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Science and Human Relations

Achievements in the realm of the physioal scienees have encouraged meny in-
vestigations to omploy the same ideology and msthodology to the study of inter=human
relations. As a consequence much work is being plammed and published in this fleld
todey and geme of it is at variance with traditional Christianity as expressed in
American protestanism and the political and soclial pattern which it has fostered.
The following illustrative excerpts are teken from: "Social Responsibility”
Chisholm, Science, 109, 27 (1949)

(1) "Only in the last few years has it become clear to the people in all
countries who are capable of thinking independently of the hysteria of the medis
of mass communication that this o0ld method of competitive survival has become sym-
onymous with racial suicide."

{(2) "Business men trained to make profits, or old-time diplomats trained in
gentlemanly behavior and the classlics are mlso obviously inadequate to the needs
of interhuman relations on a world scale,"

(3) "Most of us by being civilized too early or too forcibly have been driven
to believe that our natural humen urges are "bad," "not nice," "wicked," "sinful,"
or whatever the local equivalent may be. This is the dreedfully damaging concept
of "original sin" which really only states that babies are not born civilized
according to the local custome of the matives,"

(2) "It appears that a system which imposes an early beclief in one's own sin-
fulness, ar unmceteptabillity in cnes natural state, with its oonsequent inferiority
feelings and anxlety, must be harmful to interhuman relationships and to the ability
of the humen race to survive in the kind of world this has becoms."

Tt scema clear from these statements that current soclological ideology is
in conflict with some of our major Christian doctrines., Surely original sin, or
eny sin is more than our lack of being "civilized according to the local customs
of the nativeg." Likewise when " a system which imposes an early belief in ones
own sinfulness" is accused of being harmful to interhumen relationships, we must
consider that traditional Christianity, if not being subjected to a2 frontal assault,
is being undermined very rapidly.

It eppears that Christians who are students of the sciences dealing with
interhuman relationships such as psychology, psychiatry, socioclogy and anthropology
will face an increasingly formidable foe in the future, There ean be nc doubt
that there is a great field of Christian service and study in the subjeots men-
tioned above. American Scientifle Affiliation Membsers would do well to invite
into their ranks more earnest Christian scholars who have chosen careers in the
goiences of inter-humen rclatiomships,




REPORT ON THE 1949 ANNUAL
CONVENT ION

Paul DeKoning

The third annual convention of the American Scientific Affiliation was held at
Calvin College in Grand Rapids, Michigan, on September 1, 2, and 3, .

It was a souroce of real pleasure and genuine profit for those who attended this
year's convo to renew old acquaintences and make new ones among the men and women whose
purpose it is to honor the Lord in their scientific achievements. As in the two years
past, it was splendid to have fellowship with those of "like precious faith" who are
engaged with teaching and research work in various fields of science.

I'm certain that I speak for everyone on the program committee as well as for
those of our membership who attended, when I say that we appreciated wvery much the fine
hospitality shown us by the faculty and staff of Calvin College. Every courtesy was .
extended to us, and we were all made to feel right at home in the splendid dormitory
where a number of us stayed during the conference. We extend our thanks to the loecal
arrangements committee, Mr. Mart Karsten, and Dr. Edwin Monsma. Especially do we thank
the good wives of these two gentlemen for preparing the fine lunch for us during the
evening of our arrival., Thanks must also be extended again to the other members of
the College who made our stay so pleasant. .

As was the custom at our other conventions, we began our day's activity with a
devotional period each morning. The singing of hymns, the brief expositions of the
Word, and the fellowship in prayer were all stimulating, and continually reminded us
that our first responsibility was to seek the Lord. We cen attribute every successful’
paert of our program to the fact that we did seek to serve the Lord in all that we did..
One thing that stands out c¢learly in this year's convention which was also evident in
the others, was the spirit of earnestness and keeness in seeking knowledge, not for it's
own sake, but for the glory of the Lord. This was especially noticed in the kindly and
charitable attitude among us as we carried on our various discussions. This surely
must have been the result of much prayer on the part of all the members prior to the
convo, and during our time together. For this I am sure everyone was grateful.

Those of us at the conference this year witnessed the successful culmination of
several years work in the issuing of the Student handbook, "Modern Science and The
Christian Faith." This book wes received with favor, and many copies were distributed
to members and also to the public during the meetings.

This year we attempted to provide for more complete coverage of the disoussicns
and remarks concerning ths wvarious papers presented, by employing a court stenographer.
This gentleman took down all remarks with the stenotype machine, making it possible for
the first time for us to have an accurate record of all the convention transactions.
Thus we can share with those who did not attend the meetings all the interesting things
which transpired.

Subject matter of the papers presented was of a varied nature. It was grati-
fying to see how everyone was vitally concerned with the material given, as was noticed
by the lively discussions which followed evory paper, and continued even after the
various sessions were over. More than this, it was clearly evident that the members ef
the ASA were earnestly trying to face the scientific problems of the day, and were not
merely interzstod in advecating somc pet theory of their own., Considerable disagree-
ment among us on some problems demonstrated this. Again it can be truthfully said that
in all of our agreements and apparent disagreements, there was displayed a remarkable
Christian spirit, by all in their remarks during and after the meetings.

The two public meetings which were hcld in the evening as before, were very well
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attendod, The college auditorium waes woll filled on both evenings. Dr, Allan MacRae
presented some very interesting material on Archeaeologiocnl matters the first night, and
at the sccond public mcating the new film "Voice of the Decp" was shown. In addition to
this, our President Mr. Everest spoke briefly along with Dr., Marion Barnes, concerning

the work of ASA. It was felt that this was an excellent opportunity to publicize the:
aotivitios of ASA,

A special feature of our convention this year was the visit mede to the Psycho-
pathic Hospital at Cutlerville., Our tour was conductsd by Dr, Gelmer Van Noord, chief
of sgtafi for the hospital, and proved to be very intoresting. We wers able to see
first hand the fine work being done by this outstanding institution in an effert to
help the mentally ill.

In canclusion, I would like to say that it was a pleasure to have been able to.
work on the deteils of the program for the 1948 convontion. Any success which we may
have had can bo attributed to tho goodness of the Lord in supplying the willing workers
who presented the papers, and led the discussions.

Book Review
THE ROAD TO REASON
By
LaComte Du Nouy

"The Road to Reason" represcnts the matured exprossion of an eminent biophysicist
who has had a prodigious scicntific experiente, Born and ¢ducated in France, Lecomts
du Nouy cobtained the degroes of LL,B., Ph.B., Sc¢.B,, Ph.D,, and Sc.D., He wes an asso-
ciate member of the Rockefeller Institute, Head for teon years of the Bio-Physies divi-
sion of the Pasteur Institute and the author of some 200 published papers before his
untimely death in 1947,

Par from zstablishing in him a scientific positivism, which he abhored, or an
unlimited confidence in the human intelligence to solve all mysteries, the author's
total experience raiscd in his mind sorious questions regarding the walidity of some
generally aoccpted theorics, reasonings and concepts. Lecomte du Nouy states that in
the last fifteen years, ".,..our self-confidence has been somewhat shaken. Everything
seems more complicated than we had first thought. We have becoms mors prudent, - less
affirmative."

While embracing ovolution thc author frankly discusses thoe "fragile basis" of
the structure, the ignorance of causc, the improbability of a singlc protein moleculs
evor having been formed by chance - not to mention life and progressive svolution. He
points out that even such "oxplanations" as exist can be not more than mathematiocal
formulations which only tend to the illusion of understanding.

Lecomte du Nouy masoribes no moral character t¢ science. He refers to the bank-
ruptey of the "Goddess of Reason" and adds, "We can not ask science to raise the moral
level of humenity. The present state of the world is proof enough of that."

For all these problems the author postulates a directive force, "an 'anti-chance'
which it is easier to call God." In "Human Destiny", written seven years later Lecomte
du Nouy is more convinced that the inability of chance "inevitebly leads to the idea of God."

The book mekes most interesting and stimulating reading both from the standpoint
of the materisl presented and the auther's vital, lucid style.
72.J.0.



Moody Institute of Science Plans New Picture:

Blindfolded bats avoiding obstacles, fish spawning up on dry sand, the mystery
of bird imigration, hearing molecular bombardment of the eardrum in one of the guietest

{qpots on earth are some of the subjects being treated in Moody's latest film, as yet -
unnamod.

The audience will hear the ultrasonic ories of bats as they operate their loca-
ting equipment, the forerumner of modernradar and sonar. The halteres, or balancing
organs, of the house fly will be domongtrated; the source of the suggestion for the
latest development in gyros, the wibrating gyro.

Did these just happen? Are they parts of a great accident? Did the laws of
chanco mold them?

The picture is scheduled for September 1st relsase and it will be shown first
in eivic auditoriums in the larger cities aoross the country., All three Moody films
released to date, "zod of Creation,” "God of the Atom," and "Voice of the Deep" bear
ASA approval. This meane that a committes of ASA scientists has studied the secript
and the film in detail and that upon their recommendation, the council has passed upon
its scientific sccuracy. The new film will also be subject to this serutiny prior to
releasge. :

ASA Members of L. A. Arsa Meet:

On the evening of February 21st, the ASA group of the Los Angeles area met in
Prof. Peter Stoner's new home in Altadena. The arrangements for the ASA conventlon in
Los Angeles in August were discusscd at some lengbth. After this, ceritical evaluations
of wvarious chapters of Modern Science and Christian Falth were presented, Chapters so
treated were thosc on biology, mathematics, and Christian Interpretation of Science.

The ASA members present werc: Ear]l C. Rex, David M., Spaulding, Edgar B. Van
Csdel, Hawley O, Teylor, Walter E. Lammerts, Peter W. Stoner, and F. Alten Everest.
Guests wero: Lewis H. Humphrcy, Carl F. H. Henry, Prof. Spauldings son, and Bermard
Ramm.

1949 CONVENTION:

Pleasga noto: the time of the 1949 convention hag been tontatively set for the
woek of August 21lst. For a consideration of saveral vital sciontific and Christien
issues, for a stimuleting tims of discussion by those who know, for grand Christian
fellewship, and for an opportunity of seeing Southorn Californie and points of scienti-
fic intecrest on field trips---MAKE YOUR PLANS NOW TO ATTEND!

24 Feb 49
FAR



A Physicist's Glimpse of God

Prof. Paul ﬁender, Ph.D.

Goshen College, Goshen, Indiana

There are two sources of human knowledge. The one of these is purely humsn
whereby knowledge is obtained through human observation, experimentation and reasoning
by the method commonly c¢alled the scientific method. This is the only source commonly
considered wvalid in current intellectual ciroles, and the entire body of knowledge com-
monly acoepted by the present intellectual world has been accumulated by this process.
This knowledge is cumilative and is growing rapidly, perhaps more rapidly at the pres-
ent time than ever before in human history. When God told Adam and Eve to "replenish
the earth and subdue it", I think He had in mind not only that man should dominate the
animal life on earth, and that he should exploit the natural resources of the earth,
but also that he should accumulate knowledge about the created universe, and should use
this knowledge for his own purposes.

The other source of lmowledge is Divine revelation, God has spoken to man in
order that He might show to man who He is, what is His charscter, and what is His pur-
pose in creation, as well as His purpose and plan for men himself, This revelation
has come to man through God's inspiration of writers of the Holy Scriptures, and also,
in its supreme form in the coming of God himself to the earth in tho person of Jesus
Christ. This is an importent sourco of knowledge, giving to us informetion that could
not have beon obtained through the human soureco. Tho knowledgs thus made available isg
essential to our prosont and ultimate well being. It is also necessary for giving
proper interpretation to the knowledge obtained through the human source,

From these two sourcces are obtained bodics of knowledge which, in the final
analysis, are in perfect agreement with ¢ach other and are supplementary to sach other.
Knowledpe from each source will 1lluminate and interpret that from the other, This
follows from the very nature of truth, because truth must agree with itself from what-
ever source it comes. Experienco has also amply demonstrated that truth rewvsaled in
the Biblc agreoes perfectly with the truth obtained by humen roasoning, when that reas-
oning is correctly done.

On the one hand, God's revelation gives meaning to the universe about whichesman
is attempting to obtain information. The Bible points thz way to & correct intorpre-
tation of tho universe and is a good source for suggestions as to lines of approach for
rcsearch regarding tho ultimate character and history of the universe,

On tho other hand, human knowledge also illuminates God's rovelation. For
example the romarkable harmony found in all oreation gives moaning to God's statement
concurning His creation that He “saw that it was good.™ Also, the knowledge modern
science has aceunmulatcd regarding living organism, particularly to tho nature of
species and tho laws of heredlty, gives meaning to the story of orceation in which it
is spceificenlly stated that all animals woro orsated “after their kind."

An intoresting example of the manncr in which human kmowledge confirms the reve-
lation of God's cromtion is found in the reasoning of the physicist-philosopher, Sir
Jumes Jeans. In an effort to explein the nature of matter, physicists came to the con-
clusion that a mathematical statement of the nature of matter was the only adequate
explanation possible. Sinco mathematics is the product of pure reasoning, and reason-
ing is an activity of thc mind, Jeans arrives at the¢ conclusion that behind the wmiverse
there is & reasoning mind similar to the human mind, which iz tho ultimate cause of
mattoer, In other words, he concludes that there must be¢ a personal Creator. This,
however, is as far as human reasoning can go. It 18 necessary for us to learn from
révelation who the Creator 1s and what are His characterlstics.

Tho presont-discussion proposes to point out another line of reasoning, in whioh
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some of the findings of physics are used to determine something of the character of
the Creator of the universe.

The physicist looks upon the physical universe as baeing composed of three funda-
mental quantitics: space, mass and tims. Each of these quantities is measurable, and:
the commonly used units of measurcment are the contimeter, gram snd second, or more
recontly, the meter, kilogram and second, rcspectively. All other quantities in the
physical universe are derived from these three; for examplse, veolcity is a combination
of space and time, being the time rate of motion in space. The many other quantities
used to interpret and doscribe the physical universe are similarly derived as combina=
tions of two or more of these fundamental quantities.

" SBpaoe is three-dimensional, having length, breadth and depth. Time is one-
dimensional, extending from the past through the present to the future. Intuitively
we think of mass as being located within the framework of space and continuing through-
out time. We thus isolate the three fundamental quantities, thinking of them as being
independent of each other. :

We as humans are limited in each of these three quantities. We ordinarily think
of being most strictly limited in time. Time marches on inexorably and we are entirely
powerless to alter our position in time. We must live in each particular moment as it
comes and we arc carried forward in the stream of time without the least ability to
increase or decrease its pace., We cannot project oursolves into the past nor into the
future.

We are also extromely limited in space, although here we feel a certain amount
of freedom in that we are at liberty to move about from place to place. For instance,
each of us, on his own volition, detormined to travel from his home to Grand Rapids.
We felt perfectly froe to make this deocision and to exoecute the journey. However, it
was absolutely necessary in making this journey that we should traverse all the inter-
vening space., We had to cover every foot of the way from home to Grand Rapids. Before
starting the journey, we could in our mind imagine ourselves at Grand Rapids, but we
werc porfectly powerloss to realize that imagined fact without first traversing the
intervening space.

We arc also limited by mass. BEach of us, as a human personality, lives within
a physical body, and the physical body places very real limitations on our activities.
We must live within the framowork of space, time and mass with cortain definite limita-
tions imposcd upon us by each of these quantities.

Another simplifying approach made to the physical universe by physicists is to
consider that everything within the framework of space and time can be thought of as
composed of two ontities, mass and onergy. These two entities can never be dealt with
entirely indepondcntly of cach other. That is, mass must always be thought of as hav-
ing energy associated with it, both in the gross manifestations of mass as well as in
the ultimate dynamic neaturc of matter itself. On the other hand, encrgy is known and
can be studied only as it manifosts itself in matter. Radiation may be thought of as
pure enorgy, but even radiation cannot be detected or studicd apart frem its effect
upon matter. This classification into mass and energy is less fundamental and less
comprehansive than the simpler classification into space, time and mass. It is, however,
fundamentally valid, particularly for large scale phcnomena, as evidenced by the laws
of conservation of mass and cenergy, which are extremely fundamental and general in
their application.

The famous Michelson-Morely experiment, in which an effort was made to measure
a change in the velocity of light with a change in the veloeity of the observer, and
which led to a purely negative result, opened the way to a new approach to the study
of the fundamental quantities of the physical universe. In an effort to interpret the
nogative result of the experiment, therc was finally dovelopod what is known as Ein-
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stein's relativity theory. This theory links together intimately the space and time
entities, and the mass and energy entitises.

We are accustomed to thinking of a wave motion, such as sound, as traveling with
a definite velocity in such a way that the velocity of arrival at an observer is changed
by the velocity of the observer. That is, if the observer approaches the source of
sound, the apparent velocity of the sound is increased, whereas if he recedes from the
source, its apparent velocity is decreased.

This is not true with light. As the observer approaches the source of light or
reccdcs from it, his measured velocity of the light is the same. The reluctance with
which we accept this fact results from our own limitations in being a part of the sys-
tem which we are attempting to interpret. If it were possible for us to obtain a per-
‘spective where we would observe the system externally, these limitations would be
removed. However, it is nocessary for us to oxamine the universe from our own vantage
point within it. '

The ultimate recsult of the fact of the constancy of the voloeity of light is
that the velocity of light is an essential foaturc of the universe.

Velocity is a derived gquantity, involving both space and time. The relation-
ship referred to would seem to point to the fact that those two fundamental quantities
are intor-related and not independent. In fact, Einstein's relativity theory links

them together. Instcad of the three-dimensional space and the one-dimensional time,
the two ars tied together in a four-dimonsional relationship. This secems to us to be
a strange rclationship becausc wc are accustomed to frecdom of motion within each of
the three space dimensions, but to no freedom whatsoever within the time dimemnsion,
whereas the four dimensional relationship of the relativity concept would seem to per-
mit equal freedom in each of the four dimensions.

Mass is also included in this inter-relationship. One of the most significant
results of the Einstein study was the conclusion that there was a relationship between
energy and mass having the square of the velocity of light as a proportionality con-
stant. No longer can we consider that energy and mass are independent quantities,
each with its own fundamental law of conservation, as earlier postulated, Mass and
energy are now known to be interchangeable, and the two conservation laws are merged
into one law of conservation of the total mass-energy content of the universe.

This truth has opened up many new areas of understanding of the universe. For
instance, the radiated energy of the stars, including our sun, has as its source the
mass of the stars. In the area of the undorstanding of matter itself, it is now evi-
dent that this relationship is very fundamental to the structure and behavior of the
atom. The olectical nature of mattzr, including the fact of the positive charge on
the atomic nucleus and the negative charge on the orbital electrons, was a very fruit-
ful concept in intcrprsting the cxtra-nuclear behavior of the atom, but was centirely
baffling in attempting to understand the nuclcus itsclf in which many positive charges
with tremendous forces of repulsion actually werc hcld together in a stable combination.
We now know that the formation and the decomposition of the atomic nuclsesus involves a
mass-energy transition in such a way that tho ultimate naturz of the stability of the
atomic nucleus must result from a maximum encrgy relationship in which the energy
changes are accomplished at the expense of the mass of the nuclear material.

Thesc relationships strike at the very heart of the problem of the ultimate
nature of the universe. They reveal that we cannot think of the universe as composed
of threc more or less indepcndent entities in which we intuitively think of mass as
being independently placed within space, and of timo as moving forward without any
esscntial connection with e¢ither space or mass. Wo have beon forced to recognize that
these intuitive concopts are inadequatc and that there is only one basic entity which
we sce in the triple aspect of space, mass and time.
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Because we are a part of this universe, we can only with difficulty assume an
imaginary external viewpoint from which we attempt to examine and understand the real
character of the universe. If it were possible for us to stand off without limitations
of space, time, or matter, and see the universe, many of these difficulties would no
doubt disappear. It is just this detached viewpoint, however, which the Creator must
of necessity have in producing and sustaining the creation. We may be able to get
some small glimpse of the Creator as we attempt to interpret the universe from such a
vantage point.

The Creator must, of necessity, be free from the limitations of the universec
which He creates. An understanding of these limitations and of the situation in which
the Crcator is freo from the limitations will give us some information as to the char-
acter of the Creator. God will not bs limited by time as we are. He will not be lim-
ited by space, nor will he be limited by the matter which is a part of his creation.
Let us cxaminc briefly each of these threo frecdoms. i

When God replied %o Moses' request as to how hc should tell the children of
Israel who God was, He told Moses to say, "I am that I am." When Jesus was defending
his own identity before the Jews who were questioning his authority, he said, "Before
Abraham was, I am." Each of thcse statements is best interpreted as meaning that God
is timeless. In other words, God is beyond the limitations of time. He is not carrjed
forward with the flow of time between the future and the past as are we. He ocan grasp
at one swecp the entire scops of time, and can, without hindrance, sece and direot what-
ever is happening at any period of time. Pstor said, "Onc day is with the Lord as a
thousand ycars, and a thousand years as onc day.” In other words, time has no such
meaning to God as it does to us.

Since God is fres from timc, it is absurd to speak of any beginning or ending
of His existonce. Neither is ctornity, then, a matter of infinite existence in the
past and continued infinite existence in the future, but merely of a timeless oxistence.
With this viewpoint, eternity takes on a new meaning. Eternity is not an endless exis-
tence in which one always oxists in the prosent with time flowing on for an infinitely
long period, but simply a freedom from the strcam of time which carriss the universe
forward.

We speak of God as being everywhere present. This is merely a way of saying
that he is not limited by space. God can comprochend all of space without the neces~
sity of concentrating on any one place or of moving his attention or his presence from
one place to another. He is completely free from the necessity of existence within a
particular portion of space such as we are. The place of God's existence, therefore,
has no meaning in that His existence is beyond placse.

Similarly, God is not limited by mass or matter, He is not composed of matter
with its limitations of inertis and spacial and temporal existence. He dces not have
a body in the sense that we as humans must live in & physical body.

These views are necessitated by the fact that God is the Creator of the universe
He must of necessity be superior to his creation and to its space, time and mass limi-
tations. The fact that the space, time and matter existence of the universe is not a
triple existence but a unit existence, in which the three entities are thoroughly in- -
tegrated into the make-up of the universe, helps us to recognize that God's existence
is entirely beyond the limitations of these three entities as we usually think of them.
Also the unity of the physical universe points to the necessity of a single act of
creation of this physical universe, including not a temporal creation of matter within
space, but a simultaneous creation of time, space, and matter.

This view will be further clarified and will also shed light on our own exis--
tence if we examine our own eternal existence in the light both of the viewpoint pre-
soented here and of the teachings of God's revelation. God has stated that man is
created in the image of God. We take this to mecan that men has a personality similar
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to that of God and capablc of fellowship with Him. In his presont existence, however,
man is limited by the limitations of the universe in space, time and matter. It is
clearly stated, however, that man ultimately has & possibility of existence with God,
Men's eternal existence will thon take the form of complete identity with the nature
of God and fellowship with Him. This existence must, therefore, be one in which limi-
tations of space, time and matter are removed. Eternity will then become not a ques-
tion of infinitely long time, but merely of timeless existence in which there will be
no past, present, nor future. The placs of this existence will also have no meaning
in the scnse of being somewhere in space. Conjectures as to where heaven is are,
therefore, meaningless because the eternal existence will also be free from the limi~-
tations of matter. The glorified body of our existence will not be made of atoms and
molecules; but will be, like God, completely without matter as we know it in the universe.

From this view, creation was not an act of tho formation of mass within a pre-
viously existing framework of space and time, but was rather the formation of the :
universse as a whole, which, of necessity, brought into existence simultaneously the
continuum which we now know as space, time and matter. Since it is impossible to desr
cribe the universe without having these three supposedly independent quantities very:
definitely inter-related, it is also impossible to think of either one of them exist-
ing without the others. By that same process of reasoning, we can conceive of this
created universe not only to have had a beginning with the beginning of time, but also
to come to an end with the ond of time. In other words, the entire span of time must
be contained in the oxistence of the universec and will not contain an eternity. If
time and the universe of which it is a part coms to an end, then thore will remain
the timeless existence of God and the creature he has created in his own image. The
mysteries of this existenco can be understood here and now only through the revelation
God has chosen to give to us. This revelation gives us the assurance, however, that
our existence is likc His. We arc promised eternal 1life, beginning now. This means
that if we are in accord and in fellowship with God that this fellowship has a con-
tinuous cxistence. We may think of this existence as having two aspects, the first
in time, and the second in timecless eternity. So long as our existence is in time, :
wo are limited by the limitations imposed upon the universe of time, space and matter.
After doliverance from these limitations, this existence will be like that of God him-
solf where the limitations are removed. The Apostle John gives us a view of this
existence with God when he says, "Boloved, now are we the sons of God, and it doth
not yet appear what we shall be, but we know that when He shall appear, we shall be
like Him."




THE EYE AS AN OPTICAL INSTRUMENT
Frank Allen, M.A., Ph, D., LL. D., F.R.S.C.
Professor Emeritus in Physios

University of Manitoba, Winnipeg, Canada

"Sturmius, says Paley, hecld that the examination of tho eye was a cure for
athcism', Yot Helmholtz, who knew incomparably more about thc eye than half a dozen
Sturms, describes it as an instrument that a scientific optician would be ashamed to
make; and Helmholtz was no atheist."

This quotation from Professor Ward's Gifford Lectures! is a reference to the
celebrated popular lecture? of Helmholtz on vision. In view of the commanding influ-
ence on visual science which he has exerted for over ninety years since the beginning
of the publication of his Handbuoh der Physiologischen Optik (1856-66), his views on
the characteristics of the eye as an optical instrument carry great weight. The im-
portance of this subject from several standpoints has led the writer to assemble the
latest measurements on the defects of the eye, as well as all the statements of scien-
tific men of unquestioned authority in this field of enquiry that he could find.

First of all, the words of Helmholtz himself are given so that there may be
no doubt as to what he did say.

"Now it is not too much to say that if an optician wanted to sell me an instru-
ment 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 course,

I shall not do this with my eyes, and shall be only too glad to keep them &s long as

I can--defects and all. Still, the fact that, however bad they may be, I can get no
others, does not at all diminish their defects, so long as I can maintain the narrow
but indisputable position of a critic onm purely optical grounds.,...All these imperfoc-
tions would be exceedingly troublesome in an artificial camera and in the photogra-
phic picture it produced. But they arec not so in the eye - so little, indeed, that
it was difficult to discover some of these....The chief rcason (for not observing the
defocts) is that we are continually moving the eye, and also that the imperfections
almost always affect those parts of the field to which we are not at the moment
directing our attontion....For thec eye has every possible defect that can be found in
an optical instrument, and even some which arec peculiar to itself; but they are all

50 counteracted, that the inexactnsss of the image which results from their presence
very little excceds, under ordinary circumstances of illumination, the limits which
arc set to the delicacy of sonsation by the dimsnsions of the rotinal concs....Ths
adaptation of the cye to its function is, therefore, most complete, and is seoen in
the very limits which aro set to its defects....Thez dofects which result from the
inexactness of vision and the smallsr number of cones in the greater part of the reti-
na arc compensated by the rapidity with which we can turn the eye to one point after
another of the field of vision, and it is this rapidity of movemcnt which really con—
stitutes the chief advantage of the cye over other optical instruments."

The defocts of the eyec, which are sct forth so prominently in this discussion,
should be reviewed in the light of the most recent knowledge of wisual optics which

1. Naturalism and Agnosticism. Black. London. 3rd Ed. 1906. 2 vols, Vol. 1, p. 6.

2. Popular Scientific Lectures. Trans. by Atkinson. London, 1873. The Recent
Progress of the Theory of Visien, p. 219, et. seq.
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has been assembled both by Duke-Elderl in his exhaustive treatise on ophthalmology,
and also by Hartridge? in his recent investigation of the visual perception of fine
detail. For no optical instrument has been examined so minutely, critically and
accurately as the eye, by men of the highest genius such as Helmholtz, Gullstrand and
Tscherning.

In the optical system of an instrument, such as the microscope or a telescope,
the surfaces of the lenses should be perfectly spherical and they should be centered
upon a common optical axis. The mathematical theory of such a dioptric system, as
originally developed by Gauss, demands, in addition, that it should be of small aper-
ture, not more than 100, so that the rays of light are limited to the axial regioms,-
of homogeneous media, and that monochromatic light should meet the refracting surfaces
nearly at right angles. It is with such an ideal system that all practical optical -
instruments are compared.

Because of the nature of light and its mode of propagation, as well as the
nature of the refracting media which form the image of an object, all optical systoms
are subjoct to many aberrations. Thecse defects must in some way be overcome or mini-
mized or the image will be more or less impoerfect. The mothod of optical correction
is to usec combinations of several lenses of differcnt refractive powors and ourvatures.
In the microscope, an achromatic object glass, which forms.the image, is composed of
as many as six lenses, and an apochromatic object glass may have ten. These lenses
must be made of ‘carefully selected glass with accurately figured surfaces, and adjus-
ted to each other with extreme procision, The focal length is quite small. So per-
fect can the image bo made, that magnifications of more than 1500 diametoers are pos-
sible. They operate at a fixecd distance from the object under observation, and the
field of view is extremely small. In addition to the objcct glass there is the eye-
pieocs with which the image is magnificd and viewed. All the lenses are immersed in
air so that the numerous surfaces have abrupt discontinuity with that medium. The
telescops has fower lensces, but the focal length is relatively largs which minimizos
or eliminatos the most troublesome defects.

Comparcd with such complicatcd optical instruction, the human cye is rudimen-
tary. The refracting system consists of the cornea, the aqueous humor, the lens and
the vitreous humor or body. The lens, therefore, is immersed in the humors and not
in air, which greatly minimizes the optical discontinuities, The indices of refraction
of the two humors are practicelly the same (1.336), which differs but littls from
that of water (1.334). The lens is extra-ordinary in constitution since it consists
of many layers or zoncs which vary in refractive index from 1.386 at the surfaces to
1.406 at thc center. The cornea and agueous humor taken together, form the major
refracting medium of the eye, and tho lens, by its power of accomodation, opsrates as
the fine¢ adjusting mechanism. The cornea-agueous combination is about 2.5 times
greater in refracting power than thce lens, which is duc to the rolatively great dif-
feronce in rofractive indox betwcen the air (1.00) and the cornea (1.376), as compered
with (refractive index) betwcen the humors (1.336) and the surface of tho lens (1.388).
The m8ys of light are first refracted at thoe cornsa and aqueous humor, sscond by the
anterior zoncs of the lens, then by the core, and further by ths posteorior zones. In
consequenos of its structure, ths lens has a groater refracting power if it wero homo-
geneous with a refractive index equal to that of the core, Bosides increasing the
refractive power considerably, this arrangement diminishes the spherical aberration.,

The fact of its decontration constitutes the main feature of the optical system
of the eye. Strictly the cornea has no axis of symmetry, though the deviation is
extremely small., The centoring of the cornea and the two surfacos of the lens is
ncevor exact, nor are the various zones of ths lens concentric with one another, and
the lens itself is not concentrically placed upon the optic axis. The visual axis,
which touches the fovea, makes an angle of about 5° with the optic axis upon which

1. Tecxt-Book of‘Phythalmology. Kimpton, London, 1932. Vol., 1. Chaps. XVI and XVII.
pp [ 662"774 .
2. Phil, Trans.Rou. Soc. London, Ser. B. Vol. 237 1047 =n f0 M
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all refracting surfaces should ideally be centered. Vision therefore occurs obliquely
through the system. "It is," remarks Duke-Elder, "as if one of the lenses of an opti-
cal instrument had slipped a little out of place and then whan we looked through the
instrument we tilted it very slightly. The deviations, howevor, are usually so small
as to be functionally negligible, and they tend to some extsnt to minimize the aber-
rations of the oye."

It would seocm, therofore, that the construction of ths eye slightly violates
all the conventions that apply to optical instruments. But the final result, never-
theless, is the formation of an improved image, as free from perceptible defocts as
those produced by the finest artificinl systems.

The defocts of dioptric systems, whethor of glass or of the eye, comprise two
main classes: first, aberrations originating from the composite nature of white light,
tormed chromatic aberration, and those arising from the structure of light and the
manner of its propagation, called diffraction; second, monochromatic aberrations, or
defocts occuring with rays of light of a single wave-longth: spherical aberration, :
the sine conditiodn, refraction of seccentric rays, curvaturc and distortion of the
image, and depth of focus, which is not a defect but a property of a lens.

The defects of thc first group depend on the naturo of light; those of the
second group on the structure of the optical instrument.

The discovery of the spectrum by Newton (1664) established the composite nature
of white light and the differont refrangibilities of the colors., From these discov-
eries he orroneously concluded that an achromatic combination of lenses was impossible
to devise. Apparently he gave no thought to the comstruction of the eye. As no chro-
matic aberration had ever been observed in it, Euler (1750), convinced that it was
achromatic, stimulated the eminent optician Dollend (1758) to construct achromatic
systems of lenses, such as telescopes, in which he was highly successful. He also
discovered the chromatic aberration of the sye.

Chromatic aberration. Since white light is a mixture of many different wave-
lengths and as a lens has the nature of a series of prisms, the real image of a disc
of waite light formed by a convex lens consists of a superimposed series of images of
all colors of the spectrum focused at slightly different distances from the lens. The
viclet image, formed by the most refrangible rays, is nearest the lens, and the red
images the most remote. The chrometic difference of focus is very small, being from
red to violet, about 0.47 mm. (Hartridge). Since the oeye accommodates itself to the
brightest yellow-green rays, the difference of focus is normally about half the amournt
for violet in front of the retina, and half for red, as it were, behind it. Ths sep-
arcte color lmages or aberration discs are also of different sizes, termed the chro-
matic difference in magnification, varying, according to Hartridge, for the usual
entrance pupil of 4 mm. diameter for the eys, from 0,0216 mm. in diameter for orange
light to 0.0588 mm. for blue, the letter being 2.7 times the former. In ordinary
vision these defects are extremely small, and since tho blue image completely overlaps
the red, it noutralizes that color into white leaving a narrow blue border which,
because of its low luminosity, is practically invisible. The whole effect of chromatic
difference in magnification tends to counteract the chromatic difference of focus. In
the eye the effects of chromatic aberration are small; and with a 2 mm. diameter pupil,
as Duke-Elder remarks, 70 pcr cent of the light falls on a retinal area of 0.005 mm.
diameter. The remaining light is more widely diffused and normally is therefore un-
noticed, so that images ars free from colored borders, as common ocbservation shows.

Diffraction, Diffraction is due to the spreading of the waves of light at the
edges of the wave front. The offect is the opposite of chromatic aberration since it
is greatest with the longest waves, the red, and least with the shortest, the violet.

It follows from the nature of light that a point of white light is always brought to
a focus as a small blurred disc (Airy's disc) of light and dark bands with a bright
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spot in the center. No point image can therefore be formed but only a diffraction
pattern, which varies in dimensions directly as the focal length of the system and
the wave-length of light, and inversely as the aperture, or area of the pupil,through
which the light passes. Diffraction is inherent in the nature of light and its pro-
pagation and cannot be overcome. In optical instruments, such as the microscope, its
effects are not troublesome except at very high magnifications about 2000 diameters,-
when the image itself becomes a complicated set of diffraction patterns.

The central bright spot of the diffraction pattern of a point source receives
about 84 per cent of the incident light; the first ring 1/57th and the second 1/240th
of the intensity of the central arca, At a distance of only 0.02 mm. from the center,
the light is of too low an intensity to be seen. Since the eye has a wvery short focal
length of 22.78 mm., the diffraction cffects with a pupil 4 mm. in diamoter are cor-
respondingly small.

Comparison of the figures for chromatic aberration and diffraction shows that
they have the same order of magnitude, and are much too slight to be observed in the
ordinary usage of the eyes. It is to be noted that the effects of chromatic aberra-
tion increaso as the pupil widens; but as this condition changes act together to leave
the actual definition of the image practically unchanged with alterations of the pupil.
As pupillary arcas are governed by thc illumination, the dofinition of the image is
therefore the same with all intensities of light.

These are the charactcristics of the images of point sources. But "the exten-
ded source", according to Hartridge, "differs from the point sourcé in an important
respect, namely, that its image is largoly composed of white light, and that color
fringes are only found near its margina, Each of the fringes for a 4 mm. pupil is
about 0.01 mm. wide. Only parts near the edge are strongly colored, and that as the
distance from the edge increased the yellow fringes become progressively whiter and
the blue fringe progressively blacker, until the yellow fringe merges imperceptibly
with the white interior of the image, and tho blus fringe merges similarly with the
black background."

The mathematical theory of optical systems of lenses demands a vervy small aper-
ture so that the rays arc limited to the axial regions. In optical instruments an
aperture of 10° is considered to be the maximum compatible with cfficiency. It is
with this aperturc that such instruments are designed to eliminate chromatic aberra-
tion and other defects. But tho pupil of the eve is rarely less than 4 mm. in di-
ameter which corresponds to an apcrture at the cornea of 200, With a double size of
aperture, therefore, the eye is oqually frece from aberrations, while optical instru-
ments with such wide apcertures would probably be uselsss.

Spherical aberration. In a biconvex spherical lens the peripheral or marginal
rays are refracted more than the axial, so that the former coms to a focus nearsr the
lens than the latter., This effect is called spherical aberration. It can be elimi-
nated by grinding the lens so that itscurvature decreases from the center to the per-
iphery. Such lenses are termed aplanatic, Spherical aberration is diminished by
making the curvaturc of the anterior surface of the lens, where the light enters,
groater than that of the posterior surface. In the eye the lens has the opposite
orientation since the anterior surface has a smaller curvature than the posterior.

With a glass lens of refractive index 1.5, immersed in air, the ratio of cur-
vatures to give maximum spherical aborration is 136, With the lens of the eye, assum-
ing an equivalent refractive indox of 1.43, tho ratio of curvatures would bs 1l:4, if
surrounded by air. Actually the ratio is 1:1.7. Thc small degree of sphorical aber-
ration which the eye exhibits thorefore indicates that tho thoory of glass lenses
does not apply, in this regard to a lens of variablec refractive index like the eye,
when immersed in medie of nearly tho same index of refraction.
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The chiof corrective of spherical aberration is the pupil which shuts out the
peripheral rays of light and admits the axial and those nsar it, Thc brighter the
light, the morc noticeablc would bc the aberration; but with greater illuminetion the
smallcr becomes the pupil, and the moro axial become +the rays admitted. "Although
the eye does not form an aplanatic system", remarks Duko-Elder, "the offects of spher-
ical aberration aro small - much smaller than the offects of either diffraction or
chromatic aberration. This is duc partly to the fact that tho cormea is flatter in
the periphery than in tho contor, but more largely to tho fact that the lens corc is
more highly refractive than tho poriphery. Both these circimstances cause tho axial
rays to be refractcd more strongly than the peripheral ones, a tendency which counter-
acts the effect of spherical aberration....Regarding the eye as a whole, the axial
arca is usually under-corrected and shows a positive ab:srration, while the periphery
is usually negative."

Ths Sime Condition, It is clear, thorefore, that, by means of the automatid
adjustable aperture of the pupil, as well as by other devices poculiar to ths oye
itself which are ncot available in any optical instrument, sphorical aberration in the
eye is reduced to such a small amount that no perceptible blurring occurs in the vis-
ual image. '

Even though a lens system is designod to produce an images of a point fres from
spherical aberration, a wide pencil of light does not necossarily give a clear image
of the arca surrounding the point. Diffcrent zonos of the lens may bring light from
various parts of thc object to diffsrent positions, so that the image is drawn out
like the punctuation mark, the comma, tho tail of which points to the optic axis. To
prevent this from occurring, a certain mathematical condition must exist relative to
the object in air and its image at the back of the vitreous body on the retina;namely,
the produect of the refractive index of air, the size of the object and the sine of
the angle of divergence of the rays of light from it to the eye, must be equal to the
product of the refractive index of the vitreous body, the size of the image and the
sine of the angle of convergence of the rays forming it. This relationship is called
the sine condition. "The eye," states Duke-Elder, "appears to obey the sine condition
almost exactly, so that as far as comma is concerned the displacement of the fovea to
the side of the optic axis is no disadvantage.'

Rofraction of Eccentric Rays. Since the eye is a decentred optical system,
the pupillary line and the optic axis do not coincide, but differ in position by an
angle of 5°. The so-called determining ray to the foveails thorefore somewhat peri-
pheral or eccentric, and consequently suffors a littlo radial astigmatism. The deter-
mining rays ars brought to a focus sooner than the equatorial rays which tend to inter-
fere somewhat with visual acuity. The amount of the defect is only about one-eight-
eonth of the chromatic aberration, and still less of the spherical aberration; and is
therefore of no significance in vision.

Curvaturcz of the Field. It is a characteristic . of a spherical lens to form a
curved image on an object. On a plane surface the wholc of the image cannot be in
focus at once. The curvature of the fileld, as it is called, is corrected by having a
curvod image-plans. In the sye the retine is such a curved screcn. Since its radius
of about 10 mm. is shorter than tho posterior focal distance (22,78 mm.) of the opti-
cal system, "it satisfios vory gloscly the theoretical curvaturc for complote correc-
tion."

The image of an object formed by a lens is also subject to two kinds of distor-
ticn; one, in which straight lines crossing one another at right angles are either
curved outwards, barrel-shapod, or inwards in the opposite dircetion in the image. At
the same time thc image is respectively diminished or onlarged in size comparod with
its normal aroa. The magnification of the ends of an object is also different from
that of thc middle. "Poripheral distortion of the image is almost thooretically cor-
rcected in the samc way as curvature of the field," that is, but suitable curvature of
ths retina (Duke-Elder). '
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Depth of Focus. If several objects are at different distances from an optiocal
system, their images will be formed at different distances also, so that if one is in
facus the others will be slightly out of foous. The greatest distance of the objects
from one to another, still having their images satisfactorily focused, is called the
depth of focus. In other words, the greatest distance through which an object can be
moved and still produce a satlsfactory image without change of accommodation, is the
depth of focus.

In the case of the eye, Hartridge has shown that with a pupil 3 mm. in diameter
and with the eye focused for 24 meters, objects both at infinity and 12 meters will
still be in focus at the same time. But if the eye is working at 25 om., the normal
reading distance, the depth of focus is reduced to 1.1 cm. As the pupil contracts
during accommodation, the depth of focus increases. With bright light, a pupillary
diameter of 2 mm. the depth becomes 3.2 em. This property, therefore, relieves the
strain of accommodation.

Loss of Light. In traversing the optical structurss of the eye, light is re-
flected at all surfaces of sufficient discontinuity to do so. By this process a con-
siderable quantity of light is deflooted from the main dioptric path. There are six
principal surfaces in the eye at which light may be reflected: the anterior and pos-
terior surfaces of the cormea, the anterior and posterior surfaces of the lens and the
surfaces between the zones of optical discontinuity within the lens. At each of them
an image formed by reflected light can, by suitable means, be observed. But for four
of the chief six images, the light forming them travels out of the eye and is losgt. In
the case of two, the light rcaches the rctine and tends to diminish the optical effi-
ciency of the eye. 1In the case of microscopc objectives there may be from 12 to 20
surfaces of such discontinuity where loss of light occurs. "The eye, however!, says
Dukec-Elder, "scts a higher standard in this respect than most optical instruments, for
the whole of the light thus lost does not equal 2 per cent." The loss of light is
negligible in quantity since the rcfractive indices of the ocular media are so closely
related, the lens being immcrsed in a medium of approximatoly the same index as 1tself
That of the humors of the eye is 1.336, and the refractive index of the outer layers
of the lens is 1.386, so that the dlfference between thom is extremely smell; while in
optical instruments tha difference in refractive index between glass, 1.5, and air 1.0,
is ten times larger.,

Scattered Light. There is considerable scattered light reflected from the ret-
ina by which the fundus can bc ophthalmologically cxamined. But very littlo of it
confuses the retinal image. Thc shape of the fundus causes the reflected light to
pass out at the pupil or to strike the insensitive anterior portion of the retina. The -
eye is also protected from oblique illumination by thc nose and eyebrows, and the
goattercd light is effectively absorbed by the retinal pigment.

Halation. "Halation would appear to be of nogligible amount. The term applies
to the reflection of light back to the sensitive surface from other surfaces immedi-
ately above it; but the reflecting layer of the retina is so close to the rods and

cones that this disturbance can bc of little moment.™

The defects which are recognized by ophthalmologists can all be detected by
carcful and expert examination, But by the vast majority of humanity they are mnever
noticed, and they have no influence on ths normal visual properties of the sye. Because
they exist they can be rcferred to as defects, as the quotation from Helmholtz shows.
But to exaggerate them grossly into an instrument that an optician would be ashamed to
make, is to magnify them out of all proportion to the minute and unnoticed degrees in
which thcy ars to be found.

The mechanism of accommodation of the eye is the means by which accurate focus-
ing of the image on the retina is automatically brought about. It is a muscular devics
which is optically and neurally controlled, and peoculiar to the eye. It cannot be '
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imitated in an optical instrument. The lens of the eye is quite plastic and enclosed
within a transparent and highly elastic capsule which, under tension, is capable of
moulding the lens into a more spherical form, but when relaxed permits the eye to
resume its original shape.

In accommodation three elastic forces are involved which operate on the prin=
ciple of double antagonism, that is beautifully adapted for protection of the lens
from sudden and dangerous deformations. It has been fully described by Gullstrandl,
The form of the lens is controlled by two antagonistic elastic forces, those of the
choroid and the capsule; and at the same time the force of contraction of the ciliary
muscle and the stronger of the two elastic forces, that of the choroid, act antagonis-
tically. This arrangemont protects ths lens from the action of too strong external
forces and from sudden variation of these forces. The elastic force of the capsule,
that protects the change of form of the lens, is the weakest of the three, and, like.
all elastic forces, constantly diminishes in strength during the development of its
effect, so that the movement terminates without any jerk. In the relaxation of accom-
odation, the greatest force producing the change of form is the elasticity of the
choroid, and this force diminishes steadily during the movement, and at the same time
the resistance of the lens capsule is continually increased by dilation. However,
this means of protection would fail with decrease of power of thc lens to change its
form. Without that power every strong tendency to acoommodation would result in a
dangerous Jjerk on its structure. When it is realized that opacities, which impair or
destroy vision, can occur in the transparent lens of the older person from its sudden
and violent deformation, the great importance of the protective arrangement provided
by the double antagonism of the forces acting in accommodetion is obvious.

Listing's Law. A conspicuous and useful characteristic of the eyes is their
extraordinary mobility which enables them to be voluntarily turned in perfect coordi-
nation in any direction within thc obvious limits of possibility. Wo rolling motion
of the eyes occurs as that would at once cause disorientation of the relative positions
of corresponding retinal arcas with a serious disturbanco of vision. But when the
cyes arc moved in any direction, the movement is carried out with the greatest dispatch
and the least expenditure of offort (Listing's Law). Operation aocording to this law
causes the loast degree of fatigue to the extra-ocular muscles which enables them to
function for many hours a day. Listing's Law is a special case of the universal law
of nature, known as Least Action, aocording to which all operations are performed with
the least expenditure of time and enorgy. The law of economy of nature therefore
operates with the eyes.

After rcviewing the most recent estimates of the visual dsfeets of the eye, it
will be intercsting to quots sevoral other opinions of competent investigation.

Gullstrend? states: "Helmholtz's famous dictum that the monochromatic aberra-
tions of the eye are such as would not be tolerated in any good optical instrument, is
sometimes construcd to mean that the eye is a very badly constructed optical affair -
which Helmholtz never said and certainly did not mean. But another question that this
statement raises is whether these aberrations are not serviceable and what is their
purpose. First of all, it should be noted, as Helmholtz pointed out, that a 1limit is
imposed by diffraction to the physical sharpness of the image."

In accommodation there is an elevation of the total index of refraction of the
lens due to its structure which denotes a change of focusing out of proportion to the
change of form that is unattainable with a lens of glass and is of the highest advan-
tage. “The monochromatic aberrations,™ continues Gullstrand, "are the necessary evil

ltn Physiological Optics. Helmholtz. Eng. trans. Southall. Vol., I. p. 408.
2Tbid. pp. 440,443,
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for obtaining this advantage; and even if the convergence of the rays is not as good
as it might be, the clearness of the image in good illumination is still above the
limit of the capacity of the eyeo as imposed by the laws of diffraction. Hence, the
monochromatic aberrations are a witness for the perfection of the eye, if what is
meant by the perfecction of an optical instrumsnt is good convergence of rays to the
degree that is noeded to obtain the greatest useful sharpness of image; anything in
excess of this being sacrificed in order to gain some other end.™

In regard to the statement of Helmholtz, Duke-Elderl romarks: "As in all opti-
cal systems, many aberrations are met with in the eye. It is frequently said that
these are gross, and the statement is attributcd to Helmholtz that the construction of
the eye 1s such as would not be toleratod in any good optical instrumont. If Helmholtz
ever said this he certainly never meant it, for, as Helmholtz fully realized, the eye
is constructed with oxtreme attention to detail in kecping the image as physiologi- -
cally useful as possible, while at the same time retaining an immense range of adapta-
bility. It is true that the peripheral field is sacrificed to some extent for the
central field; but it is the latter which is of importance for the purposes of accurate
function, and the functional capacity of this region is up to the limits imposed by
the diffraction of light. For yellow light and a pupillary diameter of 0.6 mm. the
limit of capacity would be a wvisual angle of 0.3 minute of angles; for a pupil of 3
mm. it would be 0,82 minute, and only for a pupil of 4 mm., is the angle for yellow
light 1,22 minutes, while for green light it is 1.05 minutes. When these figures are
compared with those of the minimum visual angle (0,40 minute) it is sevident that the
limit of possible visual capacity as imposed by diffraction is attained by the visual
acuity. It would appear, therefore, that to sacrifice adaptability in the attempt to
make the central acuity greater by optical means would merely be a task of supereroga-
tion."

It has also been remarked by Southall? : "The process whereby the normal eye is
enabled to focus on the retina in succession sharp images of objects at different dis-
tances is ocalled accommodation, and it is this marvelous adaptability of the human eye
togather with its mobility, which perhaps more than any other quality entitles it to
superiority over the most perfectly constructed artificial optical instrument.™

In the introduction to his oxtensive investigation of the wisual perception of
fine deteil, Hartridgedstates: "The resolution of a grating test object by a microscope
requires that instrument to possess lenses of fine performace. These contain as a
rule achromatic combinations of carefully figured lensss which have been adjusted in
relative position with the utmost precision. The dosign of the eye appears rudimentary
in comparison with such lenses, yet practical tests with grating and other test objects
show that this elementary lens system, possessing apparently no chromatic correction
of any kind, and certainly no flourite-like mediwm which could impart an apochromatic
correction, bhehaves in an almost flawless manner., So good, in fact, is the apparent
definition of the foveal image, that if ths lens system of the eye could be removed
and an apochromatic lens, selected for its good performance, could be substituted, it
is doubtful if the possessor ¢f this eye would detect any improvement in his percep-
tion of fine detail. What hc would certainly notice would be a very serious daterior-
ation at the periphery of his visual fields. His original eyc lens gave him an angle
of view exceeding a right angle. His new microscopic lens gives him a fisld of view
almost insignificant in comparison. Ho now knows for the first time what it feels .
like %o have 'tubular vision', that is, thc type of vision produced by looking down 4
narrow tube. But other more subtlc differonces would soon bec noticed. His original
eye lens adjustcd its focus automatically, and was almost equally good for obscrving
near and distant objects. His new microscopic lens possssscs no such valuable features.

lrext-Book of Ophthalmology. Vol. I, p. 756.
2Mirrors, Prisms and Lenscs. MacMillan. 3rd Ed. 1936, p. 434.
- %Phil. Trans. Roy. Soc. Lond. B. 232, 1947, 523.
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It has been designed to work at one fixed distance between object and eyepiece only,
and a small error in this adjustment produces either over- or under-correction for
spherical aberration. The performance of the eye lens is superior to that of the
microscope lens, for the purposes for which it was designed."

The investigation of ophthalmologists which have been revised amply show that
the optical defects of the eyes are so minute and unobtrusive in character that they
are without detrimental effect on normal vision, as the testimony of the leading recent
authorities indicate. It is therefore olear that the strictures on the eye in the
first part of the remarks of Helmholtz are decidedly unjustified. But when the prac-
tical perfection of visual optical imegery, accommodation, rapidity of accurate focus-
ing, breadth of visual field and mobility of the eyes, are added the remarkable acuity
of vision end color sensations with which images are perceived in detail and adorned,
as well as direction of vision, binocular coordination, perception of depth and adjust-
of distance, all of which are automatic in action, the eyes obviously far surpass all
possible optical instruments in performence.

Finally it should be remembered that the eye differs from all other optical
instruments in being & living system, and is preeminently the organ of the chief in-
tellectual sense., By itself its own minute defects are assessed., With its exquisite
discriminating power it pronounces ultimate judgment on the degrees of perfection of .
performance attained by artificial instruments. No inferior instrument could give a
valid judgment on a superior.

The Visual Apparatus As A Telescopo. It is often stated that the eyes resembles
a camore in its construction, and in some ways the likeness is quite ocomplete. But
the eye itself comprises only half the visual apparatus, for the area striate in the
cortex cannot be separated from the visual process for it is there that vision actually
takes place. The striatec area, howsver, exercises a much wider function than only to
provide sensations of vision. )

The arca striata, or visual cortex, consists of a number of folds in the calca-
rinc arcas of both cerebral hemispheres. If spread out flat it would be oval in shape
with a total surface of about 3000 sq. mm., about evenly divided between the macular
and peripheral areas of the rotina.l The area of the functional retina is about 905
sq. mm., of which the macula comprisoes only about 3 sqg. mm. The optic nerve fibres,
about 500,000 for each oye proceed from the retina to the latoral geniculate body,
whence they continue in increascd numbers, as the optic radiations, to the area striata.
The macular fibres number about half the total; that is, thore are as many nerve fibres
reaching the striate area from the 3 sq. mm. of the macula, as there are from the
remaining 900 sqg. mm. of the rest of the retina. The macular fibres therefore spread
out over the striate arca of 1500 sq., mm., in the ration of 3:1500 or 1:500. There is
clear ovidenco that both rotinas are ropresented in the samo striate area. Possibly
the two macular images of an object differ suffiociently in the striate area so as to
excite the perception of depth.

From these figures it follows that an image covering the macula is spread out
over a striate areca 500 times the size, or the image is magnificd at least 500 times.
Since there is an incrcasing concentration of concs, which function in form vision,
from the boundary of the macular towards thce contral fovea, it is probable that in the
striate area the part corrosponding to the fovea is expanded in like proportion.

Marshall and Talbot? statc that a pattern 1 minute of arc wide at the fovea
expands in the striate area 100 times linearly, or 10,000 times in area. The area
striata is also stated to be from 30 to 600 times as fine grained as the roetina, which

1. Elliot Smith.. New Light on Vision. Nature. 125, 1930, p. 820
2Biological Symposia., Cattell Press. 1942. VII, 117 -~ 165,
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would counteract its relatively coarse mosaic structure.

The fovea, which is the retinal arsa of distinct vision, has an area of about
0.05 sq. mm. Its cortical expansion in the striate area will not be less tham 500
times this amount, or 25 8q. mm., nor more than 10,000 times, or about 500 sq. mm.
(1sq. in -- 645 sq. mm.). In other words the foveal image is magnified in the cortex
by an undetermined amount between 500 and 10,000 times, possibly about their mean
value, :

These facts and computations signify that the visual apparatus as a whole repre-
sents a telescope, of which the eye is the objective, the arece striata the magnifying
device, and consciousness the obsorver. The macular image of a man's face at a dis-
tance of about 3 metersis approximately 0.75 sq. mm. in area. To detect in this '
minute image all the details of form and color would be little short of miraoculous.

But in an image enlarged soveral thousand times, the discrimination of fine detail
and color would be easy, as experionce shows to be the case.

The optical magnification of retinal images in the cortex is obviously out of
the question. But the neuro-mechanical magnification is effectively designed to take
its place. In a telescope the eye-piece and the objective must always be kept rigidly
in alignment. In the visual apparatus this is unnecessary since the vital connection
between the two parts is ncutral. Sufficient slackness in the optic nerve is allowed
to permit all the delicately coordinated motions of the syes in their orbits without
interfering in the least degree with the conduction of the nerve impulses to the mag-
nifying and porceiving area in the cortex. A flexible connection between the two parts
in which opticel alignment has no significance 1s impossible in artificial optical
instruments.

To obtain a similarly enlarged image on the retina itself would mean redesign-
ing the dioptric system of the eye in a form impracticable with living tissues. Such
an eye would be much enlarged, sluggish in movement, slow and inaoccurate in focusing
and subject to considerable muscular fatigue as well as greatly, probably grotesquely,
disproportioned to the size of the face and depth of the orbit. The increased retinal
area would mostly be wasted in any case, as attention could be directed only to a very
small portion at a time.

In their present form, due to their small volume (6.5 cc.) and weight (7 gr.),
the eyes have a wide and easy mobility, swift and accurate accommodation, and perfect
coordination, which enable rapid judgments of the form, direction and distance of
objocts under observation to be made. The magnifying cortex can unobtrusively and
effectually supply the necessary enlargement of the images, the perception of detail
and the appreciation of color. While magnifications as high as those in a microscope
cannot be obtained, experience shows that they are unnecessary in the normal exeroise
of vision. If the retinal image were grossly defective, as sometimes erroneously
asserted, the magnified image in the cortex would be useless for accurate visuwal pur-
poses, and optical instruments designed for visual observation would be without value.

The magnificence of the achievement of the theorotical and practical designers
of microscopes and telescopes in overcoming the natural defeots of images due to the -
naturc of light and lenses, and in obtaining the high magnifications which they have
thereby accomplished, can scarcoly be exaggerated. Infinitely greater is tho glory of
tho Divine Daesigner not only in having contrived the far simpler and more efficient
optical system of the eye, but also in establishing biological laws by which the
minute details of ocular construction have been transmitted with precision to count-
less individuals of all generations of mankind.
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Diffraction pattern produced by light passing through small
oircular aperature, Bands like these, but insignificantly

small and practically invisible, are produced on the retins
by the pupil,

Object

Image distorted by convex lens
Distortion of Image

Diagram of the Eye
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1, optic nerve, 2. Fovea, 3. Retina, 4. Vitreous body, 5. Lens,
humor, 7, Cornsa, 8, Iris.

6. Agqueous

Chromatic Aberration
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White -
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Focus Fobus
The dispersion of the lens brings each color to a different focussy the most re-
frangible, blue, nearest the lens, the least refrangible, red, farthest, away,
tue other colors between them.
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Spherical Aberration
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Light v Focus Foous

Diagram to show that rays of light passing through a lens at different places have
different foci., Rays travel from left to right.

The lens of the Eye

Three zones of the lens of the eye. (diagrammatic) Innermost is the high refrac-
tive nucleus, the others being progressively less refractive outwards. The zones
are very numerous,

"In all probability the complexity of its architecture, with its layers of gradu-
ated ocurvatures and zones of varying refractivities, is especially designed to
counteract and neutralize the effects of spherical and chromatic aberration., It
also increases the converging power of the lens, which is thus enabled to cover

a greater range of accommodation and, in addition, tends to minimize the formation
of secondary images in the eye."

(Duke-Elder: Text Book of Ophthalmology, Vol. I. ps 126).




