention since, in addition
to application of the technique suggested by Blackmanég, it develops
a promising adaptive filtering technique. All four references have
_primary application to edge gradient techniques. In consideration of
optimum methods for reducing error due to noisy data, the obvious
should not be overlooked: since the measurement techniques are one-
dimensional, noise in the data can be reduced by increasing the length
of target and scanning (slit) aperture in the direction orthogonal to the

gcan,
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Two image quality assessment parameters based on
the OTF are the Strehl definition and Shade's equivalent passband.
The Strehl definition is the ratio of the volume enclosed by the measured
MTF to the volume enclosed by the diffraction limited MTF, Shade's
equivalent passband is the volume enclosed by ITGJ—)‘ ]2. . Roetling,
iai‘r)z have shown that Shade's equivalent passband is equivalent to

acutance (mean square edge density gradient) and is consequently use-

ful as an expression of detail rendition as perceived by a human observer,

A3, 2 Resolution

Resolution is the ability to distinguish between two adjacent

objects in an image. A number of resolution criteria are in use,

Rayleigh's criterion is that the diffraction limited images
of two points are just resolved if the central maximum of one lies on
the first minimum of the Airy disc of the other, Thus, Rayleigh's

criterion can be expressed:

H

R = 0-;;/1 where: A wavelength (A -4)

NA = numerical aperture

A perceptible dip exists between point images separated by Rayleigh's

criterion. The dip disappears at

_ 0.5A4
R = NA

(A-5)

which is Sparrow's criterion,

Both the Rayleigh and Sparrow criteria are clearly
related to the spread function and can thus be derived if the OTF is

known.
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A number of resolution criteria are simply defined by
an observer's ability to distinguish the existence of a particular target.
Such criteria depend not only-on the properties of the image but on the
properties of the detection process as well. The most common is the
standard Air Force Tri-Bar target. One can obtain a ''modulation
detectability curve' by having a number of subjects observe tribars
of varying spacing and contrast and plotting the statistical detection
threshold contrasts versus spatial frequency, '"Resolution' can then
be defined as the intersection of an MTEF and 2 modulation detectability
curve, Uncontrolled variables and experience produce uncertainty
in this measure of resolution, One summary measure of "image

quality' that is in use is the area enclosed between the modulation

detectability curve and the MTF.

The term ''resolution' is sometimes applied to the ability
of an optical system to "resolve' a specified object. This definition is

similar to the preceding one but requires recognition as well as detection,

The concept '"resolution' can be more precisely
expressed as estimation error as a functicﬁf object properties
and imaging system performance, In this case we eliminate the
subjective detection process in order to obtain increased predictive
validity,
£33 Noise

In photo-optical systems, the major noise source is the
granularity of the emulsion and is expressed in the granularity constant,
G. The rms density fluctuation observed in scanning a uniform density
area is

05 = where: A = area of scanning aperture (A-6)

e
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In actuality the emulsion records the continuous exposure distribution
as a discrete, thin but nevertheless three-dimensional, distribution

of silver particles, The photographic macro~-image is a continuous
intens.ity distribution which results from multiple scattering of

photons traversing the developed emulsion. If the photographic image
is observed over a very small area very close to the emulsion surface,
it is not clear how the observed intensity is related to the intensity
distribution which exposed the emulsion; in other words, the micro-

image is not yet adequately understood.

The approach usually followed is to model a micro-image
scan as a continuous signal to which white gaussian noise has been added.
Although a model postulating a photographic micro-image to be the
result of a continuous signal having modulated a white noise "carrier”
might be somewhat closer to the actual physics, the standard signal
plus noise model is adopted for this study. It is emphasized that this
approach is taken not in support of the standard model but simply

because to establish a better model exceeds the study scope,

For the electronic image processing system elements,
an additive white gaussian noise model is theoretically as well as

pragmatically acceptable,

A,3.4 Subjective Image Quality

Efforts have been made in a number of studies 50, 53-56

to define subjective assessment of image quality in a quantitative manner,
Such techniques by definition include human variables which are not

well defined. If is not surprising that a universal subjective measure
has not been accepted although correlation of subject response with
measurable parameters within the limits of specific photographic

product uses has been shown,
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Subjective image quality efforts are directed to
achieving a causal relationship between measurable system element
performance properties: 'frequencff respoﬁse (OTF), signal-to-noise
ratio, and the ability of the user to make subjective judgments (usually
in the form. of detection/recognition decisions) on the output product,
The motivation of such efforts is consistent with the objective of this
study. However, the estimation error is the result not only of an
estimation error introduced by the image processing system but also
of an error introduced by that subject's own detection process, There
is no way to separate the two unless an independent value for either can

be obtained,

To determine quality control procedures for the NDPF
requires determination of the estimation error due to the system
itself, Thus, subjective image quality measures are useless unless
a valid model of the human subject "receiver' properties and a
statement of its optimality were to be available, As this model is not
established, subjective techniques necessarily lack the predictive

validity required for this study's purposes.

It should be recalled that some of the performance
measures-previously point out: resolution, MTFA, etc, are

subjective,
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TUARTS
FORIRAN NODULE

CRRD 1O

e b A e e B g e ,.
O~ oW sk Y- OO0NGU s WM

i9

WHAT LISt LOW CHR=T SET - UHLEFR

ILT5T) -

Sk i COMTENTS
¢, ~cE.l. STEEN 3773
c ~
[ . .
[ THIS PROGRAN STHULATES TMAGE PROCESSING SYSTEMS FOR THE PURPOSE OF
L CRLEULATION OF YARIANCES It FARAIETER ESTINATION FAOY NEASUREIENTS-
C  HROE 0N QUIFUT TROKKTS:AS-A-FUNRCTION OF * SUBSTSTEN ELEMEN

-G~ PERFORNANCE. ANY SYSIEN WATCH CAl BE REFRESENTED BY AN FRBIIRARY.

SEQJENCE OF LENEAR CLOHEMTS, NONL INEAR CRTNS, AND SBOLTIVE NOISE CaN
BE SUWLATED. WPUT TARGETS CERERATED HAVE THT FORM: Y-FUX, RET1Y
HHERE THE ALl) ARE TARGET PARAPETERS ANG X-DISTANCE (CURRENTLY

T.LE. 4. THE CRAMER-RAT BOUNDS ON THE VARLANCES OF THE AL
ESTIMATES ARE CALLULATED.,

THE PROCRAN OPERATES T OHE OF THREE MOBES
HODE=1 IMFLIES CALCULATION OF YARIANKES

ik

HODE=2 THFLIES EQLCULFI'I.EOH“GF WOIST SPECTRAL DENSTTY and PRE-RHITENING

FILIER SPREAD FUNCTION
MODE=3 IPPLIES TARCET 1S PLOTIED RFTCR EACH SYSTEM ELEMENT
UNITS: THE UMITS OF THE CALCUALARIED VRRIANCES= THE UNIIS OF THE
RESPECTIVE RITJ SQUARED

DEFING TIONS .
MPUNCI . HE.G YIELDS OUTPUT TARGET PUNCHED ON CARDS
" MONIE-BUNBER OF REPE1TI10NS FOR NOTSE POMER SPECTRUN CALCULRTIGH
HNPP-NHTIE NOISE PGHER SPECIRGL BENSITY-
IREFG=RANDOM NUMBER CEWERATOR SEED
MNA=MUHBER OF R'S OF THPUT TARGET
UIFR‘=DECH.‘IRL FRACT IOHAL CHRANGE [N €0CH A‘FQR PARTIAL DIFFERENT LA
COHFUTAT 104 ) .
1F ANY BUTS REFRESENTS FOSTTION, THEN DIFA.MIST BE CHISEN SUCH 1HAT:
DIFRKRLII/DELTX = WNTEGER
M TI=NUMBER OF vaLUES gF RL1)
DAL« INCREMENT 1 VALUE OF ALL) THCREASE
ALD=TRITIAL YALUE OF Ath)
CHUPSE Ri31,.Mm4; EQUAL TO INTEGER MULTIPLES CF DELTX «
HXNUMBER OF FOINTS N TRACET CEWERATED CURRENTLY M. LE.200!
UEL'FX!D{BTHNCE BE'H:IEEN POIHIS TN X DIRECTION
NBLOEN~NUMGER OF STSIEN BLOCKS --OHE SYSTEN-BLOCKLILEAR ELCMENT,
NGHL INERR CLENENT, ABDTT IVE KOISE (CURRENTLY MELOCK.LE, 200
OP 1L, J3=0 THPLIES SYSTEM ELEMENT TYPE J SYPASSER Ihi (*TH
SYSTEH BLOCK -
Jo1 REFERS 10 LINEAR ELEIEAT
Jaz2 REFERT T} HOMLINEAR ELEMENT
J=A-REFERS 1O AUGTT IVE NOISE
MAUN=NUMBZR OF SYSTEM BLOLY FERFORNANCE COLFIGURATING .
TCONV LRI, T1=0 INPLTES MO CHFNGE Th SFCH PATA FOR [T RLOCK
TLEVIIRUN, 138 ENPLIES 1O CHAICE N LIOCA THEARIY FOR |°TH BLOCK
THOISUIRUN, 15Q IMPLIES MO CHALGE 1N NOISE FOR '1H BLOCK
NS<NUMSER OF PSINTS I STCH
SFCN=SPREAT FEICTION OF PARICULER SYSIEH BLOCK
SET THE NUMBER OF POUNS TN EACH SFCHAX
THE x IMCREMENT OF SFLCN MUST ALSO LQuAk TELTX
HDUTI=MUMBER OF PRTHTS 1t H-D CURVE FOR BLOCK 1
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CARR Mo

5%
55
57
53
5a
0
Gl
62
63
o)
65
66
67
63
59
0
7
72
)
74
5
G
17
w3
79
&
8L
82
83
84
5
BG
87
- B8
39
S0
st
92
a3
94
g5
6
57
99
3
100
1oL
L]
103
(04
105
15
17
103
169
- 110

TNPUT LIESTING

*hik

c

20l

2

£2

2

24

uy

13

14

15

DIk, J1=THPUT BENSITY YALUES FOR H-D CURYE OF DLOCK 1
DOUT L, D) =0UTPUT DENSTTY vALUTS FOR DIHAE, J)
SIGR=3TD. DEVIATION GF NOLSE

DHMENSIOR NE4), DAt Lid, M4, U6, Budi Y2004

AUTOFLEH CHART ZET - CaLsPaDh

ik

EHMCR WALHX, KELOCK, 1S, TRUN, 1B, DIFA, GELIX, OPL20, 30, ICOML20, 205, ILE

COHT FHVE,
KRTTELG, 2G4 3)

IRTTIALIZ2E CONSTANTS AND CONTRGL IHUICES

READLS, LOGL, CHD=2001 NOBE
RCADS, 1001 I NPUKCH
READIS, LOOLIMONTE
READ1G, L1 tHbPD

£0 10 131,22, 23, HODE
HRITE LG, 20147 HODE

GO 10 2¢
WRITE LG, 2015 HODE

GO 10 24
HRTTE LG, 20151 HODE

COMT IRYE

KRTTELG, 0L L

REODIS, LNI0T 1REFG

CALL GRHURGLTREFG)
RERADIS,. LOOEINA,DIFA

O« l,+DIF}

REARIS, LODI PHX, DELTX ]
KATTE |G, 20001 A, PIFA, lx, BEL TN
WRTIELG. 20011 [REFG
READLS, 1004 1HIBLGCK,, NRUN
RATTEL6, 201 21

Bd 13 (=i.NA

READLS, 1002t Nil), DRLTS ALY

HRTTELE, 201 TINLLE, DALTS AL
BUTI=RLU

CONT IRUE

Nl=R()

IF 161, GE. 20 N2=Nt2s

1F W&, GE. 31 H3=H131

1F WA, 68,41 Ma=Nid)

DO 19 Tl uBLOCE

READIS, 1G04 EF L, M, J=1, 3t
00 15 T=1.hRUN

RERDLS, LOOGHLICANET, JI, J=1, HBLOCK]
REARDS, LOOG 1 LILEVLT, J), J=1, WBLGTK)
READLS, LOOS S LANGISLT, Ji, J=L, NBLIOCK)

CONT THUE

CSORT 14, 703, #TUEL T3 /. 4343
RERDLS, OGS M5

B0 99 1Rt~ |, HRu

HRTIELS, 20021 {RUM

WRITELG, 20031

SET SYSTEM ELE[‘IE['H PERFORNANCE PARRNETERS/FURCTIONS

WHI=N3 -1
00 20 =, NBLOCK

163

V120,200, THOTS 120, 200.9141, P14, Y120, 5991, DYDA 14, 9931, 51014, 41 5F
1EN120, 200), SECHAL20) , MO OE, EERR, CLEV120, 41, HONTE,
1DTHIZ0. 302, DOUT 120,300, RDI1201, RS
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10704773 HFUT LiSTIHG AUTOFLOW CHAY SET - CoLsPail

CORD 10 ek LantEnTS
tit 1F LICON{ TAUN, [1.E0.00 60 10 103
LIz ) RERD1S, LOO3) (SFCHRL, Jr, J=L,h3)
113 ¢ NOABNL TZE SFCH
14 S=1SFCHLL, LI +=5FCNLE B3I 172,

115 00 50 J=2,H45

e © 80 SeSeSFCHIL,

17 SASHIELTR

118 D051 JalHS

TET 7T SL sFCNULT, -SFCHUL 148

120 HRITELG, 20041 T ’

121 KRIIE1G, 20050 VSFTNLT, ), Ja 1.3
122 103 CONTLHUE

123 TFLILEVEIRUN, 11.EQ.08 60 70 105
f24 REANIS, L602)HDIT)

125 _ NDD=NBUE} .

126 . BEANIS, 10031101, 0, Je},NOD
a7 RERDIS, LOD31 10AUT LT, J3, J=t, HDDI
128 - HRTIE LG, 20182 §

128 MRITE L6, 20201 \DINL T, J2, J=1, MDD}
138 KRIIE LG, 200 91 (DBOUT L, J3, =L, NBD)
13t 2018 FORHATLLHD, "BLICK" , [4. 2X, "NONLINERS LEVEL TRANSFER CLURVE')
132 2019 FORMATILH ,.'DOUT ™, 207G, 3) ’
133 2020 FORPATHLR , *DIN'. 20F5.31

13¢ : 105 CONTIHUE

155 RIS UIRUN, T2 .EQ.0) €O TO 107
136 READS, LOOIISIGHAL L), BTA

137 T. SIGHALTI=SECMRIT JACHSARTIOTA)
138 " . HRITE16, 2007/ 1.51GHALT)

139 167 CONT INUE :

140 20 CONTItE

141 C  SET VALUES OF THE ALl

142 T ¢ IFIMODE.EQ. 17 IRUTELS, 2000

143 60 | tl=t.N1

144 AL1I=B1LI=1 L -11ADACLS

145 IFUM.EQ. 11 GO 10 10

146 DO 2 12el.h .

147 AL2I =8 121+ [2-1i+DAL2)

148 IFUACEL D) GO 10 10

149 : 00 3 13=1,N3

150 At31=B13}+} 13-1)20A¢31

15t TF 0. EQ. 31 GO0 10 10

isa. 00 4 f4=[,N4

153 . AaJeB1df-{ [4-1%DALA]

{94 [0 CONTINUE -

155 06 11 1=1.hA

156 T AP=RLD

157 1F IHODE.NE, 11 15=1

1sg IFIHBDE.ME. 11 CO 16 6

159 T COMPUTE DIFFERENTIAL THPUT FOR EACH AID)
160 H=kAsl

161 B9 5 15=L.kN

162 60 10 16,7,8,9,121,15

163 12, COY INUE ~

164 AP 131=R13)

165 BP (4 )= D4P L)

I65 GO 10 6
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CARE MO

167
168
163
170
17t
112
1713
174
175
176
177
133
{79
180
. 18t
182
183
184
185
185
187

183

lgg
o0
191
192
te3
184
195
198
ie7
- 198
1s9
200
20l
2n2
203

2
=

205
206
207
208
209
2lo
el
2la
213
24
215
2i5
2i7
218
218
220
22
222

INFUT LISTING ’ . AUTOFLOW CHART SET - CKILSNE@

aiz b . CONTENTS Fhick

tml

3 CONTINUE. .
P 121-RL23
AF 131 ~DxHP1 3)
G010 6
8 CONTINUE
2= ENEY IR D]
AP12) A DAP(2)
€6 10 6
7 CONTINUE
AP LL1=DMAPI T}

§ ContieE

GENCRATE TEARGET AND PROPOGATE THAOUGH STMULATED SYSIEND
CALL GEW K '
1R UODEL HE, 21 60 10 64

BO 67 11022, IOKIE

B6 67 =i, HX

57 Y, M YL M

=0

GO CONT IUE

et}
Fazit

G4 CORTINUE

CALL SYSTEMIHPURCH)
IFWHODE.EQ. B) GO T0 5
TFWNODE.EQL 3 GO IO 4
1F . NEJCNIES GO 10 GO
00 GG (5«1, HONTE

66 CALL FOSPEL

GO 10 4
5 CONTINUE
COMPUTE PERTIAL DEREYATIVES LR, THE ALL)
CaLL DIF :
COMPUTE INTEGRSL GVER X OF ERCH PRODUET COMBTNATIOH OF PHRIIAL
DERIVATINES BRI, THE A1LY 1RAKCH THO RT AR TS
CALL iNT
TFUIERR. NE. 07 GO 10 4
IMVERT MATRIX QF [NTECRALS
WRTIE NAIRTX INTQ VECTOR FOR [NPUT ACLEPTABLE 10 HIKY 155P)
§-0
U0 40 J=l.NA
B0 40 1=1.8A
Kaf+]

40 YeKIe31GLL, .t

CALL HINVIVHRAET L ML

EXTRACT DIAGONWAL ELENENTS FROM VECTOR SIGRED THYERSE MATRIX
K=1

D¢ 41 [=1.HA

SIGUL, T =VIK]

SIGLL, 1) =ST8LT. LditiPD

4} K=pstiR+l

HRITELB, 20081 (RLLL, T+1. IR - ORIGINAL PAGE IS
BR1IELG, 20093 1SIGT1, 11, 1=1, hAF OF POOR QUALITY]

4 CONTINUE
3 CONTINUE
2 CONTINUE
1 CONTILRUE
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10704773 WROT L1STING | RUTCFLOM CHART SET - CrLsPRe{ -,

CARR NO i : ) COUTERTS -
223 97 COnTInE
a 1001 FORIFITLES, FB, 3
25" 1002 FORMAT LT, 2F10.4)
225 L6803 FOATILOFE. 31
227 100$ Fommst L1314
228 1006 FYRHAT14012)
229 {010 FORMATITS
230 1011 FORMMTIFIONSL. . - ~ - ~ -
ERT T LT 250&.;nmm tLHD, 'HA=T 12, 2%, "DIFA=’  FG.3, 4%, 'HXe", 14,22, “PELTA=" L FG, 33
232 2001 FoReATiLH .t TREFGA, 193
233 2002 FERMATLLHL, TR, T4)
23 2003 FORMAT (LHO, "MW SYSTEM ELEMENT PERFORMANCE DATA")
235 2004 FORMAT ILHO, 'BLOCK", 14, 2%, "SFCH"}
256 2005 FORHAY LY . 1OFR.31 o - .
237 2006 FORBAT1LHO, 'BLOCK", 14.2%, ‘CREYL=',F5, 3, 2%, "CLEY2=",FG, 3, 2%, CLEY3:
238 1" F6.3,2%, "CLEV4=" F6.3)
239 2007 FORNAT (LHO, ‘BLOCK®, T4, 2X. "SIGHA" .FG. 31
240 - 2008 FORIAT 1LH |, 4E10. 3}
241 2009 FORHAT [ LH+, 40X, 4E10, 3) )
242 2010 FORMAT (#/3%,"ALL)", B, "AL21,GX, "AL3) *, BY, "RL4E ", 5, "SIGIES ', 9%, 75
243 L6127, 9%, "SIG131 ", 4%, " 516041 " S :
‘244° 2011 FORNAT ¢LHD, "CONSTANTS )
245, © 2012 FORMATLLHG, "NIT!',GX, *DALTI .5, '8LT ")
245 2013 FORHAT LERL, "PROCRAN S1P51)
247 2014 FORMAT LLHO, "MODE", 12, 2%, "CALCULATION OF VARTANCES'!
248 2015 FORMATLILHG, *HMODE ', [2,2%, "CALCULATION O ROI3E 3SPECTARL DENSITY Alg T
249 . I PRE-HHETEHING FILIER SFREAD FUNCTLGN')
250 2016 FORMATILHO, ‘MOGE ', 12,25, "TRACE PLOT OF TAARGEY PLOFOGATED THAOUGH §
25k - LINULATER SYSTEM™ '
252 2017 FoRAt (LY L 14, 2FI0.30
253 . 60 10 261
254 200 CALL. EFFLOT
38 S0P
256 Ex0 -
257 SUBROUT THE GEN
258 t °  THIS SUBROUTINE GENERATES ONE UF FOUR POSSIBLE TRRGETS
259 L NA«] THPLIES CONSTANT LEVEL OF ALl
260 C NA=2 [HPLIES THO DELTA FCNS ON BACKGROUMD LENEL ALL SEPERATED BY
261 c DiSYANCE AL :
262 C NA=3 1HPLIES STEP AT A13) BETHEEN LEVELS AtLI BND Ri2)
. 263 c tA=4 WPLIES EAR OF LEVEL M12) 0N BACKCROUNB OF LEVEL Atfl3 HETH
264 C HIBTS F!l.il AND CENTER POSLITION A4y
265 COMMON MR, %, NBLACY, 15, IRUM, 18, DIFA, DELTX, 0P120, ¥1, [CONT20, 20!, ILE
266 IV120,200  INCIS (20, 20/ WA 4 AP LSS, Y1200, 9930, DYIA 14,5981 J51GL4, 41, 5F
267 1CN120., 2001, STGMA120) O 0E, TERR, CLEV 20, 41, HONTE,
268 1DENE20, 300, D0UT 120,305, HDL20), NS
263, G2 10. 1301, 302,303, 3031 M
210 301 CONTINUE
1 DO 305 Dhel,hx
212 Yiis,txr~ar il
2713 306 CONTINUE .
274 GG 10 300
275 302 CONT IHUE
21 HXR=AP L 2T /DELTX+.5
277 NXXz IHR-NXX) /2
218 . DG 312 (&=l,0ix
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CARD NO
273
280
28l
262
283
284
205
268
207

2483

[RPUT L
FRhR

312

303

305

1511

YUIS, IX1AP L)
YIS, Na¥ )=k,
TXeli -NXR

Y119, (M=l

Gd 10 300

CONT LRUE
HXX-AB L3 2PEL TR0, 5
B3 309 Ex=f.tuX
Y115, [XF=AP L)
CONTINUE

SRy 0329 B

D0 303 DX=NXKHR

308

304

309

316
300

Lo

104

106

Y115, [RI=AP12)
CONT LRUE

60 10 300

CONT THUE

ABX=RP 131 /BELTX0. 5

I RX=APE41 S DELTX 0.5 -
N2=MAX 22

DO 309 [x=l, AR

YUIS, (S =AP L]

CoNT THLE

NXXXaHXXX-N2

PN MNRNNENY X

T B0 310 Ex=HEXX,hNX

Y15, Ix)=AP12)

CONT INUE

CENT (e

RETURN

END

SUBROVTLHE SYSTEMLEPUNTH)

AUINFLOM CHARE SET - CoLsPRdl

THTS SUBRQUTILE PROFPECATES TARCET THROUGH S'ElfULQTEU SYSTEM

COMITIG N9 3, BBLOCK, 1S, 1RUN, 18, DIFR, DELTX, 0P 120, 31, ICOH1 20, 201, TLE
IV120, 20, TNOES (20, 207 RU4E, AP 141, Y120, 9997, DYOA L4, 9331, 51614, 41,55
LEN120, 2001, SICMA1201 , MODE, EERR, CLEY 120, 41, HOUTE,
IDTMLED, 307, DOUT 100, 200, HO 120! US

IFQIODE.KE, 31 GE 16 130
15=0

COALL FHLPPRLIS)

S

CONT L

GO 101 E=], NOLOCK

1B=1

PPl 13, 80,04 GO 10 (D4
CRLL CaON

TFRINOBE.HE. 35 GO 10 1G4
CALL FHLFPPLIS)

COMTINUE

Fi0Ft 1, 23.£0.00 GO 10 108
caLL YLEY .
TFHO0C, NE, 31 GO 10 106
CALL FULFFFLLSS

CONT tUE

IF10F (T, 32.EQ.0) 60 10 108
CALL YHOISE
1FWODE. N, 31 G0 18 ms_e

COMIENTS Fridk
g IS
RIGINAL PAG
%F POOR. QUALITH
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CARD NO

383
384
385
336
387
s}
389
390

INPUT LISTING - ' AUIOFLON CHART SET - cALSPA)

Tk

COMIENTS bt g

ChLL FRLPPF{TS)

108 COnTiNUE
10} CONTIHUE

{F LIWPERICH. HE, O L ARD, 115, EQ. EVYRARTIELT, 30001 Y LIS, EX), IX=1 dik]

3600 FORNAT LLOFE.S5)

RETURN:

ENp -

SUBRCUYTINE™ C2N

FTHOR - i, . HAZURGHSK]

DIMENS 10N CFE339) .

COMMON. NA, X, HEL QLK, 15, ERWY, 16, DIFA, DCLTX, 09120, 31, [CTN20, 200, ILE
13120, 200 L THOISA20, 201, RUHE, AP 14), Y120, 9990, DY IR+, 9331, 5164, 41, 5F
ICN120, 2009, STCHR 1201, 110 0E, TERR, CLEV 120, 41, HONTE,
101120, 302, B0JT120, 302, NDL20), 05 .

" Hal5/2

00 700 T-1,M%

CFL1)+0

DG 700 J=I,K5

Kalis1-J

1IFULLT. 1D &=)

TFIK.GI. %) Kalr

700 CFiT=LFLTI+3FENLLB. JIAYLIS.KI

704

00 701 T=1.N¥

Y115, [1=CF1 DADELTX

RE1URN

END

SUBROUTTHE YLEV

THIS SUBROUTINE MODIFIES THE SIGNAL BY A PHOTCGRAFHIC HUATER-

" BRIFFIELD tH-BJ CURVE

COMON NA, WY, WBLGCE, 15, TRUN, 18, DIFA, DELTX, 0PL20, 31, 1CONM 20, 203, ILE
V120,200 , THOTS 120, 201, RL41, APL4, Y120, 9994, DYDR14, 9531 ,5(G14, 41, SF
1CH120, 2003, S16MY 1200 . MIDE, TERR, CLEV120. 43, NRITE.

IDENtI2G, 302, DOUT 120, 300, HDE201, NS

1-18

K'-Hml.}

DHAX=DINUI, KT

DHIN=D N, 1)

00 909 Tx=L.Nhx

DY=-ALOGLOIYLIS, (X4

FY, GE.BHAXT [Y<Ttx

IFIY,LE, DN DY=TMIN

2

" g0z TFLOVILE.DIALL, J11 GO 10 €01

el
"G 10 902
CONTTHUE
Jd=J-1
DS=1TY-DIRLL, 124 52400, 1 -DIREL, J01)
DY=D0UT L1, 513 <51 BOUTL T, J) -BOUT LT, S0

900 Y15, (% =00, 2 (-T0)

RETURN

EBD

SUBROUTINE YHOTSE

cariit WAL HX, HBLOCK, 1S, TRUN, 10, DIFA, BELTX, 0P120, 34, ICON1 20, 201, ILE
1120, 200, THBTS 1O, 201, AN4], AP, Y1 20,9991, YDA 14,999, 51614, 95, 5F
1CH120, 2001, S1GMA L 20) ,ODE, TERR. CLEV120, 41, HOKTE,
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CARD 1 Fchrk COMTENTS
gl IDINID0, 300, DCUT 120, 201, MOS0, HS
392 .18
393 00 GO1 TA=1,1
394 YUTS, IRD= 0115, TXHrL L, +3 [GHAL LIAGRRLO! T
395 601 CanY INUE
206 RETUAN
207 END
3%a SUBRCUTILE DIF
a9 COoMMON 19, MHE, NBLOCK, 15, ERUN, (B, DIFA, DEL TR, 0R122, 31, 1ICONL 20, 201, TLE
400 V120,201, THOTS 20, 200 . R145, APL41 Y1 20,9991, DYDA 14,933, 51014, 4)  SF
4oL ICH 120, 2001, S1GHA1207 ,MOGE, TERR,CLEV 120, 41, IGHTE ,
402 1011120, 301, TOUT20, 303, HDI205, 115
403 ' 00 201 Jel b
408 . D9=BIFRA L]
405 00 202 TX=i,N%
408 DYDALY, [X3» ¥10ed, TR Y18, TX)) /D8
407 202 EONTTHUE
403 201 CONTiNgE
409 RETURN
410 END
4t SUGROUTENE TN
412 c ) ) )
413 C  SUSAOUTIRE INT PERFORI TRAPEZOLDRL IHTEGRATION O:ER ¥ OF EACH
414 C  PROWUCT CONRINATION OF PARTTAL DERIVATLVES HAT. THE A1D)
415 c TAKER THO AT A TIHE
. 415 € *
417 COMBON MR, N2, NBLOCE, ES, IRUN, 18, DEFA, DEL X, 0P126, 30, ICOM 20, 201, ILE
419 V120,200, IRGIS 120, 205, A4, AP141, Y1 20,9391, DYDR14, 9391, 51064, 41, 5F
419 1CH (20, 2001, STGMAL201 , 1RE, [ERR, CLEY 120, 41, IENTE,
420 10IML20, 303, TOUTA20, 300, HDL20 L, 1S
4 1ERR=0
422 B0 40 [s1,H0
423 B 402 J:1,. kB
a2 DSIG=DYDRIT, 1 JSBYDAL L 13+ DYIRL T, E%DYDA T ), ) 1
425 D3IG=DSIGA2.
426 NAXENS =L
427 . 00 403 Tx=2,hixx
438 B316=RRICAUYDA LS, TRIBYDAUT, TR
429 aD3 CONTitUE
430 &1C1], Jr=DS LA TELT X
a3 $1G1J, 1=S161T. 1) .
432 TFASIG LT, JIWHE.O. 1 GO T0 402 ORIGINAIL PAGE IS
433 HRTTETG, 008K (A1 115, (T, 0 OF POOR QUALITY
434 WRUIE (6, 4600F 1,.J
435 1ERR=t
4363 RETURH
437 402 COMTTHUE
433 40} CANT LHLE
439 2003 FORIATLLH L 4E10.3) ) .
440 4000 FORNAT (UH=, 40%."S1G(", 12, 2, "1 ~0, CALCULATION TERKTIAIED' S
441 RETURN
442 EWD
443 SUBROUT tHE FNLPFFL 151
qag € RUTHOR- M. JMAZURONSNT
445 DEIMENSION AP14999), YP1OOH
445 COMEGN 1A, X, HBLOCK, 15, 18U, 18, DIFR, DELTX, OP120, 31, (CORL20, 201, ILE
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CARD NO

447
448
449
450

451

462
453
454
455

$53-
457

453
459
460
461
482
463
464
463
465
467
463
469

470,

47
472
473
474
435
476
477
478
473
483
481
482
483
dgd
485
456
4a7
458
489
130
431
4392
493
494
495
445
497
498
499
500
30t
502

WPUT LISTING ATOSLON CHERT SET - CQLSPmlg'

CONTENTS . . Firk

IV130, 201, THOiS 120, 20) AT, AR, YL20, 99, DYEN 14,9720, 51614, 41 ,5F
ICH120, 2003, 3IGMA120S, MIDE, [CRR, CLEVIZ0, 41, NONTE,

10120, 302, DOUTRZQ, 301, HOL281, W5

IFIIS.HE.Q) GO TO 10

§ NNT=0

CALL PLOINC.. 0.0

T+7.8

D0 G6-1=L,3

Te1-2.G

ALt MGRIDG.S,T,10.,2.5,0.2,0.25,01

7 6 CALL NGRIBAD.5,T,10,,2,5, 24,2.5, 1)
10 KNT=iHT+]

TFUNELGT.i51 GO 10 5
¥OR=R, S-22HODENT-1,5)
YOR<7, 7-2.GAMIBL LKHT -11 /5,31
CRLL PLOT x0R,YOR, -3)

iS5 i=l.hx
YPtE)= 26T LIS, 12

15 XPt1i=2, 5%t |, 0-Ta/NX

CALL LINCIYP, 2P, N5, 1)
CALL PLOT t-x0R, =YOR, -3)
RETURN
£HD
SUBSAUTINE POSFEC
AUTHOR~ . . MAZURIHENT .
TH1S SUBROUTINE CALCULBIES THE PRE-HHITENTNG FILTER AND THE LOLGE
SPECTRAL DENSITY
DIMEWSTON F12001,P50110), PHL (20, ACFLIL0 Y, ACFAL 2201, PSALLION
CORMIGN: KA. B, MBLOCK, 1%, IRUN, 18, DEFA,DELTX, 0P120, 31, 1C0NM1 20, 201, (LE ~
V20,200, THOES5.20, 20) Ay, P14, 120,991, DYDAI14, 9994, 5161 4,41 ,5F ©
[CH120, 2007, SECHE 1201 MODE, TEAR, CLEY 120, 41, HOHTE,
IDINI 20, 303, BOUTL2D, 300, HBL201, WS
IFII5.NE. 11 GO 10 S
HRTTE1G, 20201 NGHTE
FORPAL LLHD, "MONTER ", 1) -
CRil CLERRIFL]),FSACIED))
KHPR=0.0
5$3=0,0
DX=UELTX
Av=0.0
DO I1G T=l.hx
FI1=¥{15, 1)
AYsRY=F (L)
RY=RAINX
NFag, Jaly
z2AF -]
D9 30 J=l.hF
NJaNx-j«|
SuM«0.0
00 20 T=1.0J
1Jalad L

20 SWSUNIF LT) -AY S F 115 -0V)
30 ACFLIT=3UM/N

ACFAINEF=RCF L}
B0 40 1=2.N4F
TOx=hF-1+
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CARB NO

WPyl LISTING RUTOFLU CHART SET - Cruspre(Sy
b CONIENTS kkhk

TU=NF=1=]
FAC L0511, STO3R1T-L 1 wNF i
ACFALIUI=RCF L TIAFAC
40 REFRUIO =RCF L TIAFARL
CALL FOURTR LACFA, 144, B, F'S, PH, DF, A, 01
FC=m1./PS11]
S0,
03 59 i=L,hH
PSALIAFCAPS LTS
PEALLISPSALLI sBS LT
50 SUPRSUNPSL LS
SUMSDFR(SUN~, 51
$3=954ACF L1}
HEPR=HHFTSACE L] /12, ¥SUiY
[F 115, RE MIHTE] FETURIY
DO B0 <l hiH
510 PSL11=PSALT) AHONTE
HNF NP BANOHEE
$9=55/D0NTE
WRTIENG, 2047
WRTTE LG, 20052 1PS 113, 1=F, M
WATIENG, 201 B1WPD, 55
HRIIELT, IO1 EJIWPD
09 &) f=i.nH
5] P&S112], /SQRTIPS LT
CALL LLEAR \FHALS, PHURDS
" CALL FORIMY 1FS,PH, . OF, F,WF, T, 01
. F{=1,/FINF/2}
DD 57 I=h0F
F1T)=FC+F LT3
HR1IELG, 20198
HRTIE LG, 12331 \ELEL, [ 1, 1)
" HRTTEL?, [O03 tFLTE, [ad, 1)
L00z FORMATLLOFE. )
1011l FORIAT(FIQ. 35
2005 FURIAT LLH , I0FE.S)
"2017 FORIAT LLHD, "NORIAL ITED FOHER SPECTRYM]
2018 FORMOT LLHD, "HIPD=  E16,%, 2%, *STICIQ SQUANED=",E16.51
2019 FORMAT LLHY, "PRE-LH{TENIHG SPHEAD FUNCILCH' )
RETURN
END
SUEROMT THE FOURIALDATA, KDATA, D2, TAU, PHT, DTELAL, NUARM, LOPT §
[ AUTHOR - Ity JJMAZUROHIK T -
DINENSTON DATALLI, TR UL, PHELLD, F1950), 619504 ,A TS50, BIS3DN ,
* YEORU576), Y5HNTI6!

IF RDATA/2.EQ. WIATAS 11 /21 GO T0 8 ORIGINAL PAGE I5
MDATR=ROATRS { OF PCOR Qu
DATAIKDAIA) ~BATAIHDRTA- 11
8 NHARMsNDRTA/
Frli =~ DATA1MnRRMY
Gl - 0.0
FLNHARN=L1 = DRTALNDATAG
GUNMERHFLT = 0.0
00 1 T=2.H1ARN
NHP = NHARN=] -]
MHM = HHARI -1 4]

[E
i~
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10404773 IHPUT 1 ISTIRG RUTGFLOM CHART SCT - CQLSPRE{;;

CARD M0 Yol CONTENTS -
559 F11) ~ TATAtNHPI+ DATALNHME
S60 ) 1 GLI = DATANRPI~ BATALNR
a6l HIJ = HHARM
562 SUrG = 9.0
563 MHF] = NHARHE]

64 002 fl iRy
565 3 SUMD = SUNG « FiT)
566 - B = SUNO/HNG -
567 HHCS 1'_[1‘JHFIRM*31:’2
L68. 3 3 Ee=l,lHCS

. 563 VEOS L 1005 13, 14 158% Uz {1 /HH)
570 3 VST r=5THA S, 14159t - L5 /Hitd)
571 BUEFL = 0.0 ’
572 Btl) - 0,0
573 B0 5 {=2.HHARM
574 SuMl - 0,0

" 575 | SUM2 = 0.0
576 U0 4 Jel NPl
577 ME = LT=13kt =101 208y
573 ’ L o= t1-01%d J-}1 -0 HI=HEARN
573 RSIOH = 2AL ATERH |
560 GO 10 131,32.33.341,851CH
cal 3t SUNML = SUMLFLIIRYCOSH+ 1)
gan SUM2 » SUM2-GLAAVSIRIL=1)
533 Go 10 4
534 32 L = NHARH-L
585 SUML » SUMI-FLIIYCa5tL+1)
58C SUMZ ~ SUM2+GLIAYSTHIL+1)
597 G004
523 33 L = L-hHAarM
589 SUML = SUM]-FyJi#WC0SIL L))
590 SHB2 =+ SUMZ -GLNSVSTHIL+ID
sar co 10 4 o
592 34 L = 2euiRn-L .
sa3 T SUMI « SUMIFLISYCOS (Ll )
534 SUM2 = SUMZ-GLIIAYSTNIL+12
595 4 CONTTHUE
596 AT = SUMI M0
507 BUI1 o SUM2/HIO
593 5 CONTINUE
599 513 = 0.0
Qus] D0 6 K=l NHP)
0L G SUM3 + SUM3SFIEISL =L, J3FiE~1]
602 AWNHPL) = SUM3/ 12 #HND)
603 DELNU = | /\FLORTINDATA-  J#DX)
504 IF(NOPT.EQ. 1 GO 10 §0
605 0¢ 7 t=lhrl
505 THUIME = O, SASGRT EALH M 2-BIMI 42]
607 (FiBit),£0.9.) 60 10 61
Go3 GO PHTIMY = ATRN2IBUIT, AL +3, 1415927%1 L, =-SICNLL.,BtUMI 1}
609 GO 10 7
6I0 Gl PHIl[‘fl-ll.-SIGNll.,HIMIH*3. 141592772,
GLL 7 CONTINUE
6l2 RETURN
Gi3 80 T 85 Hel,KHP}

Gi4 TAULM) <AL
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CARD N9

G135
GG
617
GIB
Gl9
G20
GaL
622
623
Ga4
625
626

HEUT LISTING AUTOFLGH CHANT SET - CALSPAMD)

- ffeie

LONTENT S

89 PHIIMI =BiM)

—_

RETURN

EHD

SUBREIUT THE FORIMVLTALL PHI L (PR, DCLRY.FUC, HFUi, DELF L KLTP)
FUTHOR -t JLPARZURORSAT -

DIENS 1O TALISO0L . PHT 5001, FUkz11000), A1S001. B 1S001, ¥CO5 12551,
FEINLAS5 . SIGE B

HHPL = WHARH +1

HHO = NHARM

IFIKLER.EQ. Q1 GO 10 4}

90 1 B2, bfl

Ff = f-1 - -

SIGFIT) =313, 14 159F T /HN0H /1 3. 14593+~ T /HND).
SIGFiL=[.0

[ 4 T-L.hP

AT « 241N TICAZIARSIPHI LTI IASIGF LTS

4 BRIl = 2VTAMTINSTHIPHTL TS S#S1CF LT

4

—

GG 10 43
00 42 =l Pt
RI1) = 2.ATANTCOSABSIPHILTI

"

42 Bl = AT TR TIEHTTTE

43 atly

mi /2.0

NFUN = 2HNHARH
DELF=1.0/ 12, DaHhd+TELNY)
PHES=NHARM 2 +]

00 5 I7 = L,MiCS

T = 1r-1

VOSLET) = CONIMISI AT GRTIGTNAL PAGE IS.

=STNE3. 1415 FIT/
5 ¥STINUTTI =STNL3, 192593 # FIT /AR OF POOR QU.

5

—

00 10 N = ENFUN

Skt = 0.8

hi o« ~HHARH +H

NNR = TARSLND

) & NH=l, NHFL
ittt -1

MG« RNH/ E2sTHaRM)

L = 1AGSINRH-2ABMHEAR)
KATGH = DL AMHORM: |

SN = 1STGHL, WD

GO 10 151.52.53,54), 15180
SUM = SUH-R ILHIVCUSIL« |1 +BlHH I SR #YSUHL+1
G0 70 &

52 L = HHRRN-L

Surt = SUH -AUNHAWCOS L+ 1+B i x S AVSINL+ 12
(e (s ]

93 L =L - {aiARM

SUM = SUMt -RINHIACOStLel1-BilHi® SN S INL+])
caig 8

54 L = 2»HHARM -L

SUb « SURGHIAVCOSIL =11 -BitH b EH #¥SintL=1)

8 COTNUE
10 FUNC ths = SuM

RETuAN
EXD

Frwk



IRy E] TRELE QF CONTENIS AhD ReFERENLES FYICFLON CHART SET - CALGPHN POLE |
CARD D PAGE/BOX HAKE . " REFERENCES 1SOURCE SEQUENCE M0, ANB PRGE/BOX)

FORIRAN MODULE
CHART TLILE - IMTRODUCTORY COMHENTS

CHART 1TILE - PROGEUURES

Q000531 301 a0t Wwos2s31  8.26
000254 341 200 (00D0GG3  3.05
Qo007 3.5 2L " (0000703 .14
w0o00TH 317 22 (0000700 e b
ooy 313 23 wooo7e)  1e |
10009781 321 a (0006723 3.16 1000071 2.18
BO00DE8; 4,10 (0000913 4.15
o) 4,15 13

088054 4,19 000603 417
10000958 4,21 (600094) * 4. 19
1600096) 4,23 {0C009%) 4,21
1000097 4,24 14

10000371 4,24 (0000371  4.26
WO 4.28 0001021  4.34
o010 - 438 15

10001061 4.39 (0002331 8.2
Wonlll  5.05 (0001403 6.03
0001161 5,10 SO

1000116 5.0 O0SIIG)  S.14
WeH1lY  S.44 5L

Wneity S l4 (0001191 5.15
10601221 5,20 103 ool ) 5.0
000134 5.3% 105 o123 5.21
S0gisn 602 107 t000135)  5.36
L0OI 1401 G.03 20 ©

Wo01431 6,06 L000(42) 6., 0d
1009144) 6.07 ‘ w0222 8.25
WM 6.0 (0002211 B. 23
000150 6. 13 ‘ 000220r  8.23
00053 G.1G- . 000219 8.2
t0Isy 6.17 10 (0001451 6,08 10001481 G. il WGO0ISHY 6,14
16001567 G.19 1L

W0o156r .19 (0001560  6.20
1000{%8; 6. 23 000157 8,31
woeIs2  G.36 (0001951 8.0
WORISA 5.7 12 1009162)  6.25
(0067 .00 8 (000IG2! 6,26
woaiTls 7:03 8 101G 6.26
0oL 7,05 7 (GO3IG2)  6.26
{00aI7TH 7.07 6 L00IsSs! 6,23 IGOOLG2! 6,26 IODGIS6)  G.28 1001701 7.02 1001741 7.04
woeiEn 7.1t w0oo183;  7.14
E0Ien 7,12 67

10001838 7.2 N oo 183l 7.13

\0C0 185} 7.16 GO (0o0192} 7.22
100Qigs3) 7.18 64 Looa 1801 7.09
1000184 7,24 GG

W0ooisa 7,24 {gooIg 7,25
10001960 801 S 0ooiens 7,20
o007 8.07 o200 8.1l
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1004473 IRBLE OF CONTEMTS AND REFEREWCES RUTOFLOM CHRRT SET - COLSFRH

CARE D PARGE/DOX  HAME

10902031 8.03 10002031
1000.:59 §.03 40

Be214) 2.15 (ga02a1s)
Lgca2161 8.16 4L

1000219 o2 4 toaoign
16Q0:220) 823 3

1goozcl) h 2

102221 8.35 |
1000223t B.26 99

CHART TTILE - NON-PROCEDURRL STAIEHENTS

CHART TUILE - SUBROUTINE CEM

1020237 10,01 CGER [{eina) b
1000270 l0.02 IOl Lo50269
tegezr 10,04 (8002751
10002737 10,05 306
10302753 10,05 302 {00026
(0279 10,09 3le
wae274; 10.09 (000279
1003234) 10,42 303 (0002621
Hoa237 10,15 (0002587
00023 016 309
oAzl 1a.1e (0002321
10002921 0,20 308
10002945 0,21 304 (00g2sa1
\W0ge9s 10,24 (0003002
o00m  10.28 508
200304 10.28 10005051
w0030 10.29 310
10003080 10,30 300 (000274

CHART TIILE - NON-PROCEDUREL STRTIENENIS

CHART TTTLL - QUEROUTINE  SYSTEMHPMNCH)

W000310) 12,01 SYSIER (60a1691
WoesI% 12,05 110 (600315
1000321 12,07 (0003371
00326 12,13 104 1030322
10003311 1218 10§ (0003273
1000336 13,33 8 ’ (0003323
10T 12,24 ot

16003405 - 12.28 1000328)

CHART TIILE - NON-PROCEDURAL STRIEBENTS

CHART TLILE - SUBROUTINE CON

10003431 1401 oo (Q00323)
10003511 14,03 (000356
1000353 i4.05 (0303562
100335 14,08 (000354
10003561 1410 709

o356 14,19 (000355

FEFERENCES  ISOURCE SEQUENCE NO. AMD PRGE/DOR)

8.10
a.17

7.21 095t 7.26 10002021 B.H4

1.08-X
10.0%
16,03
16.6!
10,10
10.01

e, 16

10.20

10.41
10,35

10,23

10,05 T 10002835 1011 1000223 10,20

7.'19-x
l‘ fi : OB,IGE‘TPJ—‘
12.08 0003241 12,11 oF POOR

i2.14 109032% 12,16
12,19 100033 12,21

12,25

12,09-%
fa. 12
14,11
[4.0G

14.08
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10704773 IRPLE OF COMIENTS AND REFERENCES

CARD 1D PARESDOX HRHE

woesss M4 Sl
RUEAE T T R C N (0003581

CHAAT TIILE - NON-FROCEDURGL STAIEHENTS

CHART: TUILE ~ SUBROWTINE YLEY

10003823 16,01 YLEV (gao3zd)
1000373 16,03 {oo03a
10003758 I1G.06 (0003741,
{ooo3rel 15.08 (8003751
10oe377  168.08 02 (0003791
(900330 16.5F SOl ) (8003771

1000334} 16,13 909
CHART TTILE - NON-FROCEDURAL STATENENTS

CHART TCLILE - SUBROUTINE YHOISE

10003021 TIR.01  YNGISE (0003231
1000334 16,03 16003352
100633%  18.04 ol

CHART TTILE -~ NON-PROCETURAL STRIEHMENTS

CHART TLILE - SUBRCUTINE DIF

1oC0d03r 20,01 BIF T aagies)
W0o404y 20,02 (0004083
1BO04G6) 20.04 10034072

100407y 290,05 202
0a€td 20,06 201

CHART TETLE - NGN-PROCEDURAL STRIERENTS

CHART TITLE - SUBROUTINE INT

woo4iyr 22,01 I 00saQl >
004231 22,03 L000433)
1000924 22,04 £goD4an
woga2d 22,06 1000429)

1029 22,07 403
1000437 22,15 402 (0004323
woad3sr 20,17 404

CHART 1TTLE - NOM-FROCETURAL STRIENENTS

CHART TUTLE - SUBRCUTINE FMLPPPITS)

1000H4) 24,01 FNLFFP L0003t 71
10g4s 24,02 S L0004SE)
10024555 24,06 . (000457}
1060457)  24.08 6

aodss)  2+.11 10 (0004501
t000464; 24,16 {0004G5)

1000455) 2+ 17 1%

14,15

12: 15-%
16, 14
15.04
16,06
16.10
16,09

12,20~
18.04

8.02-X
20.06
20.0%

§.03-x
22.17
22,16
22.07

22,09

12.03-x
28,12
24,09

24,01
24,18

RYTOFLON CHART ZET - CALSPAN
REFERENCES (SOURCE SEQIENCE HO,. fD PAGE/GOX

1000325)
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ig/04473 TRELE OF COHTENTS ARD BEFERENCES AUIOFLON CHART SET - CRLSPAN miE 4
LARR {0 PAGE/BOX HAHE REFEREHCES 1SOURCE SCQUENCE WO, ANE PACE/DOX)

CHART TEILE - NON-FROCETURAL STATEHENIS

CHART TLILE - SUBRGUTINE POSPEL

WIGT ) 6,00 POSFEC [Gaicayi=23] F.23-x
10004651 306 5 (004791 26,01
0004881 25,08 . (0004833 26,10
0001898 26,63 10

ot 25,13 (0004933 25,12
L000SGTT 26,15 (0004283 26,17

L0933 5. 16 - &
LQo34aes I6.18 30

1Qoasna: 5,22 (0005061 26,24
£Q00S06F 26.23 40

100051 12 26.268 10005133 26.30
1e00Stsr 26,29 5D

to00sIs)  27.01 (0005173 26.32
0a0sigr 3702 SL0 ’
\oaosley  27.02 (o00sie  27.03
10005271 27.13 51

L0Das2T: 27.13 {ooosa7y  27.1a
10095323 27,19 %2

000552 27.19 (0aesa2r 27,20

CHART 1TILE - MON-PROCEDURAL STRIEMENIS

CHART TTTLE - SUBROWTINE FOURTRIDRTA, NUATAH, DX, TAU, PHi, DELNY, NHRRM, HOPT )

(0005455 23.01  FOURTR (000507 26,25~
10005530 202 8 (000548 29,01
10005538 29,06 600sC0) 25,09

goasstr 25,07 |
1000565 29011 2

WSS 20,11 " (o00ses) 29.12
aNss) 29,15 (0005705 29,17
10005701 20,16 3 gRIG]NAL PAGE 18
10005741 29.20 000536 30,04 ¥ POOR QUALITY
ST 29,22 (0005353 30,02
Wwoosel 132 3L (0005561 23,23
woesat: 2925 32 (000550 29.23
WiSRs) 29,286 53 (0005 29.23
000552 30,01 3¢ (0005607 29.23
1000505) 30,02 ¢ (9005835 20,24 000537 29.75  \DOO50tF 29,26

10005%8)  30.04
\oQUGRH) 32,07 . .
WoO0s0E) 33,07 000Geolr  30.03

1090506) iz {0o0ally 30,21
000G08) 39,14 5O

WONS13 30,15 60 (0066841 30, 10
0ONG14) 30,16 (0ODGES)  30.18
(GOOGIS] 30,17 &S .
CO0GI0r 30,70 6L (000607} 30,13
W0eslH 30,3 7 (000609) 30, 1<

CHART TEILE - NOH-PACCEDURAL STRIEMENTS

e S t
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10/04423 TRELE OF CONIENTS AKD REFERENCES AUTCFL By (HART SET - CALSPANH MIE 5
CARD 10  PACE/BUX NAME : REFERENCES  1S0URCE SEQUENCE 1/0. AND PAGE/BOX}

CHART TUILE - SUBROUTINE FORTKYUTRO. FHI  NEBARH, DELU, FURC.HFUN, DELF, KLIP)

100519 32.01  FARInY {(00Ds221 27, IG-x
oGz Ja.0d (0006273 32,06
ec27r 32,03 F

100G3m . 32,08 (0006311 32,10
w0o0s3 32,10 4 . .
'tGDOGi‘taJ g2 4L (0006241 32.02
1000634 32,13 (0DOG3S  32.1S
10D0G3% 32,04 42

[DODG3G! 18 43 (0006322 32.1)
100064 32,18 {0006+3) 32.20
1g0aGe3r 32,19 S

100056435 32,22 L000BGG?Y  23.0G
10006491 32.24 (00D6GRS) 33,04
1000355 32,27 61 (000654 32.35
19006571 33.00 52 (0006543 32,05
00Ge 33,02 53 10006545 32,08
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APPENDIX C
SIGNAL TRACE DATA

Notes on data in this Appendix:

(1) Progression of target through system is down consecutive

columns, the input target signal being shown as the upper

left-hand corner plot,

(2) All ordinates are calibrated fxrom 0 to 1 arbitrary full

scale radiance unit, R

(3) All abscissas are calibrated in units of length, the size/

division being given before each set of data.

(4) The plots show the effect of each ERTS image processing
system element (excluding noise) in the MSS nominal

configuration defined in Section 7, 1.

The plots on pages 214 through 233 are for three parameter edge
targets. Record length is 100, micrometers and abscissa calibration is

10, micrometer/box,

The plots on pages 234 through 278 are for the four parameter
square pulse target. Record length is 150. micrometers and abscissa
calibration is 15, micrometers/box. Note that the record length is a bit

short to see the entire blur of the widest (105. mm) target.

The plots on pages 279 through 283 are for the two parameter
pseudo delta function or ''resolution' target. Record length is 150. micro-

meters and abscissa calibration is 15, micrometers/box.
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APPENDIX D
EDGE GRADIANT SPECTRUM PROGRAM
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The Fortran computer program EGA determines the
line spread and transfer function of an optical system using a digital
representation (in density, transmission or exposure) of an edge. An

_edge is taken to be two adjacent regions each of constant density.

) The program works in exposure space; thus, if the’input
edge array is in transmission or density space the program first con-
verts the array to exposure space, and the H-D curve must also be
inputted, The next major portion of the program ig the input array
smoothing. This step is optional and the effective frequency cutoff of
the smoothing is controlled by an input constant. The smoothing is
performed by convolving a triangle with the input record. (This is
equivalent to multiplying the input power spectrum by a sinc squared .
function.

The next step is the computation of the line spread function;

first according to:

. d&
Sx) = (—"‘—)/AE
d=
where. AE is the exposure difference between the two sides of the edge.

Then the optical transfer function, its modulus and phase

are calculated as:

[2

2 2 !
FTM(¥y) = (co, + ST, )
PHI (V) = -arc tTan (srn/con)
where _ N
ST = 3 s(zk) sin| 2N (4.
n o (xk) sin ~ (4-1)
N
COn = Z

2 s(zk) c,osl:z':;“ %_1)]

Finally, the line spread function is normalized by the

distance increment:

L

S&) = S(x)/Aax INAL PAGE IS
/ %Gm' QUALITY
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The following table is a list, with definitions, of the

fortran variables used in the program. In addition, a list of the fortran

coding and an ""autoflow™ flow chart of the program are included.

N

DX

IND

iD

ES

DG, EC

FTM

PHI

WEF

number of points in the input edge array
spacing (in distance) of the points in the input edge array

filter control; integer; the sraller the number, .the lesser

the smoothing; L. = 1 implies no smoothing
controls preliminary processing of input array; integer;

IND < 0 imnplies transmission input to be converted
first to density, then exposure

= 0 implies density input to be converted to exposure

> 0 implies exposure input
integer label for the input edge

input edge data array; may be exposure, density, or trans-

mission as a function of distance
the E array after smoothing
spread function array

density, exposure for the film used; inputted if density to

exposure conversion is required
modulation transfer function array
phase {of the transfer function) array

weighting factor used in smoothing operation
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1040473 INPUT LIST NG AVIFLIST CHART SFT - ErLsonidicn
FORTAAN HOBULE IL1ST]

CARD 4O Fodote COHTENTS Py
i DHAENS O E 110001, ESE10005, 5110007, BCH25), EE1251, FTHA0OOS,
2 1PHI 110001 HF 1 100)

3 S READ 15, 100,ENDSG31 N.B%,L, 1h0, 10
4 READ 15,1041 tELLI, T=1,8)
5 TFi1ND) 9,15, 31
M@ VI
7 e L IV A 1AL}
8 15 KERD 15, 1037 1.
g READ 15, 1020 1ECATL, [xl,1E)
] + REAL 15,§02) 10T, [=1.N0)
1 D0 30 1=1.N
2 b2
13 20 1FELTILLE, DCLD) ) G0 76 30
14 25 Judsd
15 IFULLT.NCI €9 10 20
1G 30 ELDI=IECU -0 v d -1 PEC L -ECL -1 B A1 BCL -DC LI 1) sEC L J- 1
17 3l K=N-L+|
18 IF IL.EQ. 13 GO 0 46
o DEMN=FLORT(L/2+ L1o2)
0 U= L /23w
2t 0 40 1=1,L
22 1F 11, GE. I8UMF €0 10 35
&3 NE11=FLOAT U 1 /BEHN
24 60 10 40
bl 35 LELLISFLEAT L T L) /DB
G 4 CONTTNUE
7 00 45 1=1.K
28 E5111=0.
29 B 45 J=1,L
R 45 E3U1IsESULI 1P LB T+ =113
£l o 10 48
32 a6 B0 47 f=hN
33 a7 E3tli=E(0) -
34 48 MN=3*%
5 £31-0,
6 Eshi=0,
37 U0 49 [=L.NN
] ES1-E31-TSt 1
Ra) 49 ESH-ESHESIE-1+13
0 DE=1ESH-ES 11 Ak
4t $1K1=0.
42 T GE 15
43 D3 50 f=l.H ORIG‘INAL g{?ﬁﬂﬂ
a4 S0 SATP=IES1T+H) -ES 11 1) /DE QF POOR
s FUU L, A
G PHITII-O,
47 Hiizpa]
48 Z1=3. 141593 /FLGAT 1K)
42 [0 60 Ja2,hH )
50 22711081 113
5l £ox0,
52 S1=0.
53 09 55 l=l.K
54 E3I20FLOATY
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http:1.GE.ING.h1
http:1L.EQ.13
http:Il1).1-I.NC
http:tEC1IJ.k1.CJ

1asa4/33
CRAT NG

55
53
57
58
39
6D
Gl
62
63
a4
(35
GG
6?7
8
&9
ki
70

72

HPUT -L1STHIG

foiring

5%

o0

G5

0

oo
o
02
103
110
1it
11z
200
0!
202
203

—

205
206

COIENTS

Ca=C0+501+ {0522
S1=31+501%SINI1Z
FIMEII~SORT ICDR2e 51442 )
PHIUII=RIARIST/COI

D8 6% 1=i.K

SITI=5111/0%

HRIIE 16,2000

VRITE 16,1108 N, BX,L,THD, 1D
HRITE 16,201 )

HRTIE 16,1118 (11, 1=1,30)
IF L. EQ. 82 60 10 70

KRITE 15,203

WRTIE G, 1111 1ES11r, 121,00
RATTE 16,204

HRITE 3, 1121 (15U, 1=1,K)
HRI1E 16.20%)

HRITE 16, 111 tFTHLED U s, 0y
HREIE 16,206

HARTIE G 111 (PHULD L T80
GJ 13 5

S1P

Foriat (E10,710.5, Ti0. 110, 101
FGRHAT (IOF8R.5)

FOnpat (570,52

FamAaT (110}

FeRal (', [10.F10.5.3110!

FORMAT {° * ,10F8.5)

FORMAT €° °,8F10.9)

FoRIAT (1 WO OF PTS TELTA X FILIER  hDICAIOR
FOSHAT 'O INFUT EOGE BRIATY

FERIHAT ('O D LOGLEY M9iR°:

FORHAT ("0 SHOTHED EDCE TATA')

FORNAT ("0 SFREAD FUBCTI®N® )

FORRIT ('O r:lUFULQT 10N TRMISFER FUNCTION s
FORMAT ('Q PHASE FUNCTION':

END
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RUTOFLMSE CHART SET - €ALSPON

P,

/ /
/ RLTE 10 GEV 7/
s G 2
/! VIA_FOREAY /
/ /

/ WALTE 70 LEY /r
7 ¥iR FORMAT ¢/
/ [ 10 /
/ FROI THE LIST ~

1 10
------------------ -
} FIHEJL » I
[ SORTICH-AZ i
I STaw2i- 1
e e Ll -
1
Gn 1 1§
Fmmrm ¥
1 FHILJE « [
[ ATRNS 1/CQ) 1
Hwmr—m———— ; -------- -x
[
f
* 12
* b
* *
ENG DF 00 %
LOOP?  #
&
* K
*
Pﬁ
!
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!
t
| e 13
ok ok e e e ko b
+ BEGIN DO LOOP &
* 65 0T =1, K
****w7+ww**
| mmmemm e e e - -
G5 I a4
Fomsowemsomomm—oman ~x
Posity = Stk 1 o
B e ]
1 [
1 1
1 ]
* 15 }
* I
* Je }
MO |
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.
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CHRD ™ —-PORELB0X RAME
T

R

FCRIRAN I'ODULE ECH

CHART TUILE - PROCEDURES

V00a0a3) 1.0l 5
100G0IE) .07 3
10030a7) .08 10
L0007 1.08
10D00%s! 1.0 9s
10G0aG3! .1t 15
HI0D0E2) 1.13
100001 21 1.9 20

102001 45 2,01 25
100001 Gt 2.03 30
tRg00L 2.0% 3L
1e00022) .03

1030025 231 3B

\eO0026T 2,12 40
10000281 214
000381 205 45
000030 2,06
10000321 2.13 4G
000033 2.:20 47
1000033 2.20
QD003 2.2) 48
LBON035) ¢
000032 2,25 49
103a044) 3.0 50
1000044 3,01
1G000%48) 3.0%
10000541 2,07
W000056) 3,08 59
oe0ser 3.1t 6O
00D 314 65
LGO0IL0 ERE
10003881  3.28 7O

000074

tooo007T)
(0090033
(0000051
(000016
(000015

({rialcde] R3]
(0000051
(00006
(BoO022)
(0000241
{2kl

(0000303
Loz0018!

00033}
(000034
10000391

1A00n=4)
10000531
Qo006

{0000G0)
(GO00GS)

CHART TIILE ~ NON-PROCETURAL STATEMENTS

ORIGINAL PAGE IS
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3. 34

l.10
1.83
1,08
2.0+
2.02

19
1.0G
.12
2.09
2.10
2.18

2.17
2.06

2.2l
2. 18
2.26

3.02
3. 12
3.03

Als
3.22
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ANOFLDIL CHART SET - CRLSPAM

CHART FIILE - NON-PROCEGURAL STRTEVERTS

ORIGINAL PAGE IS
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160
104
102
103
11e
111
112
200
<
202
203
204
205
206

ECA

BIMENSTON ECI0005,ES(LO0GS, S1EO0G, DC1254, 0125 FIHRLIGOD),
FHT 110081, IFL 10001

FORNAT
FORMAT
FORNAT
FORMAT
FORTIAT
FQRNAT
FORHAT
FORHAT
FORHAG
FORMAT
FORMAT
FORNAT
FORNAT
FORMAT

110, F10.5, 110, £LO. t0)
1I0FS.5)

15F10.5

o

t* *, 116,F10,5, 30101
(R (e Y
VL EF10.51

Ul NG OF PTS DELTA X FILTER  (NDICAIOR
1’0 [RPUT EBCE DA14°)

10 0 LOGIES DATA')

1’0 SHOOFHED EDCE DATAY

(] SPREAD FUNCTioN"S

V'R MODULAT IO TRANSFER FOGCTIONC ¢

('8 FHFISE FUNCTION' 4
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