By convention the chart is to be printed to a specified giee“E” in the 20-20 line must be 8.87 mm high), andimu
be viewed from a specified distance (20 feet). A specific typeface is used, and only some of the 26 letters are used.
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You have 20/20 vision if you can correctly read the lettersn the 20/20 line with only one or two errors.

If you work out the math (20% of 8.87 mm / 20 feet) yaill find that one line or space is exactly 1 arc minuige.
This is usually translated into the following statement:

If you have 20-20 vision you can resolve lines and spadkat are 1 arc minute wide. (30 line-pairs per degree)

At a reading distance of 13.5 inches, 1 arc minute equatad.1At this distance a target with 1 arc minute lines
and spaces has 5 line-pairs per mm.

When the Snellen Eye chart is printed for use at a disterit®5 inches, the 20/20 line is 0.5 mm high.
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The 1 arc minute rule of thumb is easy to remember, but #heegnendouyariation in visual acuity
between individuals. Appendix 1 shows the range of wanidund in 55 different individuals.

The point to remember is that 1 arc minute is a nomvialale. Some people can do a little better. Some
people do considerably worse, even with glasses.

The diameter of the pupil in the human eye varies with ligyrel, and the relationship varies from individual
to individual. Conventional wisdom says the rangedmf mm in very bright light to 7 mm in the dark,
with a “typical” value of 2.5 mm in a well-lit an office em@nment.

Again, there is considerable variation between individufmendix 2 shows the results of two studies to
this effect. The fact that the two studies don'eagrery well is a reminder the 2.5 mm “typical” value is just
a rule of thumb.

At a 2.5 mm pupil diameter a few people can see as wdikadiffraction limit calculation would predict, but

most do not. 20 /20 vision is actually 2.5 timessethan the diffraction limit. If you are like me, youMea
enough trouble seeing the 20/ 20 line, let alone a Ihé&rBes smaller. See Appendix 3 for more info.
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If you have 20 / 20 vision you caesolve5 line-pairs per mm at 13.5 inches. (30 cycles per degree)
In other words, you can see at least a little contrast bettveatark lines and light spaces.

However, we tend to judge image quality not byhlghestspatial frequency that has visible contrast,
but by the amount of contrast at substantially lowegdencies.

To give a concrete example: the monitor I'm lookinggittmow has a pixel pitch of 0.25 mm, and to my
eye, photos look great on it. But with 0.25 mm pix#is, finest possible pattern is just 2 line-pairs per mm,
or only 12 line-pairs per degree at a distance of 13.5 inches

Research by Ed Grainger at Kodak determined the humas eyest sensitive to image contrast
between 3 and 12 cycles per deg(€e5 - 2 line-pairs per mm at 13.5 inches).
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In Grainger's original formulatiomo weight at allwas given to frequencies above 12 cycles per degree
(2 cycles per mm at 13.5 inches). This is a tip-off Wdte SQF may be a useful metric, it is not the
complete story. On the other hand, it does suggasfréquencies above 12 cycles per degree are of
secondary importance in most situations.

MTF? curves are usually well behaved, smooth curves: I've seem a situation where the MTF was very
good at 12 cycles per degree but very poor at 6 cycledepeee. This suggests your goal should be:

Make sure your system can archive good contrast at 12 cgslper degree (2 cycles mm at 13.5 inches).
If the MTF is good at this frequency the SQF will midetly be good, and the image will appear pleasing to
the average viewer.

Conversely, if the MTF at 12 cycles per degree is poor,ttie8QF is probably not so hot. The image will
probably not appeal to the average viewer.

1 Grainger's figure was taken from Bob Atikins elee article on MTF, SQF and photography.
http://www.bobatkins.com/photography/technical/mmtfil .html

2 “MTF” stands for “Modulation Transfer Functiéna plot of how well a system can resolve targdtdifferent size.
Technically MTF applies to sine-wave targetkile most of us are more familiar with simple &largets.
However, except for this technicality, youn¢hink of MTF as synonymous with “contrast at adfic spatial frequency”
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Which photo do you prefer?

When printed at 6 x 4 inches, the photo on the left I2QRof 96 The one on the right has SQF of 21.

Here's another interesting fact: The photo on the rightihach better resolution. Surprised? You can'trathfthe
image on the screen (which after all has only 2 line-pairs péJ bunit is clearly visible in the blowup below:.
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Granted these are “trick” photos, but they illustrate that tiityath resolve fine detail is absolutely natguarantee
of good image quality.

I hope this FAQ has been helpful. Please address questionsmments tben@wellsresearch.com

I've attached some additional data in the appendicesshwiiay be interesting to the hard-core MTF crowd. Enjoy.

Wells Research and Development “What is 20/20 vision”
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Visual acuity has many components, the two most obvieinglfa) the ability of the eye optics to focus light onto
the retina without aberration, and (b) the ability of thetp receptors in the retina to resolve fine features.

This appendix presents some interesting graphs whidkesalthe first issue, namely the the optical performance of
the eye, independent of the retina. The plots are fromméolli of the OSA “Handbook of Optics.”

While the graphs are interesting in themselves, | incltideah to illustrate these takeaway points:

At a pupil diameters between 2 and 3 mm, the optical syst¢he eye is close to diffraction
limited, with resolving power well beyond the 20:20 thiad of 30 cycles per degree.

Since most people can barely manage 30 cycles per degree, theaesd the retina is clearly
also a limiting factor.

At larger pupil diameters the resolving power of the eyeadlgtdecreases.

There is a great deal of variation between individuals.

Wells Research and Development “What is 20/20 vision”



o, I #

The information in this appendix is frofmttp://retina.anatomy.upenn.edu/~lance/eye/pupil.html
| wanted to illustrate these takeaway points:

Pupil diameter varies with lighting level

In a well-lit office environment of ~ 80 cdAvithe nominal pupil diameter is ~ 2.5 mm

Different studies have yielded different relationships betvie@imance and pupil diameter.
This is a reminder that the 2.5 mm value is only astitbumb.

The pupil is the "hole" in the iris which allowglfit into the eye.
It changes size in response to ambient light lamel other things.

Pupil reflex appears to be triggered by a mixedecamd rod stimulation.  Alpern
and Campbell '62

The pupil horizontal diameter ranges from aboutr2 t@ about 8 mm.

Some empirical equations describing retina size fasiction of light level are:

Moon and Spencer (1944): diameter = 4.9 - 3tanlbpd( + 1.0)]
DeGroot and Gebgard (1952): diameter = 107(.85880401(log(L) + 8.6)"3)

http://retina.anatomy.upenn.edu/~lance/eye/pupil.html
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The plot below was constructed in the lens analysagram “Zemax”, and shows the MTF plot for a
theoretically perfect optical system with an enteaperture of 2.5 mm.

Key to captions

[A] MTF curve for diffraction limited system with pupilasneter of 2.5 mm

[B] According to Grainger's SQF metric, the range of frequencies
from 3 to 12 line-pairs per degree is all that realfgters when
the eye evaluates “image quality.”

While higher frequencies obviously are not congbjetrelevant,
Grainger's SQF metric does correlate well with peeceimage quality.

[C] 30 line-pairs per degree corresponds to 20/20 vision.
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