Vision Science Il D Monocular Sensory Aspects of Vision

Lecture 1 8 B The Modul ation transfer function and  contrast sensitivity

MODULATION TRANSFER FUNCTION (MTF)
Since all images can be made of sine wave gratings, and all optical systems as well as our neural visual

system process images by means of Fourier transformation, a good way to evaluate both optical and
visual performance is to use sine wave gratings.

All image-forming optical systems, including the human eye, create less than perfect images. We can
say that the optical system transfers the luminance distribution of the object to the image, but in the
process, something is always lost. Even in an eye that is perfectly corrected for spherical and astigmatic
refractive errors, optical effects such as diffraction, higher order aberrations, and perhaps, some
scatter degrade the image to some degree. Compared to the object, even the best image will have
slightly less contrast. The degree to which contrast is lost varies depending on the spatial frequency of
the sine wave grating in the image. That is, high spatial frequency images tend to loose more contrast
than low spatial frequency images. One way to characterize the imaging performance of an optical
system is to describe how much contrast is lost across a range of sine wave gratings with various spatial
frequencies.

This can be done in the following way, which is illustrated in Schwartz Fig. 7-6. If a sinusoidal test pattern
is presented to an optical system, the image will still be a sinusoidal pattern with the same spatial
frequency, but with slightly less contrast. Sometimes contrast is referred to, by the term modulation.
The contrast reduction varies with spatial frequency, and usually there is a greater loss for higher
frequencies. We are interested in measuring how well the contrast (i.e. modulation) is transferred from the
object to the image for every frequency.

We can restate the same concept in another way. One way to evaluate the optical performance of, for
example, a camera, is to see how good its images are compared to the real objects. A very good camera
would produce extremely clear images that look almost exactly like the object, but a cheap camera would
produce a poorer quality photograph that is less sharp (more blurred).

Engineers are more systematic, and they use standard high-contrast test patterns. By comparing the test
pattern (the object) and its image, they can determine how well the optical system transfers contrast from
object to image. The test patterns cover a wide range of spatial frequencies, and they allow engineers to
see how good the optical system is. Figure 1 shows one example of an optical test pattern used by the
U.S. Air Force. Note that this particular pattern does not use sine way gratings, but rather, square-wave
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Q. How would sine wave gratings differ in appearance from the patterns shown in Figure 1?
A.

Q. What are advantages to using sine wave gratings as the test pattern?
A.

The modulation transfer function (MTF) is a standard way to describe the imaging performance of an
optical system, and it is based on the principle of testing the system using sine wave gratings. To
measure the MTF, various high-contrast sine wave gratings are used as test patterns (the object) and the
contrast in the image is compared to the contrast in the test pattern. For each spatial frequency, the
modulation (contrast) transferred (MT), from object to image, is computed according to the equation
below.

T= (image_contras)
(object_contras)

A value of 1.0 indicates that the image contrast equals that found in the object; that is, no contrast is lost,
and for that frequency the image is perfect. If, for example, we test MT using a large set of vertical sine-
wave gratings of various spatial frequencies, as is typically done, we can plot a graph of the MTF, with
spatial frequency along the x-axis and modulation transferred along the y-axis (Figure 2).
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50 60 70 80 0 10 20 30 40 50 60 70 80

0 10 20 30 40

Spatial frequency (c/d) Spatial frequency (c/d)

Figure 2. Examples of ocular MTFs drawn with a linear (left) and log (right) scale for MT.

Figure 3 also illustrates the concept of describing optical performance in terms of the MTF. In that figure,
the target in front of the eye contains many different spatial frequencies (stripes with different widths), so
we can see how the loss of contrast in the image is different for different parts of the image. Notice the
following features, both in Figures 2 and 3.

¥ There is almost no loss of contrast for the lowest spatial frequency. That is, the MT has a value

of 1.0 at the far left of the MTF curve.
¥ As spatial frequency increases, there is a steady drop in the MT value.
¥ The cut-off frequency is the frequency at which the MTF drops to zero.

Schwartz Fig. 7-7 shows other examples of ocular MTFs and the affect of different optical defects on
image quality.
¥ Defocus, which degrades optical performance and blurs images, reduces the MTF at the higher,
but not lower spatial frequencies. With greater defocus, the high frequency cut-off will shift
toward lower and lower frequencies; that is, the curve will shift to the left and downward.
Refractive errors cause defocus. Defocus removes the higher spatial frequencies from the
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image, so it acts as a filter that removes high spatial frequencies. It can be thought of as a low-

pass filter.
¥ Scattering in the optical media reduces the MTF at low as well as high spatial frequencies.

Cataracts cause scattering.

Figure 3. The modulation transfer function describes optical performance in terms of how well contrast is transferred
from the object (left) to the image (right). Notice the loss in contrast for the retinal image compared to the object.
Which spatial frequencies show the greatest loss in contrast? (Courtesy of Dr. Susana Marcos, Instituto de Optica,

Madrid, Spain)
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Figure 4. Example of how contrast transfered from object to image varies with spatial frequency. More contrast is
lost at higher spatial frequencies.

Summary

The modulation transfer function (MTF) tells how well an optical system forms images. Since sine wave
gratings are the fundamental building blocks of all images, the MTF can completely characterize imaging
performance by stating how well the system forms images of sine wave gratings.
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In general, optical blur, such as an uncorrected refractive error, reduces the MTF at high frequencies only
and causes a lower cut-off frequency. On the other hand, media opacities that scatter light in the eye
tend to reduce the MTF across a broader range of spatial frequencies, including mid or even low spatial
frequencies.

!ll#$%&l$(l)#l*$*+* $’ (
The retinal image is produced by the eyeOs optical system (cornea and lens), but it is only the first part of
the visual process. From the retina to the brain, the retinal image is transformed into electrical signals
that are processed neurologically. Note that vision depends on two processes:

¥ optical imaging

¥ neural image processing

The MTF characterizes the first part of the systemN the optics.
Q. Describe the meaning of the MTF.
A.

Q. Describe what the plot of the MTF would look like.
A.

When we subjectively test a personOs vision, we are testing the end product of both theoptical imaging
and neural image processing. As with the testing of optics, a comprehensive way to evaluate visual
performance is to see how well the person sees sine wave gratings across a range of spatial
frequencies.

This can be tested in the following way:

¥ Select one spatial frequency, for example, 1 cycle per degree (c/d).

¥ Vary the contrast to determine the contrast threshold at which the person can barely
see the stripes. Michelson contrast is used, so the contrast threshold will have some
value between 0 and 1.0.

¥ Compute the inverse of contrast threshold to get the contrast sensitivity. When the
threshold is low, sensitivity is high. This indicates that, for the spatial frequency used, the
personOs vision is good, because he can see the stripes, even when they have low

contrast.

¥ Repeat at other spatial frequencies. The cut-off frequency for the normal human eye is
usually between 40-60 c/d.

¥ Plot sensitivity (y-axis) as a function of spatial frequency (x-axis). This is the contrast

sensitivity function (CSF).
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Figure 6. The CSF is determined by first measuring contrast threshold as a function of spatial
frequency, then computing its inverse.
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Although there are similarities between the MTF and CSF, there are several important differences:
¥ The MTF describes optical performance; the CSF includes the combined effect of optics
and neural processing for the whole visual system. In other words, the MTF describes
optics; the CSF describes vision.

¥ The MTF can be used to describe any optical system; for example, the MTF of a camera
lens. The CSF is used for the visual system.
¥ The MTF plots how well an optical system transfers contrast, or images contrast, at

different spatial frequencies. The CSF plots how well the visual system sees contrast at
different spatial frequencies.

Basic features of the human CSF
Schwartz Fig. 7-8 shows a typical human CSF. Note that it is plotted on log-log axes. Also note the axis
labels. The normal contrast sensitivity function has the following features:

¥ A slight decrease in sensitivity at the lowest spatial frequencies. Note that this is different from
the MTF.

¥ Peak sensitivity at about 4 c/d

¥ A decline to zero at high spatial frequencies. The frequency at which it drops to zero is the

highest spatial frequency that the eye can resolve, and is known as the cut-off frequency, or the
spatial resolution limit.
¥ For a person with good vision, the high frequency cut-off is at about 40-60 c/d.

As with the MTF, there are advantages to using sine-wave gratings to measure contrast sensitivity.
However, you can also measure contrast sensitivity using square-wave gratings or even letters. To do
so, you first select a grating (or letter) of one particular size (one spatial frequency) and vary the contrast
to determine the threshold. Re-measure the contrast threshold other test patterns with other sizes; for
example, big stripes and small stripes or large letters and small letters. The inverse of the contrast
threshold is contrast sensitivity. Plotting sensitivity as a function of spatial frequency yields the CSF.

One advantage of using sine-wave gratings when measuring contrast sensitivity is that it contains only a
single spatial frequency.

If square wave gratings or letters are used to measure contrast sensitivity, the target will contain multiple
spatial frequencies. Figure 7-5 in Schwartz illustrates the spatial frequency components of a square
wave grating, and it shows that the square wave is made up of many spatial frequencies: a fundamental
frequency and higher harmonics that are odd multiples (3, 5, 7, E) of the fundamental.

Figure 7. Two kinds of grating
patterns; both contain two cycles.
The top pattern is made of a
vertically oriented sine-wave
grating. The lower pattern also
has two cycles, but it is based on a
square-wave function.




Lecture 18 - MTF, CSF

Questions for review
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6.

What is a sine-wave grating?

A one-dimensional function that describes changes in luminance across space

A pattern of black/white stripes with a gradual transition between the black and white
None of the above

| donOt know.

What would a sine-wave grating look like if it had a high spatial frequency?
It would have a few broad stripes.

It would have many narrow stripes.

None of the above

| donOt know.

What would a sine-wave grating look like if it had a low spatial frequency?
It would have a few broad stripes.

It would have many narrow stripes.

None of the above

| donOt know.

What is a spatial image?

An image

The distribution of luminance values in the eyeOs exit pupil.
None of the above

| donOt know.

What do we get when we perform a Fourier transformation of a spatial image?

An array of numbers describing the sine-wave gratings contained in the original image.
Another image that looks the same, except it is inverted and reversed.

None of the above

| donOt know.

| stated that all images can be broken down into fundamental building blocks that are sine-wave

gratings. What do you think about this?

a.
b.
C.
d.

aoopo N

It makes perfect sense to me.

| accept it but have difficulty understanding what that really means.
I donOt believe it.

None of the above.

What is meant by the spatial frequency spectrum of an image?
What you get after Fourier transforming an image

The set of wavelengths contained within an image

None of the above

| donOt know.



