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Preface

The rapid proliferation of computers during the past two decades
has barely kept pace with the explosive increase in the amount of
information that needs to be processed. The processing of pictorial
information, obtained from both business and scientific sources,
presents an especially challenging problem. Computers have found
extensive use in tasks such as

a) Making weather maps from meteorological satellite television
images,. or land use maps from earth resources aircraft or
satellite imagery;

b) Diagnosing pathological conditions by analyzing medical X-rays
or microscope slides;

¢) Searching for new fundamental particles by analyzing photographs
of interactions in nuclear particle studies;

d) Reading handwritten or printed documents — zip codes on
envelopes, credit card numbers on s;}les slips, etc.

This book contains review papers on the computer analysis of
pictorial information in five major areas: remote sensing of the
environment (via images obtained by aircraft or satellites); medical
radiology; high-energy physics; cytology; and character recognition.
The papers are written by recognized experts in these fields. Taken
collectively, they provide a broad introduction, from-a practical
standpoint, to the important topic of digital picture analysis.

College Park, Maryland, USA AZRIEL ROSENFELD
February 1976



Contributors

DWwYER, SAMUEL J., 111

Department of Electrical Engineering, University of Missouri-
Columbia, Columbia, M0v65201, USA

-

HARALICK, ROBERT M.

Department of Electrical Engineering, The University of Kansas
Space Technology Center, Lawrence, KS 66044, USA

HARLOW, CHARLES A. -
' Departmertt of Electrical Engineering, University of Missouri-
Columbia, Columbia, MO 65201, USA
LODWICK; GWILYM
Department of Radiology, University of Missouri Medical Center,
University of Missouri-Columbia, Columbia, MO 65201, USA
McILwAIN, ROBERT L., JR. '
Department of Physics, Purdue University, Lafayette, IN 47907, USA

PRI-:STON, KENDALL, JR.

Department of Electrical Engineering, Carnegie-Mellon University,
. Schenley Park, Pittsburgh, PA 15213, USA

ROSENFELD, AZRIEL

Picture Processing Laboratory, Computer Science Center, University
of Maryland, College Park, MD 20742, USA

ULLMANN, JuLIAN R.

Department of Applied Mathematics and Computing Science,
University of Sheffield, Sheffield S10 2TN, Great Britain



Contents

1. Introduction. By A. ROSENFELD . . . . . . . . . . . . . .

2. Automatic Remote Sensor Image Processing.
By R. M. HarALIcK (With 10 Figures)

2.1 Remote Sensing . . .". . ... ... e
2.2 The Image Processing Problem e e e e
2.3 Preprocessing Problems . . . . . . e e e e e e ‘

2.3.1 Grey Tone Normalization . ... . . . . .. .

Multi-Image Normalization for Viewing Angle,

Atmospheric,and Intensity Variations . . . . ..
Single Image Quantization . . . . ... . . . .

2.3.2 Image Registration, Congruencing, Rectlﬁqatlon

2.4 Image Pattern Recognition . .. . . . . . . . B
2.4.1 Category and Training Data Selectlon .....
2.4.2 Decision Rule Determination . . . . . . . .

Table Look-up Approach . . . . . . . . .

Multivariate Normal Assumption . . . . . . .

» 24.3 Feature Selection . . . . . . . . . . .. :

2.4.4 Estimating Decision Rule Error . . . . . . . .
24.5 Clustering . . . . . . . . . . .. e e ..

2.5 Image Texture . . . . . . . . . . . o e 0. oa

2.5.1 Optical Processing Methods and Texture

252 Textureand Edges- . . . . . . . . . . ..

2.5.3 Digital Transform Methods and Texture

2.5.4 Spatial Grey Tone Dependence: Co-Occurrence .

2.5.5 A Textural Transform . . . . . . . . .

2.6 Near Real Time Hardware Processing . . . . N

2.7 Software Processing . . . . . . . . . . . . ..

2.7.1 Multi-Image Formats . . . . . . . . . . S

2.7.2 Checking A/D Conversion of Image Data
2.7.3 User Oriented Commands and Library Programs

2.8 Conclusion e e e e e e

References e e e e e e e e L.



VI Contents

3 Om Radiographic Image Analysis. By C. A. HarLOW, ¥
S. J. Dwyer 111, and G. Lobwick (With 38 Figures)

3.1 Library Development . . . . . . . e ... 87
3.2 System Hardware . . . . . . . . . . . . . .. ... 70
33 ImageAnalysis . . . . . . . . . .. ... L. Y A
3.3.1 Pattern Recognition . . . . . . . . . .. .. 1M
Discriminant Functions C e e e e ... M
Modified Maximum Likelihood DCCIS]OI‘I Rule
(MMLDR) . . . . .. N .18
Evaluation . . .". . . . . . . . . .. T
Measurement Selection . . . . . . . . . . . . . 79
332 Preprocessing . . . . . . . . . ... .. 80
3.3.3 Texture e e e e e .. . 83
3.3.4 Picture Segmentatlon e e e e e e e e e e . 86
3.4 Applications . . . . . R 93
34.1 Nuclear Medlcme e e e e e e e e e e . 94
342 BoneDisease . . . . . . . .. PRV *
343 Lungs . . . . ... ..o oo . 107
344 HeartDisease .'. . . . . . . . . . . .. .. . 114
34.5 Rheumatic Heart Disease . . . . . . . . . . . . 115
34.6 Congenital Heart Disease . . . . . . . . . . . 119

Small Computer Analysis of Congenital Heart Disease 122
Diagnosis of Congenital Heart Disease from Boundary

Data . . . . . . . . . ... ... ... ... 125
Automated Extraction of Boundary Data for
Congenital Heart Disease . . . . . . . . . . . . 134
3.4.7 Conclusions and Summary ........... 146
Appendix: Other Laboratories Involved in Radnographlc
Image Analysis . . . . . . ... .. ... .+147

References . . . . . . . . . . ... oo ;148

4. Image Processing in High Energy Physics.
By R. L. McILwAIN, Jr. (With 16 Figures)

4.1 The Role of Image Processmg in High Energy Physics 151

4.1.1 Visual Detectors . . . . . . . . . . . .. ... 155
4.1.2 Kinematics and the Measuring Process . .. . . . 160
4.1.3 Tasks in Visual Processing . . . . . . . . .. . 164
4.2 Evolution of Film Measuring Devices . . . . . . . . . 166
4.2.1 Automation of Mechanical Functions . . . . . . . 167
4.2.2 Automation of Precise Measurements . . . . . . . 170

4.2.3 Data Selection and Storage . . . . . . . . .. .. 183



Contents 1X
4.3 Programming for Automatic Machines . . . . . . . . 184
4.3.1 Track Detection Procedures . . . . . ... . . . . 184
4.3.2 Finding Vertices and Secondary Tracks . . . . . . 191
4.3.3 Track Acceptance and Track Match . 194
44 Future Prospects ahd Problems . . . . . . . . . . .. 199
44.1 Improvements in Visual Detectors. . . . . . . . . 200
- 442 The Use of Auxiliary Detectors .. ... 2203
4.5 Guide to the Literature . . . . . . ., . . .. . ., .. 205
‘References . . . . . . .. e e e e e e e e 206
. Digital Picture Analysns in Cytology. By K. PRESTON, JR
(Wlth 37 Figures)
5.1 Introducnon .......... e e e e e 209
5.2 History of Automationin Cytology . . . . .. . . 212
5.2.1 Developments in the 1950s . . . . . . . . .. 213
Scanning Microscopes . . . . . . . . . . . .. 214
Picture Processing—Stereology . . . . . . . . . 214
» The Cytoanalyzer . . . . . . . . . . . .. .. 215
5.2.2 Developments in the 1960°s . . . . . ... L2160
The Demise of the Cytoanalyzer . . . . . . . . . 216
Systems for Hematclogy Automation . . . . . . . 217
Systems for Automatic Chromosome Analysis . 218
General-Purpose Digital Picture Analyzers for
Cytology . . . . . .. e e e 218
Other Applications . . . . . . . . . . .. .. 219
'5.2.3 Recent Developments = . . . . . . . . . .. .. 219
Commercial Systems ... . . . . . . . . . . .. 220
Research Ffforts . . . . . . . . . . . ... .. 220
Other Applications . . . . . . . . . .. . .. 221
524 A Major Omission . . . . . . . . . . oo .22
5.3 Sample Preparation . . . . . . . . . . Lo 225
5.3.1 Sample Preparation for Automation in Hematology 226
5.3.2 Sample Preparation in Chromosome Analysis . . ,. . 228
5.3.3 Automatic Sample Preparation for Cervical Smears 231
5.3.4 Other Sample Preparation Techmques Relating to
Image AnalysisinCytology . . . .. . . . . . .23
5.4 Scanners and Scanning Mechanisms 233
5.4.1 Types of Scanners and Sources of Illummatlon 234
5.4.2 Pre-Processing and Digitization . . . . . . . . . 237
5.5 Automatic Recognition of Cytological Images . . . . . 242
5.5.1 Optical Density Hlstograms e e e e 245
552 Stereology . . . . ...l Lo oL oL 248



X Contents

5.53 Countingand Sizing - . . . . . . . . . . . . .. 249
5.5.4 Boundaries and Contours—Picture Segmentation . . 250
5.5.5 Shape Analysis . . . . . . . . .. ... .. . 253
Trajectory Transforms . . . . . . . . .. ... 254
Moments and Principal Axes . . . . . . . . .. 254
Optical Density Profiles . . . . . . . . .. S L. 254
Circumscribing Figures - -~ . . . . . . . . . . . . 255
Shape Features . . . . . . . . . .« . . . .. . 255
Skeletonizing and Shrinking . . . . . . . . L .256
5.5.6 Texture Analysis . . . . . . . . . . .. ... 257
5.5.7 Spatial Frequency Analysis . . . . . . . . . . . 258
558 Summary . . . . . . . ..o e 260
5.5.9 Methods for Recognition and Classification . . . . 261
Supervised Classification . . . . . . . . . .. . 261
Non-supervised Classification . . . . . . . . . . 264
5.5.10 Implementation- . . . . . . . . . . .. . .. . 265
5.6 Results to Date—Summary of Progress . . .. . . . . 266
5.6.1 Blood Smear Analysis . . . . . .. .. .. .. 266
5.6.2 Chromosome Analysis . . . . . . . . . . o227
5.6.3 Cervical Smear Analysis = . . . . . . . . . .. . 273
5.7 Future Trends and Expeétations . . .. . . . . . . . 276
5.7.1 Physical Limitations of Cytologlcal chture Processing
Rates e e e e e e e . 278
_ 5.7.2 Standards and Validation . . . . . . . . . . . . 279
References . . . . . . . . . . . .. ... . 282

6. Picture Analysis in Character Recogpition. By J. R. ULLMANN
(With 13 Figures)

6.1 Introduction . . . . . . . . . . . . . .. ... . 295
6.2 Hardware for Character Recognition . . . . . . . . . 297
6.2.1 Scanners . . . . . . . . . . . . . ... cLo. . 297
6.2.2 The Use of Special Purpose Hardware.in Character
Recognition . . . . . . . . ... 0L L. 299
6.3 Binarization , : 300
6.3.1 The Requirement for Binarization - . . . . . . . . 300
6.3.2 Measurement of Limb-Width . ... . . . . . .. 301
6.3.3 Contrast Determination . . . . . e e 301
6.3.4 Fixed Local Contrast Requnrement ........ 302
64 Smoothing . . . . . . ... ..o 302
6.5 Segmentation and Normalization . . . . . . . . . . . 303
6.5.1 Normalization by Measurement . . . . . .. . . 303
6.5.2 Normalization and Segmentation by Recognition . . 304

6.5.3 Segmentation by Measurement . . . . . . . . . 305



.Congeats . - XI

6.6 Recognition by Correlation . . . . . . . . . . . .. 308
6.6.1 Introduction . . . . . . . . . .. . ... ~. . 308
6.6.2 Implementation . . . . . . . . . .. .. ... 310

6.7 Boolean Recognition Techniques . . . . . . . 311
6.7.1 Introduction . . . . . . . . . . ... ... 31
6.7.2 AlignmentCounting Techniques . . . . . . . . . 313.
6.7.3 Logic Statements for Feature Detection . . . . . . 314

© 6.7.4 Microprogramming Implementation. . . . . . . . 315
6.7.5 Associative Structures . . . . . . . . L 319
6.7.6 Logical Dichotomization. Schemes . . . . .. . .32

6.8 Recognition of Distorted Characters . . . . . . . . 322
6.8.1 The Problem of Distortion . . . . . . .. ., .322
6.8.2 Character Topology . . . . . . . . . . . .. . 323
6.8.3 Recognition Techniques that Use J unctxons and Ends

ofLimbs . . . . . . . ... ... ... 324

6.8.4 Recognition Techniques'that Use Loops and' Ends

ofLimbs . . . . . . . . .. ... 326

6.8.5 A Recognition Technique that Uses Edge Curvature 328
6.8.6 Contour Following,. . . . . . ¢« . . . . .. . 330

6.9 StripClassification Techniques . . . ... . . . . . . . 332
~ 6.9.1 One Row or Column per Strip . . . . . . . . .332
6.9.2 Two Rows or Columns per Strip . . . . . . . . 333 .

6.9.3 Three or Four Rows or Columns per Strip . . . . . . 335

6.10 Combinations of Classification Technigues . . . . . . 336

6.11 ConcludingRemarks . . . . . . . . . . . .. ... 337

References . . . . . . . . . . . e e o e 338

SubjectIndex . . . . . . . . . . .. .. S e 1345



A. ROSENFELD

Modern high-speed computers can execute millions of instructions per
second, but their capacity as information-processing devices is limited
by the types of input data that they can accept, Much of the information
that we might like our computers to process is in pictorial form; this
includes alphanumeric characters (prmted text, handwriting, etc.) as
well as photographs and television images. Alphanumeric data can be
manually converted into computer-readable form, but much faster
_ .input rates can be achieved if scanning and optical character recognition
techniques are used. Photographs and images can be scanned and
digitized, but it is still necessary to program the computer to analyze
and interpret them automatically. :

This book deals with the computer analysis of pictorial information.
Each. of the five chapters covers a different field of application, and is
written by a recognized expert in the field. The application areas covered
are . : :

" Remote sensing (Chapt. 2).

Radiology (Chapt. 3). ,

‘High-energy physics (Chapt. 4).

Cytology (Chapt. 5).

Character recognition (Chapt 6)

Each of these areas has had specialized conferences or workshops
devoted to it—in some cases, long series of thém. Each has a large
literature; see the individual papers for iritroductions to these literatures.
Efforts have also been made to bring the different application areas
closer togeéther; examples of this include the Symposium on Automatic
Photointerpretation, held in 1967 [1.1]; the NATO Summer Institute
on Automatic Interpretation and Classification of Images, in 1968 [1.2]:
the Special Issue of the IEEE Proceedings devoted to Digital Pattern
Recognition, which appeared in 1972 [1.3]; and the U S.-Japan Seminar
on Picture and Stene Analysis, held in 1973 [1.4]. In addition, the many
conferences on pattern recognition have mcluded a wide varlety of
picture analysis applications. :

Not all of the literature on computér analysis of pictures is applica-

tion-oriented; over the past twenty years, a large body of general-
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2 A. ROSENFELD

purpose digital picture analysis techmques has been built. up. A summar;
of this material as of the late 1960’s may be found in a textbook written
by the editor [1.5]; a more recent book, which also covers three-di-
mensional scene analysis, is {1.6]. The editor has also written a series
of survey papers [1.7-11] which cover much of the English-language
literature in the field. He has recently co-authored a more comprehensive
textbook, treating digital picture processing and analysis in greater
deteil [1.12].

All of the papers in this book cover certain basic aspects of their
respective application areas, including the need for image processing
in the area, hardware and software requirements, and a guide to the
literature. However, the emphasis differs considerably from paper to
paper, due to differences in the nature and history of the areas, as well as
in the writers’ personal interests and styles. The treatment of image
processing and recognition techniques also differs in breadth and depth
from paper to paper. To provide a unifying perspective, the following
paragraphs discuss some of these techniques, and indicate their roles
in each of the individual papers. .

- Pictorial pattern recognition can have several possible goals:
1) Matching pictures with one another, e.g., to detect changes, or to
locate objects in three dimensions.
2] Classifying a plcture into. one of a specified set of classes, based on
the values of a set of “features” measured on the picture; or using these
values to describe the picture.
3) Segmenting a picture into significant parts, and classifying or descnb~
ing the parts as above.
4) Recognizing a picture as being composed of specified parts in specnﬁed
relationships to one another.
These goals are all applicable to many different types .of pictures; but
they play more prominent roles in some applications than in others.

It is often necessary to “preprocess” the given picture(s), in order to-
improve the reliability of subsequent matching, feature measurement,
or segmentation. An important type of preprocessing is normalization,
in which the picture is brought into a standard form, in order to make
feature values independent of, or at Ieast insensitive to, various trans-
formations which may have affected the original picture. Grayscale nor-
malization is discussed by HARALICK (Subsect. 2.3.1); the need for such
normalization is greatest in the case of remote sensor imagery, where the
illumination is uncontrolled (except in the case of radar imagery). A
common method of grayscale normalization is to standardize the
picture’s histogram (=gray level frequency distribution); on hlstograms
'see also Subsection 5.5.1. HARALICK also discusses the removal of
perspective distortion from pictures (rectification; Subsect. 2.3.2), which
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is an important example of geometrical normalization. Size normaliza-

_tion (of characters that have been segmented from a document) is
treated ‘by ULLMANN (Sect. 6.5), who also discusses smoothing of the
-segmented characters (Sect. 6.4); these techniques are appropriate-when
dealing with specific, non-noisy shapes that can have a wide range of
sizes. A number of basic preprocessmg techniques are also mentioned
by HarLow (Subsect. 3.3.2).

Matching, or correlation, plays a major role in the recognition of
characters that have known shapes (Sect. 6.6). It is also important in
stereogrammetry (the location of objects in three dimensions by compar-
ing pictures taken from two or more viewpoints); an example discussed
by MCcILWAIN is the spatial location of bubble tracks (Subsect. 4.3. 3).
Image registration and “congruencing” for matching or comparison
plrposes are discussed by HARALICK (Subsect. 2.3.2).

Many types of features can be used for picture classification. Simple
template-like features are appropriate for classifying patterns of known
shape, such as characters (Sect. 6.7). When geometrical distortions are
present, however, it becomes necessary to use features that are insensitive
to these distortions, e.g., topologlcal features (Sect. 6.8). A variety of
size and shape features are discussed in Subsections 5.5.2, 5.5.3. and 5.5.5.
while recognition based on the occurrence of subpatterns in specific
sequences (“strip classification”) is treated in Section 6.9. ’

In cxtology, radiology, and remote sensing, not only the sizes and
shapes of ohjects (or Tegions) are important, but also their textures.
Approaches to the measurement of texture features are discussed by
HARrALICK (Sect. 2.5), HarLow (Subsect. 3.3.3), and PRESTON (Sub-
sects. 5.5.6 and 5.5.7). ’

Picture segmentation is important in nearly every application of
pictorial pattern recognition. In character recognition, one needs to
separate the printing or writing from the background (“binarization™:
Sect. 6.3), and also to segment it into individual characters (Sect. 6.5).
In high-energy physics, one needs to detect tratks and vertices (Sub-
sects. 4.3.1 and 4.3.2). Other segmentation techniques, including both
thresholding and edge detection, play important roles in cytology

~——{Subsect. 5.5.4), radiology (Subsect. 3.3.4), and remote sensing applica-
tions.

A wide varlety of pattern classification techmques have been develop—
ed, including methods of classification based on given features; methods
of feature selection; and methods of defihing natural classes by cluster

- detection (or unsupef’vised learning). HA*ALICK discusses some of these
ideas in Section 2.4, and they are also briefly treated by HARLOW (Sub-
sect. 3.3.1) and PRESTON (Subsect 5.5.9).

s
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4 A. ROSENFELD"

Many beoks have appeared during the past few years on pattern
classification’ techniques. Among these, mention should be made of a
recent semi-monograph, reviewing "basic methods and approaches,
which appeared in the Springer series. Communication and Cybernetics
[1.13]. This book can serve to provide the reader of the present volume
with a general theoretical background in pattern recognition principles,
most of which are broadly applicable to the field of digital picture
analysis.
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2. Automatic Remote Sensor Image Processing

R. M. HarALICK

With 10 Figures

i.l Remote Sensing

Detecting the nature of an.object by external observation, without
physical contact with the object, is remote sensing. The advantages of
gathering data about objects remotely are that the object is usually not
disturbed; objects in inaccessible areas can be examined; and a large
amount of information over any spatial area can be obtained.

The earliest and most useful form of remote sensing is photography.
Here, photon energy (in the visible or near-visible portion of the spectrum)
which is radiating or reflected from objects is collected by a camera
(the sensor) and recorded on a light sensitive film emulsion. Aerial
multiband and color photography can be used to determine the number
of acres of land in different uses, such as rangeland, cropland, forest,
urban, swamp, marsh; water, etc. It can help identify rock and soil. type,
vegetation, and surface water condition [2.1, 2]. ,

The camera, of course, is not-the only kind of remote sensor. Other
types of remote sensors include the multispectral scanner, thé infrared
scanner, the scanning radiometer, the gamma tay spectrometer, the
radar scatterometer, and the radar 1mager Figure 2.1 illustrates the
typical scanning sensor. A rotating mirror scans the grbund spene in a
line by line manner with the forward velocity of the scnsmg "platform
causing the line scans to be successively displaced. The mirror directs
the received energy- to a detector which converts it to a video signal
which is.then recorded by a film recorder fo make an image. Thermal
infrared scanner systems can produce imagery in daytime or nightime
since their detectors are sensitive to emitted heat and not to light. The
near-infrared systems are able to penetrate haze and dust making it
possible to get good contrast images not achievable by aerial photo-
graphy. MALILA {2.3] documented the advantages multispectral scanners
. have over cameras for image eénhancement and discrimination. The
NASA Third and Fourth Annual Earth Resources Program Reviews
[2.4, 5] and the Michigan Symposia on Remote Sensing of Environment
contain numerous papers on the application of multispectral or thermal
scanners. See also [2.6,7].
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Rotating ]
Mirvor - aAmplitier
Solid
State
Detector .
ape,
incoming Recording Q"’
Energy CRT
In-tiight "
Monitor
Fil )
ilm
Recorder“j )
Schematic of Scanning Unit Line-scanning Technique
a b used by Mechanical Scanners

Fig. 2.1. (a) Schematic of scanning unit. (b) Line-scanning technique used by mechanical
scanners. ,

Fig. 2.2 Side-looking radar scanning

The radar imager shown in Fig. 2.2, unlike the others, is an active
system. It illuminates the ground scene by transmitting its own micro-
wave radiation and its antenna receives the reflected energy. After
appfopriate processing and, electronic amplification the resulting video
signal can be recorded by film recorder to make an image. The radar
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Table 2.1. Agriculture/forestry

Application Type of data

Required

Data use

Agriculture Inventory and

distribution

Infestation

Land use

Forestry inventory and
distribution
Fire, disease
and reclamation
Conservation Land use

Grassland vigor

Farm/forest interfaces
Boundaries
Topographic maps
Crop type and density
Crop expected yield
Livestock census
Disease damage
Insect damage
Infestation patterns
Soil texture
Soil moisture and
irrigation requirements
Soi! quality to support
vegetation
Farm planning

Forest texture
Boundaries
Topographic maps
Tree types and count
Logging yield and
production
Location of tree types
Fire location and
damage

Paitern and discontinuity

Soil moisture and texture
Insect and disease damage

Maps
Wildlife management

signal is influenced by ground conductivity and surface roughness.
Radar images are particularly good at providing integrated landscape .
analysis [2.8-8a], as well as vegetation [2 91, geologic [2.10], and soil

moisture {2.11] information.

Tables 2.1-5 list the variety. of uses to which earth resources remote
sensing has been put in the areas of agriculture, forestry, hydrology.
geology, geography, and environment . monitoring. MERIFELD et al.
[2.12] discussed the potential applications of spacecraft imagery. -

The ‘success of manual interpretation or automatic processing of
remotely sensed imagery is constrained by the kind of physical character-



