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Machine vision applications using
binary and grayscale morphology

GERALD W. BUDD

ACHINE VISION TECHNOLOGY

has been available for

industrial use for over 15

years. The image pro-
cessing computers of today offer the
engineer a variety of products from
which to choose. The selection of
image processing equipment ranges
from board level products that
require a host computer to self-con-
tained dedicated systems. Most
advancements in image processing
hardware usually come about due to
advancements or additional require-
ments dictated by image processing
software. In many applications, the
software drives the application of
machine vision technology.

Early image processing applica-
tions were designed to perform fairly
simple tasks. Line scan sensors are
designed to operate on line or edge
information. Advanced line scan sys-
tems can apply image processing
code (algorithms) to determine if
logical connections exist between
information obtained from multiple
scans, thus connecting or joining
lines to form objects. The first-gener-
ation machine vision applications
used television cameras to acquire
images. The images were often com-
pared using a technique referred to
as“template matching.” The template
matching approach compares a “ref-
erence” or“golden”image to the sam-
ple image. Typical applications per-
formed these operations using
“binary” images. A binary image is
one that is composed of light and
dark pixel locations that can be
stored as ones and zeros within a
computer memory. Image noise and
object movement often limit the use
of this technique to systems that uti-

lize well-controlled material han-
dling, i.e.,electronic components, cir-
cuit boards, web inspection, and
printing applications. It is becoming
more difficult to implement a simple
template-matching technique with
the desire to isolate small imperfec-
tions. Often the image processor will
implement some type of “edge detec-
tion”algorithm to reduce the amount
of data that must be processed in an
image. Even with the use of an edge
detection algorithm the template
matching approach can encounter
subtle variations between a “golden”
image and the sample image.

It is common to employ some
type of “filter” on information within
a limited area where variations are
expected to occur between the
“golden” and sample images. The
region in which the variations occur
is often referred to as the “boundary
region” The use of a filter in the
boundary region is an effort to
reduce or eliminate decisions based
on pixel information that is consid-
ered unstable. The template-match-
ing approach requires little image
processing power and can operate
near frame rates or, in some special-
ized systems, at field rates. This
approach also suffers from the fact
that it does not allow for rotation of
the image with respect to the
“golden” image.

SRI CONNECTIVITY ALGORITHM
The next logical step in the analysis
of image information was to classify
or identify individual segments of an
image. In 1973 an algorithm was
developed by Rosen et al. (1) at the
Stanford Research Institute under a
grant from the National Science

This paper gives an introduction to
binary morphology for recognition of
objects by shape, applies grayscale
morphology to improve signal to noise
ratio, and uses array sensors and par-
allel processors for high-speed inspec-
tions.

Foundation. This algorithm became
known as the SRI connectivity algo-
rithm. It became the basis for many
of today’s commercial machine
vision systems. The SRI algorithm
provides an image analysis technique
that operates on binary images to
determine connected regions of
light or dark pixels. These light and
dark regions are often referred to as
“blobs.” From the connectivity infor-
mation, the SRI algorithm is able to
determine geometric features of
each blob in the image space. The
SRI algorithm is able to extract a con-
siderable amount of “high level”
information about the blob(s) in the
image space. Typical information
that can be extracted from the blob
feature set may include: (a) area, (b)
center of mass, (c) perimeter, (d)
major axis, (e) minor axis, (f) bound-
ing box, (g) number of holes, etc.

All implementations of the SRI
connectivity algorithm must extract
“useful” information from binary
blob information. This approach
assumes that one can obtain a good
binary image on the information that
one is seeking. The basic algorithms
work well on high contrast images
but produce limited success with
low contrast images. The operational
speed of a system based on the SRI
connectivity algorithms are directly
proportional to the number of blobs
within the image space. In general,
an image space that contains 10
blobs will take 10 times as long to
process the information as an image
with a single blob.
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The SRI connectivity algorithm
was written as a general purpose
image analysis tool that could be
used on a number of machine vision
platforms. The algorithm was written
and implemented in a machine inde-
pendent “C” language. A good
description of a portable implemen-
tation of the algorithm was pre-
sented by Milligan (2).

MATHEMATICAL MORPHOLOGY
The dictionary defines morphology
as the study of form, structure and
shape excluding an object’s func-
tion. Mathematical morphology as
applied to image processing is a
technique that utilizes form, struc-
tures or shapes as the fundamental
operators on images. There are many
good references on the subject of
mathematical morphology (3-5) and
morphological filters (6). The forms,
structures and shapes are often
referred to as “structuring elements”
The structuring elements are used by
mathematical morphology to oper-
ate on the data in an image. The
structuring elements are used as
operands to perform morphological
operations such as erosion, dilation,
opening, closing, and many others.

The use of mathematical mor-
phology (hereafter referred to simply
as morphology) is very effective
when one is creating machine vision
algorithms and is able to think in
terms of shapes. Morphology is logi-
cal operations on images instead of
arithmetic operations. Schmitt (7)
states that a structuring element is a
shape that the computer uses to
probe the image, i.e., to test where
the structuring element does and
does not fit within the image. Using
this technique, the computer can
separate an image into data that are
expected from an operation from
data that are different from what is
expected.

104 TAPPI JOURNAL AUGUST 1996

BINARY STRUCTURING ELEMENTS
A structuring element can be
defined as any shape or even a group
or discrete points in two-dimen-
sional space (2 space). However, it is
most useful to think of structuring
elements in terms of geometric
shapes. Symmetric structuring ele-
ments are less sensitive to the orien-
tation of objects within the image
shape. Figure 1 illustrates several
common structuring elements.

Binary morphology
Dilation and erosion are the princi-
pal binary morphology operators.
The dilation operation will “grow” a
binary object using a structuring ele-
ment. This operation can be thought
of as placing a copy of the structur-
ing element at every pixel position
of the original binary object. It is
common to define the origin some-
where within the boundaries of the
structuring element. When using
symmetric structuring elements, the
origin is typically its center. The dila-
tion operation is very useful for “knit-
ting” together defects that are in
close proximity to each other.

Figure 2 illustrates the principle
of dilating several small components
(blobs) into a single large compo-
nent. The individual points are oper-
ated on with a disc-shaped structur-
ing element. The points are dilated
using the disc structuring element to
form larger objects each with a diam-
eter equivalent to that of the struc-
turing element plus the individual
point. The resultant is an object com-
prising an area at least the size of the
area between the individual dots and
often much larger.

If the individual points are far-
ther apart than the diameter of the
structuring element, the operations
will yield a resultant in which the
discs do not touch each other. If the
diameter of the structuring element
is exactly equal to the distance
between points, the resultant will
yield an object that is not completely
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1. Binary structuring elements

filled in, e.g., voids will be present
between discs (Fig. 3).

The erosion operation is the
opposite of the dilation operation.
The erosion operation collapses
(shrinks) the original binary object.
It does this by placing an indicator at
the origin of the structuring element
at every location in which it “fits” in
the original binary object. The ero-
sion operation is a practical method
of eliminating information based on
size that is not desired. The erosion
operation is a binary “filter” to
remove objects that are smaller than
the minimum acceptable size. If one
were to apply the erosion operation
as a subsequent step to the previous
pair of examples, different results
would be obtained.

Figure 4 illustrates the result of
the erosion operation when the orig-
inal object has a considerable
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4. Erosion of object with overlapping regions

amount of overlapping regions. The
structuring element is able to fit
inside the object in many locations
producing a resultant with substan-
tial area remaining. The operations
performed on a set of individual
points in close proximity using a
combination of dilation/erosion will
result in an object with an area equal
to approximately the area bound by
the points.

Figure 5 illustrates the erosion
operation performed on a set of
objects that have no overlap region.
If the image is eroded using a struc-
turing element of approximately the
same diameter as the objects, the
resultant will be a set of individual
points, each positioned at the center
of the discs. If the dilation/erosion
combination were performed on the

set of points using a structuring ele-
ment with a diameter less than the
distance between the individual
points, the result would yield the
original points. This series of opera-
tions would identify regions in the
image with scattered points farther
apart than the size of the structuring
element.
Shape identification using
binary morphology

There is a special extension of the
dilation and erosion operators
known as conditional operators. A
conditional operator performs an
operation until a certain criterion is
met. The conditional operators can
perform the testing criteria on either
ones or zeros in the image area. In
addition, the direction of the opera-
tion may be specified; for example,

5. Erosion of object without overlapping regions

one may dilate in the north, south,
east, west, or a combination of direc-
tions’. The careful selection of direc-
tional operators can be used to
extract information that has a spe-
cific orientation. The converse is also
true, the directional operators can be
used to remove information that is
common in all images.

Figure 6 illustrates how the
selection of operators can extract or
remove information from the image
using structuring elements. Both
objects, the rectangular outlines, are

“The nomenclature that Phoenix Imaging has adopted
includes the acronym for the operator followed by the
direction of operation. A dilation in the north, south, east,
west direction is referred to as d_nsew. A conditional dila-
tion in the north, south, east, west direction using positive
binary values as the test criteria is referred to as cdl
nsew.
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6. Filtering with binary structuring elements

“operated on” by performing an erosion operation. The
object on the left was eroded using a horizontal struc-
turing element, and the object on the right was eroded
using a vertical structuring element. Using a small hori-
zontal structuring element will remove any information
that has a vertical or nearly vertical orientation that has a
smaller dimension than the structuring element. The
small vertical structuring element will eliminate any
information with a horizontal orientation that is smaller
in size than the structuring element. The horizontal
structuring element is created, in effect, by performing
an erosion in the east-west direction. The vertical struc-
turing element is created performing an erosion in the
north—south direction. The simple linear structuring ele-
ments can be expanded to create two-dimensional
shapes.

A disc-shaped structuring element is created by per-
forming erosion or dilation operations in the correct pro-
portions.

Figure 7 illustrates how one might apply binary mor-
phology to the classification of objects. First we assume
that the objects are all binary circular objects of three
distinctive diameters. The following series of operations
can be used to differentiate objects of various sizes. The
objective is to isolate and identify each of the three dif-
ferent size discs.

The first step is to erode the objects with a structur-
ing element that is about the diameter of the smallest
object. The resultant of this operation is the center illus-
tration. Two discs remain, each with a smaller diameter
than the original objects. If you were to slide the struc-
turing element around the interior of the original object
and turn “on” a pixel at every location that origin of the
structuring element could reach, the resultant would be
the gray disc.

A second erosion operation similar to the first would
isolate the larger disc. This operation could be repeated
as many times as necessary to identify all the various size
discs within an image space. Unlike the SRI connectivity
algorithms, the morphological operators operate on all of
the objects present in the image space simultaneously,
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7. Filtering with disc structuring elements

regardless of the number of objects present or their posi-
tion.

The sequence of operations is very important. The
reversing of morphological operations does not neces-
sarily result in the same information (image) that the
process was started with. To illustrate this point, Fig. 8
shows a box (gray object). The box will be eroded using
a circular (disc) structuring element. The structuring ele-
ment moves along the interior of the box and generates
an indicator at the center of the disc for every position
in which the disc fits within the box.

The resultant of the first step is a box with similar
proportions as the original box except that it is smaller
in size. It is important to note that the box has square
corners just as the original box.

The next operation is to dilate the smaller box with
the same structuring element that was used in the reduc-
tion operation. In effect, this operation will generate a
disc the same size as the structuring element positioned
with its center at every point of the small box. The small
box is represented in the dilation operation as the dot-



ted line. The resultant of this opera-
tion is a larger box with the same
proportions as the original box.
However, there is a major difference
between the two boxes; the box cre-
ated by dilation with a circular struc-
turing element has rounded corners.

If we subtract the dilated box
from the original box we are left
with only the difference between
them, namely the corners. In this
way, binary morphology can be used
for preparation of image data before
it is passed to connectivity algo-
rithms. This technique will increase
the rate at which a system can
process information because the
data will be reduced to only include
what is necessary.

The information could have been
reduced even farther by employing a
conditional erosion operation re-
ferred to as a reduction. A reduction
will erode an object until it reaches a
width of one pixel. Once it reaches a
width of one pixel, it will not erode
the object farther because the object
will no longer exist. Each additional
erosion operation after the object
has reached a width of one pixel will
eliminate one pixel from each end of
the object until it reaches its limit,an
object of one pixel in length. The
end result of a large number of
reduction operations on the four cor-
ners of the previous illustration
would be a single pixel positioned at
the center of mass of each corner.

There are many binary morpho-
logical image processing tools that
can be applied in combination to
produce the desired result. As previ-
ously mentioned, it is helpful to think
in terms of geometric shapes. It is
also very useful if the person devel-
oping the machine vision algorithm
is familiar with Boolean logic opera-
tors such as, and, or, not, not and,
etc. The algorithm development pro-
ceeds in logical steps of isolating one
object or area of interest at a time.
When the entire algorithm has been
developed, it may be optimized by
combining operations and similar
procedures.

GRAYSCALE MORPHOLOGY

All of the techniques applied in
binary morphology can be expanded
into grayscale morphology. Binary
morphology can be thought of as
operations on two-dimensional ob-
jects. Grayscale morphology can be
thought of as operations on three-
dimensional objects. Think of a
grayscale image as being a represen-
tation of 3 space, the X,Y dimensions
corresponding to the dimensions of
the video monitor and the Z dimen-
sion corresponding to the brightness
of the image. It can visualize the
grayscale objects by rotating the
screen of a video monitor so that it
were lying coplanar to a desktop.
The dark grayscale values (near zero)
would be at the level of the desktop
and bright grayscale values (ap-
proaching 255) would be peaks
extending above the desktop, a
grayscale topology if you will.

The binary structuring elements
could add the height dimension to
create grayscale (three-dimensional)
structuring elements. Figure 9 is an
illustration of the corresponding
grayscale structuring elements of the
binary shapes. The box becomes a
brick, the diamond becomes a pyra-
mid, and the disc becomes either a
cylinder (flat top) or a sphere (round
top). Special structuring elements
may be created by combining attrib-
utes of several structuring elements.
For example, one could create a rod
with a round top by combining a
cylinder with a hemisphere. The
greater the complexity of the struc-
turing element, the more image pro-
cessing time required to use it as a fil-
ter.

Most image processing systems
have the capability to differentiate
256 levels of grayscale (28 = 256). A
good quality CCD video camera with
50-52 dB signal to noise may be able
to distinguish 180-200 levels of
grayscale. For most surface inspec-
tion applications, the difference in
grayscale between the defect and the
surrounding area should be at least
5-10 gray levels.

Figure 10 shows a hypothetical
situation of a sensor viewing a sur-
face area with non-uniform illumina-
tion. This is an example of the type
of grayscale response that might be
obtained from a curved surface. The
grayscale values are exaggerated for
the purpose of this discussion. The
light boxes represent high grayscale
levels (bright objects in the image
area), and the dark boxes represent
low grayscale values (dark objects in
the image area).

If one were to apply a global
threshold in an attempt to isolate
dark defects in the described image
area, the results would most likely be
inconsistent. Figure 11 shows two
defects; each is four pixels square
and has a grayscale value of 56. The
first defect is positioned in the lower
right section of the image and is easy
to locate. The second defect is posi-
tioned in the upper left on a diago-
nal from the first. The second defect
is approximately 24 gray levels
darker than its surrounding area.
This is a substantial difference and is
easily detectable.

The problem with a global
threshold approach under these con-
ditions is that a good possibility
exists for additional information to
be extracted which may not be desir-
able. As we select lower and lower
threshold values, the defects will be
isolated. However, during this proce-
dure, other regions in the image area
with the same grayscale values as the
defects will also be isolated. The sec-
ond illustration in Fig. 11 shows the
result of selecting a value of 56 and
below as the threshold. The defects
are present in the information but so
is a large section of the image.

When the differential between
the defect gray level and the back-
ground gray level is large (>20
grayscale values) the global thresh-
old will generate acceptable results.
Uniform illumination is very difficult
to obtain on flat surfaces and nearly
impossible to achieve of curved sur-
faces. When attempting to perform
an inspection using a simple thresh-
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8. Data reduction with structuring ele-
ments

old, the generation of a uniform illu-
mination field is critical. This tech-
nique does have an advantage in pro-
cessing speed because it is the most
basic image processing function.
Typically, most surface inspection
applications exhibit small changes in
the grayscale level between the
defects and the surface that they are
found.

The uniform illumination of a
curved surface is very difficult, such
as the interior walls of the can.
Therefore, we have selected to use
an image processing system that has
the ability to background normalize.
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This operation allows the system to
determine a “normal” value of the
grayscale information within a local-
ized region. This normal value and
the original grayscale value of each
pixel location are compared to
determine the relative contrast of
features in the image.

The normalized grayscale value is
calculated for every pixel in the
image using the following algorithm.
For the purpose of this discussion,
we assume that a defect (foreground

information) is represented by a dark
spot in the image and that the base
material (background information) is
light (higher grayscale values).
Figure 12 on this page shows
the sequence of operations in the
background normalization proce-
dure. The diagram on the top repre-
sents a portion of a grayscale image
with a defect (four dark squares)
within the gradient of a lighter back-
ground. The algorithm will “cover
over” the dark defects with the
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11. Isolation of defect using global threshold

lighter grayscale values of the surrounding pixels. The
size of the operator used for this procedure is selected to
be as large as or larger than the size of the largest defect
that the system is to isolate.

The first operator “Max_box” will find the maximum
grayscale value in a square neighborhood and place the
value in the upper-right pixel of the four pixels that are
closest to the geometric center of the square. The result
of the first step is to cover the defect with the grayscale
value of its neighbors.

The next operator is the “Min_box.” This operation is
the inverse of the Max_Box. This step is very important
because it returns the background information to its
original grayscale value. At the conclusion of these two
steps, objects smaller than the size of the “Max-Min” oper-
ator are removed from the image.

The last step in the sequence is to subtract the
processed image from the original image. The resultant is

Original image Max-box function

Min-box function Subtraction from original

32 56 80 104 128 152 176 200

12. Background normalization procedure

a “difference” image between the two that will yield a
grayscale representation of the defect. The grayscale
value of the defect will be equal to the grayscale differ-
ence between the defect and background. This tech-
nique requires a considerable amount of processing
power and a special parallel processing architecture to
make the approach practical. The parallel image proces-
sor used for this type of inspection is of the single
instruction multiple data lines (SIMD) (8). The system
can process over 2400 million binary operations per sec-
ond (MOPS). This translates into an operating rate of
9322 binary frames per second.

Application of this technology allows the inspection
system to isolate subtle defects even when the illumina-
tion conditions are not ideal. The diagrams on this page
illustrate the results that can be obtained when the tech-
nology is properly applied. The top diagram represents
the original defect image used in the global threshold
example.

After the background normalization and subtraction
operations, the resultant is obtained.

The importance of the resultant is that it represents
the relative contrast of the defect with respect to its sur-
rounding area.

The clear areas (pixels) represent locations where
the background normalized pixels exactly match the
grayscale value of the original image. The areas in which
grayscale differences do exist are isolated and given a
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grayscale value equal to the differ-
ence. The isolated areas are usually
considered as “suspect” regions until
they meet farther criteria. Additional
criteria include the grayscale level of
the resultant, the suspect size, shape,
and proximity to other suspect
regions. The shape can be either
binary (two-dimensional) or
grayscale (three-dimensional).

The technique described above
will isolate the surface imperfec-
tions that appear to be the most dif-
ficult task for the image processor.
The more obvious defects can be
isolated using binary morphology,
i.e., thresholding techniques in com-
bination with binary shape identifi-
cation to isolate actual defects from
image noise. The lower contrast
defects can be isolated by further
analysis of the resulting “normal-
ized” grayscale image. The applica-
tion of this technology for the isola-
tion of surface imperfections on
metal components has been
described previously in the litera-
ture (9).

BINARY MORPHOLOGY
APPLICATION

Determination of solid wood

volume
Solid wood volume can be deter-
mined by approximation. A series of
images must be acquired from the
side of the flatbed trailers used to
transport the logs. Depending on the
size of the trailer (or trailers) as
many as six sensors may be required
per side. Images are acquired from
both sides of the transport trailer. A
typical image is used to analyze an
area of approximately 10 ft wide by
8 ft high. Each sensor is calibrated
with a reference target to provide a
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13. Defect isolation using background normalization

correlation between pixel size and
area in the sensor’s field of view.
The grayscale image information
is filtered to isolate the solid wood.
The grayscale information is then
converted into binary information
that represents the shape of the indi-
vidual stick end sections. The binary
information is then used to calculate
the total area of the “wood” based on
the exposed end sections. This is a
very good representation of the
actual exposed surface area. The
solid wood volume calculation is

based on the “average” surface area
of wood from both sides of the
trailer multiplied by the “average”
stick length taken from the sensors
located above the trailer.

The conversion technique used
to translate grayscale information
into binary information that is used
to determine log diameter measure-
ments are not perfect. However, the
system can approximate the solid
wood volume to better than 99% of
the volume calculated by manual
techniques. The system has the abil-



ity to isolate and ignore the bark
region of the sticks and eliminate it
from the solid wood volume calcula-
tion. In addition, the system has the
ability to determine the distribution
of stick diameters.

GRAYSCALE MORPHOLOGY
APPLICATION

Surface inspection (texture)
The grayscale morphology proce-
dures described above can be used
for surface inspection. The technol-
ogy provides several important func-
tions that alleviate problems com-
monly encountered in machine
vision applications. One of the most
important problems to overcome in
“real world” application is to provide
uniform illumination. A machine
vision engineer can spend countless
hours on attempting to create uni-
form lighting conditions. The
grayscale morphology approach is to
create adequate illumination condi-
tions and then allow grayscale mor-
phology to “smooth” the image dur-
ing processing. This type of image
processing operation requires a vast
amount of image processing power
and is best suited for a massively par-
allel image processor.

The uniform illumination of a
cylindrical object such as a log is
very difficult to achieve. The desire
to increase processing throughput
by converting the grayscale informa-
tion into binary information often
produces poor results. The back-
ground normalization procedure
described previously allows the
inspection to compare relative con-
trast of features to their local neigh-
borhoods rather than global light
and dark regions. This technique
allows the machine vision engineer
to quickly isolate objects in the
image area that are lighter or darker

than surrounding information. Com-
mon uses include isolation of
scratches on the surface of shiny
objects, surface roughness indication
without the use of “perfect” illumina-
tion, and the isolation or bark on
turned “clean” sticks. TJ
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