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Preface

Image processing now is almost a household word. Public awareness of this
subject area has been bolstered considerably in recent years by multimedia
products that have appeared on the market, by advances in telecommunications
such as fax and teleconferencing, and by the media attention given to special
effects in movies, just to mention a few. One only has to read the newspaper
or watch television to sense that the world is going high-tech, and images and
image processing are prominent parts of this movement.

This book is devoted exclusively to the exciting and rapidly developing field of
digital image processing and is intended as a text for a graduate-level course.
Moreover, it was written to be an integrated part of the course structure at
the Georgia Institute of Technology. As part of the educational program in the
School of Electrical and Computer Engineering’s Center for Signal and Image
Processing (CSIP), a wide variety of courses are offered in signal processing.
Basic digital signal processing as taught from the text “Discrete-time Signal
Processing” by Oppenheim and Schafer, is the base course for all others in
the program. In light of the sequential course structure, this text was written
specifically to provide a treatment of image processing with notation and a
perspective that is consistent with the introductory DSP courses in CSIP.

Great attention has been given to the composition of the chapters, treatment
of subject matter, and organization of the book. Many illustrative examples
are provide to make concepts easier to understand at first glance.

The authors of this text firmly believe in the importance of computer projects
as an educational instrument. The CSIP image processing course for which this
book was written has a strong emphasis on computer projects. Hence, many

Page 10 of 49
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Preface

references are made throughout to external printed and electronic sources for
detailed information on various aspects of image processing. For this reason, we
view this text as a guide to image processing rather than a traditional reference

source.

Many image processing topics have been included in this volume, some of which
are traditional, and others that have just recently become popular. The text
begins with a classical introduction of the general area, and a review of some of
the fundamentals with which you should feel familiar, such as random processes
and matrix algebra. Afterward basic signal processing theory is extended to
multiple dimensions.

The human visual system is considered next, where we examine the special
properties of how we perceive what we see. These properties are presented
and explained in terms of frequency domain concepts. Transforms such as the
DFT and discrete cosine transform are examined in the following chapter. They
provide a link between the spatial domain and the frequency domain, as well
as a wide variety of other domains. The remainder of the book deals with
applications, among which are image and video compression, enhancement,
restoration, segmentation, machine vision, and image analysis.

As authors, we hope that you will have an enjoyable experience with this text-
book and welcome your feedback.

mjtsQece.gatech.edu alen@ece.gatech.edu
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There are many facets to image processing as discussed in Chapter 1. Fre-
quently, the output of the processing is an image that will be observed by a
human. In this case, the true measure of image processing quality is how well
the image appears to the observer. In other cases, the output may be a de-
cision regarding whether an object of interest is contained in the picture or
whether some objects in the picture are normal or defective. Humans happen
to be very good at recognizing objects and making such decisions. Given these
motivating factors, we devote this chapter to the physiological and cognitive
properties of vision that are most relevant to image processing. The human
visual system, which we call HVS for short, is very complex and is not under-
stood well in a complete sense. However, certain aspects of its functioning can
be modeled reliably and many of its properties can be identified and used to
advantage. The HVS can provide clues for improving the subjective quality
of image processing systems. Moreover, it is possible that clues to improving
object recognition and image interpretation may also be gleaned from a better
understanding of the HVS. For convenience, one can partition the HVS into two
broad levels of bio-neural processing: peripheral level processing, and central
level processing. Most of the useful statements we can make involve peripheral
level functions and include optics, perception of brightness and color, frequency
response characteristics to visual stimuli, and optical masking effects. At the
central level, where interpretations are made in the brain, observations can I
be made but quantitative characterizations are much more difficult to make. 'I
Thus, our focus is on the former, i.e. the peripheral level, and we begin with

107
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the rudimentary principles of light and vision.

4.1 Light and Vision

The process by which we see involves light from the sun or some other source
reflecting off of objects into our eyes. The illumination source may be charac-
terized by its intensity and wavelength. The visible range of the electromagnetic
spectrum starts at a wavelength, A, of about 350 nanometers (nm) and ends at
about 780 nm. Tt is the general convention to work with wavelength instead of
frequency. Frequency f (in Hertz) and wavelength (in meters) are related by

A=c/f,

where ¢ =~ 3 x 108 meters/sec, which is the speed of light in air. Figure 4.1
shows the visible range of the electromagnetic (EM) spectrum in relation to
other EM waves. Above the visible range are infrared, microwaves, and radio
waves. Below it are ultraviolet, x-rays, gamma rays, and cosmic rays.

As observers, we view reflected light when we look at a scene or object. This
process can be represented in terms of illumination and reflectance components.
In particular, we denote i(t1, ts) as the illumination source. The illumination
source is a continuous spatial intensity with continuous horizontal and vertical
spatial coordinates, i1 and #». Most illumination sources of interest provide
fairly constant illumination over the spatial variables, t, and ts. When this
light strikes an object or scene, it is reflected. The amount of light reflected
will generally vary spatially, which defines the images we see. The reflectance
may be represented by the function, r(t1,t2). Thus, the image, x(t1,t2), We see

18

I(tl,tg) = i(tl,tg)r(tl, tg).

There are some obvious physical constraints on the reflectance and illumina-
tion. The reflectance can never be greater than unity, otherwise it would be
amplifying the illumination, which physically is impossible. In addition, the
reflectance may not be zero, as this would correspond to 100 percent absorp-
tion. The illumination is also bounded. It obviously cannot be negative and
practically it must be less than infinity. Thus,

0< T(tl,tz) <1 and 0 S i(tl,tz) < 0.
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Figure 4.2: Diagram of a horizontal cross-sectional view of the eye.

Before delving into the phenomenology of vision, a brief overview is needed on
the physical structure of the eye. As an aid for discussion, examine Figure 4.2,

which shows a horizontal cross-sectional view of the eye.

The average eye is about 20 mm in diameter. The exposed outer covering is a
tough transparent membrane called the cornea. It provides the outer protection
to lens and refracts the light entering the eye. In fact, most of the refraction (or
bending of the light) that occurs in the eye takes place in the cornea. As can
be seen in Figure 4.3, light enters the eye through the cornea and is focused by
the lens. The lens in the eye is a flexible transparent membrane. Its bi-convex
shape is controlled by the muscles in the ciliary body. To focus on objects
far away, the lens is flattened. While for objects in the near field, the lens is
conformed to become thicker. In this way, the lens and its controlling muscles
provide the capability for fine-grain focusing.

Light entering the optic globe is controlled by the pupil, which is a small opening
in the iris. The pupil can contract to about two millimeters and dilate to about
eight millimeters on average. The pupil provides control over the amount of
light that enters the optic globe. The lens focuses the incoming light, which
is entering the pupil, and images it on the retina located in the back of the
eye. This general imaging process is illustrated in the diagram shown in Figure
4.3. As shown, the object in view is inverted as it passes through the focal
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Figure 4.3: Illustration of how an object is imaged on the retina of the eye.

point of the lens and on to the retina. The geometry of the imaging process is
very simple but very important to our understanding of vision. The distance
between the focal center of the lens and the retina, which is denoted by dy in
the figure, varies between 14 and 17 mm for the average person. At the point of
lowest refraction, d; is about 17 mm, while at its highest refraction it is about
14 mm. Objects being viewed more than three meters away engage the lens at

its lowest refractive power, the opposite being true for ob jects in the very near
field.

With this simple understanding of the geometry of imaging, it is straightforward
to calculate the size of an object on the retina. From Figure 4.3, we see the
key parameters are: d, the distance from the object to the focal point; dy the
distance from the focal point to the retina; h the height of the object being

viewed; and h, the height of the resulting retinal image. Given the geometry,
the retinal image size is given by

dsh
o

It is evident that viewing distance is inversely proportional to the retinal image
size.

hy =

Perhaps less obvious is the implication of retinal image size on perception, and

how light is converted into the picture interpreted by the brain. The retina

contains two major types of photoreceptors, rods and cones. A diagram is
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Figure 4.4: Diagram of photoreceptors, cells, and nerves in the retina.

given in Figure 4.4.

The rods are the most numerous of the two. Typically, there are about 100
million in each eye. These receptors are long, thin, and very sensitive. Several
are typically connected to a nerve. Rods are responsible for what we call scotopic
vision or low-light vision. Cones are the other type of photoreceptor. They
are shorter, thicker, less sensitive, and fewer in number. As shown both rods
and cones are connected to bipolar and ganglion cells along the way. Cones
are responsible for our bright light or photopic vision. Cones also allow us to
perceive color, a point upon which we will expand shortly.

In between scotopic and photopic vision is mesopic vision. This occurs in
medium light and involves the use of both rods and cones simultaneously. Some
insight into vision can be gained by examining the distribution of photorecep-
tors in the retina. For convenience, we reference circumferential position in the
eye on a scale of 360 degrees, with zero being located directly in back of the eye
as labeled in Figure 4.3. Spreading out the circular arc to a straight line, we
obtain the axis shown in Figure 4.5. This figure shows the distribution of rods
and cones as a function of degree of arc in the eye. Notice first that the cones
are concentrated in the back of the eye (centered at zero degrees). This dense
region of photoreceptors is called the fovea. The rods are distributed over a
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Figure 4.5: Plot of the density of rods and cones in the retina as a function
of angle in degrees.

much wider region of the retina. You will also observe that slightly off axis at
about 15-20 degrees, there are no photoreceptors. This is the location where
the bundle of nerves from the photoreceptors collect and go to the brain and
is the so-called blind spot in the retina. The bundle of nerves at the blind spot
when viewed collectively are often called the optic nerve. The position of the
optic nerve in the eye is shown explicitly in Figure 4.2. Light that is imaged
on the optic nerve cannot be seen, because there are no photoreceptors at that
location. We can experience the presence of the optic nerve by performing a
simple experiment. Place the textbook about two feet in front of you and look
at Figure 4.6.

Cover your left eye (i.e. right eye open) and focus on the circle located on the
left. Even though you are focused on the circle, you should still see the square
next to it in your peripheral vision field. Now move the book slowly toward your
face while continuing to focus on the circle. At some point during the movement,
the square will seem to disappear. This is because the square object imaged on
your retina is passing over your optic nerve. Using the simple geometry-based
analysis depicted in Figure 4.3, one can even calculate the viewing distance at
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Figure 4.6: Opfic nerve experiment.

which the object will no longer be visible.

With two eyes working together, we are generally not aware we have a blind
spot. The blind spot, which is the size of a pen tip, is critical for sight as it
is the inlet for the visual information pathway to the brain. After this point,
the optic nerves pass through the geniculate bodies in both hemispheres of the
brain and on to the visual cortex, which is located in the back of the head.
Very complex processing occurs in the visual cortex. Unfortunately, not much
is understood about these operations. ‘

s

We do have some understanding about how light is received and converted
within the eye to neural signals, and are able to characterize this behavior with
simple models. The light intensity that we see, denoted x(t1, t2), varies spatially W
in ¢; and ts, and is also a function of wavelength A. Thus, we could write this L
intensity as an explicit function of wavelength, (ty, t2,A). The integral of this
radiometric quantity with respect to A is called the irradiance or radiant flux

per area. The irradiance,

it v v i b,

=

/z(tl,tg,A)dA,

is an energy per area per time, and may have units of watts per square meter,
or equivalently joules/(meter)®-sec.

What we see physically is z(ty,12,A). What we perceive, however, is generally
an image described in terms of brightness, hue, and saturation. DBrightness
refers to the intensity we perceive. Hue refers to the color, and saturation to
the vividness of the color. These are subjective terms and are influenced in a
non-trivial way by the viewing environment and past exposure to visual stimuli.
In the next sections, we look at these perceptual quantities is further detail.

T i o L TR S . FRT > W - W1 B B - R o &
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Figure 4.7: Weber’s ratio experiment.

4.2 Brightness and Contrast

In addition to the HVS sensitivity, the HVS has a unique characteristic with
respect to brightness and intensity. Brightness refers to how intense we think a
visual stimulus is, which is not the same as its measured intensity or irradiance.
For example, a visual stimulus that is doubled in intensity will not appear to be
twice as bright. This is because intensity is not proportional to brightness. A
functional relationship between brightness and intensity was derived from a set
of experiments, commonly attributed to Weber. In particular, we can consider
a set of perceptual experiments in which measured input and perceived human
responses are recorded. The experimental setup is simple and consists of having
a human observer view a spot on a constant background as depicted in Figure
4.7. The observer is given gain control over the differential intensity, A7, of the
circular spot. The background intensity, I, is fixed initially to a starting value
at the lowest end of the visible intensity range. The observer sets the value of
Al initially to zero and increases it slowly. The observer is asked to indicate
when the spot on the constant background becomes visible, This point is called
the just noticeable difference because it is the differential value at which the
contrast between two different intensities is just noticeable. This value of AT is

then recorded. The procedure is repeated for different values of I over the full
range.
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Figure 4.8: Plot of Weber’s ratio experiment result.

Brightness

log 1

Figure 4.9: Brightness vs. intensity characteristic for the HVS.

What can be observed is that for each value of I in the intensity range, the
ratio of AI to I is roughly a constant. In particular,

_AI_I ~ 0.02. (4.1)

The quantity, AI/I, is called the Weber ratio and is plotted in Figure 4.8. It
indicates that AT increases as I increases. In other words, we are better able
to discern differences in intensity when the image is dark than when it is light.
The Weber ratio provides the key to the brightness-intensity relationship as
shown in Figure 4.9.

The abscissa, I, is plotted on a log scale, while brightness, shown on the ordi-
nate, is linear. The approximate straight-line relationship shown indicates that
brightness is approximately logarithmic with intensity. One might also note
that the intensity range shown is extremely large. The human visual system is
quite remarkable in its ability to adapt to a wide range of light intensities. On
the intensity scale of milli-Lamberts, this range covers 10 orders of magnitude.
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Figure 4.10: Illustration of contrast sensitivity experiment with varying background.

At the bottom-left of the figure, the light intensity is very low. Only the rods
contribute to perception in this range. As the light intensity is increased, both
rods and cones contribute to perception. In the right half of the intensity range,
virtually all contributions to perception are coming from the cones.

It is important to interpret correctly the results of these experiments. The
plots in Figures 4.9 and 4.8 do not imply that the HVS operates simultaneously
over the full intensity range. The observer in the Weber ratio experiment is
allowed as much time as is needed before making a decision on AT During this
time, the eye is able to adjust to the background. Normal viewing conditions
are significantly different from this situation, however. During normal viewing
of an image, we are concerned with being able to discern shading variations
between objects where the average background intensity is fixed. This situation
is captured by the experiment depicted in Figure 4.10.

During normal viewing, the HVS adapts to the background first and then oper-
ates in a smaller range about the mean background level. Similar to the Weber
ratio experiment in Figure 4.7, the background here is fixed to a constant Iy.
The spot, however, is divided into two parts, one with intensity I, the other
with intensity I 4+ AI. The experiment involves a double iteration over three
variables. In the inner iteration loop, Iy is held fixed. I is also fixed at an
initial low value. AT is then increased starting at zero until the observer de-
tects a difference in contrast between the two circle halves. The AT is recorded
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Figure 4.11: Plot of contrast sensitivity experiment with varying background.

as the just noticeable difference. The intensity of I is incrementally increased
and the procedure is repeated. This forms the inner loop of the experiment.
This same procedure is then repeated over the full range of background inten-
sities, Ip. The plot of just noticeable differences is shown in Figure 4.11. For
a given background illumination, the HVS operates over a modest intensity
range. The brightness characteristic remains fairly consistent over a wide range

of background illuminations.

For typical monochrome images, humans can resolve about 60 to 100 distinct
levels of gray. In fact, images quantized to only 16 levels can appear to be quite
natural for this reason. You may recall the close visual similarity between the
8-bit and 4-bit gray-level quantized images shown in Figure 1.5 in Chapter 1,
which illustrates this point. In general, we represent monochrome images with
256 levels, as this number of amplitude levels is more than sufficient.

The HVS properties related to brightness are useful in image processing and
can be used to improve performance in some cases. For instance, in processing
applications where noise or processing artifacts are produced (such as in image
compression), subjective quality can be improved by employing strategies that
force the noise to occur in the lighter amplitude regions where the HVS is
less sensitive, rather than in the darker regions. In addition, these properties
suggest that contrast perception can be improved by matching the intensity
profile of the image to the brightness sensitivity characteristics of the HVS.
This property of brightness perception can be experienced first hand with the
aid of a couple of pictures. Look at the set of squares shown in Figure 4.12.
Examine the two interior squares in Figure 4.12(a). These squares appear to be
of different intensities, but in fact their intensities are the same. The difference
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we see is a consequence of the nonlinear brightness characteristic of the HVS.
By understanding this property, intensities can be adjusted so that they appear
to be the same. This is shown in Figure 4.12(b). These interior squares appear
to have the same intensity, but they do not. The brightness characteristics we
just discussed can be used to modify the intensity profile of the image to remove
or reduce this kind of effect, should such be deemed desirable. More commonly,
image processing systems often scale the input intensity image to better match
human brightness perception. Several popular contrast models are available
for this purpose that convert an intensity image, z, into a contrast normalized
image, & The most popular model is the logarithmic law. It is given by

% = 50log;q 7, (4.2)

where the amplitude range of z is normalized to 1 < z < 100.

4.3 Luminance and Color Perception

Many of the images of interest in image processing are color images. In this sec-
tion, we examine color perception in the HVS and attempt to understand a little
of the bio-physics involved. The color we perceive is related to the electromag-
netic (EM) frequency of the light. EM frequencies (i.e. colors) greatly enhance
what we see. Although we are only able to distinguishing among about 60 to
100 gray levels for monochrome images, the HVS is able to discern thousands

of colors.

Our perception of color can be understood to some extent in terms of the prop-
erties of light and the physiology of the eye. The intensity image, z(t1,t2, A),
enters the eye and is imaged on the retina. The optics and photoreceptors in
the eye have varying degrees of sensitivity to the wavelength, as we know. Reti-
nal photoreceptors do not respond to EM wavelengths above or below 350 and
780 nanometers respectively. Not surprisingly, they have non-uniform sensitiv-
ity to light of different wavelengths. The average person has maximum visual
sensitivity at A = 555 nm, which is yellow-green light. This visual sensitivity is
captured by a quantity we call luminance.

Luminance is a quantity that was adopted by the CIE! in 1948 as a measure
that reflects the eyes average sensitivity to light as a function of wavelength.

1The CIE stands for Commission Internationale de I’Eclairage and is an international
standards body for light and color.
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The measure which is called the luminance per area is given by

o0

‘C(tlat2) =K (E(tl,tz’/\)’U(A)d)\,

nderstand a little G
0 the electromag- where v(#1,22, ) is the luminous efficiency function, and K is a constant. The
| greatly enhance notion of luminance and the luminous efficiency function is based on the fol-
g about 60 to lowing experiment. A subject is given a monochrome? visual stimulus (i.e. a
tn thousands spot of light) at the reference wavelength Aref = 555 nm. The subject is given
gain control of another monochromatic stimulus at a given test wavelength
Atests and is asked to adjust the gain so that the two stimuli appear to be
3.0f the prop- of the same intensity. This test is repeated for the full range of wavelengths,

a(ty, 2, A), 350 < Agast < 750 nm. The ratio

A

_ Zref
/\test

v(A)

is computed, thereby defining the function we call the luminous efficiency func-
tion for monochrome light.

This function is approximately independent of the value used for Aref under
normal viewing conditions. One should be aware that the characteristics of
v(A) vary depending on whether scotopic or photopic conditions are in play.

2Monochrome refers to a light at a single wavelength.
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In addition, the function does vary slightly from individual to individual. The
CIE defines a standard curve, which was derived from a set of observers, as
shown in Figure 4.13. Note that its maximum value is unity and it decreases
monotonically in both directions. This profile should be consistent with our
expectation since the amplitude given to each (\egt) must be greater than
z(Aef). This is because the HVS is most sensitive to the wavelength, Atest-
Stimuli at all other frequencies must require higher intensities to be seen at the

same perceived intensity.

These measurements lead to the definition of the luminance per area given by

o0
ﬁ(tl,tg) =K x(tl,tg,)\)v()\)d)\, (43)
A=0

where K = 685 lumens/watt, z(t1,t2,}) is in watts/m?, and v(}) is dimension-
less. The units of £ are lumens/m?. Luminance brings us one step closer to

characterizing our perception of color.

The colored light that we see is generally not monochromatic, that is, it does
not typically contain only one EM frequency. Rather, it is a rich composite of
many frequencies. The more monochromatic the light is, the more it appears
as a pure color to the eye. As the bandwidth is broadened to encompass more
frequencies, the color is perceived to be washed out. This property is described
as saturation. Pure colors are said to be saturated, while broad spectrum light

is said to be unsaturated.

The study of color is an interesting topic and has received a fair amount of
attention over the years. Thomas Young [3] might be considered the grandfa-
ther of color representation. He introduced the notion that any color may be
decomposed into and represented by three primary colors. Later work focusing
on the HVS has established that color is perceived by three different classes
of cones, each of which has a different peak absorption characteristic. This is

illustrated in Figure 4.14.

The first set of cones peak in the yellow-green range of the spectra at a wave-
length of about 450 nanometers (nm). The second set peaks in the green range
at about 560 nm, and the third at about 625 nm, which is in the blue range.
Color sensation in the HVS can be modeled by

Amax
Bi(C) = A Si(\)e(\)dA (4.4)

min
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Figure 4.14: Absorption characteristics for the 81,82, and s3 cones in the
three receptor color model.

where i = 1,2,3 and z(t;,4s, ) is the EM energy distribution of the colored
light being observed. The minimum and maximum wavelengths over which the
integration is being performed is approximately 380 to 780 nm. The implication
of this model is interesting. It says that two colors with different spectral
characteristics can be perceived as being the same. Such would oceur for two
colors, C and Cy, if

Amax Amax
/ &quﬂ:/ Si(NCa(N)dA.

Amin

min

4.3.1 The Additive and Subtractive Color Systems

Red, green, and blue are called the primary colors of light. With these monochro-
matic colors, a wide variety of colors can be produced by additive combination.
The CIE defines red to be monochromatic light with A = 700 nm, green to be
light at A = 546.1 nm, and blue to be light at A = 435.8 nm. The additive color
system is depicted in Figure 4.15.

amounts of red and blue produce magenta, and equal amounts of blue and
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fo

Figure 4.15: Diagram of the additive color system.

in the additive color system. When equal amounts of red, green, and blue light
are combined, we get white. A spectrum of colors result from mixing red, green,
and blue in different proportions. Here each color component is added, which
means that the resulting light is the sum of EM waves of different frequencies.

White is the most spectrally rich of colors.

The dual of the additive system is the subtractive color system. It is based on
the notion of pigments as opposed to light. When an illumination light source
reflects off an object with a certain pigment, some of the light energy is absorbed
and only certain frequencies are returned. A particular pigment is defined by the
frequencies it absorbs and the level of absorption. The subtractive color system
comes into play when we consider mixing paints or inks or any substances
off of which light will reflect. As we continue to mix more and more absorbing
substances, the reflected light will eventually return no frequencies in the visible
range. In this case we see black. Figure 4.16 depicts the subtractive color
system. The primary colors in this case are yellow, magenta, and cyan., The
secondary colors are red, green, and blue. The equal combination of all primary

colors in the subtractive system yields black.
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Figure 4.16: Diagram of the subtractive color system.

4.4 Spatial Frequency Characteristics of the HVS

As engineers who have been trained for many years in the application of Fourier
principles to natural processes, we may feel compelled to view the HVS in linear
shift-invariant terms. We might be compelled to ask, what is the frequency
response of the HVS. As it turns out, this is not an unreasonable thing to do.
But we must keep in mind that treating the HVS as an LSI system is just an

assumption we invoke for convenience and it does break down as we will see in
the next section.

As a first step, we make an input/output measurement and then compute the
LST system function associated with the HVS. Let the input be the image in
Figure 4.17. Look at this image closely. It is a dark gray rectangle next to
a light gray rectangle. Although the shades of gray are constant, you may
observe that near the transition boundary it appears as if the shades are more
pronounced (the dark shade looks darker, the light shade looks lighter). This
is a phenomenon of the HVS and is called the Mach band effect. The same
effect can be observed in the gray-level bar chart shown in Figure 4.18. Each
shade is constant. However, to your eye it may appear that the regions near
the transition borders are darker or bright than they actually are. We can plot
the brightness we perceive for both the examples given in Figures 4.17 and
4.18. These are shown in Figure 4.19. Examining Figure 4.19(a), which is the
simpler of the two plots, we see a step function with overshoot and undershoot.
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Figure 4.17: A two-tone (black/white) picture.

Figure 4.18: A bar chart of gray levels.

Figure 4.19: Plot of perceived brightness and intensity for examples given in

Figures 4.17 and 4.18.

Page 34 of 49



F

Human Visual System 127
CHAPTER 4
Figure 4.20: Sinusoidal grating with increasing frequency in the abscissa and
decreasing amplitude in the ordinate.
| L —

The actual input to the HVS is a true step. The overshoot and undershoot
is associated with the visual phenomenon known as lateral inhibition. From
our knowledge of DSP, we know that a lowpass filter will remove the high
frequency signal components in a step and result in a new step-like function
with overshoot and undershoot. Consequently, we might describe the behavior
of the HVS as being a lowpass filter. This simple analysis does not help us
pin down the frequency response characteristics of the HVS though. To do
this, we can consider another visual experiment involving the picture shown
in Figure 4.20. This picture shows a grating with sinusoidal spatial variation.
The frequency of the sinusoid is increasing as we move from the left to the right
on the abscissa. In the lower region of the picture (on the ordinate axis) the
contrast is high. The contrast (and amplitude) are reduced linearly to zero as
we move up the ordinate.

Place the picture a few feet from your eyes. This is your viewing distance.
Start at the bottom of the picture and move your eye up to the top slowly.
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Figure 4.21: Frequency sensitivity of the eye to a sinusoidal grating.

where you just begin to lose the ability to see the

Mark a line (lightly in pencil)
will be the arched curve shown

sinusoidal variation. For most people, that line
in Figure 4.21.

Understanding how our eye works is crucial here in interpreting what we see in
this picture. As you observe the grating, the picture is imaged onto your retina
as illustrated in Figure 4.3. Thus, a range of spatial frequency sinusoids are
being observed. The spatial frequencies can be characterized unambiguously by
the number of cycles per degree of arc in the retinal plane, i.e. the abscissa in
Figure 4.5. Thus, we have the concept of spatial frequency. Some frequencies
we can see better than others. The fact that we see the curved profile in Figure
4.21 indicates that our eye is attenuating high and low spatial frequencies. This
curve can therefore be interpreted as a frequency response, implying that the eye
behaves as a lowpass or more precisely a bandpass filter. The peak response
is somewhere between 3 and 10 cycles per degree retinal arc. Tt will vary
somewhat with the viewer. Consequently, we see that this experiment confirms
our earlier observation in the Mach band experiment that the eye hehaves like
a lowpass/bandpass filter. This sinusoidal grating experiment, however, allows
us to better characterize the HVS system response. Mannos and Sakrison [2] in
particular have derived a formula for the HVS response by fitting a function to
the measured data. Their result is a 2-D frequency response, H (wi,w2), which
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is expressed in polar coordinate form:

H(wi,wy) = H(p) = A [B + p%] e=(o/p0)’ (4.5)

where p = \/wi +w} cycles/degree, and A, B, 8, and po are constants. For
their application to image coding [2], 4 = 2.6, B = 0.0192, pg = 8.772 and
B = 1.1 was suggested.

4.5 Temporal Properties of Vision

Temporal properties refer to the behavior of the HVS when moving objects
and images are considered. Generally speaking, it refers to properties that are
related to time changes in visual stimuli as oppose to stationary stimuli. The
first property we consider is Bloch’s Law. Assume that we are looking at a
flashing light. If the duration of one flash is very short (say 1/10 second) and
the duration of the second flash is very long (say one second), distinguishing the
long from the short flash is trivial. The difference in duration is immediately
obvious and we are able to tell which is longer and which is shorter. Now assume
the individual durations of both are decreased to a few milliseconds and that
the total energy in the flashes has been normalized so they are both the same.
At some point as these durations decrease, it becomes impossible to distinguish
between the two flashes. Bloch’s Law states for average illumination conditions,
energy normalized flashes are indistinguishable if the durations are less than
about 30 milliseconds. This is called the critical duration. It changes with
average illumination. In low-light illumination situations, the critical duration
is even greater.

The next temporal property is the critical Jusion frequency. This property
addresses the perception of a flashing light appearing to be a continuous illumi-
nation source. If a light flashes above the critical fusion frequency, it appears
as a constant light with the same average intensity as the flashing light. In
general, the critical fusion frequency is about 50 to 60 Hz. This is a property
that comes into play every time we watch television. The interlaced television
picture fields we see® are flashed at our eyes 60 times per second. Because the

3In North America, the industry standard specifies 60 fields per second. In Japan, the
industry standard is 50. This rate is chosen to be the frequency used for electrical power
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rate of display occurs at 60 Hz, which is above the critical fusion frequency, we
perceive the sequence of image fields as being continuous. Our sensitivity to
flicker has a small dependence on spatial frequency. At high spatial frequencies,
we tend to be more sensitive to flicker than at lower spatial frequencies.

4.6 Higher Level Processing in the HVS

The notion that the HVS is a linear shift invariant system is useful but limited.
In terms of spatial frequency characteristics, it does have behavior that can be
modeled as a lowpass/bandpass filter with a characteristic modeled by equation
(4.5). However, there are many exceptions we can point to where the LSI
assumption is clearly not valid. For balance, we point to several examples were
our perception of what we see is clearly non-linear.

To begin, we may recall that brightness perception is logarithmically and not
linearly related to intensity. In addition, there are many other interesting odd-
ities. Consider first Figure 4.22, which shows vertical lines with slanted cross
bars going through them. To the eye the vertical lines may not appear to
be parallel. This is an optical illusion. The perception that the lines are not
perfectly parallel results from the slanted cross bars that are located in close
proximity. Thus, our perception of parallelism is affected by the surrounding

background.

Next examine Figure 4.23. It shows a line drawing of a face. When we see the
drawing in this way, we recognize the face as being sad. Now turn the book
upside down. The face now appears to be happy. In both cases the figure is
exactly the same. Yet a rotation by 180 degrees had the effect of changing our
perception from one of sad to happy. This illustrates that rotation can have
a nonlinear effect on our perception. Our interpretation of the mood of the

drawn character went from sad to happy.

Now examine Figure 4.24. This figure shows an array of black squares separated
by a white boarder. Focus at the very center of the image. You should observe
light gray spots everywhere where the white border lines intersect. The only
exception is the center point where you are focusing. Now try to focus on one
of the light gray spots. You should observe that the spot disappears when you

transmission to avoid interference. More on the topic of television and video standards is

given in Chapter 7.
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Figure 4.24: Picture of squares to illustrate changing perception with varying
point of focus.

132

try to bring it into your field of focus. This is a dynamic effect which is also

nonlinear.

In the next example, look at Figure 4.25. It shows three silhouettes of male
figures walking in a room. Which of these men appears to be the tallest. To
the eye of most, the leading man on the right of the page will appear taller. In
actuality, all three figures are the same height. The perception that the man
on the right is taller than the others results from the surrounding background.
Thus, the perception of size is a function of background.

As our final example, look at Figure 4.26. This figure shows a triangle with a
dot in the interior. To the eye, it should appear that the dot is located closer
to the apex of the triangle than it is to the base of the triangle. You may want
to measure the distances to convince yourself. But, the distances between the
dot and the apex and the dot and the base are identical. This illustrates that
our perception of distance is also a function of the background.

In each of the examples above, we have illustrated an optical illusion. These

are cases in which the eye perceives an image in an unexpected way. These are



» Human Visual System 133
CHAPTER 4 '

ption with varying

: effect which is also

ilhouettes of male
be the tallest. To
liappear taller. In
that the man

Figure 4.25: Silhouettes of three men in a room. The man on the right appears
taller than the others. All are the same height.
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Figure 4.26: The figure shows a dot inside a triangle. The dot is equidistant
from the apex of the triangle and the base.
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nonlinear effects and are not well modeled by any known convenient relations.

4.7 Guide to Further Study

In this chapter, we have examined human vision and properties of visual percep-
tion. In some cases, an understanding of vision and perception can be useful
in image processing. For example, addressing perception issues is important
(a) in the display of motion video, where temporal fusion properties should be
considered, (b) in image compression, where brightness and spatial frequency
properties can be used to improve subjective quality, and (c) in image enhance-
ment and restoration where contrast properties and other nonlinear properties
can be used to advantage.

Many fine references are available on this subject. We recommend [1] in partic-
ular for discussions on perception. Other useful sources for general discussions
on vision and perception are [10], [11], [12], [13], and [14].

[1] T. N. Cornsweet, Visual Perception, New York: Academic Press, 1971.

(2] J. L. Mannos and D. J. Sakrison, “The Effects of a Visual Fidelity Criterion
on the Encoding of Images,” IEEE Trans. on Info. Theory, IT-20, No. 4,
July 1974, pp. 525-536.

T. Young, “On the Theory of Light and Colors,” Philosophical Transac-
tions of the Royal Society of London, 92, 1802, pp. 20 -71.

J. C. Maxwell, “On the Theory of Three Primary Colours,” Lectures deliv-
ered in 1961. W.D. Nevin (ed.), Sci. Papers 1, Cambridge University Press,
London, 1890, pp. 445-450.

D. L. MacAdam, Sources of Color Science, Cambridge, Mass., MIT Press,
1970.

G. W. Wyzecki and W. S. Stiles, Color Science, John Wiley, New York,
1967.

Munsell Book of Color, Munsell Color Co., 2441 North Calvert St., Balti-
more, Md.
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[8] H. G. Grassman, Theory of Compound Colours,” Philosophic Magazine 4,
No. 7, 1954, pp. 254-264.

[9] “Colorimetry Proposal for Study of Color Spaces,” (technical note), J.
Optical Society of America, 64, August 1973, pp. 934-939.

[10] K. R. Castleman, Digital Image Processing, Englewood Cliffs, N.J.:

Prentice-Hall, 1996.

[11] M. P. Ekstrom (Ed.), Digital Image Processing Techniques, New York:
Academic Press, 1984.

[12] R. C. Gonzalez and P. Wintz, Digital Image Processing, 2nd ed. Reading,
Mass.: Addison-Wesley, 1987.

[13] A. K. Jain, Fundamentals of Digital Image Processing, Prentice Hall, En-
glewood Cliffs, NJ, 1986.

[14] J. S. Lim, Two-Dimensional Signal and Image Processing, Prentice Hall,

Englewood Cliffs, NJ, 1990.
[15] W. K. Pratt, Digital Image Processing, New York: Wiley and Sons, Second
Edition, 1991.

[16] A. Rosenfeld and A. C. Kak, Digital Image Processing, Vols I and IL. New
York: Academic Press, 1982.
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opening 406

optic nerve 113

optical illusions 130, 132
order statistic CFAR, 528
orthogonal matrices 41
orthogonal vectors 41
orthonormality 144

outer product 37

Parseval’s relation 83

parts of the eye 110

pels 2

photopic vision 112
photoreceptors 112
pixelation 4

pixels 2

point-spread function 425
polyphase filters 186

positive definite matrices 41
positive semidefinite matrices 41
power spectral densities 60
practice DSP exam 23
prerequisites 22

probability density functions 50
probability distributions 50
pseudo matrix inverses 43
PSF 425

QMFs 186

quad-tree representations 485
quadrature mirror filters 186
quantization error 241
quantizing the gray scale 6
radiant flux 114

random processes 54

random sequences 54
random variables 49

rank 43

rank of a matrix 43
rank-order filters 398

raster scanning 4

receiver operator characteristics 526

reconstruction 99

reconstruction from projections 18

recursion (see infinite loop)

recursive filter banks 200

reflectance 108, 415

resampling matrix 204

restoration 425

restoration problem 17

retina 111

RGB color 6

ROC curves 526

rods 112

run-length representations 484

runlength 271

sampling 99

SAR images 14, 520

saturation 114, 122, 243

scotopic vision 112

second-order histogram 499

segmentation 474

selective averaging 397

separable transforms 145

sequency 167

silhouette matching 509

single layer perceptrons 510

singular matrices 42, 44

singular value decomposition 46, 47,
48

sliding window 138

Smith-Barnwell filters 188

smoothing filters 394

spatial frequencies 125

speckle noise 13

spectral shaping 409

stationarity 57

statistical classifiers 500

steepest descent iterations 451

strict-sense stationarity 57

subband filter decompositions 174
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subtractive color system 124
superresolution 461

SVD matrix inversion 48
symmetric matrices 38

synthetic aperture radar 520
template matching 507

temporal properties of vision 129
thresholding 474

Toeplitz matrices 39

trace 38

triangular window 441

two-band filter banks 177, 179, 184
ultrasound images 15
uncertainty principle 138
undersampled images 4

uniform pdfs 52

unitary matrices 41

unitary DFT 149

unitary matrix 141

upsamplers 181

variance 52

variance normalized distance 504
variance of a random sequence 56
video compression problem 12
vidicon tubes 2

viewing distance 111

vision 108

Von Hann window 440

Walsh Hadamard transform 165
wavelength 108

wavelets 206

Weber’s ratio 115

Weibull distribution 529

white noise 13

Wiener filter 437

wide-sense stationarity 57
Zernike moments 493

zero-mean cross-correlation 509
zero-order interpolation 417
zonal sampling 175

zooming 18, 416






