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The eye and vision were natural topics for optics before the invention of optical
instruments and artificial light sources. In fact, the word optics has its roots in the
Greek noun 0 i¢ (Latin: visus), which means vision. Its adjective is 07tTIKOg in
the masculine form, and d7rtikn together with the feminine Texvr], which is art,
skill, science. Hence, etymologically, optics means vision science. (In medicine,
ophthalmology derives from Greek 0pOaxAudc, the eye. In Latin, the eye is ocu-
lus).

Vision science may be perceived as a very mature science. However, today vi-
sual optics uses and further develops methods like those better known from defense
and astronomy, such as wavefront sensing and adaptive optics.

Interestingly, the optical system of the human eye used, e.g., aspheric surfaces
and gradient-index optical media, long before these terms were coined, and the
science of optics has dealt with the challenges of developing technically aspheric
surfaces and gradient index (GRIN) lenses. Complying with the intention of this
volume to honor and amuse Adolf Lohmann, I will put some small spotlights on
visual optics, with special attention to Christophorus Scheiner who, 380 years ago,
described the underlying principle for testing the state of refraction of human eyes,
similar to the one used today in the Hartmann-Shack sensor.

Refractive surgery—changing the shape of the cornea through ablation using
radiation from an excimer laser—has greatly stimulated scientific and commercial
interest in methods to map the topography of the cornea and, more importantly,
to measure and analyze the imaging or wavefront transmission properties of the
complete optical system of the eye, and to do optical design on the eye to reduce
its aberrations (e.g., review Ref. [1]).

Hermann von Helmholtz (1821-1894) is one of the pioneers who extensively
investigated the structure of the human eye, including its aberrations, and of the
visual system. Unfortunately, what he is most quoted for, second and third hand,
is an ironic overstatement made during a popular lecture on the performance of
the eye when seen as an instrument. Since there are many different versions of the
quotation without reference, I tracked down the source.” The quotation, with one
additional sentence, is:
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Nun ist es nicht zuviel gesagt, dass ich einem Optiker gegeniiber, der mir
ein Instrument verkaufen wollte, welches die letztgenannten Fehler hitte,
mich vollkommen berechtigt glauben wiirde, die hértesten Ausdriicke iiber
die Nachlidssigkeit seiner Arbeit zu gebrauchen und ihm sein Instrument
mit Protest zuriickzugeben. In Bezug auf meine Augen werde ich freilich
letzteres nicht thun, sondern im Gegentheil froh sein, sie mit ihren Fehlern
moglichst lange behalten zu diirfen.*

Through this optical system and by means of his invention Augenspiegel (eye
mirror)—in English later termed “ophthalmoscope”—Helmholtz in 1850 was the
first to look at a living retina (see Ref. [3]). Almost 150 years later, Liang, Williams,
and Miller took noninvasive photographs of the retina with the individual photore-
ceptors resolved.*® The optical system of the eye is used as part of the fundus
camera design; the eye’s deficiencies, denounced by Helmholtz, were now com-
pensated for by adding a Hartmann-Shack wave sensor to his ophthalmoscope and
correcting the eye’s aberrations using adaptive optics.

Among those who paved the way in both aberration theory and clinical practice,
we also find Allvar Gullstrand (1862—-1930). In the context of cornea reshaping, it
is impressive to read Gullstrand’s account on how he determined the shape of the
cornea by photographing the reflexes of test objects, given the inefficiency of light
sources and photographic emulsions before 1900 (Ref. [7]).

Around the same time, M. Tscherning investigated the monochromatic aber-
rations of the entire optical system of the eye and designed an instrument that he
called “Aberroskop.”® This instrument generated the image of a distant point source
of light in front of the retina so the retina perceived a disk. The entrance pupil of
the eye was covered by a grid, the projection of which in the patch on the retina
was seen as distorted, yielding a kind of spot diagram of the aberrations across the
pupil. This principle has recently been combined with an ophthalmoscope into an
automatic wavefront-analyzing instrument.”

The instrument, which during the last few years has been adopted by visual op-
tics researchers worldwide, is known as the Hartmann-Shack wavefront sensor. It
is widely used in astronomy for analyzing wavefront distortion due to atmospheric
turbulence for subsequent compensation through adaptive optics (an overview is
given in Ref. [10]). In principle, a point source is generated on the retina. The light
emerging from this point source passes through the optical system of the eye; in
the exit pupil of the eye, i.e., in a plane conjugate to it, the emerging wavefront is
sampled by an array of small lenses (Fig. 7.1).

Each lenslet focuses its portion of the wavefront to a spot in its focal plane; the
distance between this spot and the optical axis of the corresponding lenslet gives
* An English translation, from Hermann von Helmholtz, Popular Scientific Lectures on Scientific
Subjects, Vol. 1, p. 194, Routledge/Thoemmes Press, London, 1996 (reprint of the 1895 edition) is as
follows:

Now, it is not too much to say that if an optician wanted to sell me an instrument, which had all
these defects, I should think myself quite justified in blaming his carelessness in the strongest terms,

and giving him back his instrument. Of couse, I shall not do this with my eyes, and shall be only too
glad to keep them as long as I can—defects and all.
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Figure 7.1 Sampling of the local slopes of a wavefront by a Hartmann-Shack sensor
(adopted from Thibos!'!).

the local slope of the wavefront entering the lenslet. The distribution of spots col-
lected on a CCD matrix allows the calculation of the shape of the whole wavefront,
from which the aberration induced by the eye can be described mathematically,
e.g., in the form of Zernike polynomials.'?

To develop a method to test optical instruments, J. Hartmann proposed in 1900
to single out limited bundles of rays going through the optical system and to ob-
serve where they pass through planes in front of and behind the focal plane. Hart-
mann first used this method for the adjustment of spectrographs.!3 He showed that,
for measuring the focal length of lenses, the focal plane can be more accurately de-
termined by putting two slits into the entrance pupil and measuring the separation
of the two ray bundles in planes on both sides of the focus, rather than by looking
for maximum definition where the bundles coincide. Hartmann then developed the
method further for testing the aberrations of lenses by placing an array of open-
ings into the entrance pupil of the system under test, as described in detail in an
extensive treatise on the testing of optical systems.!* The Hartmann test became a
standard method in optical workshops and laboratories. !

The modification of the Hartmann test as shown and explained in Fig. 7.1 was
reported by R. V. Shack and B. C. Platt at the 1971 Spring Meeting of the Optical
Society of America.!® The perforated screen was replaced by an array of small
lenses arranged downstream of the lens under test.

As to the term commonly used today for the wavefront sensor, Thibos!! has
drawn attention to a precursor to Hartmann, namely the Jesuit Christophorus
Scheiner. Reference books report that Scheiner (1575-1650)—a mathematician,
physicist, and astronomer—held chairs at the universities of Ingolstadt, Innsbruck,
and Freiburg im Breisgau; invented the pantograph in 1603 (for copying draw-
ings at arbitrary scale); and built telescopes. In 1611 Scheiner discovered the sun
spots, about which he had long discussions with Galileo; however, being a Jesuit,
he could not but advocate the Ptolemaic system. [By the way, Francesco Maria
Grimaldi (1618-1663), who described and coined the term diffraction (De lumine
1665), was also a Jesuit.] In 1619 Scheiner published in Innsbruck a scientific trea-
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tise on the human eye, Oculus, hoc est: Fundamentum opticum . .. "7 Figure 7.2
shows the front page of the 1652 edition published in London, with the title going
on into a summary of the work.

This is the copy I could inspect at the Royal Library in Stockholm. In 254
pages structured into three books with a total of 113 chapters, Scheiner develops
the anatomy of the eye, derives the function of the organs, and deduces step by
step that “the retina is the seat of vision.” His sectional view of an eye on p. 17,
“Sectio oculi per axem et nervum opticum” (a description comprehensible without
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Figure 7.2 Christophorus Scheiner’s 1619 treatise on the eye, as described by the front
page of the 1652 edition.
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translation to everyone in the field because the terminology is still used today), is
said to be the first correct presentation of the eye including the optic nerve.

Snell formulated the law of refraction in 1621, but it was not published un-
til 1637 by Descartes. However, Scheiner devotes the whole second book of his
treatise to the refraction of light rays through the elements of the eye, surface by
surface. In the first part of the third book, on page 164 of the 1652 edition, Scheiner
describes the experiment that may be seen as a forerunner to Hartmann: to study
the refractive state or focusing, but not aberrations.

Scheiner’s description of his raytracing experiment is approximately as follows:

Have a candle A and a screen BCDE kept in fixed positions, and between
them place a convex lens described by the points FGHI around its periphery,
which is attached to a board KL into which three holes M, N, O, are pierced.
When the lens so covered is held close to the paper, then the candle will be
imaged on the screen in triplicate, with the orientation of the candle from
each of the three holes upside down; however, the mutual position between
the holes is unchanged, if the holes M and N are on top, so also the images
P and Q are on the top, and as O is down, so also the corresponding image
R is seen at a lower position. The reason is that, as the lens is close to the
screen, the images cannot merge in one place, because the distance between
the lens and the paper is too short.

When, however, the lens moves towards the candle, gradually the im-
ages P, Q, R, converge to one another, so that finally the lens arrives at such
a position from which out of all images one image spot S on the screen
results. Let this position of the lens be TV, at which only one image and,
so to speak, also only one hole (if they are small) are to be seen. From this
follows also, that, when the images, thanks to the right refractive state and
the convergence of the rays coincide, the image of the candle will keep its
reversed orientation, as before.

Now, if the lens from here moves further from the screen and still closer
to the candle, not only the single images retain their reversed orientation,
but the mutual order from the holes will be interchanged, from top to down,
from left to right and right to left. As can be seen, when the lens is at po-
sition XY, that the images of candle A, transmitted by the openings M, N,
O, will be projected to opposite positions on the paper so that to hole M the
corresponding image will be o¢; N; 3; O;y; ...

Scheiner transfers these observations to the eye for the study of its refractive
state, where the retina has the role of the screen and observes the images of a light
source at given distances transmitted through a disk with holes in front of the pupil.
Today, this relatively simple test is still known in optometry as “Scheiner disk.”%1°

Scheiner’s method, as explained through Fig. 7.3, lets us understand in an in-
tuitive way that even the laser optometer?>?! relies on the same principle. A laser
optometer consists of a laser-illuminated, slowly rotating, diffusely reflecting cylin-
der. An observer sees a speckle pattern that barely twinkles when the observer has
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Figure 7.3 Scheiner’s raytracing experiment with a positive lens drawn in three positions
between candle A and screen BCDE. The lens is covered by a board containing three small
openings: M, N, and O.

an eye focused close to the cylinder surface; the speckle pattern moves in the same
direction as the cylinder surface when the eye is myopic, and in the opposite direc-
tion when the eye is hypermetropic.

Herzberger does not mention Scheiner in his overview and bibliography on
writers in optics from Euclid to Huygens.?> However, the name Scheiner may
sound familiar due to his namesake, the pioneer of astrophotography Julius
Scheiner (1858-1913), whose work on the sensitometry of photographic emulsions
resulted in a standard for film sensitivity based on a logarithmic scale in degrees
Scheiner (used in Germany until 1934).23

But back to eye examination today. Smirnov has been credited with being the
first to measure the wave aberrations of the human eye from the lateral aberrations
of a thin pencil of light moved sequentially over the entire pupil.?* The measure-
ments of wave aberrations of the human eye started in Heidelberg®® in 1994 using
a Hartmann-Shack sensor provided by the European Southern Observatory.

The performance of the human eye had been investigated for some years in
terms of the modulation transfer function (MTF) through the PSF on the retina by
means of a double-pass arrangement. Now, the results from MTF and wavefront
measurements are compared by combining both functions in one setup.?®

When the aberrations of the optical system of an eye are determined, the next
step is to correct for them by using adaptive optics. One result, when looking into
the eye, is the resolution of single photoreceptor cells of the retina,*® as mentioned
at the outset in the paragraph on Helmholtz.
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Now that “supernormal vision™* is technically feasible, interesting questions
arise regarding how much improvement of human vision really is possible.?’3
We all know, as Helmholtz did, that nature is good at economizing on its resources.
The density of neural sampling points in the retina is quite well matched to the res-
olution in the image projected on them; hence, this density decreases with distance
away from the fovea. Our young group at the Royal Institute of Technology in
Stockholm, having become involved in the new university education of Swedish
optometrists, has chosen to study how people with central scotoma can enhance
their peripheral vision—the only vision left to them.?® The work is done together
with the Center for Rehabilitation Research at Lund Institute of Technology. One
task is to determine the individual, and by nature large, peripheral aberrations of
each scotoma patient’s vision (we recently built a Hartmann-Shack sensor). The
other task is to map the density of receptors in order to know the extent to which
optical corrections can provide recovery.

References

1. S. Marcos, “Refractive surgery and optical aberrations,” Opt. Photon. News
Vol. 12, pp. 22-25 (2001).

2. H. Helmholtz, Die neueren Fortschritte in der Theorie des Sehens, Preussi-
sche Jahrbiicher, Jahrgang (1868). Quoted from republication in Populdre Wis-
senschaftliche Vortrige, Zweites Heft, Zweite Auflage, Verlag Vieweg, Braun-
schweig, pp. 1-98, quotation on pp. 21-22 (1876).

3. A. G. Bennet and R. B. Rabbetts, Clinical Visual Optics, Second Ed., p. 387,
Butterworth-Heinemann, Oxford (1989, reprinted 1994).

4. J. Liang, D. R. Williams, and D. Miller, “Supernormal vision and high-
resolution retinal imaging through adaptive optics,” J. Opt. Soc. Am. A Vol. 14,
pp. 2884-2892 (1997).

5. D. T. Miller, “Retinal imaging and vision at the frontiers of adaptive optics,”
Physics Today Vol. 53, pp. 31-36 (2000).

6. A.Roordaand D. R. Williams, Adaptive Optics and Retinal Imaging, in Trends
in Optics and Photonics Vol. 35, Vision Science and Its Applications, V. Laksh-
minarayanan, Ed., Optical Society of America, Washington, DC, pp. 151-162
(2000).

7. A. Gullstrand, “Photographisch-ophthalmometrische und klinische Un-
tersuchungen tiiber die Hornhautrefraction,” Kongl. Svenska vetenskaps-
akademiens handlingar, Ny f6ljd. Vol. 28, no. 7, p. 64 (1896).

8. M. Tscherning, “Die monochromatischen Aberrationen des menschlichen
Auges,” Ztschr. f. Psychol. u. Physiol. d. Sinnesorgane Vol. 6, pp. 456471
(1894).

9. M. Mrochen, M. Kaemmerer, P. Mierdel, H.-E. Krinke, and T. Seiler, “Prin-
ciples of Tscherning aberrometry,” J. Refract. Surgery Vol. 16, pp. 570-571
(2000).



130

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

K. Biedermann

R. K. Tyson, Ed., Adaptive Optics Engineering Handbook, Marcel Dekker,
New York—Basel (2000).

L. N. Thibos, Principles of Hartmann-Shack Aberrometry. See Ref. [6],
pp. 163-169.

D. A. Atchison, D. H. Scott, and M. J. Cox, Mathematical Treatment of Ocular
Aberrations: a User’s Guide. See Ref. [6], pp. 110-130.

J. Hartmann, “Bemerkungen iiber den Bau und die Justirung von Spektro-
graphen,” Ztschr. f. Instrumentenkunde Vol. 20, pp. 17-27, 47-58 (method de-
scribed from p. 51) (1900).

J. Hartmann, “Objektivuntersuchungen,” Ztschr. f. Instrumentenkunde Vol. 24,
pp. 1-21,33-47,97-117 (1904).

G. Franke, Photographische Optik, p. 167, Akademische Verlagsgesellschaft,
Frankfurt (1964).

R. V. Shack and B. C. Platt, “Production and use of a lenticular Hartmann
screen,” J. Opt. Soc. Am. Vol. 61, p. 656, abstract only (1971).

Ch. Scheiner, Oculus, hoc est: Fundamentum opticum, Oeniponti (Inns-
bruck) (1619). An internet search indicates that Bayerische Staatsbibliothek
Miinchen, www.bsb-muenchen.de, has three editions: Innsbruck 1619, 1621,
and London 1652.

H. Schober, Das Sehen, Band 11, pp. 14-15, Fachbuchverlag, Leipzig (1958).
See Ref. [3], pp. 84-87.

E. Ingelstam and S. I. Ragnarsson, “Eye refraction examined by aid of speckle
pattern produced by coherent light,” Vision Research Vol. 12, pp. 411-420
(1972).

See Ref. [3], pp. 453-455.

M. Herzberger, “Optics from Euclid to Huygens,” Appl. Opt. Vol. 5, pp. 1383—
1393 (1966).

E. V. Angerer, Wissenschaftliche Photographie, Akademische Verlagsge-
sellschaft, Leipzig (1950).

M. S. Smirnov, “Measurement of the wave aberration of the human eye,” Bio-
physics Vol. 6, pp. 776795 (1961), English edition of the Russian Biofizika
Vol. 6, pp. 687-703 (1961).

J. Liang, B. Grimm, S. Goelz, and J. F. Bille, “Objective measurement of wave
aberrations of the human eye with the use of a Hartmann-Shack wave-front
sensor,” J. Opt. Soc. Am. A Vol. 11, pp. 1949-1957 (1994).

P. M. Prieto, F. Vargas-Martin, S. Goelz, and P. Artal, “Analysis of the perfor-
mance of the Hartmann-Shack sensor in the human eye,” J. Opt. Soc. Am. A
Vol. 17, pp. 1388-1398 (2000).

L. N. Thibos, “The prospects for perfect vision,” J. Refract. Surgery Vol. 16,
pp- 540-546 (2000).

R. A. Applegate, “Limits to vision: Can we do better than nature?” J. Refract.
Surgery Vol. 16, pp. 547-551 (2000).

J. Gustafsson, E. Terenius, J. Buchheister, and P. Unsbo, “Peripheral astigma-
tism in emmetropic eyes,” Ophthal. Physiol. Opt. Vol. 21, pp. 393—400 (2001).





