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Preface

This thesis is along with the paper of Petersen
(1991) and the manuscript of Petersen and
Krutz (1991) a partial fulfillment of my Ph.D.
study at the Royal Veterinary and Agricultural
University, Denmark. The work in image analy-
sis was mainly carried out at the Department of
Biometry and Informatics at the Danish Institu-
te of Plant and Soil Science, and the project
was financially supported by the Danish Rese-
arch Academy. The Danish Botanical Garden
delivered the weed seeds used in this project.
The main advisor in image analysis and sta-
tistics was Professor Mats Rudemo, Depart-
ment of Mathematics and Physics, and the local
advisor at the Department of Biometry and
Informatics was Lic. Tech. Klaus Juel Olsen.
Lectures and research in Plant Anatomy took
place at the university under the directions of
Associate Professor Ole Lyshede. I am very
indepted to all three advisors for careful and
creative participation and support during this
project. Special thanks goes to Professor Gary
W. Krutz for his efforts and care during my
four month stay at Purdue University, USA.
It is my hope with this thesis to reach other
plant scientists with interest in image analysis
for description and recognition of biological
objects. The background for the present in-
vestigation was mainly the wish to build up
theoretical and practical knowledge in image
analysis for use in future agricultural applica-
tions. The weed seed identification seemed ideal
for that purpose, because the seeds show
significant differences in many aspects (i.e., size,
shape and texture), and because there is a need
for automatic identification. For building up
general knowledge the project became mainly
methodological and not specifically directed
towards a single practical implementation.
Therefore, scientists from other fields, I hope,
might also find useful information in this thesis.

The reader may not need to read the full
thesis. Some sections may be found of minor
relevance for particular groups of readers, or
the readers may possess inadequate background
knowledge in certain subjects. For choosing
chapters of interest the organization of the text
will be briefly described.

The first chapter deals with previous research
in image analysis applied to seeds, mainly
grains, and the second presents a botanical and
anatomical description of seeds, to provide
background information for the following
investigation. The third chapter deals with video
microscopy in relation to certain problems
faced in the seed project. These three chapters
have an introductory character compared with
chapter four, which contains descriptions of the
selected seeds, measurements of detected error
sources in the equipment, and descriptions of
the image analyses related to images of weed
seeds. The final evaluation of the analyses is
presented in chapter five with classification
results from the individual analysis as well as
different types of combinations. In chapter six
the experiences and results are discussed toget-
her with remaining difficulties for future con-
structions of automatic weed seed identification
systems.



Summary

The main objective of this investigation is to
evaluate image analysis as a tool for automatic
identification of weed seeds. For this reason a
number of different analyses were applied to
the digitized images of weed seeds.

Forty plant species of commonly occurring
weeds of which some were closely related with
similar looking seeds were selected. Samples of
25 seeds per species were taken, and images
acquired by a black and white CCD camera
mounted on a stereo microscope, one seed per
image. The images were segmented by threshol-
ding followed by a minor smoothing of the seed
contour before the analyses were applied.

A relatively large variation in the recognizing
power of the separate analyses were found.
Thus, the analyses of the seed shape showed
between 26.2% and 77.0% correct identifica-
tion, and texture analyses showed correspon-
dingly between 31.7% and 61.3% correct identi-
fication in average of all species. These figures

refer to groups of closely related features
(between 3 and 11 features per analysis).

Identification of the plant family in stead of
species increased these rates 15.3% on average
(all analyses). Certain species showed relatively
high confusions with species within the same
family, but others were confused with species of
foreign families. Estimated processing times of
the separate analyses showed large variation
too.

Combining the analyses of seed size, shape
and texture greatly improved the identification
rate. The highest identification result obtained
in this study was 97.7% on average for all
species. This was based on 25 features selected
by a stepwise procedure.

The image analysis seems to be highly reliable,
thus encouraging the efforts for developing an
automatic identification system. Certain prac-
tical difficulties of constructing such a system
are discussed in the text.

iii



Resume

Summary in Danish

Hovedformdlet med denne undersggelse er at
belyse, hvorvidt billedanalyse er egnet til auto-
matisk identifikation af ukrudtsfra. En rackke
forskellige metoder til beskrivelse af digitale
billeder bliver anvendt og vurderet i denne
sammenhaeng.

Der blev udtaget 25 fro fra hver af 40 ukrudt-
sarter, som reprasenterede et bredt udsnit af
praktisk forekommende arter og samtidig
indeholdt en razkke nart beslegtede arter.
Billeder blev optaget med et CCD-kamera, der
var monteret pd et stereomikroskop. Det
digitale billede viste et frg pr billede. P4 billedet
udskiltes fra fra baggrund ved en simpel seg-
menteringsproces efterfulgt af en skdnsom
udjaevningsprocedure. Herefter kunne billed-
analyserne udfgres.

Der blev fundet stor variation i styrken af de
enkelte analyser. Sdledes viser analyser af
karakteristika hos frekonturen mellem 26.2%
og 77.0% korrekt identifikation i gennemsnit af
alle fr@, og for analyser af frteksturen blev
opndet gennemsnitlige identifikationsgrader pa

mellem 31.7% og 61.3%. Antallet af karak-
teristika i hver analyse varierede fra 3 til 11,

Ved identifikation af frgets familie i stedet for
art opndedes en gennemsnitlig stigning pé
15.3% (alle analyser). Nogle arter viste stor
sandsynlighed for forveksling med arter fra
samme familie, mens andre blev hyppigt for-
vekslet med arter fra fremmede familier. De
proces-tider, som blev mélt for udfgrelsen af de
enkelte analyser, udviste ligeledes stor variation.

Ved kombination af analyser som beskriver
béde stgrrelse, kontur og tekstur kunne opnds
en betydelig forbedret genkendelsesprocent.
Den hgjste identifikationsprocent, som blev
opndet i denne undersggelse, var 97.7% ved
anvendelse af 25 karakteristika udvalgt ved en
trinvis udvaelgelsesprocedure.

Selve billedanalysen mé siledes siges at vare
meget pilidelig, hvilket m& opmuntre til at
fortsatte opbygningen af et automatisk identifi-
kationssystem. En ra&kke praktiske problemer
i forbindelse med konstruktionen af et sddan
system bliver diskuteret i teksten.
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1. Introduction

Image analysis is a computer technique used for
calculating features of objects in a digitized
image, such as area, length, perimeter etc.
Thus, visual information is processed and
analyzed to extract certain features which can
be used for taking decisions. These decisions
could be related to some quality criteria, such
as grading classes of a product or simply
accept/reject decisions. With these properties
image analysis could be a valuable tool for
agriculture, horticulture and the food process-
ing industry, as food is often visually inspected
on its way through the chain: Production - pro-
cessing - packaging - distribution. Today agri-
cultural production has risen to a level where
yield increases might increase the environmen-
tal damage, and therefore the importance of
research in food quality is growing.
Consequently, research in crop or food quality
is a major challenge for agricultural applications
of image analysis.

Some applications of image analysis to plant
science have been reviewed by Price and Os-
borne (1990). Previous work on quality evalua-
tion of fruits has involved determination of size,
shape, colour and blemish area. These are all
quality features, which can be visually recog-
nized and used for automatic sorting and gra-
ding of the product. Other research fields
mentioned include quantitative plant disease
assessment, seed description and classification,
measurements of plant cover, plant growth,
root length and soil porosity, eliminating
imperfect plantlets in plant tissue culture,
robotic fruit harvesting and many cytological
applications.

Often it must be realized that for practical
use, the vision system has to be combined with
some machinery. For example, in robotic fruit
harvesting the vision system has to control the
robot so the fruit can be picked and delivered.
Also, in vision based fruit sorting systems new
sorting machinery has to be developed, and in

development of an automatic system for weed
seed identification new machinery which pres-
ents the seed to the vision system will play an
important part. However, in the present study
only development of the imaging system is
considered.

Identification of weed seeds may be regarded
as an important factor for determination of
crop seed quality. In purity determinations of
the crop seeds, samples of seeds are divided
into fractions of pure seed, other crop seeds,
weed seeds and inert matter. Standards for
contents of non-pure seeds have been set up in
different national and international organiz-
ations. Purity analysis is important for seed
trading. According to the Danish rules the seed
selling firm has to give guarantees on the qual-
ity, at minimum the EEC standards (Klitgard,
1989). If the guaranteed standard is not met,
the firm has to pay compensation. Certification
issuing and control of quality are performed by
the national seed testing stations. In the year
1988/89 approximately 27000 examinations of
purity were made at the Danish Seed Testing
Station. Furthermore, the percentage by weight
was specified in 6113 samples tested for
Agropyron repens, 2255 for Rumex spp. and
8185 for single species of other weed seeds. The
numbers of the weed seeds and other crop
seeds were examined in 13018 number count
tests, where test samples are of size 25000 seeds
weight (max. 1 kg) (Jensen, 1989).

This identification work is very labour inten-
sive, and at the Danish Seed Testing Station it
is based on seasonal employment of trained
personnel which may cause difficulties in the
future. Therefore, automation of the identifica-
tion work is an important issue for seed testing.

Another area for large scale identification of
weed seeds is agricultural weed research, where
the seed banks in the soil are investigated. The
seed bank reflects in some way the composition
of the weed flora on the land from many years,



and, therefore, registration of changes in the
seed bank is useful for evaluating the effect of
different cultivation and weed control programs.
Thus, the use of seed bank data to forecast the
weed problems is an important perspective for
future weed control. In the light of the present
development of new herbicides with a more
selective effect, and the wish to reduce herbi-
cide application, a prognosis of where the weed
problem will occur, how severe it will be, and
which kind of species, will be valuable as an
advisory tool.

A survey of Roberts (1981) summarizes the
difficulties connected with predictive use of seed
bank data for weed control. Firstly, the number
of soil samples should be relatively high
because of uneven distribution of the seeds,
and also the time of the year when the samples
are taken is important due to major new inputs
of seed. Secondly, the number of seeds giving
rise to seedlings is dependent on soil type, soil
disturbance, soil moisture, temperature and
seed dormancy. These requirements for germi-
nation vary among species. The age of the seed
will influence the percentage of germination
differently from species to species, and even
during optimal conditions the percentage of
germinating seeds will be dependent on the
species. Therefore, it was assumed that the
expected emergence, or at least the relative
distribution among species, could be estimated
from seed bank data combined with a knowl-
edge of the germination pattern in the region
and knowledge of the percentage germination
of each species related to the cultivation
method used. However, the use of seed bank
data for determination of future vegetation is a
perspective that will increase the need for seed
identification at a low cost.

Previous work

Most studies on seeds by image analysis have
been concentrated on varieties and species of
cereal grains, but other cultivated species and
weed seeds have been included to a lesser
extent. The purpose of the investigations is
varied. Some works take a taxonomic approach,

where image analysis is studied as a descriptive
tool for the seeds, but most try to assess the
classification capability (discriminating power)
of image analysis. Although, there seems to be
a clear connection between the two
approaches, certain differences also appear. For
taxonomy the classification results of the single
seed are not important, the imaging system is
not going to recognize the seed. Instead, the
taxonomic approach concentrates on descriptive
morphological values of sample means in order
to separate the seeds as a group (variety or
species). The discriminatory approach classifies
single seeds in the samples.

The following review describes the research of
image analysis on seeds. It starts with describing
the work of the taxonomic approach, and
proceeds with the work on discrimination of
crop species, separation of wheat from non-
wheat, classification of grains into grading
classes, and discriminating wheat varieties.
Practical objectives, features used, seeds used
and major results are mentioned in order to
evaluate the work.

Measurements of area, perimeter, length,
width, shape factor (4-r-area/perimeter?) and
aspect ratio (width/length) were studied by
Draper and Travis (1984) on seeds of barley,
wheat, lettuce and five species of weeds. Values
of means and standard errors are presented to
compare differences among species. It is sug-
gested that the shape factor might be used in
taxonomy. A larger study including seven crop
species and 42 species of weed seeds, which are
likely to occur in samples of the selected crop
species, was carried out by Travis and Draper
(1985). Separation of sample means using 95%
confidence regions of the means was demon-
strated in a bivariate plot of shape factor and
seed length. It showed that sample means of
most species could be distinguished from each
other. In Keefe and Draper (1986) new mor-
phological measurements of the wheat kernel
were developed. The wheat kernel was placed
crease side down, and in that position different
axis lengths and angles were determined on the
image. The following features were measured:
1) area, 2) seed length, 3) seed height, 4) per-




imeter, 5) germ height, 6) germ length, 7) the
tangent of the germ angle, 8) high point, 9)
brush height, and 10) the tangent of the dorsal
angle. From these other derived measurements
were calculated: 1) shape factor, 2) aspect ratio,
3) relative germ height, 4) relative germ length,
5) relative brush height and 6) horizontal axis.
Seeds of five wheat varieties were compared
pairwise, with the purpose of identifying bulk
lots. For randomly selected seeds it was possible
to separate all pairs except one. Later, Keefe
and Draper (1988) presented a mobile camera
gantry designed for automatic presentation of
the seeds to the camera.

Keefe (1990) investigated the univariate
distributions of some measurements on wheat
seeds from the data in Keefe and Draper (19-
86). The majority of the distributions appeared
to be multimodal due to different position of
origin in the inflorescence. Consequently, it was
claimed that the normality assumption in
multivariate methods of wheat seed identifica-
tion (discriminant analysis) is invalid.

A very early attempt to classify single seeds by
image analysis was reported by Segerlind and
Weinberg (1972). They investigated 7 grain
species (corn, oats, wheat, barley, rye, soybean
and pea) and in addition two varieties of wheat,
barley and oat. For kernel identification ampli-
tudes of the first ten Fourier coefficients were
used. Discrimination among the seven species
was 94.3 % correct, and between the two
varieties 77.8 % correct on average of the three
species.

Brogan and Edison (1974) used a learning
algorithm to increase identification of corn,
wheat, soybean, oats, barley and rye. The
purpose was to determine admixtures of foreign
cereals in a shipment. Extracted features were
length, width, depth and area. In general the
classification rates were 80-85 % using normal
discriminant analysis, but improving the analysis
with the learning algorithm the classification
rate increased to about 98%. This learning
algorithm operated by adjusting the a priori
probabilities from the knowledge of already
identified kernels in a sample.

Sapirstein et al. (1987) used normalized

moments, lengths, area, compactness (recipro-
cal of shape factor), principal axis length, width
and aspect ratio to characterize seeds of wheat,
barley, oat and rye. The purpose was to detect
admixtures of other cereals in wheat as an
important grading factor in commercial grain
inspection. Four descriptors were selected for
discriminant analysis showing classification rates
between 96.5 and 100 %. There was no con-
fusion between wheat and the other cereals.

Chen et al. (1989) tried to improve the identi-
fication of 8 crop species and 3 weed species by
including features of the height profile from
laser scanning. These features were the average
first derivative of height profile and height.
Other features from the contour image were
maximum length, maximum width, and the
mean and variance of brush end roundness.
The identification was 100 % correct for the 3
weed and of the 4 crop species and between 68
and 94% for the remaining 4 species.
Misclassifications were mainly found among
varieties of wheat and barley.

For evaluation of wheat in marketing chan-
nels, the amount of non-wheat components is
measured. For this purpose Zayas et al. (1989)
present results from wheat (mixtures of 6
varieties), 6 weed species, stones and glass.
Wheat from non-wheat was separated using a
wheat pattern structure, where the unknown
object was matched to certain measurements of
a wheat prototype. All wheat kernels were
correctly classified, and only 3 out of 386 non-
wheat were classified as wheat.

Symon and Fulcher (1988a) investigated the
variation within varieties, between varieties and
the environmental influence on six oats var-
ieties. The features were kernel length, area
and aspect ratio. Variation arising from envi-
ronment was significant for both size and
shape, and, therefore, they concluded that this
might exclude a rapid identification of varieties
by image analysis. However, the size measure-
ments could replace weight samples in the oat
processing industry.

With the purpose of replacing microscopical
determinations of the ploidy levels (chromo-
some numbers) in ryegrass with image analysis



of the seeds Berlage et al. (1988) investigated 6
tetraploid and 2 diploid varieties. Correct
classification into two ploidy levels was 85%
using measurements of perimeter, length,
average grey level and two width measurements.

Zayas et al. (1986) classified 10 wheat varieties
into three grading classes (soft red winter, hard
red winter and soft red spring). Features used
were length, length ratio, width, length of
parabolic segment, and sine and tangent of
angle. The classification was performed pairwise
between varieties from different grading classes.
Classification rate was 83% for mixtures of
three varieties of either soft red winter or hard
red winter.

Classification of 9 wheat varieties into three
grading classes (soft white winter, hard red
winter and hard red spring) was studied by
Symons and Fulcher (1988b and 1988c). Seven
kernel morphological features were used, and
correctly classified kernels were above 80% for
hard red spring and hard red winter, and soft
white winter varieties were totally segregated.

Ten wheat varieties representing six grading
classes were investigated by Neuman et al
(1989a and 1989b) using colour information
(RGB values). Pairwise discrimination between
pairs of different grading classes was 88%
correct on average. Discrimination among all
ten varieties into the six grading classes was
67% correct.

Neuman et al. (1987) used kernel thinness
ratio, contour length, one normalized central
moment and one Fourier descriptor of the
contour for classification of wheat kernels.
Fourteen varieties from five grading classes
were investigated. Classification into grading
classes was 100% correct for 9 varieties and
between 42 and 75% correct for the other five
varieties. Identification of varieties was 56%
correct.

The separation of two wheat varicties was
studied by Zayas er al. (1985). In classification
of 240 kernels 235 were correct using nine
morphological features. Symon and Fulcher
(1988b) investigated wheat variety identification
with features obtained from 1) whole kernel
image and 2) transverse sections of kernels.

From the transverse sections 7 measurements
were obtained, and in addition three measure-
ments of the bran. Six varieties were on average
identified 88.7% correctly using 15 features.

Five varieties of wheat were studied by Myers
and Edsall (1989). Kernels were analyzed in two
positions: 1) placed with the crease down and
2) the side view of the kernels. Morphological
features and Fourier magnitudes were used for
identification. On the basis of 22 features the
identification was 90.8% correct.

A laser scanning system was constructed by
Thomson and Pomeranz (1991) for obtaining
an eclevation profile image and an intensity
profile image of wheat kernels. Fourteen fea-
tures were calculated from this 3-D information
and used for identification. Two varieties in two
test sets showed an identification rate of 92%
and 94%, respectively.

Many good results have been achieved, but
satisfactory identification of varieties seems to
require many features from different sides of
the kernels (i.e., transverse section, side view
and height profile). Furthermore, the works are
characterized by considering many different
approaches to achieve higher recognitions.
With regard to the classification part, i.e., the
discriminant analysis, the learning algorithm
approach by Brogan and Edison (1974) might
turn out to be of considerable value in future
work. Similarly, it could be suggested to intro-
duce a reject class, so that the atypical seeds
are rejected, and higher classification rates of
the remaining seeds are obtained.

Objectives

The purpose of the present investigation is to

evaluate the capability of digital image analysis

techniques for identification of weed seed

species. The evaluation will be seen in the light

of future development of an automatic imple-

mentation. Specific objectives are:

- Description of the species by features from
different analyses.

- Adjustment and improvement of image analy-
sis for the weed seed application.

- Evaluation of shape and texture descriptors




using discriminant analysis.
- Improvement of identification with respect to
flexibility and robustness.




2. Equipment

The first important condition of a successful
analysis is a high quality of the images. For
image acquisition of weed seeds a microscope
was connected to a black and white CCD
camera (Charge Coupled Device). A short
introduction to video microscopy will provide
an impression of which factors affect the quality
of the image, and how the image may be
improved. After description of the imaging
device used in present investigation, problems
arising from the image acquisition procedure
are discussed.

The video camera

The two types of video camera, the vidicon
and the CCD camera, will be outlined. The
general reference for this description is Inoue
(1986).

The vidicon family of camera tubes is incased
in a glass envelope about 2 cm in diameter and
10-15 cm in length. At the front end, the
optical image is focused on the ’target” which
consists of three layers. An electron beam scans
the target in a raster of single pixels. The
electron beam, generated by the electron gun,
sweeps the target, and charges up its back
surface, a photoconductive layer, with electrons.
In the dark the photoconductive layer is an
insulator, but when light strikes the layer the
resistance decreases nearly proportionally to
intensity of illumination. This phenomenon
gives rise to the video signal. The primary dif-
ference among tubes is the composition of the
target material giving variations in sensitivity,
noise and resolving power.

In the CCD camera the raster of picture
elements is built into a semiconductive chip.
Each light sensing element is a silicon
photodiode, electrically isolated from its neigh-
bours in a grid structure. The sensor element
consists of a transparent electrode positioned
above the silicon semiconducting material. In
this material a charge packet is produced by
illumination during the time of exposure. The

readout of the charge packet is started by
turning off the electrode above the packet and
turning on an adjoining electrode. The packet
of electrons immediately move to the adjoining
electrode which is located in a light protected
area (the ’isolation transfer gate’). By the same
procedure the packets of electrons representing
each pixel are moved out of the isolation
transfer gate and enter an amplifier which
measures the amount of photoelectrons pro-
duced by successive photodiodes and produces
the output video signal.

For both camera types common desirable
features are high resolution to capture fine
details, a good contrast and a high sensitivity to
illumination. However, a more basic property is
the optimal utilization of the usable light range
of the camera, i.e., the best camera response to
the brightness of the scene. One of the import-
ant features to control this is the so-called
gamma of the video imaging device. The
gamma is defined as the exponent of the func-
tion that relates the signal output and the
degree of illumination. Some cameras provide
built-in gamma compensation circuits to obtain
an effective gamma of 1.0. But also other
circuits may be incorporated to adjust the
usable light range of the camera. An automatic
gain control (AGC) regulates amplification of
the video camera in relation to brightness of
the scene, and an ’auto black’ circuit adjusts
the signal black to the darkest value in the
picture (regardless of its absolute value). This
means that the curve describing the relation
between input illumination and output signal is
modified to be a straight line by the gamma
compensation circuit, the slope of the line is
regulated by the AGC, and the level of the
curve is controlled by the auto black function.

One or more unwanted properties may occur
in video cameras. Blooming is a phenomenon
where a high pixel signal amplifies the signal of
neighbour pixels. In this way highly illuminated
regions in the image are spread to larger
regions. Another error is called burn, which




particularly occurs in vidicons, where exposure
to excessively bright light causes a burned in
image in the camera tube. If the output signal
varies when the sensor is uniformly illuminated,
it is called shading, and geometrical errors
appear when circles get elliptic or egg shaped.
Finally, permanent discrete defects are called
blemishes. This might be light spots, missing
pixels, reduced sensitivity in certain regions etc..

The microscope

The other important component of the equip-
ment is the light microscope which is connected
to the video camera. The optical image plane
from the lens system is positioned on the target
or the CCD chip in the cameras. The quality of
the microscope image is mainly determined by
the following properties: Resolution, depth of
focus, working distance, degree of magnification
and correction of lens aberrations which is
explained in more detail in many microscope
textbooks, e.g., Pluta (1988).

The resolving power of the lens is determined
by the relation between lens diameter and focal
length. For a point in focus on the optical axis
the angle (a) between the optical axis and the
most divergent light ray, and the refractive
index (n) define the numerical aperture (NA)
as a measure of the resolving power:

NA = n -sin(a)

For air n=1.0. NA is related to the other
properties mentioned, except lens aberrations.
For example, increasing the working distance
for a given lens diameter the angle a will
decrease. Similarly, a lower magnification is
caused by a smaller lens curvature and
consequently a larger focal length which will
result in a decrease in NA.

A diaphragm in front of the lens may regulate
the angular aperture. The reason for this way
of choosing a smaller resolving power is that
NA and the depth of focus are inversely
related. A smaller aperture will increase the
depth of focus, but decrease the resolution.

b)

Figure 2.1 Three types of lens aberrations:
a) Spherical aberration, b) chromatic
aberration and c) field curvature.

The upper limit of numerical aperture for dry
objectives is 0.95 corresponding to the angle o
= 70°. An ordinary 40X dry objective will
usually have a numerical aperture of 0.65-0.95
depending on the working distance.

The last important quality factor is the degree
of correction for lens aberrations. Microscope
objectives are divided into different types corre-
sponding to their correction. The achromats are
objectives with the simplest degree of correc-
tion. Three kinds of geometric aberrations are
in achromats corrected for one colour. This is
spherical aberration, which occurs when the
center rays and the periphery rays focus at
different points on the optical axis (Figure
2.1a), and coma and astigmatism, which con-
cerns off axis points and oblique incoming rays,
respectively. The chromatic aberration which is



caused by variation of the refractive index with
wavelength (Figure 2.1b) is, in achromats,
corrected for two colours. The best correction
is in the apochromats with chromatic correction
for three colours and the three geometric
corrections for two colours.

The remaining correction is for the field
curvature which cause the image points in
focus on the optical axis to be farther away
than the off-axial image points (Figure 2.1c).
This makes a curved image where either the
center is sharp and the periphery is blurred or
vice versa. Microscope objectives with the prefix
’plan’ are corrected for this aberration.

These corrections are adjusted to a normal
optical path in the microscope. To preserve this
when connecting microscope and video camera
a video adapter is needed. The video adapter
contains a simple convex lens which in some
way replaces the lens in the eye of an abserver.

A practical example

Evaluations of sources of errors in imaging
devices are very rare. However, a practical
example of the actual occurrence of errors has
been described by Tappan et al. (1987) using
two CCD cameras and one vidicon camera.
Nine different errors were observed. 1) Reflec-
tion of light from a wet surface increased object
size. 2) The outer rows and columns of pixels
in the image edge contained pixels with no rela-
tion to the scene. This was more noticeable
with the vidicon than with the CCD cameras. 3)
The CCD camera lens showed shading effect at
large apertures. 4) Camera warm-up for the
vidicon caused a change in grey levels towards
the brighter level during the first hour. 5) The
area of a dark object increased in the presence
of another similar object. This was explained by
the auto black function. 6) The pixel aspect
ratio was slightly different from 1.0. 7) For both
camera types the grey level changed by change
in position of the object. 8) The grey scale
range was reduced due to incorrect connection
of the device (parallel connection). 9) The size
of an object was affected by different apertures.

Equipment used

A stereomicroscope of the type Olympus SZ-Tr
was used in this investigation. This is a bin-
objective binocular microscope with a photo-
tubus. It contains a zoom control ring with a
magnification range of 0.7 to 4.0 for the abjec-
tive, and a numerical aperture range of 0.04 to
0.08. The optical path for each objective has a
6 degree angle difference to the vertical. The
eyepiece (ocular) was of type FK3.3x and the
video adapter is MTV-3. There is only the
simplest type of correction for lens aberrations,
and no diaphragms on the entire system.

The video camera was a Philips LDH 0660/10,
a black and white CCD camera with AGC, but
no auto black and gamma regulation.

As illuminator a Schott KL 1500 was used
with two optical fibre bundles to illuminate the
seeds from two directions.

The computer was a Compaq Deskpro 386/20
with a PCVISION plus Frame Grabber.

The image of size 512x512 pixels and 256 grey
levels was shown on a separate monitor.

Image acquisition

The images of the weed seeds were used for
analysis of both shape and texture. Therefore,
certain conditions should be met to achieve an
acceptable image. The edge of the seed should
appear sharp in the image, the image of the
seed should be large and the surface structure
should be sharp too. The small depth of focus
with large magnifications made a compromise
necessary, so that the magnification of the seed
images limited within a 250x250 pixel window
was regarded as satisfactory. All seeds within
the same species were acquired at the same
degree of magnification. However, the variation
between species was too large to keep the
degree of magnification unaltered for all spe-
cies. Therefore, a special millimetre scale,
divided into one hundredth and one tenth of a
millimetre, was used for calculating the actual
size of a seed.

To avoid chromatic aberrations green filters
were used to make light almost monochro-




matic, and remaining geometric aberrations
(including optical distortion) were reduced by
centring the image. However, gloss occurred on
some seed surfaces, because illumination was
not made diffuse.

Unfortunately, background colour and illumi-
nation intensity could not be held uniform
when a satisfactory segmentation result should
be achieved. It was not possible to find a com-
mon background colour for both the light and
dark coloured seeds. A white background
colour had a blurring effect on the seed surface
which was unacceptable for seeds with high
surface structure. Therefore, the black back-
ground was used whenever possible. Also, the
lowest possible light intensity was used to
reduce overlightning, ie., the cutting off grey
levels above 255. The consequence of the
variation in illumination intensity was that seed
colour measurements, like average grey level,
could not be used for identification.

One solution to the uniform background and
illumination problem was suggested in a separ-
ate study by Petersen and Krutz (1991). The
use of a colour camera in combination with a
fast segmentation technique seemed sufficient.

A minor error was noticed during the investi-
gation: An artificial decrease in brightness
{shadow) occurred after a sharp transition from
light to dark regions in the scanning direction
and close to the left image edge. The width of
the shadow was 1-2 pixels and the decrease in
grey level could reach values about 20. The
transition from dark to light caused a corre-
sponding increase in brightness. Images with
light background showed a dark shadow inside
the seed and a bright shadow outside. In images
with dark background this was reversed. How-
ever, it was concluded, that this error had no or
negligible effect on size and shape analyses, and
probably only a small effect on the texture
analyses.

World coordinates and image coordinates
When the image has been captured, it is

stored in a 512x512 pixel array. Because the
pixels were not quadratic, a difference between

a) b) <)

Figure 2.2 Non-quadratic pixels causing
discrepancy between the world coordinate
system (a) and the image coordinate
system (b). The image is shown on the
adjusted monitor (c).

world coordinates and image coordinates
appeared. The ratio of pixel height to pixel
length is called the aspect ratio. An aspect ratio
of 0.68 was measured which means that x pixels
with unit sides in the world coordinate system
are mapped into x/0.68 pixels in the image
coordinate system (Figure 2.2). This, of course,
has certain implications on the algorithms used
for the image analyses. For area determinations
the number of pixels per millimetre was
obtained in both the horizontal and vertical
direction, but for length measurements a stan-
dard aspect ratio was used for the corrections.
To get a corrected image on the image monitor
the height of the image was adjusted on the
control panel.



3. Seed anatomy

The flowering process results in a fruit with
one or many seeds. The seed is the fertilized
and ripened ovule which in turn is enclosed in
the fruit, which is the ripened ovary. Different
types of fruit exist. The dry fruits are often
classified as dehiscent or indehiscent. In the
latter class only one seed is enclosed in the
fruit, so opening is not necessary - the entire
fruit functions as a single seed. The indehiscent
fruits are classified into different types. Among
these are 1) the achene, characterized by a fruit
wall tightly fitting around the seed, 2) the nut,
in which the fruit wall is a hard and bony, 3)
the caryopsis, in which the seed coat is firmly
adnated to the fruit wall, 4) the samara, similar
to the achene, but winged, and 5) the cypsela,
in which the fruit is developed from an inferior
ovary and surrounded with the receptacle
(Compositae).

An anatomical study of seed coats is impor-
tant to give an impression of the formation of
the many shapes and structures appearing on
seeds. For this reason the most relevant anato-
mical concepts related to the development of
angiosperm seeds will be introduced, and selec-
ted results from an anatomical and morphologi-
cal investigation on the ontogenesis of the seed
coat of Stellaria media will be presented.

The following description is mainly based on
Fahn (1987), Boesewinkel and Bouman (1984),
and Bhatnagar and Johri (1972).

Ovule development

The mature seed consists of the seed coat on
the outer side and inside of the embryo
together with some endosperm or perisperm,
which functions as the nutrient tissue during
germination. The early seed, the ovule, is
attached to the placenta by a stalk, called
funiculus. The ovule consists of a nucellus
surrounded by one or two integuments. The
integuments develop into the seed coat. At the
nucellar apex a small opening is left by the int-
eguments. This opening is called the micropyle.
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Figure 3.1 Three main types of ovules. a)
The orthotropous, b) the campylotropous,
and c) the anatropous.

Different types of ovules exist (Figure 3.1).
They originate from the ontogeny of the ovule,
and characterize the shape of the seed. The
main types of ovules are a) the orthotropous or
the atropous, in which the ovule apex is
straight in line with funiculus, b) the anatro-
pous, in which the ovule apex is rotated back-
wards, and c¢) the campylotropous, a median
type which may be developed from an initial
orthotropous or anatropous ovule (Bocquet,
1959). Different marks may be distinguished on
the seed coat: 1) The micropyle, 2) hilum, the
scar left by funiculus, and 3) the raphe, a long
ridge formed by the fusion of the funiculus with
the integuments on the anatropous ovules.

A survey of the different types of local out-
growths of the seed, or seed appendages, is



presented in Kapil er al. (1980). The first type
mentioned is the fleshy outgrowths, called arils.
This type includes the caruncle, a small, disc-
like appendage attached to the micropylar
region, and the strophiole, an outgrowth
limited to the raphal region. The term, elaioso-
me, is a general ecological word for all fleshy
and edible outgrowths. Seeds with elaiosomes
are often dispersed by ants because of the food
value of the appendage. Another type of ap-
pendage is wings which may surround the
periphery or be restricted to minor parts of the
seed coat. The last type is the hairy seeds which
are divided into three groups: 1) Dispersed
hairs in woolly seeds, 2) one- or two-sided tufts,
and 3) a crown or ring of hairs.

Systematics of seeds

The classic anatomical grouping of seeds accor-
ding to the location of the mechanical cell layer
of the seed coat is testal seeds, in which the
mechanical layer is placed in the outer integu-
ment, and tegmic seeds, in which the layer is
placed in the inner integument. This is further
divided into exo-, meso-, and endotestal seeds,
and exo-, meso-, and endotegmic seeds depend-
ing on wether the mechanical cell layer orig-
inates from the outer, middle, or inner cell
layer of the integuments, respectively.
Another classification approach is related to
the surface structure of the seed coats as it is
observed by SEM (scanning electron micro-
scopy). The surface characters are grouped into
four categories (Barthlott, 1981):
1) The cellular arrangement, in which the pat-
tern of the surface cells may be characteristic
for the taxa.
2) The primary sculpture, in which the cell
shape, particularly the curvature of the outer
cell wall, has some important aspects:
a) The outline of cells (elongated or
isodiametric).
b) The anticlinal cell walls (cell boundaries)
which may be straight, curved or lobed.
c) The relief of cell boundary which may be
channelled or raised with or without special
structures.

d) The curvature of the outer periclinal wall
(i.e., cell walls parallel to the surface), which
may be flat, concave or convex with or without
unicellular appendages (trichomes).

3) The secondary sculpture, in which the single
cell wall may show certain characteristics. The
structural categories are:

a) Cuticular sculptures which may be patterns
of high diversity.

b) Secondary wall thickenings occurring in
patterns on the inner side of the periclinal
walls.

¢) Other structures as micro-papillae.

4) Tertiary sculpture consisting of epicuticular
secretions, such as waxes and other lipophilic
substances. This is not very common on seed
surfaces.

An example

Some of the structures mentioned will be
illustrated by the development of ovules of
Stellaria media. Ovaries of different sizes were
treated for SEM investigation. From the mor-
phological appearance of the seed coat, the
ovule development was divided into five cat-
egories: 1) Ovules with raised anticlinal walls
(Figure 3.2) 2) transition to smooth surface,
where the rise of anticlinal walls disappear, the
periclinal wall becomes convex, and the contour
of the single surface cell becomes lobed (Figure
3.3) 3) smooth surface (Figure 3.4) 4) transi-
tion to mature surface (Figure 3.5), and 5)
mature seed (Figure 3.6 and Figure 3.7).

From the initial orthotropous ovule a campy-
lotropous shape soon developed. The bending
process to the campylotropous shape continued
over the entire growth period until the
micropyle and hilum were close against each
other as shown in Figure 3.7. The bending
process was a result of cell enlargement of the
surface cells close to the micropyle. This
resulted in an asymmetric seed where the dorsal
cells were flatter on the micropylar side than on
the hilar side, and the two ’shoulders’ were of
unequal size and shape.

The primary sculpture in the mature seed was
characterized by lobed cell boundaries with a
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4. Description and analysis of images of the selected weed

seeds

When images of seeds are analyzed, a number
of features, which constitute a special kind of
description of the seed, will be calculated. For
comparison of these features with the actual
appearance of the seed, pictures of representa-
tives of each species will be presented. After
this visual presentation of the variation between
species, the variation within species and the
technical sources of variation will be briefly
evaluated.

When an image of a seed is acquired the
following processing and analyzing is dependent
on the quality of the image. Details which have
never been captured by the camera, will never
be described by any analysis. It is equally impor-
tant that segmentation, as the processing step
between image acquiring and image analysis,
preserves the fine details of the seeds. There-
fore, to evaluate the performance of the differ-
ent analyses the image acquisition and segmen-
tation should be properly matched to produce
an image of acceptable quality. Various analyses
of shape and texture are performed on the
segmented image. These analyses will be
described in this chapter while the next step -
classification - will be described in the following
chapter.

Selection of the weed seeds

A weed may loosely be defined as a plant out
of place, and about 200 Danish plant species
are regarded as weeds. Among these, some are
of larger economical importance than others
depending on their presence in the fields. An
investigation of the frequency of the weed seeds
in Danish arable soils was carried out by Jensen
(1969). Seeds in soil samples taken from 57
cereal and root crop fields at a depth of 0-20
cm were determined by four different methods
(washing of soil samples, sowing in greenhouse,
sowing outdoor autumn, and sowing outdoor
spring). The species were placed in a group
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according to the highest number of seeds
determined by one of the four methods:
Group I: > 1000 living seeds per m?
Chenopodium album, Gnaphalium uliginosum,
Juncus bufonius, Plantago major, Poa annua,
Sagina procumbens, Spergula arvensis, Stellaria
media.

Group II: 200-999 living seeds per m’.
Aphanes microcarpa, Arabidopsis thaliana,
Arenaria serpyllifolia, Capsella bursapastoris,
Chrysanthemum segetum, Myosotis arvensis,
Polygonum aviculare, P. convolvulus, P. persica-
ria, Scleranthus annuus, Trifolium repens, Veron-
ica arvensis, V. persica, Viola spp. (V. arvensis +
V. tricolor).

Group III: 50-199 living seeds per m~
Anagallis arvensis, Aphanes arvensis, Cerastium
caespitosum, Erophila verna, Hordeum vulgare,
Lamium amplexicaule, Marricaria maritima, M.
matricarioides, Medicago lupulina, Mentha
arvensis, Mpyosotis  smicta, Poa trivialis,
Polygonum lapathifolium, Rorippa islandica,
Rumex acetosella, Scirpus setaceus, Senecio
vulgaris, Sonchus asper, Trifolium spp. (T.
campestre + T. dubium), Urtica urens, Veronica
polita, V. serpyllifolia.

Group IV: < 50 living seeds per m%
Agropyrum repens, Cirsium arvense, Galeopsis
spp. (G. bifida + G. tetrahit), Lamium purpure-
um, Ranunculus repens, Sinapis arvensis, Son-
chus arvensis, Stachy palustris, Taraxacum spp.,
Tussilago farfara, Vicia spp. (V. angustifolia +
V. sativa).

However, the criteria for selection of species
in the present investigation was not entirely
based on frequency of occurrence. First of all,
the selection was limited to the dicotyledonous
plants. The criteria for selection among these
were as follows:

1) Various types of seeds should be repre-
sented.

1) Some species should be closely related
botanically and have a uniform appearance.



Table 4.1: List of selected species with families in botanical order, genera and species in alphabetic

order.

Family

Genus, species

Danish name

Urticaceae
Polygonaceae

Caryophyllaceae

Chenopodiaceae
Ranunculacaea
Papaveraceae
Cruciferae

Geraniaceae
Euphorbiaceae

Violaceae
Boraginaceae
Labiatae
Solanaceage
Scrophulariaceae

Plantaginaceae
Compositae

Urtica urens
Polygonum convolvus
Polygonum lapathifolium
Rumex acetosa

Rumex crispus

Rumex obtusifolius
Rumex thyrsiflorus
Arenaria serpyllifolia
Melandrium album
Melandrium rubrum
Silene noctiflora

Silene vuligaris
Stellaria gramina
Stellaria media
Chenopodium album
Ranunculus repens
Papaver rhoeas
Brassica campestris
Capsella bursa-pastoris
Geranium dissectum
Euphorbia exigua
Euphorbia helioscopia
Euphorbia peplus
Viola arvensis
Myosotis arvensis
Lamium amplexicaule
Solanum nigrum
Veronica arvensis
Veronica persica
FPlantago major
Cirsium arvense
Chrysanthemum segetum
Matricaria chamomilla
Matricaria inodora
Matrricaria matricarioides
Sinapis arvensis
Sonchus arvensis
Sonchus asper
Sonchus oleraceus
Taraxacum vulgare

Liden Neelde

Snerle Pileurt

Bleg Pileurt
Almindelig Syre
Kruset Skreeppe
Butbladet Skreeppe
Dusk-syre

Markarve
Aften-pragtstjerne
Dag-pragtstjerne
Nat-limurt
Bleeresmeelde
Greesbladet Fladstjerne
Fuglegrees
Hvidmelet Gdsefod
Lav Ranunkel
Korn-valmue
Agerkil

Hyrdetaske

Kigftet Storkenceb
Liden Vortemaelk
Skaerm-vortemeelk
Gaffel-vortemaelk
Ager-stedmoderblomst
Mark-forglemmigej
Liden Tvetand

Sort Natskygge
Markeerenpris
Storkronet Arenpris
Glat Vejbred
Agertidsel

Gul Oksegje
Vellugtende Kamille
Lugtlgs Kamille
Skive-kamille
Agersennep
Agersvinemeelk

Ru Svinemeelk
Almindelig Svinemeelk
Fandens Mcelkebptte
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Technical error sources

Various possible errors in a computer vision
system are described in general terms in chapter
2. Now, a few simple measurements will illus-
trate the magnitude of the following technical
sources of variation: 1) Focusing, 2) optical
magnitude, 3) illumination intensity (overlight-
ning and AGC), 4) gloss, and S) orientation of
the seed. The features used are later defined in
connection with the description of the image
analyses. Other kinds of error are also present,
such as different optical aberrations, shading,
dust etc. but these were difficult to measure
separately and/or considered of minor import-
ance.

The influence of the human focus control was
estimated by measuring the contrast of the seed
surface. Ten images of the same scene (a Silene
vulgaris seed) were captured with renewed
focusing, and the mean and standard deviation
of the average greytone, the contrast, extracted
from the grey level cooccurrence matrices
(GLCM) defined in section 4.7, and the run
percentage, expressing the relative number of
adjacent pixels with the same grey level, were
calculated as shown in Table 4.2. The relative
deviations appear to be relatively small (0.4 - §
percent of the mean), indicating a fairly uni-
form focusing control.

Depth of focus has a significant influence on
the surface structure of the image, and by
increasing the magnification the depth of focus
will decrease, resulting in an increasingly
blurred image. Therefore, the change in the
degree of magnification is another factor affec-
ting the contrast of the image. A series of ima-

Table 4.2 Deviation arising from focusing.

Mean Std. dev.

Avg. greytone 197.6 0.93
Contrast 9.74 0.51
Run Percentage 0.81 0.0034
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Table 4.3 Effect of magnification on contrast
and run percentage

Area Run
(in pixels) Contrast Percentage

42871 9.64 0.82
33179 11.69 0.83
24694 13.72 0.85
18291 12.43 0.84
14413 14.46 0.86
12330 14.83 0.86

ges was captured of the same seed, Silene
vulgaris, at different degrees of magnification.
The results are presented in Table 4.3 showing
about 0.15 increase in contrast units per one
thousand pixel decrease in area. Within the
magnification degree normally used the contrast
may vary about 2 units or 15 percent for this
seed. However, in the present study all images
of seeds belonging to the same species were
acquired at the same magnification, but all
future test seeds will be influenced by this
€rror.

Computer vision systems are in general very
sensitive to illumination. Shadows in different
degrees appear depending on the light intensity
and the number, the position and the angle of
the lamps etc. Therefore, it is very important to
have illumination in a well-defined state. Unfor-
tunately, this was not possible in this study,
because the segmentation procedure required
stronger illumination of some seeds than of
others. This caused, of course, variation in grey
levels, but some special problems arise from
differences in illumination. If light intensity was
too high the grey level of the pixels was cut off
(above grey level 255). This will cause a reduc-
tion in image contrast. On the other hand, low
intensities may not enlighten the fine details,
thus causing a decrease in contrast (blurred
image). These two effects may explain the opti-
mum for contrast measurements in a window
size of 120x120 pixels in a series of images of a
S. vulgaris seed at different light intensities. The
contrast values are shown in Table 4.4 together




Table 4.4 Effect of different illumination
intensities on contrast, run percentage and
number of pixels values equal to 255. Seed

was Silene vulgaris, and measurements were
based on window size of 120x120.

Avg. Con- Run Per- Pixels
Greytone trast centage =255
164.2 8.54 0.83 0
187.8 10.08 0.84 67
197.6 10.98 0.84 417
2222 11.15 0.70 3450
2321 9.70 0.59 5681
246.7 5.15 0.33 10268

with the average greytone of the seed surface as
a measure of light intensity and run percentage,
reflecting the reciprocal spot size. The last col-
umn shows the number of pixels of value equal
to 255. The run percentage is not affected by
changes in intensity until the effect from over-
lightning is above a certain level. Below this
level, the increase in illumination intensity
seems to cause increased grey level differences
(contrast), but with approximately the same
spot sizes (run percentage).

The different background colours had a great
influence on the image of the seed. The effect
appeared to be related to the AGC and maybe
some stray light (i.e., reflected light from the
objective on the specimen). To evaluate this ef-
fect a new series of images of a S. vulgaris seed
were acquired using light and dark back-
grounds at different illumination intensities.
The results are shown in Table 4.5. The influ-
ence of a light background is to decrease the
gain thus causing a considerable decrease in
average greytone and contrast, when illumina-
tion intensity is medium to high, while for low
intensities, i.e,, from illumination intensity "1" to
"2" in Table 4.5, it showed an increasing effect.
At the high intensity level the effect from
overlightning becomes visible on the contrast
values, when using a dark background.

Gloss appears on seeds with smooth surfaces.
Variation depends on the orientation of the

Table 4.5 Effect of light and dark background
on average greytone and contrast. Scale of
illumination: 1-low to 5-high.

Ilumi-  Back- Avg. Con-
nation  ground Greytone trast
1 light 106.4 2.84
1 dark 103,2 2.39
2 light 137.2 5.82
2 dark 127.5 6.34
3 light 159.7 4.31
3 dark 158.5 9.40
4 light 168.3 3.26
4 dark 192.8 12.24
5 light 174.6 2.79
5 dark 229.8 10.53

seed and the number of lamps. The Rumex cris-
pus seeds, for example, show most gloss when
orientated with the principal axis across the
illumination direction and almost no gloss when
orientation is parallel to illumination. An
increase in the number of lamps will increase
the gloss, but decrease the variation due to
orientation. In Table 4.6 the effect of orienta-
tion of a R. crispus seed is presented for aver-
age greytone, contrast and run percentage. The
effect is highest for average greytone and con-
trast, while run percentage only changes slight-

ly.

Table 4.6 Effect of gloss on R. crispus seed.
Position with low gloss is parallel to illumina-
tion direction.

Avg. Run
Position Greytone Contrast Percentage
parallel 119.1 2774 0.74
cross 148.9 5.68 0.74




Table 4.7 Mean and variance components for
four Silene vulgaris seeds measured on each
side in three orientations.

Com- Run

Area pact- Per-

(in mm?) ness centage

Mean 1.45 1.74 0.79
Var(seeds) 0.0078 0.046 0.0010
Var(side) 0.0001 0.011 0.00007
Var(orient.) 0.0002 0.014 0.00007

Finally, the effect of orientation was estimated
for a S. vulgaris seed with structured and non-
glossy surface. Images of four different seeds,
two sides and three different orientations were
analyzed. The variance components were calcu-
lated for area in mm?, compactness (reflecting
shape) and run percentage (Table 4.7). The
variation caused by orientation was very low for
area and run percentage and relatively high for
compactness. Furthermore, the variation for
side and orientation is approximately equal.

In general, the texture analyses were shown to
be sensitive to the effect of the technical error
sources. The most important errors were vari-
ation in illumination intensities and the AGC
operation with different backgrounds. The
consequences are that the average greytone
measurements are considered useless in this
study, and that all seeds as far as possible are
captured using the dark background. The effect
of a different degree of magnification is also
important for future analysis of unknown test
seeds.

Some species in the basis collection were not
included in the investigation because of techni-
cal limitations. The seeds of the species Ceras-
tium fontanum, C. semidecandrum, C. glomer-
atum and Juncus bufonius were considered too
small to be properly represented and seeds of
Spergula arvensis were not possible to segment
with the dark background, and segmentation
with light background blurred the surface
structure unacceptably.
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4.1 Segmentation

Segmentation is a process where the image is
divided into regions according to certain criteri-
a. An important special case is the separation
into background and object. When an image of
satisfactory quality is captured, a segmentation
often follows. The result of this segmentation is
the basis for all the following image analyses,
and, therefore, the precision of the segmenta-
tion is very important. Numerous segmentation
methods exist, and in the following they are
briefly introduced. After this, special attention
will be paid to the very popular thresholding
methods.

Segmentation methods

Two basic concepts are included in the defini-
tion of segmentation:1) Connectedness (the
neighbouring regions of an image are connec-
ted), and 2) homogeneity (each region is homo-
geneous with respect to one or more integrated
definitions). Based on these two concepts
Borisenko et al. (1987) expressed the general
form of segmentation by four conditions: 1) All
regions of the image are divided and no regions
are overlapping, 2) all regions are connected, 3)
the chosen conditions for homogeneity are met
(or true) for all regions, and 4) all connected
regions can not be further merged with regard
to the homogeneity conditions.

The first group of segmentation methods,
described by Borisenko er al. (1987), consisted
of the clustering methods. Thresholding is an
example of a clustering method.

The second group of segmentation methods is
the region growing methods. Here, the starting
points (’kernels’ or ’atoms’) may be selected
arbitrary or as zero variance segments. The
growing of these points may be controlled by
different features.

The third group is the splitting methods. Two
major algorithms are found in this group: The
split-and-merge (Horowitz and Pavlidis, 1976)
and the split-and-link (Pietikanen et al., 1982)
algorithm. As indicated by the names the split-
ting methods also include merging procedures.




Figure 4.1.1 Simple edge masks for the four
possible directions.

Purely splitting is just a special case in the
algorithms.

The last group of segmentation methods in
Borisenko et al. (1987) is the edge detection
group. The edge is the transition between
regions where homogeneity breaks down. Two
different approaches exists: 1) Edge fragment
extraction where the edge is detected using
local analysis with edge masks (Figure 4.1.1),
and 2) edge tracking where adjacent edge
points are found sequentially from some start-
ing point.

Finally, a combination of the different
methods may solve the actual segmentation
problem. An example of such a hybrid tech-
nique is given by Yakimovsky (1976) where
edge analysis is combined with region growing.

Thresholding

Weszka (1978) described a threshold operator
in the general form as a function

T(x,y,N(x,y),8(x.y))

where g(x,y) is the grey level of the point (x,y)
and N(xy) is some local property of the same
point. Then, three different threshold types
were defined:

1) If T only depends on g(x,y), the threshold is
of the global type.

2) If T depends on both g(x,y) and N(x,y), the

threshold is of local type.
3) If T depends on the values x,y (i.e., position
in image) as well as g(x,y) and N(x,y), the thres-
hold is the dynamic type.

The global thresholds are often based on the
grey level histogram. If an object is known to
be darker (or lighter) than the background, and
also is known to occupy some percentage of
the entire picture, the grey level that maps this
pixel percentage into the object is chosen from
the histogram as the threshold. If the size of
the object is unknown, the threshold may be
chosen from the valley between two modes on
the histogram.

The grey level histogram may not always be
clear bimodal, and for this reason some
methods try to improve the shape of the histo-
gram. One method is to weight the greytone of
each pixel using a difference operator at that
pixel. Pixels on the border, i.e., those with high
difference values, are weighted low, and others
are weighted high. Another possibility is to
make histograms of only the pixels with high
gradient values, i.e., pixels close to the bound-
ary. Finally, the values from a difference oper-
ator on each pixel may be used more directly.
Here, Watanabe (1974) introduced a method
where the difference value for each greytone
was calculated. The grey level with the highest
proportion of high-difference values was chosen
as the global threshold.

In local thresholds methods the value of a
center pixel is compared to some neighbours in
a certain distance. The allocation of the center
pixel may depend on the difference between
center and neighbours, and different allocation
rules may be dependent on the grey level of the
center. Other methods chose the threshold
from two-dimensional plots of grey level versus
gradient value, or use different histograms of
edge points for high and low grey levels respec-
tively.

In dynamic threshold selection by Chow and
Kaneko (1972) local statistics were calculated in
overlapping windows of the image. From a local
histogram analysis a threshold was determined
for all windows satisfying a bimodal test. Then,
thresholds were obtained for every point in the
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