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ABSTRACT

Under Contract AF30(602)-2459, Goodyear Aircraft Corporation (GAC) con-
ducted a study that approached the target recognition problem analytically,

experimentally, and through photographic examination of target attributes.

Aerial photographs of runways, petroleum refineries, and industrial complexes
provided attribute data on which part of the analytical and experimental studies
were based. The detection of petroleum refineries in the spatial frequency do-
main and of industrial complexes in the time domain were investigated analyti-

cally.

Correlation surfaces of targets and a slit template were studied experimentally.
Further development of this effort demonstrated that the second deriv ive of
the correlation function is a reliable attribute for the detection of such straight-
line patterns as runways, roads, and ships. A width-gating device was con-
structed and the extraction of straight-line patterns from their backgrounds on

the basis of the width attribute was demonstrated.

Three suggested systems for the detection of straight-line patterns and the
recognition of runways are described, and a system for the detection of irreg-
ular pattern areas is defined. GAC recommends that several of these systems
be assembled and their screening ability evaluated. Methods of automatic
threshold compensation for variations in photographic parameters should be
examined, and attributes and attribute-measuring techniques should be studied

for other target patterns not considered in this report.

-iii-
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AIR FORCE FOREWORD

This study was initiated by the Reconnaissance Charting and Interpretation
Branch of the Information Processing Laboratory as a part of the Air Force
program to develop an interpretation capability compatible with future recon-
naissance systems. Specifically, the purpose of this study was to investigate
the value of electronic correlation techniques for the automatic and semi-auto-
matic detection and recognition of targets on aerial reconnaissance photogra-

phy.

This study has investigated both analytically and experimentally several pos-
sible techniques. These include the spatial and time domain analysis of the
original imagery, the analysis of correlation surfaces generated by optical
correlation between imagery and templets, and the analysis of target signa-
tures generated by the measurement of various attributes of the imagery.

Extensive analyses of these techniques were performed and some of the analy-
tical conclusions were validated empirically, Current and programmed work
will validate further the analytical portion of the work.

On the basis of the extensive analytical and empirical analyses, the report
presents several suggested target recognition systems. Three of the systems
are straight-line pattern analyzers while the fourth is a pattern and detector
that would be designed to detect pattern with specific dimensions and iength-
to-width ratios. It is possible to make use of the techniques developed during
the study through the breadboarding of these suggested configurations.

The study has generated ideas and techniques that may be of immediate interest
to help solve some existing problems, such as detection of clouds, water, and
rural areas or the detection of indicators of human activity, However, the
work also has a more long range application. As "perceptive" and "cognitive"
devices are applied towards some of the photo interpretation tasks, techniques
such as those developed »y Goodyear Aircraft Corporation will be required to
reduce the complex aerial photograph to a simpler and more usalle form.

This document presents the results of a scientific investigation. It is hoped
that it will stimulate interest in the problem and will serve as an indication of
our interest. Comments on this work, scientific or philosophical, are invited
and should be addressed to the contract scientist.

LYNWOOD D. SINNAMON, Jr.
Physical Scieatist

ATTN: RAWICC

Ruonmie Air Development Center
Gritfiss Air Force Base, New York
Muarch 1962
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PREFACE

This report was prepared by Goodyear Aircraft Corporation,
Akron, Ohio, under Air Force Contract AF30(602)-2459. It
describes studies begun in March 1961 and concluded in De-

cember 1961.

The study personnel were members the Advanced Avionics
Systems Engineering Department of Goodyear Aircraft Cor-
poration. The chief contributors and their fields of partici-
pation were: R. S. Bachtell, project engineer; M. Hansburg
and J. N. Burns, correlation techniques; C. Leontis and

T. V. Link, experimental evaluation; R. H. Smith, system

design; and J. F. Simpson, target attribute studies.
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SECTION I - INTRODUC TION

l. GENERAL
1,
Goodyear Aircraft Corporation (GAC), under Contract AF30(602)-2459, a

conducted a program to make possible the recognition of target patterns in
aerial photographs by electronic correlation techniques. The results of

that program are reported herein.

2. STATEMENT OF PROBLEM
a. General
The problem of pattern recognition has two major parts.

First, target patterns must be classified a priori according to some
measurable characteristics or attributes. Three different levels of
pattern classification by attributes are detection, recognition, and
identification. Patterns that are detected can be subdivided into pat-
terns that are recognized and, further, patterns that are identified.
For example, straight-line patterns can be detected, runways recog-
nized, and specific airports identified. (Since "recognition" cannot
be precisely defined, it will be used herein as the subclass of those

patterns that are detected.)

Second, the desired target patterns must be automatically detected,
and the pattern attributes must be automatically measured and com-~
pared with the values of the a priori selected attributes.

I

Tar get Classification

The target classification most amenable to automatic recognition is

attributes, or characteristics, of the target. The attributes can be

aSuperic:n' numbers in the text refer to iteme in the List of References, p. 207.

el-
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geometrical, such as linear dimensions or shape, and can be related
to the reflectivity of the target, such as the texture of a runway or the
shadows at the edges of a building, or they can result from some lin-
ear or nonlinear filtering operation on the photograph. For example,
various characteristics of the correlation function or of spectral en-

ergy in the spatial frequency domain may represent usable attributes.

Many targets are classified both by target attributes and by inference
from nearby objects. Much recognition by photographic interpreters
is of this type. For example, a pattern can be classified as a build-
ing by its shape and background contrast and can be further classified
by inference as an industrial plant by the presence of a large parking
lot filled with automobiles. However, this program did not deal with

inference as an aid to classification.

The usual classification of targets is verbal, which may have no re-
lation to attributes but be based on function only. In some cases, all
the individual targets that comprise a verbal class may have similar
attributes, but this is not generally true. A verbal class such as "mis-
sile launch sites" can possibly be subdivided into verbal categories

that have similar attributes, such as surface-to-surface or surface-
to-air. However, if they do not have similar attributes, they must
then be subdivided into still finer categories, so that instead of one

recognition problem, many emerge.

In other cases, individurl targets of a verbal class may have similar
attributes but other verbal classes may have the same attributes and
hence no distribution between the classes is possible. For example,
the verbal class "steel fabrication plant" has no special attributes {at
least for automatic recognition) that could distinguish it from many

other industrial classes.

Third, the first part of the recognition problem is the a priori selec-
tion of measurable attributes that will classify the target pattern. The

study of runways, petroleum refineries, and industrial complexes
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([g]

described in Section Il had as its objective the a priori selection of

geometrical attributes.

One objective at the analytical study of correlation techniques des-
cribed in Section III was the examination and selection of nongeomet-
rical attributes; i.e., attributes of the correlation functioa or of

spectral energy.

Automatic Detection and Classification of Target Patterns

The second part of the recognition problem is complicated by several

factors.

First, the target location is not known a priori, which, although ob-
vious, is a major part of the classification or recognition problem

since a target must somehow be detected or located before it can be
classified. (In some cases detection and classification occur simul-

taneously.)

Second, the target orientation and possible scale are not known a
priori. This means that either the detection and classification tech-
nique must be independent of these factors or the photograph must be

examined over a wide range of orientation and scales.

Third, the target is surrounded by a background that may confuse or
interfere with the detection and classification phase. The contrast
between target and background may be so low that only the most care-
ful examination will reveal its presence. The background also may
contain nearby patterns that could be counted as part of the target and

hence could confuse the classification.

The measurement of attributes may be either in sequence or in paral-
lel. There are justifications for both methods. Comparisons of meas-
ured attributes with the a priori attributes would probably be statisti-
cal. An example of runway recognition using statistical decision theo-

ry is given in Section II.
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The second part of the recognition problem is then to develop correla-~

tion techniques that will:
l. Detect the pattern regardless of scale, orientation,
and position.
2. Measure the pattern attributes and ignore undesir-

able background attributes.

3. Determine whether or not the combination of meas-
ured attributes is similar enough to the combina-

tion of a priori attributes.

Section IV describes the laboratory study of correlation techniques for

the automatic detection and measurement of pattern attributes.
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SECTION II - PHOTOGRAPHIC EXAMINATION OF PATTERN ATTRIBUTES

1. GENERAL

Attribute studies were made for runways and industrial complexes. Two
classes of industrial complexes were considered: those that contain cir-
cular patterns and those that contain rectangular and polyrectangular pat-

terns.

At the beginning of the study period, considerable work had already been
completed for runways. Those studies showed that successful recognition
of runways could possibly be based on the identification of rectangular pat-
terns in terms of two parameters, width and length. The feasibility of
this concept was further determined through a statistical examination of

runways and typical nontargets of the northeastern United States.

A preliminary attribute study of industrial complexes was made to deter-
mine the usefulness of individual circular or noncircular patterns in rec-
ognizing a given complex. Separate studies made for the circular and non-
circular patterns provided statistical descriptions of the dimensions, spac-
ings, and edge gradients for each pattern class. Additional useful indus-
trial attributes were found, such as the parallelism and straightness of a

high-frequency activity.

2. STATISTICAL EXPERIMENT IN RUNWAY RECOGNITION
a. General

The purpose of the statistical experiment in runway recognition was
to demonstrate the feasibility of identifying airfield runways in a het-

erogeneous background typical of the northeastern U.S.

The differentiation of runways (the "targets" in the statistical experi-

ment) from nonrunway ("nontarget") patterns was based on identifying

-5-
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¢

rectangular patterns and evaluating the two parameters, width and

length.
The statistical analysis indicated the probabilities of correct and in-

correct identification of targets and nontargets and provided evidence

of the reliability of runway identification.

jo

Target and Nontarget Data

Targets sought in the statistical experiment were the type of runways
found at military airfields or at civilian airfields with military facili-
ties. Every fourth airfield listed in Reference 2 was tabulated. A
total of 22 airfields with 61 total runways was included. The runway
widths (a) and lengths (b) together with their respective conditional
probability distributions P(a|t) and P(b|t) are given in Table I.

TABLE I - DISTRIBUTION AND PROBABILITY OF TARGET AND

NONTARGET ATTRIBUTES

Attribute Targets Nontargets Probability ratio
Width, a (ft) | Number | P(a|t) [ Number | P(a|nt) | P(a|t)/P(alnt)
75-124 5 0.082 42 0. 140 0.579
125-174 45 0.735 48 0.160 4.590
175-224 7 0.114 50 0.167 0.683
225-274 0 0 49 0.163 0
275-324 4 0. 065 46 0.153 0.378
325-374 0 0 38 0.126 0
375-425 0 0 27 0.090 0
Length, b (ft) | Number | P(bjt) | Number | P(b|nt) | P(b|t)/P(b|nt)
0-499 0 0 48 0.160 0
500-999 0 0 85 0.283 0
1,000-1, 499 0 0 108 0.360 0
1,500-1, 999 0 0 34 | 0.113 0 ¢
2,000-2, 499 0 0 13 0.043 0
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TABLE I - DISTRIBUTION AND PROBABILITY OF TARGET AND

NONTARGET ATTRIBUTES (Continued)

Attribute Targets Nontargets Probability ratio
Length, b (ft) | Number | P(b|t) | Number | P(b|nt)| P(b|t)/P(b|nt)
2,500-2,999 0 0 10 0.033 0
3,000-3, 499 0 0 0 0 0
3,500-3,999 6 0.098 0 0 oo
4,000-4, 499 5 0.082 0 0 oo
4,500-4, 999 5 0.082 0 0 oo
5,000-5, 499 13 0.213 0 0 oo
5,500-5, 999 4 0.065 0 0 e o)
6,000-6, 499 4 0.065 0 0 o
6,500-6, 999 4 0.065 0 0 o
7,000-7, 499 9 0.148 0 0 o
7,500-7, 999 0 0 0 0 0
8,000-8, 499 4 0.065 2 0.006 10.41
8,500-8, 999 0 0 0 0 0
9,000-9, 499 2 0.033 0 0 ()
9,500-9, 999 1 0.016 0 0 oo

10,000-10, 499 0 0 0 0 0
10,500-10, 999 0 0 0 0 0
11,000-11,499 1 0.016 0 0 oo
11,500-11, 999 1 0.016 0 0 @
12,000-12, 499 2 0.033 0 0 oo

Nontargets were selected in an area of 138 sq naut mi in Lucas Coun-
ty in north central Ohio. This area was chosen because it encom-
passes farm land, urban and industrial areas, a coastline and port, a
navigable river, railroads and railroad yards, and turnpike-type high-
ways. In addition, the topography is essentially flat and therefore

suitable for runways or other long, man-made features. The area
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has been surveyed on a basis of one-square-mile sections. Therefore,
the property boundaries and roads have a high degree of linearity and
90-deg conjunctions, which provides a greater opportunity for confu-
sion of targets and nontargets than in areas of nonrectangular surveys.
Thus, the sample area chosen is believed to represent the most dif-
ficult assemblage of patterns that could be anticipated in the north-
eastern U.5. A total of 300 nontargets was measured; their lengths,

widths, and probability distributions are also given in Table I.

Statistical Evaluation of Attribute Data

A statistical analysis was made of the probability of correct discrimi-
nation between targets and nontargets together with proper identifica-

tion of targets. The factors of probability dealt with are defined as:

P(nt|t) = conditional probability of a nontarget decision
when a target is present (incorrect decision)
P(t|nt) = conditional probability of a target decision when
a nontarget is present (incorrect decision)
P(tit) = conditional probability of a target detection when
a target is present (correct decision)
P(nt|nt) = conditional probability of a nontarget detection
wnen a nontarget is present (correct decision)
P(a|t) = conditional probability of width a when the pat-
tern is a target
P(a|nt) = conditional probability of width a when the pat-

tern is a nontarget

The correct decision probabilities were computed by first calculating
the incorrect decision probabilities and then using the following rcla-

tionships:

P(ntint) + P(tint) 1

P(tit) - P(nt|t) 1

The conditional probability P(nt|t) of a nontargct decision when a
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target exists, for a single attribute (in this case width, a), is ex-

P(nt|t) = Z P(alt) , (1)

nt

pressed by

where Ant is a set of values of the width a that satisfies the condition

of a nontarget decision, and

L

PSalt! <1 (2)

P(a|nt) ’
where L is a loss-ratio constant assumed in this case to be unity.

The conditional probability P(t'nt) of a target decision if a nontarget

is present, for the same single parameter, can te calculated from

P(t|nt) = E P(a|nt) , (3)

Ay

where At is a set of values of width a that satisfies the condition of a

target decision, and

LMM. (4)

P(a|nt)

P(alt) and P(alnt) are given in Table I with the ratio P(alt)/P(alnt).

Thus,
P(nt|t) = 0.254,
P(t|nt) = 0.160,
P(t't) = 1 - 0.254
= 0.746,
and
P(nt|nt) = 1 - 0.160
= 0. b4,
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3.
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Similar calculations were made for the other parameter, length b.

The results are given in Table II.

TABLE II - DECISION PROBABILITIES FOR LENGTH AND

WIDTH PARAMETERS

Incorrect Correct decision
decision probabilities probabilities
Parameter P(nt|t) P(t|nt) (Pt|t) P(nt|nt)
Width, a 0.254 0.160 0.746 0.84
Length, b 0 0.006 1.00 0.994

Results

The large values (see Table II) obtained in the statistical experiment
for the correct decision probabilities, P(t|t) and P(nt|nt), and the
small values obtained for the incorrect decision probabilities, P(nt|t)
and P(t|nt), indicate that the parameters of width and particularly of
length are valid criteria for the recognition and discrimination of air-
field runways in the northeastern U.S. Therefore, there is a high
probability of success for a runway recognition process that utilizes
(1) pattern widths to separate the targets from their background and

(2) pattern lengths to render the final target decisions.

CHARACTERISTICS OF INDUSTRIAL COMPLEXES

a.

General

Aerial photographs were examined to determine proper attribute des-
criptions for industrial complexes of Toledo, Ohio, and Dallas, Tex-
as. In Toledo 25 complexes were studied; in Dallas, 19. The fre-
quency distribution of the areal sizes of these complexes is given.

graphically in Figure 1.

Two distinct pattern classes exist within the Toledo and Dallas
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Figure 1 - Distribution of Sizes of Industrial Complexes
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complexes: circles (usually oil tanks) and the more common rectan-
gular or polyrectangular pattern. (See Figure 2.) The polyrectan-
gular patterns are discussed in item 4, below, while the Toledo-

Dallas and other circular patterns are considered in item 5.

Pattern Contrast

For the attributes of a given pattern to be determined in an automatic
recognition device, there must be sufficient contrast between the pat-
tern and its background. For this study, the contrast has been meas-
ured in terms of the number of equivalent density steps in a standard
density wedge, in which the ratio of transmissivities between suces-
sive steps is two. The distribution of these density-step contrast

values for the examined patterns is given in Figure 3.

Although most of these patterns exhibit contrast values greater than
one density step and therefore are readily analyzed with proper read-
out equipment, some patterns do have contrast values of less than one

step.

Miscellaneous Industrial Complex Attributes

For industrial complexes the following general characteristics are

important sources of recognition information.

The parallelism of the patterns, i.e., the tendency of the major axes
of the patterns within a given complex to be either parallel to each
other or perpendicular, is a useful characteristic. Of the 44 com-
plexes studied, only 32 percent had any acute angles in the arrange-
ment of the included patterns, and these deviations were generally

for only a small portion of the patterns within the complex.

The extent of the background adjoining the complex (i.e., the relative
isolation of the complex) is important in recognition systems that ex-
amine the complex as an entity. Complexes were subjectively judged

to be either "isolated" or "contiguous' in relation to adjacent build- .

ings. These decisions were made as follows:
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Dallas Toledo

Isolated 7 10
Intermediate 7 2
Contiguous 5 13

Another important recognition characteristic of an industrial com-
plex is the accompanying high-frequency activity. For example,
parked cars, the spaces between factory buildings, skylights, inter-
connecting roads, and paths provide a high-frequency activity, most
of which is in the form of paraliel, straight lines of restricted lengths
that can be readily detected with a line correlator. (See Section V.)

Examples of such high-frequency activity are given in Figure 2.

4. ATTRIBUTE DESCRIPTION OF POLYRECTANGULAR PATTERNS

The polyrectangular patterns were subdivided into rectangles for more
convenient handling, and the widths and lengths of the individual rectan-
gles were measured. The distributions of these lengths and widths are

given in Figures 4 and 5, respectively.

The dimensions of a pattern do not by themselves determine the pattern;

analytical time-domain and frequency-domain pattern identification studies
(see Section III) showed that the pattern spacing or the extent of a pattern's
ad joining background is equally important. The distribution of the spacing

of these patterns is given in Figure 6.

5. ATTRIBUTE CLASSIFICATION OF PETROLEUM REFINERIES (CIR-
CULAR PATTERNS)

a. Statement of Problem

(1) General

Recognition of a class of patterns by attribute measurement re-
quires a unique combination of attributes. A series of photographs

of petroleum refineries and similar complexes was interpreted

-15-
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jo

(2)

(3)

to collect data describing the geometry of the storage tanks and

to determine whether or not a unique set of attributes exists.
Experimental Approach

Various target complexes containing circular patterns were ex-
amined and subdivided into groups of equal~-size circular pat-
terns. Each group was measured to determine (1) the number of
tanks, (2) tank diameters, (3) the number of rows, (4) the num-
ber of columns, (5) spacing along the rows, (6) spacing along the
columns, (7) the polarity of tanks versus backgrounds, and (8) the
density increment between tanks and backgrounds. The critical

factors were then analyzed and presented in graph form.
Sample Areas and Samples

Eleven refineries were studied. Three were in Toledo; one near
Cincinnati, Ohio; two near Dallas; four near New Orleans, La.;
and one near Shreveport, La. These refineries contained a total

of 951 tanks.

Six nonrefineary complexes were studied. Four were in the Dallas
area and two were in the New Orleans area. These nonrefinery

complexes contained a total of 174 circular patterns.

Results of Refinery Analysis

The frequency distribution of the 951 tank diameters in the refinery

complexes is shown graphically in Figure 7, which indicates a high

frequency for tanks between 5 and 20 m and between 36 and 40 m in

diameter.

Figure 8 shows the frequency distribution for the number of tanks

contained in each of 118 groups of equal-diameter tanks. The number

of groups at each of the 1l refineries studied was as follows, with a
standard deviation of 6. 16:

-19-
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Refinery = Number of groups

I 14

II 13
III 25
v 11
v 5
\2! 10
VII 6
VIII 3
IX 5
X 11
XI 18
Average 11

Table III indicates the occurrence of groups of tanks of equal diameters
for the 11 refineries. An "X" indicates that at least one group of tanks

of a given diameter was present at a given refinery.

Figure 9 shows the frequency of occurrence of various groups of tanks
of a given equal diameter. The average group had a diameter of 21 to

25 m and the standard deviation was 13.4 m.

Figure 10 shows the average spacing of rows and columns between re-
finery tanks. The ratio of spacing to tank diameter was approximately
1.5 to 1, which corresponds to a tank duty cycle of 0.4 for most of the
tanks. The triangles that bracket the average points in Figure 10 indi-

cate the limits of 1 standard deviation.

The polarity of refinery tanks against backgrounds was predominantly
(94. 3 percent) light on dark. The degree of this contrast was deter-
mined in terms of an arbitrary density wedge that contained six steps
from 0 (white) to 6 (black). The frequency of tank occurrence for a
given contrast per number of steps is shown in Figure 11. Reliable

readout can be obtained for contrasts of one or more density steps.
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TABLE III - OCCURRENCE OF EQUAL-DIAMETER TANK GROUPS

WITHIN A GIVEN REFINERY

Tank Refinery
diameter
{meters) I II | III v A% VI | VII VI | IX X |XI
0to 5 X
6 to 10 X X X X X X X
11 to 15 X | X X X X X X X X X
16 to 20 X | X X X X X X X
21 to 25 X X X X X X X X
26 to 30 X X X X
31 to 35 X | X X X X X
36 to 40 X | X X X X X X X X
41 to 45 X X X
46 to 50 X X
51 to 55 X
56 to 60
61 to 65 X
¢. Results of Nonrefinery Analysis
Figure 12 shows the frequency distributon of diameters of circular
patterns in nonrefinery complexes. Three diameter ranges having a
high frequency were 0 to 5, 36 to 40, and 46 to 50 m.
Figure 13 is a plot of diameter versus spacing of nonrefinery patterns.
Spacing appeared to be constant at about 0 to 5 m for diameters of less
than 25 m, and increased irregularly beyond that diameter. However,
th: ratio of spacing to diameter was never greater than 0.5 to 1 and
differed from the ratio of 1.5 to 1 for oil tanks.
d. Conclusions

Contrast of tanks (Figure 11) was sufficient to permit high readout

reliability. Groups of tanks between 5 and 40 m in diameter can be
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anticipated with high probability in refinery complexes. Refinery
tanks are ordinarily spaced so that the ratio of spacing to diameter

is 1.5 to 1.

Thus, it appears that a pattern recognition device designed to meas-
ure these parameters will be successful in recognizing petroleum re-

fineries.

6. CONCLUSIONS

The attributes of runways, petroleum refineries, and more general indus-
trial complexes were analyzed through careful examination of selected pho-

tographs. The following conclusions can be drawn from the study.

A high probability for the successful recognition of runways is obtained
through the detection of rectangular patterns that lie within given intervals
of width (125 to 325 ft) and length (3500 to 12, 500 ft) for the northeastern
US. This conclusion is sub.iantiated by the high values for the correct-
decision probabilities and the low values for the incorrect-decision proba-
bilities (Table II).

The following attributes give oil tanks a unique spectral distribution that
can be used in their recognition and therefore in the recognition of refin-
eries. Tanks are usually light in a dark background and have sufficient
contrast (see Figure 11) for reliable readout. Equally spaced tanks of
equal diameter exist in repetitive groups in which the ratio of tank spac-
ing to tank diameter is approximately 1.5 to 1, which is equivalent to a
duty cycle of 0.4. Each refinery is almost certain to contain some such

groups of tanks with diameters between 5 and 40 m.

Recognition of general industrial complexes is more difficult because the
complexes cannot be classified by any reasonably simple set of geometri-
cal attributes. However, they do contain, among other things, rectangular
or polyrectangular patterns and parallel, straight, and very narrow strips
that appear between the individual buildings, skylights, parked cars, in-
terconnecting walks, and driveways. Although in some cases the complexes
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can be classified from geometrical attributes alone, it seems necessary

to examine other attributes for a general solution. (See Section III.)
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SECTION IIl - ANALYTICAL STUDY OF PATTERN ATTRIBUTES

Subsection One - General

Two general methods of correlation can be utilized to achieve pattern recogni-
tion. One method correlates a reference template (a representation of the de-
sired pattern) with the actual photographic scene. The other method uses cor-
relation of the scene with a spot, an expanding spot, a line, or some other ele-
mentary pattern to obtain information concerning the unique attributes of the

pattern; this information then yields pattern recognition.

The first method, template matching, requires proper target-template cor-
respondence in orientation, scale, and signal polarity before a suitable peak
correlation is obtained. However, even if such correspondence is achieved -
and it is a difficult problem - the correlation peak obtained is not highly relia-
ble.

The second correlation method, which recognizes targets through their attri-
butes, is simpler and more successful. A quantitative photograph study of
some of the unique attributes that are characteristic of runw:. /s and industrial

complexes is described in Section II.

The recognition of the rectangular pattern of a runway is accomplished through
attributes that define the pattern edges, the straightness of the edges, and the
pattern length and width. The correlators used are (1) the width-sifter, which
correlates the scene with a spot to determine the pattern edges and widths, and
(2) the straight-line detector (see Section V), which uses the correlation of a

line to determine pattern edge straightness and length.

The recognition of industrial complexes, on the other hand, requires that many
attributes be measured before recognition can be considered reliable. There-

fore, an analytical study of the other attributes that can be used to achieve a
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more reliable recognition of industrial complexes is described in this section.
However, a more important contribution of such a study is the sets of restrict-
ing requirements generated for each attribute that define the applicability of

the attribute to the recognition of a given target class.

Because of the parallel or perpendicular orientation of industrial patterns and
especially because of the periodicity of the circular patterns, the uniqueness
of the spectral energy distributions of such patterns was investigated. Unique
spectral attributes amenable to filtering were found mainly in target patterns
that have a repetitive sequence of at least two patterns and approximately equal

target length and spacing.

A frequency domain "oil tank' filter for use in a coherent optical channel was
designed to take advantage of these spectral requirements. Such a filter per-
mits simple experimental verification of the frequency domain study and com-

parison of the frequency and time domain correlation efforts.

A time domain method, the expanding-spot scanner, for the identification of
irregular patterns was studied. Such a scanner utilizes the correlation of an
expanding spot to overcome some of the frequency domain restrictions: i.e.,
pattern recurrence, approximately equal target length and spacing, and positive
target polarity (white on black background). A quantitative analysis was also

made of the action of the expanding spot.
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SECTION III - ANALYTICAL STUDY OF PATTERN ATTRIBUTES

Subsection Two - Frequency Domain Analysis of Industrial Patterns

GENERAL

The distribution of spectral energy for single pulses, pulse pairs (doublets),
and recurrent sequences that can be used to simulate photographic patterns

of varying complexity were studied and are discussed in the following para-

graphs. The energy associated with the principal spectral loops, or maxi-

ma, of recurrent spectrums are useful in pattern recognition because of the
uniqueness of such energy distributions. A quantitative description is

given of the relative energy content of the first few spectral loops as a

function of the duty cycle and the number of pulses of a recurrent sequence,

SPECTRAL DENSITY AND ENERGY OF SIMULATED INDUSTRIAL PAT-
TERNS

The buildings and spacings for most industrial sites can be simulated by
single pulses, pulse pairs, or sequences of repetitive pulses. To simplify
the mathematics in this first preliminary investigation, spectral calcula-
tions were carried out in only one dimension, although it is recognized

that the buildings and the spacings are actually two-dimensional. However,
if the x and y dimensions of a pattern are independent of each other, as in
a rectangle that is aligned with the coordinate system, the two-dimensional

spectrum is the product of two one-dimensional spectrums.

The three signals chosen to simulate industrial patterns are shown in Fig-
ure l4. The pulses, which simulate the buildings, have an amplitude VAh
and a width of 2a m, while the pulse or building spacings are at zero level

and 2b m wide.

A preliminary statistical study (see Section Il, item 4) of the industrial
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buildings of Toledo and Dallas indicates a spread in lengths (2a) of 10 to
400 m and in spacings (2b) of 10 to 300 m,

The spectral energy contents of the three signals are presented below.
The expressions for the spectrums of the pulse, double pulse, and re-
current pulses can be obtained from the Fraunhofer diffraction patterns
of a slit, dual slit, and grating, respectively. Such patterns are given
in Reference 3 as a function of the ray angle, 8, and of the wave length,
A, of the coherent light source. These expressions can be converted to
the desired spectral equation with the following relationship between the
radial frequency, w, and the diffraction parameters:

27 sin ©
w= 7=, (5)
A

(The deviation of Equation 5 is given in Reference 4.)

The single pulse pl(x) (see Figure 14), representing an industrial site

with a single large factory building, has the following energy spectrum,

2
|P1<f)
2 2[ sin aWw 2
The dual pulse h (x) (Figure 14), representing the next order of industrial
site complexity, has the following energy spectrum, |H (f)l2
2 2(sinwa\* 2
- sin wa .
Hl(f)| = Ahléa <——w—a—> cos (b(a + b) . (7)

Sequences of repetitive pulses hz(x). h3(x) (Figure 14) are characteristic
of such industrial complexes as oil refineries, warehouses, and railroad
yards, and of other area complexes such as military barracks and urban

developments. The energy spectrums, |H,(f) 2, for a repetitive sequence

of N patterns are defined by

2 _ 4a,a 2 (sin’ wa) lsm [(Nw)(a + b)l} 8)
(wa) |sm [w)a + b)]

|0
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The dual pulse spectrums are a special case of the above spectrums and

and can be obtained by substituting N = 2 in Equation 8.

Representative spectrums, in square meters, of these types of signals
are plotted in Figure 15 as a function of the radial frequency, w, in radi-
ans per meter. The W scale is defined in terms of an integer, n, and a
unit radian measure (0. 00362 radians per meter), which is comparable

to a spatial wave length of 1735 m.

The curves labeled lPl(f)l2 and lHl(f)|2 represent, respectively, a single
pulse of length 2a = 580 m and a pulse pair in which 2a = 290 m and 2b =
70 m. The pulse pair represents a pair of acceptable industrial buildings;
while the single target, since its length exceeds that of an industrial build-
ing, represents a noisy background signal with a total energy content equal
to that of the pair of industrial buildings. Comparison of the two spectrums
indicates that little difference exists except at the second loop, 3 £ n < 6,
and that this difference represents a small portion of the total energy of

each spectrum.

The other pair of spectral curves in Figure 15 represents two sets of re-
current pulses; one has an equal pulse and spacing length of 25 m, and the
other has a pulse and spacing length of 40 m and 10 m, respectively. Such

recurrent spectrums display main loops or principal maxima of energy at

w=0 m 2m km
pa——5+ .-—Ea ;...,—.—m

The first central energy loops for each of the two recurrent spectrums

are shown in Figure 15,

A more useful measure of the discrimination between the spectrums of tar-
gets and nontargets is the cumulative integral, with respect to w, of the
spectral energy: i.e., the total energy within a given load pass. From
such data, the discriminatory effectiveness of a given band pass filter can
be obtained by noting the percent of signal energy passed by the filter. The
cumulative spectral energy, E(H), for a given signal spectrum, lH(f)lZ '

is
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w

E(H) =%./
0

The integrals of the spectrums from Equations 6 and 8 were computed

H(f)| % dw

numerically with Simpson's rule and are plotted in Figure 16 in terms of
the percentage of the original energy content, E available from

+ 0o
E, = h(x)% dx . (9)

-oo

Again for the pulse and for the pulse pair, little of the signal energy exists
outside the central loop; i.e., at frequencies higher than n = 3 (this value
of n is equal to wa T 7, in which 2a is the width of the pulse in each case).
The slightly larger amount of high-frequency energy associated with the
pulse pair (22 percent versus 9.5 percent), due primarily to the small

spacing between the two pulses, is not'sufficient to provide a reliable dis-

crimination between the target and nontarget signals.

A different situation exists with the cumulative energies of the recurrent
2
H, (1)

and H3(f) Z; in this case the higher frequencies con-
tain a greater portion of the energy. This is especially true as the pulse

spectrums,

and spacing lengths approach equality; it should be noted that the signal
spectrums |H2(f)|2, in which the seven pulses and spacings are each 25 m,
has more than 50 percent of its energy associated with frequencies out-
side its first central loop. Such an energy distribution is amenable to
filtering and is considered in the following paragraphs, in which the rcla-
tive distribution of energy between the central spectral loop and the higher-
frequency p:incipal spectral loops that lie outside the central loop is evalu-

ated.

DISTRIBUTION OF SPECTRAL ENERGY AMONG PRINCIPAL SPECTRAL
LOOPS

)
The recurrent spectrums “ of N patterns, (N >1), described by

H,(f)
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Equation 8, exhibit spectral loops whose peaks occur at radial frequencies

“’k' so that the last term is

sin [(N)(wk)(a + b)] : 2

sin[(wk)(a + b)] "N (o)

The various values for these radial frequencies, Wy which define each of
the k spectral loops, are inversely proportional to the periodic width,

a+ b, or

_ (k- 1)(m)
W = ) (11)

The spectral widths of the loops are defined by the radial frequencies Wya

and Wy whick mark, respectively, the first zeros that precede and fol-

ka © (“ -1 1lv><32—5> (12)
Wy, = <k -1 +11q><%5> X (13)

The energy, E,, contained in a given k spectral loop is obtained by inte-

low the peak and are

€
'

and

Hz(f)l2 (Equation 8) between the two zeros Wea and

grating the spectrum,

wkb.deﬁned by Equations 12 and 13 above, or

w
2 kb ¢
E, = famAy, <sin wa>2 sin [(Nw)(a + b)] dw (14)
K = T wa $in[(w){a + b)] .

wka
(Ek represents the combined energy of both the positive and negative fre-
quency portions of the kth loop.)
A more convenient representation of the loop energy is Rk' the percent of

the total signal energy, obtained as a ratio of the integral of Equation 14 ‘
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to E of Equation 9. The percent of signal energy contained in the kth

loop, in which k > 1, becomes approximately (see Appendix A)

. > . (15)

The terms, CO' CZ' and C4, which are functions of the duty cycle or of

['~N

~ a CZ C
Rk='a—+5<co+§z+

%)

the pulse-width-to-period ratio, a/a + b, and of the loop number, k, are

evaluated in Appendix A. The values of a/a + b and k are restricted so

that
a 11\ <
<m><k'”w>-l ' ;

When N > 5 an alternate and less restrictive representation of the loop

energy percentage, R,, is obtained (see Appendix A):

: 2
Ry ?<a_:s>(1-85)Em [(ﬂ 5—2—5>(k i 1)]} (16)

(o]

Finally, the percent of spectral energy, Rl' in the central loop has the

following approximate value (see item 2, Appendix A) and is plotted in

Figure 17;

0.33[1-( a )LZ oo779[1-( a )Z]Z
Rl?m 0.925 + Tm b 7457‘57”_ .

(17)

The constant term, 0.925, represents the percent of energy present in
the central loop of the "sin x over x" spectrum of a single turget pulse
and indicates the change of a recurrent sequence into a single target as

the ratio a/a + b approaches one.

Figure 17 provides a measure of the spectral distribution of energy among

the first three loops for recurrent sequences of N pulses, for N > 1, with
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a given duty cycle or pulse-to-period-width ratio of a/a + b, Signals that
have a low duty cycle, a/a + b < 0.1, have their energy distributzd rather
evenly among the first three loops and substantial amounts of energy asso-
ciated with the remaining higher order loops. However, as the targets.
increase in size and as spacings decrease to render a/a + b larger, an in-
creasing amount of energy is accounted for by the first few loops; at
a/a+b = 0.2 almost 70 percent is associated with the first three loops,
ata/a+b = 0.4 almost 78 percent of the energy is contained in the first
two loops, and at a/a + b = 0.8 over 70 percent of the energy is in the
first loop alone. It should be noted that number of pulses, N, has a small

effect (a difference of less than 5 percent) on the spectral distribution.

CONCLUSIONS

The spectral energy distributions of pulses, doublets, and recurrent se-

quences indicate that:

1. If the duty cycle of doublets or recurrent sequences
approach unity - that is, if the targets are larger
than their separation - the spectrums of such signals
cannot be reliably used in pattern recognition since
the recurrent spectrums in these cases are too much
like the spectrums of those single noise pulses that

are equal to the size of the sequences.

2. As the duty cycle is decreased so that it lies between
0.3 and 0.5, most of the spectral energy of doublets
and recurrent sequences are associated with the first
two spectral loops; sufficient spectral uniqueness ex-

ists to permit the isolation of such target classes.

3. Since the energy is divided among many spectral loops,
the spectral distribution associated with a low duty cy-

cle (i.e., less than 0.2), is best processed through a
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comb-type filter that will pass only the several prin-

cipal spectral loops.

The most effective filtering is obtained for those repetitive signals that
have most of their energy concentrated in a second spectral loop that is
sufficiently removed from the low frequencies of the central loop. A fre-
quency domain design of a suitable recognition filter for such signals is

discussed in the following paragraphs.
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SECTION III - ANALYTICAL STUDY OF PATTERN ATTRIBUTES

Subsection Three - Frequency Domain Filtering

GENERAL

A method for utilizing spectral attributes in a recognition process requires
the original data to be passed through a filter that is designed to maximize
the spectral discrimination between the desirable targets and the back-
ground noise. Examination of the relative amount of original target and
nontarget energy passed by the filter, in conjunction with other attributes,
will permit recognition of the desirable patterns. The target signals must
not only have the proper spectral characteristics but must provide a proper

polarity signal energy, that is, a white intensity in a black background.

Two filtering methods are available for the processing of the spectral at-
tributes. One is carried out in the frequency domain through use of a co-
herent optical channel; the other, carried out in the space domain, utilizes
the correlation of an expanding spot in a modified flying-spot scanner (fss)..
(The second method, the expanding-spot scanner, is discussed in Subsec-

tion Four, this section.)

Frequency domain filtering is suggested for two reasons: first, a coherent
optical channel is available that permits experimental verification of the
frequency domain analysis with minimum effort; and second, a comparison

of the results of frequency and time domain filtering can be made.

FILTER DESIGN

The filter in the coherent optical channel is a two-dimensional transmis-
sivity plot on film of the frequencies to be passed. The resulting film is

placed at the {requency transform plane of the coherent optical channel;
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the output at the image plane is an intensity plot of the input energy al-

lowed to pass through the filter.

One approach to the design of the filter, maximizing the signal-to-noise
ratio without regard for signal fidelity, > requires a single average spec-
trum for the background noise and one for the desirable signals. Such
average spectrums can be computed in each case from the experimentally
obtained probability distributions of the various parameters that affect

the spectrums. If, for example, the background noise is random and has
a flat spectrum, the required filter is matched; i.e., it has a spectrum
exactly like that of the average signal spectrum. Such a complex function
would be extremely difficult to reproduce on film for use in the coherent
channel and would be almost impossible to incorporate into a time domain
fss filter. Furthermore, certain of the actual signal spectrums would de-
viate from this average value and caution must be used to ensure that these
'

spectrums will not be penalized too severely by the action of this "average'

filter.

An alternate and simpler approach is to consider a two-level omnidirec-

tional band pass filter (see Figure 18), which can be described completely

e}

-46-
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by the upper and lower corner frequencies, w, and W, respectively, and
can be readily made for a coherent channel. Optimum values for the cor-
ner frequencies can be obtained by maximizing the signal-to-noise ratio.
The calculations for a maximal signal-to-noise discrimination in this case
can be carried out separately for each of the corner frequencies with bound-
ary values for the high- and low-frequency signals and with an average
noise spectrum. For example, the proper values for the filter's corner
frequencies w; and w, will satisfy the following equations for the maxi-

mums of the signal-to-noise ratios, or

2 (3), -0 s
and

B (58) -=o0.

awz(T)l 0 (19)

The calculation for the lower cutoff frequency, w, from Equation 18, uti-
lizes low-frequency signal spectrums (S)l; that for W, uses high-frequency

spectrums (S)Z' In each case T represents the average noise spectrums.

An example of a two-dimensional recurrent signal spectrum is associated
with the matrix of oil tanks, which are characteristic of an oil refinery.
If a symmetrical N X N arrangement of N2 tanks is assumed, the two-
dimensional spectrum becomes the product of the two single-dimensional

spectrums, or

2 4 sin w a ¢ sin (Ww_a) 2
lH(w w )¢ = (A 16a y X
Xy h w a wya

sin Nw_(a + b) 2| sin (Nw_)(a + b) 2

s1n wx(é + b) s1n (wy)(a ¥ b) ’ (20)

which assumes that the individual tanks of widths 2a are square when ac-

tually they are round. This discrepancy in the equation is reflected in the
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first two "sin x over x" terms, and is not excessive (see pages 302 and

303 of Reference 3); furthermore, the last two terms, which are not af-
fected by this error, are much more effective in determining the energy
contents of the several recurrent spectral loops upon which the filtering

action depends.

The main energy loops of the two-dimensional recurrent spectrums, as de-
fined by Equation 20, are plotted schematically as an intensity function of
W and wy in Figure 19. The relative energy content Rij of a given i, j
loop can be determined from Figure 17, in which the plotted energies for
the second and third loops refer to the combined energy of both the positive
and negative loops, so that the individual loop energy is one half of the
plotted figure. For example, ifa/a+b = 1/2 and N = 2, from Figure 17
the energy of loop 1, 2 is

(0. 41)
R L1 (0.48)

1,2

0.0984 .

If it is assumed that the two dotted circles de:ine the unity band pass of a
two-level filter, the spectral loops (1,2), (2,1), (1,-2), and (-2,1) are
passed (see Figure 19). The combined relative energy RT of these four

loops under the conditions a/a + b = 1/2 and N = 2 is

Ry = 4 [(9_2‘31> (0.48)]

0.394 .

Thus, 39.4 percent of the input recurrent pattern energy is passed by a
two-level filter whose corner frequencies correspond to the boundary fre-
quencies required for the second spectral loop (see Figure 17 and Equa-
tions 12 and 13). Such a filter will be designed in accordance with the
maximal methods given in Equations 18 and 19. Since the two corner fre-
quencies of the filter depend mainly on the frequencies associated with the
one -dimensional second loop, the filter design is carried out with respect

to this loop.
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OMNIDIRECTIONAL FILTER

Figure 19 - Spectral Energy of Two-Dimensional Repetitive Pattern and
Two-Level Omnidirectional Filter

49 -
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The evaluation of the signal (S) and noise (T) energies and the solution
of the filter design expressions (Equations 18 and 19) are given in Appen-

dix B.

EVALUATION OF TWO CORNER FREQUENCIES W, AND w,

The general solutions developed in Appendix B provide values of & as a
function of the number of pulses, N, and of the minimum and maximum
one-half-period lengths (ﬁ. the combined half-lengths of target plus
spacing) that occur in a given input ensemble of repetitive signals. The
term (& refers to the percentage of the second spectral loop energy, of a
given extreme upper or lower frequency input signal, that is passed by
the filter; it is related to the lower and upper corner frequencies, W, and

w5 respectively, as follows:

()-8
- @9).

where A and B are, respectively, the maximum and minimum one-half-

and

period lengths associated with the input ensemble of target signals.

The solutions of Equation B-12 of Appendix B in terms of al and Equa-

tion 21 in terms of w, for several values of the number of sequence pulses
and the ratio ﬂ/wZA are given in Table IV; ﬂ/sz has approximately the
same value as the ratio B/A of the minimum and maximum one-half-period
lengths. The relative insensitivity of the solutions of a, to various values
of N and of the ratio ﬂ/sz is apparent. The linear relationship that cxists
between the number of pulses, N, and the portion of the loop, @, that is to
be passed by the filter is offset by the fact that the spectral width of the
second spectral loop (see Equations 12 and 13) varies inversely with N, A

relatively constant value for w, thus results.

Table V gives a similar compilation of values for a, from Equation B-13
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TABLE IV - SOLUTIONS OF EQUATION B-13 FOR a, AND

EQUATION 21 FOR w,

Numb f Solution of Solution of
umber o T ~ B Equation B-13 Equation 21
sequence A" ZE for a for w
pulses, N 2 1 1

1

2 1/2 0.3 % (0.85)

2 1/3 0.35 % (0.825)

3 1/2 0.40 5 (0.87)
m

3 1/3 0.45 z (0.85)
w

3 1/10 0.5 X (0.84)
w

5 1/2 0.55 % (0.89)

5 1/3 0. 60 % {0.87)

TABLE V . SOLUTIONS OF EQUATION B-14 FOR a, AND

EQUATION 22 FOR w

2

Nurab p Solution of Solution of
umber o T o A Equation B-14 Equation 22

sequence "B "B for a for w

pulses, N 1 2 2

5 3 0.68 3 (1.34)

3 2 0.70 B (1.23)

3 3 0.75 g (1.25)

3 15 0.88 3 (1.29)

5 ]
15 0.90 5 (1.18)
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of Appendix B and w, from Equation 22. Very high values of & are ob-
tained as solutions of Equation B-13 so that the resultant value of w, es-
sentially depends on the width of the second loop (Equations 12 and 13) and
therefore of the number of pulses, N, in the sequence. This arises be-
cause of the inverse variation in the noise energy with the square of the
frequency (see Equation B-8) so that at the upper portion of the filter band
width the increase in noise due to an extension of the upper corner fre-
quency W, is very much less than at the lower portion of the filter's fre-

quency band.

CALCULATION OF OMNIDIRECTIONAL FILTER FOR OIL TANKS

The preceding theory of frequency domain filtering was applied to the de-
sign of an omnidirectional filter (Figure 18) that will pass the signal en-
ergy associated with oil tanks. The study of oil tanks indicated that oil
refineries will almost certainly have tanks between 5 and 40 m in diame-
ter and in groups that have duty cycles, a/a + b, between 0.3 and 0.5. A
maximum one-half-period, A = 67 m,is associated with a 40-m tank se-
quence with a minimum duty cycle of 0. 3; while the minimum one-half-
period, B = 5 m, is obtained from a 5-m tank sequence with a duty cycle
of 0.5. Approximate values for the ratios ﬂ/sz = 0.10 and 7/w; B = 15
and an assumed value of N = 3 result in the following values from Tables

IV and V for W, and w,:

1 2
L4
w, =57 (0.84)
= 0.039 radians per meter
_ T
w, = ¢ (1.29)

0.81 radians per meter .

The conversion of these radial frequencies into the proper physical dimen-
sions of a coherent channel omnidirectional filter is accomplished as fol-

lows. Since the coherent optical channel is fundamentally a Frauhafer
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diffraction experiment, its frequency transform plane where the filter is

located can be described by the following expression, given above as Equa-

tion 5:

_ 27 sin 6
A

where 6 and A are, respectively, the ray angle with respect to the central

w

’

optical axis and the wave length of the coherent light source. The desired
relationship between a given radial frequency w_ and its corresponding lo-
cating point, Lx’ at the filter transform plane, for a given focal length,

Lf, is therefore

w = ’ (23)

which assumes that sin 8 = L‘x/Lf and that the origin at the frequency trans-

form plane coincides with the optical axis of the coherent optical channel.

For an assumed reduction of 1.11 X 10'5 in the scale of the input scene,
a coherent source wave length of A = 5.44 X 10-5 cm, and a coherent op-
tical channel focal length of 60.9 cm, the physical lengths of the outer and
inner radiuses, Lo (corresponding to wz) and Li (corresponding to wl).
for the transmission annulus of the filter, in accordance with Equation 23,

are

L =0.384cm
o

and

L‘i = 0.0181 cm .
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SECTION IIl - ANALYTICAL STUDY OF PATTERN ATTRIBUTES

Subsection Four - Time Domain Filtering with Expanding-Spot Scanner

GENERAL

The expanding-spot scanner detects in the time domain those patterns that
have nearly unity length-to-width ratios and that may or may not be rec-
tangular. It can also detect the opposite boundaries of a pattern having a

larger -than-unity value of length-to-width ratio.

The limitations of frequency domain filtering - namely, that the target pat-
tern must be recurrent with restricted allowable ratios of target length to
spacing and that the pattern intensity must be white with a black back-
ground - are cvercome to a large degree with the expanding-spot scanner.
With such a scanner, the pattern need not be recurrent, can have a much
wider range of target-length-to-spacing ratios, and can be either white or

black in intensity.

In an expanding-spot examination of a given point in a scene,the spot at the
given point expands from a minimum to some maximum size. The over-
all light flux emitted by the expanding spot is constrained to remain con-
stant throughout the variations in spot size. Both minimum and maximum
sizes are dictated by the dimensions of the patterns that are to be recog-

nized.

The time derivative of the expanding spot readout at a given point permits

a spectral examination of the pattern existing at that point. For example,
if it is assumed that at a given point the pattern is larger than the largest

acceptable pattern size and therefore the largest spot size, as the spot ex-
pands at this point to its maximum size, the constant readout of this large
pattern results in an essentially zero time derivative and the pattern is

therefore rejected. On the 