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ABSTRACT

The main body of the thesis is divided into the

following sections:

a. The seat of vision and visual acuity.

b. Accommodation - how the eye focuses
on objects at different distances.

c. Colour vision - including the discovery

of colour blindness.

There are other sections peripheral to the areas

listed above.
Before the main body of the thesis:

1. An introduction outlining the scope of the

thesis.

2. A brief, modern explanation of the
functioning of the eye.

3.  An evaluation of the role played by
experiment and hypothesis in the
discoveries made in physiological optics
between 1650 and 1800.

4. A brief account of the development of
theories of vision and the working of the

eye from ancient times to 1650.

After the main body of the thesis, there is an appendix

giving a modern explanation of the working of the eye.

Finally, there is an appendix which endeavours to
evaluate the way in which the discoveries and theories
mentioned in the thesis were disseminated to the
contemporary layman. This has been compiled from

encyclopaedias published during the period covered by the

thesis.
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INTRODUCTION

Of all the senses, vision has consistently attracted
the most attention throughout history. Not surprisingly,
numerous theories spring from the culture of Ancient
Greece. Conjecture over the nature of how we saw
produced the conflicting intromission and emission theories -
that vision was caused by particles entering the eye, or by
some emanation from the eye - as well as other hybrid
theories. The appreciation of the inevitable imperfection
of our senses gave rise to Plato's theory of Forms, which
held that we arrived at approximate knowledge of the material
world only through our senses. The true nature of any
object he called the Form of the object, and our senses could
give us only an approximate concept of what this was. The
working of the eye itself attracted considerable interest, with
the widely held view, carrying the authority of Galen, that
the 'glacial humour', or crystalline lens, was responsible for

vision within the eye.

The Muslims inherited Greek thought and continued to
press ideas forward, although owing to a religious prohibition
on dissection, they lacked the stimulus of experiment. During
this time Alhazen did more than any other Muslim to emphasise
the importance of vision; and it was he who introduced the
concept of a point-by-point formation of the image in the eye,
based upon the intromission theory. Thus at the end of the
first millenium Alhazen had taken an important step forward

in the search for an understanding of the true nature of vision.

Nevertheless, progress was slow, and even as late as

the beginning of the seventeenth century, there remained one



major stumbling block to the understanding of the internal
operation of the eye. This was the lack of awareness that
the image formed in the eye was inverted. To turn the
collective image of the whole visible world upside-down
was a gigantic intellectual feat, and yet until this was
accomplished, the true seat of vision, the retina, could not

be appreciated.

At the beginning of the seventeenth century, Johannes Kepler
carried out the geometry necessary to demonstrate the inverted
image on the retina, and shortly afterwards Christoph
Scheiner verified its existence experimentally., Nevertheless,
the position of the retina as the light-sensitive surface in the
eye was still not firmly established. Descartes added his
authority in favour of the retina, but almost immediately in

the next generation Mariotte produced his controversial theory

that the seat of vision was the choroid rather than the retina

Having faced the difficulty that the image on the retina
was undoubtedly inverted, the task of explaining how we saw
objects erect was dealt with skilfully and, by some, in an
almost offhand manner. Basically the argument was put that
our other senses interpreted the world correctly, and we learnt
from experience to invert what was projected on the retina, and

to view the world instinctively as upright.

The nature of the retina, which was often likened to a piece
of plush, with the erect fibres corresponding to nerve endings
standing out of its surface and facing the front of the eye, was
well enough understood from the middle of the seventeenth
century. It was now also understood that the point-by-point

build-up of the image, which Alhazen had thought took place on



the front surface of the crystalline lens, now took place on
the retina. Messages from the nerve endings were then

thought to be transmitted through the optic nerve to the brain.

Such was the almost instinctive prejudice in favour of
the retina, that Mariotte's hypothesis in favour of the
choroid as the seat of vision, did not receive widespread
support. In many ways his hypothesis was extremely well
founded, and his reasoning against the retina's being the
seat of vision was logically based upon the widely held concept
of the retina outlined above, The retina, however, is
reversed, with nerve endings on its rear surface and not on
its front; from its nature, which has been understood only
during this century, we can now effectively answer Mariotte's

difficulties in accepting it as the seat of vision.

While Mariotte did not receive support for his theory,
his work was widely discussed throughout the greater part of
the eighteenth century. During this time opinion moved
slowly towards an acceptance of the retina as the seat of
vision. In spite of this controversy and the undoubted
importance of this subject in the field of physiological optics,
the nature of the seat of vision was not the topic which
produced most interest during the eighteenth century.
Accommodation, the ability of the eye to focus on objects at
different distances, produced far more speculation and
experiment; this was probably because the number of alternative
means by which accommeodation could be achieved was far

greater than the range of options for the seat of vision.

The possibility that the eye changes its focus for close

and distant objects was first recognised by Kepler at the



beginning of the seventeenth century; and the full range

of alternative means of causing accommodation was
frequently explored and re-explored during the next two
hundred years. A minority, led by De la Hire, held that
apart from the closing of the iris when close objects were
viewed, no accommodating mechanism was required.

Others held that the eyeball changed shape, or that the
crystalline lens changed shape or position within the eye.

A major difficulty in appreciating the correct cause of
accommodation, a change in shape of the lens, was the back-
to-front action of the ciliary muscles within the eye, which
cause accommodation. When these muscles are relaxed they
stretch the lens, whereas most early observers associated

a stretching of the lens with a corresponding tightening of the
muscles. However, there is no doubt that the major
experimental contribution in this field was made by Thomas
Young in the eight years at the end of the eighteenth century.
It is worth emphasising his painstaking experimental work on
accommodation, since it is easy for it to be overshadowed by

his brilliant hypothetical theory in the field of colour vision.

The investigation of colour vision was stimulated almost
entirely by one man, John Dalton. His masterly account at
the end of the eighteenth century of his own colour-blindness
highlighted at one and the same time a virtually unknown visual
defect, colour-blindness, and also the then current lack of
knowledge of colour vision. The time was obviously right
for an investigation of this subject, since it had been briefly
touched upon earlier, notably by Newton, but largely neglected.
It is surely significant that eight years after the publication
of Dalton's paper in 1794, Young put forward his three-colour

theory, which was later to find greater authority through
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endorsement by Helmholtz in the middle of the nineteenth
century. The confirmation of the Young-Helmholtz theory
had to wait a further hundred years, for the development
of the sophisticated electronic techniques required to make

measurements involving single rods and cones,

During the seventeenth and eighteenth centuries
physiological optics was carried forward mainly on the
basis of speculation with only a limited amount of experiment,
since it was a subject which, apart from dissection, did not
lend itself readily to empirical investigation, The scientists
who involved themselves in this field were, like all scientists

during this period, non-specialists.

In Kepler, Descartes, Newton and Mariotte we have men
whose interests were as wide as knowledge itself, This
generalised approach extended almost until the end of the
eighteenth century, and Joseph Priestley's contribution is
an example. A dissenting clergyman, he wrote widely on
education, politics, history, English grammar and metaphysics.
He was probably not in the first rank in any field, but his very
versatility makes him a good example of the mind and spirit of
the eighteenth century before the exf)ansion of .scientific
knowledge made specialisation inevitable. Indeed, the arrival
of the specialist in this field can be said to have occurred only
with the emergence of Thomas Young right at the end of the
eighteenth century. For although he was trained as a medical
practitioner, his main contribution to science was in the single

field of optics.

From the short list of names mentioned above, it can be

seen that physiological optics was well enough served in the
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calibre of the scientists who contributed to its advancement.
As a discipline its progress was in advance of many other
areas of science, such as the study of heat, electricity,
mechanics and chemistry. In fact, the sophistication of

the discoveries made in the study of the eye were probably
matched only in the fields of astronomy and physiology.
Certainly the development of our knowledge of the eye was

far more rapid than in the only field which could be considered

to be in any way comparable, that of hearing.
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A BRIEF MODERN EXPLANATION OF
THE WORKING OF THE EYE

A modern diagram of the eye is shown below. The
cornea, crystalline lens and vitreous humour act together
as a compound convex lens to project an inverted image on
the retina. The amount of light entering the eye is
controlled by the iris diaphragm which is muscular and
increases the diameter of the pupil in dull light, and
decreases its diameter in bright light. The iris has one
other function: for close objects it decreases the size of
the pupil independently of the amount of light, and in this
way improves the clarity of the image on the retina in the
sarné way as stopping-down the lens on a camera improves the
quality of the image on the film. The eye can alter its focus
to enable it to see close or distant objects clearly. It does
this b.y changing the convexity of the crystalline lens, making
it more convex for close objects and less convex for distant
ones. The change in convexity is achieved by the ciliary

muscles acting in a rather unusual way. The crystalline lens

pupil
corgea aqueous humour

conjunctiya

&// /, // foves
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is normally held under tension by a membrane, the zonula;

in this position it is focused for distant objects. In order to
focus on a close object the ciliary muscles tense and in so
doing release the tension in the zonula, allowing the natural
elasticity of the lens to make it more convex. The ciliary
muscles were not identified until the middle of the nineteenth
century, and this had caused considerable difficulty in
identifying the proper cause of accommodation. The theory
which came closest to the truth proposed that the fibres of the
"suspensory ligaments" - the zonula - were muscular and
stretched the lens to view distant objects. Thus, an effort
would have been required to view distant objects. Unfortunately
this ran counter to experience, which held that the eye was at
rest when viewing distant objects. It is the back-to-front
nature of the working of the ciliary muscles, whereby the
tenseness in the muscles relaxes the tension on the lens when
viewing close objects, which explains how the eye is not in a

state of rest when viewing close objects.

The main defects of vision are short-sight (myopia),
long-sight (hypermetropia) and astigmatism. The deterioration
of sight which takes place with age is called presbyopia, and is
the progressive loss of accommodating power. In both short-
and long-sight the eye possesses the normal amount of
accommodating power, but the range over which this acts is
different from the normally sighted. A short-sighted person
can focus only over a range of distances close to the eye, while
a long-sighted person can focus only on distant objects. Short
sight is corrected by a simple concave lens, long-sight by a

simple convex lens. Presbyopia occurs from middle-age on,
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and the increasing loss of accommodating power which occurs
is due to the crystalline lens becoming increasingly harder;

its symptoms are in many ways similar to those of long-

sight. The correction of presbyopia often involves the use

of bi-focal lenses, which enable close objects to be seen when
the bottom half of the lens is used, and distant objects to be
seen clearly through the top half. Astigmatism is the inability
of the eye to focus in the vertical and horizontal planes. It

is due to one of the curved refracting surfaces of the eye
having different curvatures in the vertical and horizontal planes.
Since the majority of the refraction takes place at the front
surface of the cornea, unequal curvature here will be a likely
cause of astigmatism. It is corrected by the use of lenses
which have a complementary difference of curvature in the

horizontal and vertical planes.

The retina contains light-sensitive receptors which react
to the inverted image projected on its surface. The receptors
are situated on the outer surface of the retina, and therefore
light has to travel through the retina before reaching the
receptors. For this reason there is a small area in the
centre of the retina called the '"fovea centralis', where its
thickness is less, and where there are no blood vessels; this
means that there are fewer hindrances to the formation of a clear
image. The fovea is the part of the retina which is used for
accurate vision., There are two main types of receptors, rods
and cones. Rods create only monotone vision, but are
considerably more sensitive to dull light than cones. There
are three types of cone, sensitive to red, green and blue light

respectively. The fovea contains only cones, and as the



- 15 ~

distance from the fovea increases, rods start to occur with
increasing density. The sensitivity of the eye increases
slowly on entering a darkened room, and after about thirty
minutes the eye is several thousand times more sensitive
than in bright light. This is not due to the action of the

iris, which acts almost instantaneously, but is due to the
photo-chemical action which takes place in the rods and cones.
These contain pigments which are bleached in bright light.
The bleaching absorbs light energy and this energy is
eventually changed into electrical energy which is transmitted
to the brain. In the dark, these pigments are manufactured,

reaching their maximum concentration in about thirty minutes.

An explanation of working of the eye in greater detail is

given in Appendix A at the end of the thesis.
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THE ROLE OF SPECULATION AND EXPERIMENT

The history of physiological optics during the seventeenth
and eighteenth centuriesshows that speculation played a far
more important role than experiment in the formulation of
hypotheses. The reasons forthis are easy to understand,
for experiments designed to investigate the functioning of
the eye are difficult both to devise and to execute.
Dissections of the eye have always been comparatively
easy, but these tend to lead to a knowledge of the structure
of the eye rather than of its function; and, as we shall see
later, they cannot be used reliably in formulating theories

explaining the working of the eye.

There are three types of experiment available. The
first uses dead eyes, either human or animal. The second
uses other people as experimental subjects, and changes in
their eyes are observed, such as the opening and closing of
the iris, or their comments on what they see are noted.
Not surprisingly, the third and. most common type of
experiment is that where the observer investigates his own
eyes. This last type of experiment, however, posed
problems of a special kind: namely, the observation of the
function of the eye by the eye itself. It is fair to say that
early observers largely ignored such philosophical niceties,
and concentrated on a pragmatic approach, making
observations and drawing conclusions when and where they
could. From this extremely subjective base, many con-
clusions on the working of the eyes were drawn during the

seventeenth and eighteenth centuries.

As has been pointed out above, dissection of dead eyes is
obviously valuable in determining the structure of the eye
and its measurements. One can cite here the painstaking
experiments of Petit in the early eighteenth century, which

provided other investigators with valuable information about
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the structure and dimensions of the eye. Such are the
changes which start to take place, even shortly after

death, however, - for example, the increasing opacity

of some media - that it is difficult to place reliance on

the results of these experiments when they are used in
support of theories of vision. It could, however, be
anticipated that dissections of the eye would normally
assist in determining the nature of different parts of the
eye. This, in turn, could be expected to assist in the
understanding of how the different parts of the eye work.

In general, however, this has not been the case, and one
can say that, with one notable exception, dissections of
dead eyes have not played a major part in helping us to
understand the working of the eye. One can take as an
example of this, the case of the ciliary muscle. It could
be anticipated that careful dissections of the eye would have
established its muscularity, and undoubtedly this discovery
would have assisted the correct cause of accommodation to
be found. In the event, the discovery of its muscularity
was not made during the eighteenth icentury, and probably
as a consequence of this, the correct cause of accommodation
had also not been found by then. The ciliary muscle acts
by relaxing the tension on the crystalline lens, when the
muscle itself is in tension. The lens then becomes more
convex, and in this state is accommodated for close vision.
Thus the muscle is in tension for close vision. This
explanation confirms everyday experience that it requires
an effort to view close objects, and that the eye is therefore
at rest for distant objects. All the early efforts to ascribe
muscularity to any part of the ciliary body - the ciliary
muscles and the suspensory ligaments - involved a pulling
force at the periphery of the lens by the muscle. If this
tension changed the shape of the lens, then its result was
to make it less convex; and thus, tension in the muscle
was associated with a flatter lens, and with distant vision.

Thus the eye was imagined to be at rest for close vision,
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which was contrary to experience. It was probably
the search for a solution to this difficulty which led

to the formulation of those theories of accommodation
based upon movement of the crystalline lens. In these
hypotheses, the muscularity of the ciliary body was
used to pull the lens forward for close vision. Thus
the eye required an effort to be made for close vision,
and was correctly deemed to be at rest for distant

vision.

The opinion that experiments on dead eyes contributed
little to our understanding of the functioning of the eye
has one notable exception: the experiment carried out
early in the seventeenth century, in which Scheiner
dissected the outer layers of the back of the eye, exposing
the translucent retina. On this he was able to see the
inverted image produced by the optical system of the eye.
This helped to establish at an early date a strongly held
opinion among many scientists that it was the retina
which acted as the seat of vision. This experiment also
helped to establish a much clearer understanding of the
optical working of the eye. In so doing, however, it also
produced an additional problem, for it showed without any
doubt that the image on the retina was inverted. This in
turn led scientists to expend much philosophical ingenuity
in explaining how, when the image was inverted on the
retina, we saw an erect image. One can fairly say that
many of them quickly arrived at the correct solution to the
problem: that our experience of the external world gained
through our other senses, soon teaches us to invert
mentally the image which is projected on the back of the
eye. Nevertheless, Scheiner's experiment can be said to
have established at a remarkably early date the correct
function of the retina. It would be interesting to speculate
whether its function would have been as clearly understood,
if its really detailed structure had been known at this time.
The best picture which early experimenters devised was of

the retina as a piece of velvet, with the pile facing inwards
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towards the vitreous humour. The pile was considered
analogous to the nerve endings, which were sensitive to
light, and which transmitted messages to the brain. This
is a remarkably accurate picture, when one takes into
account the fact that it was widely held even before the
middle of the eighteenth century. It is inaccurate,
however, in one important detail; the pile of the velvet -
the nerve endings - is on the opposite side of the retina
from the vitreous humour. This means that the light
has to pass through the retina before reaching the nerve
endings. It is difficult to avoid the conclusion that, had
the early experimenters known this, they might have been

less likely to understand the correct working of the retina.

It is easily possible, that, without the authority given
to the function of the retina by Scheiner's experiment,
Marriotte's theory might have had much greater acceptance.
Marriotte discovered the blind spot in 1668, and the con-
clusions he drew from this discovery led him to put forward
a theory in which the choroid, and not the retina, acted as
the seat of vision. It is difficult to evaluate Marriotte's
discovery. One could say that it was the result of inspired
observation. On the other hand, one could equally well say
that, since this small area of blindness is present in us all,
its discovery was inevitable. Nevertheless, Marriotte was
the first to marry his conclusions to other facts about the
back of the eye and produce an hypothesis on the seat of
vision. His argument was as follows. The blind spot was
insensitive to light, and yet the retina was known to cover
the area of the blind spot. 1If the retina was the light-
sensitive surface, since it covered the blind spot, then the
blind spot would also be sensitive to light. This he had
shown was not the case, and therefore some other surface
at the back of the eye must be sensitive to light. Since the
choroid was the layer next to the retina, and since it did not
extend over the blind spot, then the choroid must be the
seat of vision. Nevertheless, in spite of this logical

interpretation of his observations, Marriotte's view did
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not prevail and the retina continued to be held as the

seat of vision. This opinion became even more strongly
established during the eighteenth century, although it is
still possible to find isolated articles expressing contrary

opinion, even at the beginning of the nineteenth century.

Probably the most frequently repeated experiment of
all, and one which was steadily refined during a period in
excess of one hundred years, was the one extensively
used by De la Hire at the end of the seventeenth century.
This involved viewing objects through two small holes in
a sheet of card and, although De la Hire did not devise
the experiment, he was the first to use it in support of a
theory which attempted to explain how the eye accommodated.
Since his view was that the sole accommodating power of the
eye was due to the closing of the iris, which took place when
a close object was viewed, it would be easy to conclude
that this experiment hindered the eventual discovery of the
correct cause of accommodation. Such was the interest
stimulated by De la Hire's work, however, that the
experiment was repeated and refined over the years and
eventually may well have assisted in the discovery of the
correct cause. It was certainly a modification of De la
Hire's experiment nearly one hundred years later that proved
that the eye accommodated independently of the action of the
iris. It can be considered extremely ironic that Priestley,
using a development of De la Hire's original experiment,
deduced that his results proved the existence of an
accommodating power possessed by the eye in addition
to that provided by the iris. Unfortunately, this deduction
did not help Priestley, or any other éxperimenter before the
end of the eighteenth century, to discover the true cause.
In the closing years of the century there was a flurry of
experimental activity at a far higher level of ingenuity and
skill than anything that had been attempted before. Home
and Ramsden working together, but above all Thomas Young,
were responsible. Nevertheless, in spite of introducing

new types of experiment, using advanced reflection
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techniques from the surface of the eye and other equally
sophisticated devices, they still showed that they were,

on occasion, just as capable of unjustified speculation as
any of the scientists in this field who had preceded them.
For example, Home and Ramsden based their opinion that the
eye could still accommodate, even after the removal of the
crystalline lens, upon some extremely doubtful results
obtained from one subject. Their conclusion ran counter
to a longstanding belief that removal of the crystalline
removed the power of accommodation. Even Young,
whose later work stands alone in this field, held an early
view that the crystalline was muscular. This view was
founded upon extremely poor .experimental evidence and

in fact could be almost described as pure speculation.

Nevertheless, it would be unjust to emphasis this
aspect of the work of Home, Ramsden and Young, while
neglecting the far more positive aspects of their other
experimental work. I have mentioned it only to draw
attention to the ease with which it is possible for even the
best scientist in the field of physiological optics to fall
into the trap of ill-substantiated speculation. Young in
particular devised numerous ingenious experiments, which
he carried out on himself, and which gave considerable
authority to the conclusions he drew on the functioning of
the eye. He even showed that rare quality in a scientist -
or in any human being - of being ready to change his mind in

the light of new evidence on a subject.

As a concluding thought on the role of experiment, -one
could fairly make the observation that a greater variety of
experiments took place during the last few years of the
eighteenth century than had taken place up to that time.
The majority of these experiments were devised by Young
and carried out by him, working alone and using his own

eyes.

Summarising the role of experiment during the

seventeenth and eighteenth centuries, one could say that,
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until the time of Young, it consisted of continued
repetition and variation on a very few basic

experiments. Young expanded the range of

experiments considerably, but the basic pattern of

the formation of hypotheses continued: the drawing of

as many conclusions as possible from the inadequate
experimental data available, and then the formulation of

a theory, which usually represented the particular bias

of the experimenter. In this way speculation was based,
albeit tenuously, upon experiment. I am not certain
whether one can say this about Young's most important
theory: the three-colour theory of vision. It could be
described as almost pure speculation, and to describe it
as such would add a certain emphasis to this present
discussion, especially when one considers the ingenuity
shown by this experimenter in other fields of physiological
optics. Indeed it is difficult to see how such a theory
could be experimentally based given the experimental
facilities available at the end of the eighteenth century.

It was an inspired guess, however, and serves to underline

the importance of speculation in this particular subject.
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THEORIES OF VISION BEFORE 1650

The thought and attention which the ancients lavished
upon this most fundamental and intriguing of our senses
ensured that virtually every possible theory had been put
forward to explain the basic facts of vision by the early
centuries of the Christian era. Although we have no
direct writing from Pythagoras (c.580-500 B.C.), sub-
sequent works from his disciples make it reasonably
certain that he favoured an intromission theory; thus he
believed that vision was caused by the passage of particles
from the object to the eye. He was later supported in
this belief by the Epicureans. An alternative - the
emission theory - considered that rays were emitted from
the eye, and that we saw an object when it was touched by
these rays. The luminescence often seen in the eyes of
animals was one of the reasons put forward in favour of
this theory by some observers. Empedocles (c.440 B.C.)
can be considered to have originated this theory; he thought
that something corporeal issued from the eye and when it
struck an object, it was reflected back into the eye, and the
object was then seen. Euclid and Ptolemy were among the
most distinguished of those who supported this theory. It
was perhaps inevitable that a combined emission-intromission
theory should also be put forward, and this was postulated
by Plato, and'later supported by Galen. Aristotle (385-322
B.C.) was unique in thinking that light was not corporeal,
but was involved in some sort of qualitative changes in the

medium through which it passed.

It is, however, necessary to put this brief summary of
Greek thought into perspective, and it must be realised that
Greek ideas about the nature of knowledge were very different
from our own. No other civilisation has produced philoso-
phers who have expended as much pure intellectual effort in
the search for the real meaning of knowledge. Therefore

it would not be correct to evaluate the bare bones of their



- 24 -

theories on physiological optics, which are given above,
without endeavouring to understand the importance they
assigned to information which we acquire through our
senses in general, and our eyes in particular. It is
impossible in such a short summary to do justice to all
the various shades of Greek philosophy, but an outline of
the ideas of the two giants of the fourth century B.C.,
Plato and Aristotle, might serve to give some idea of
the way in which the Greek mind thought, or perhaps the

priorities which they gave to certain aspects of knowledge.

Plato believed that our senses could not give us

perfect knowledge about objects. He called the idea of
an object which our intellect created, the Form of the

object; and he thought that our senses gave us information
about objects which were approximations to the Form.

He believed that the basis of objective reality lay

in perfect or ideal Forms which were never discovered

or realised completely in the world of sense perception.
This has led some to a belief that Plato dismissed

sense perception as being of no value. On the

contrary, he regarded information and understanding gained
through our senses as of vital importance as a means to the
knowledge of the true realities of the Forms. 1In his allegory
of the Cave in The Republic, he says that men who can see
only the shadows of objects will suppose these to be the only
reality. He is saying therefore, that not only can our
senses give very distorted pictures of the real objects, but
also. that without our senses we should have no idea at all
of the object. This emphasis on the intellectual moulding
of information gathered by the senses, by experiment as it
were, into some other formm of highgar knowledge. has led
some to believe that Plato's influence was unfavourable to
the development of science. This is surely not true, since
following Plato there was an era during which science
developed considerably, helped, among others, by former
pupils of the Academy. It would be easy to suppose that

in pursuing his biological researches Aristotle was
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departing from the teaching of Plato; there is no
evidence, however, that this was the case. It is true
that Plato was not much interested in researchin natural
science. It is also true that Aristotle thought that
Plato had placed far too much emphasis on the role of
mathematics in the understanding of the material world.
Aristotle rejected Plato's view that knowledge required
the existence of forms which transcended the particular
objects comprehended by our senses. He thought that
form and matter were not separable; and it is this idea
that the form of an object is inherent within it which
reflects the difference between Plato's preoccupation
with the pure abstractions of mathematics and Aristotle’s

greater interest in empirical science.

Nevertheless, in spite of his excellent empirical work
in the field of biology, it would be incorrect to cast
Aristotle as an experimental scientist with modern thought
processes. When one compares him with Plato,the pure
mathematician, Aristotle may well appear to be the natural
scientist, but Aristotle's view of natural science was far
less empirical and more rational than might be supposed.
It may be significant that he appeared most anxious to
emphasise the points of disagreement withPlato during the
early years after founding the Lyceum as a rival
institution to the Academy.

It may well appear that we have strayed far from

Greek theories of vision in this section, but it is only proper
to judge their theories in the light of the priority they gave to

intellectual rather than empirical observation.

In the field of vision it was the very diversity of Greek
thought which posed the greatest problems to the Muslims
when they inherited their ideas unedited, as it were. In
some ways,too, it was more than an inheritance, rather a
dependence, since for religious reasons Muslimswere not
allowed to carry out dissections of their own, and had to

rely upon the results obtained earlier by the Greeks. From
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this work two theories came to dominate Arabic thinking.
Hunain ibn Ishaq (d.877), who was the most prolific
translator of scientific works into Arabic, argued for a
combined emission~-intromission theory in the tradition |
of Plato and Galen. Hunain had the support in general
terms of al-Kindi (d. 873), although there was some
disagreement as to the nature of what was emitted both
by the eye and the visible object. Hunain thought in
terms of rays, while al-Kindi couched his theory in
terms of a general emanation of power, and gave greater
weight to the geometrical approach to optics favoured by
Euclid and Ptolemy. The alternative, which was a
complete intromission theory, was supported by Avicenna
(ibn Sina, d.1037). None of these Arabic writers,
however, attempted to do more than deal with the problems
of vision in a piecemeal manner; they dealt with various
aspects of sight as they arose, and in the space of a few

paragraphs or pages.

This situation was soon changed, however, by the
arrival of Alhazen (Tbn al-Haitham, d.1039). He put
forward the first comprehensive alternative to Greek
optical theories. His main optical work was Kitab al-
manazir, known in the West as De aspectibus, or
Perspectiva; this was translated into Latin at about the
end of the thirteenth century and dominated Western optical
thought until early in the seventeenth century. Alhazen
started from first principles by noting the effect of
bright lights on the eye. He noted that the eye could be
injured by very bright lights, and used this fact to support
the contention that this could not happen from the emission
of the eye's own ray; therefore the eye must be in receipt
of something from the bright body. He argued that the
phenomenon of after-images supported this position. His
conclusion was:~ '""All these things indicate that light
produces some effect in the eye.”" Rays from self—

luminous bodies had been recognised from ancient times




- 27 -

as they passed through mist or dust, but Alhazen
maintained that every visible body emitted rays, and

was seen by the emission of its own light; he held that
the non-luminous bodies had light deposited on them from
self-luminous bodies. Colour he considered to be a
similar process to that of light:~ "The form of colour

of any coloured body, illuminated by any light whatsoever,

always accompanies the light emanating from that body. "

Alhazen also occupied himself at considerable length
to demonstrate logically that rays emitted from the eye
were not necessary for vision, or indeed, responsible for
it. He therefore maintained that their existence was
conjectural - "and nothing ought to be believed except
through reason or by sight."  The form of the only printed
edition of . Perspectiva (1572) gave rise to some uncertainty
on his final position on emitted rays. The editor, Freiderich
Risner, divided the work into sections and gave each a
sub-title, and fran one of these, which implies the acceptance
of both emitted and received rays, has grown a belief that
Alhazen may have backed down from his denial of emitted
rays. In fact it would appear that Alhazen agreed to the
existence of emitted rays, merely as a mathematical device
to help mathematicians who were concerned with a
mathematical account of the phenomenon rather than with the

true nature of things.

When Alhazen came to consider the actual structure of
the eye, he was, of course, considerably hampered by the
Islamic prohibition of dissection. He obviously used
descriptions given by Galen, and Rufus of Ephesus, and it
is not surprising that he followed Galen closely in arguing
that the glacial humour (crystalline lens) was the light -
sensitive organ. He specified further that it was the front
surface of the lens which was the sensitive part. #When he
came to consider the explanation of the actual formation of
the image on the front surface of the lens, Alhazen was in

some difficulty; each part of the object radiated light and
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colour in all directions, and consequently every part of

the glacial humour should receive light and colour from
every part of the object, producing a totally confused

image on the lens. He overcame this difficulty by
considering only the rays which entered the cornea at right
angles and which did not suffer refraction. Alhazen pointed
out that only one of the rays from each point on the object,
entered the cornea perpendicularly, and hence was un-
refracted. The rays which were unrefracted were the most
efficient in vision; the refracted rays formed only an
indistinct impression. This simple device enabled Alhazen
to say:- '"'the form will be arranged on the surface of the
glacial humour just as it is on the surface of the visible
object.'" This was the first time that a satisfactory
explanation of all aspects of vision, including the formation
of the image in the eye, had been given, based upon the
intromission theory; the theory had now become a viable
alternative, both in geometrical as well as physiological
terms, to.the emission theory based on the concept of

visual rays.

The first Latin translation of Alhazen's work reached
the West early in the thirteenth century, but its dissemination
was not rapid enough to influence the optical work of Robert
Grosseteste. We first see his influence in the writings of
Roger Bacon, John Pecham, and Witelo at about 1260 to
1270. The range of sources available to these writers was
considerable, including Greek, Latin and Muslimauthors, but
in spite of this it can be said that Alhazen exerted by far the
dominant influence in the field of optics. All three writers
held that vision occurred through rays entering the eye from
the visible object, and striking the cornea perpendicularly.
They all agree on the basic structure of the eye, with only
minor differences from Alhazen. They all agree upon the
glacial humour as the light-sensitive organ. There is no
doubt, therefore, that Alhazen's work had a considerable

influence initially upon contemporary Western writers on
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physiological optics. However, opinions on subsequent

trends of thought tend to differ.

One view has been put forward by VascoRonchi;
following the initial reception of Alhazen's work in the
West, his ideas were not developed, and there was a
regression of thought as scholars attempted to combine
the new with the classical. Ronchi says:- "The merger
was a monstrosity, with which the philosophers and
mathematicians of the later Middle Ages tried to reason
when confronted by optical problems.!"  This trend was
only reversed when the first printed edition of Perspectiva
was published at the end of the sixteenth century. The
other view is perhaps summarised by David Lindberg' who
maintained that the initial impact of Alhazen's work was
continued by the numerous copies made of the works of Bacon,
Pecham and Witelo, and this led later scholars firmly along the
paths they took. Lindberg says that even if later writers did not
preserve Alhazen's ideas on vision in their works, it was
not that they had failed to understand, merely that they were

asking different questions.

One can best understand these two points of view if one
first establishes what innovations Alhazen brought to the
field of vision, and then considers how his views were
absorbed and developed by later workers. Alhazen's main
contribution to the theory of vision had undoubtedly been to
suggest a point-by-point build up of the image by rays
coming from the object. This had been in place of the
Epicureanconcept of the whole form of the object being
transferred as a sort of 'skin' called an "eidolon' into
the eye, which thus gained an impression of the exterior of
the object. It is Ronchi's contention that Western thought
tended to return to this concept after the initial reception of
Alhazen's ideas. The term which came to be used in the
West during the time under discussion was 'visible species'
and Ronchi feels that this is analogous to the ancient "eidolon'',

Lindberg feels that 'visible species'is a similar alternative
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to Alhazen's 'forms of light and colour', and that the
confirmation of this is to be found in the fact that the
concept of 'species' still allowed the image to be built
up in a point-by-point way - whereas '"eidola'" were the

entire image of the body.

It is perhaps significant that the one area where a
reconciliation of ideas had to take place between Alhazen
and later workers in the West had its origin in the work
of Grosseteste, whose work predated the dissemination
of '"Perspectiva' in the West. Grosseteste thought vision
could only be complete if rays of light were both received
and emitted by the eye. Within the framework of such a
general summary as this, it is probably sufficient to say
that, in broad terms, Alhazen played the most significant
part of any man in moving the study of physiological optics
forward during the time preceding the seventeenth century;
and that, while there might have been modifications made to
his original ideas during the period between the reception
of '"Perspectiva' in the West and its printing at the end
of the sixteenth century, the process of printing his work

placed his original ideas back in the centre of Western thought.

The stage was now set for a series of discoveries made in
a comparatively short space of time. Leonardo (1452-1519)
was probably the first to think that the image was formed on
the retina, although he thought that the image was erect,
and therefore he failed to determine the course of the light
rays in the eye. Giambattista della Porta (1535-1615) added
a convex lens to the camera obscura, but even so failed to
realise that the image was formed on the retina; he thought
that the image was formed on the surface of the lens, and that
the retina merely acted as a reflector. Felix Plater (1536~
1614) was the first to demonstrate experimentally that the
lens was not the receptor. He disconnected a lens from its
suspensory ligaments, which, it was supposed, carried the

visual impulses to the brain, and showed that vision was
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nevertheless preserved. He thought that the retina was

the true photo-receptor, the lens merely transmitting

the image. He said in "De corporis humani structura",
published in Basel in 1583:-~ ""The principal organ of vision
(is) the optic nerve dilated into the grey hemispherical retina
after it enters the eye; which catches and discriminates

the forms and colours of external things that flow with the
illumination into the eye through the aperture of the pupil

and are presented to it by its lens....'" Nevertheless, it
would be wrong to suppose from this that Plater had anticipated
Kepler(1571-1630) in the way in which the image was formed
on the retina. It is also true to say that the correct

dioptric nature of the lens was not accepted until the
formation of retinal images was explained by Kepler, and

it would probably be accurate to say that his work on the eye
marked the beginning of the modern era. His demonstration
of the formation of the retinal image was mathematical, but
it was followed fairly rapidly by experimental demonstrations
by both ChristephScheiner and Rene Descartes. Kepler's
theory was that every point of an object radiated or reflected
light in all directions; those rays falling on the pupil of the
observer's eye were projected on the retina to form the

point on the image corresponding to that point on the object
emitting. or reflecting the ray. He said, in '"Ad Vitellionem
paralipomena' published in Frankfurt in 1604: 'vision is
brought about by a picture of the thing seen being formed (by
the lens) on the concave surface of the retina. That which
is to the right outside is depicted on the left on the retina...
that above, below...'"" Thus, he realised that the eye acted
as a sort of camera obscura, and, as he stated, formed an
inverted image. His knowledge of lenses also enabled him

to explain the defects of long and short sight.

Kepler continued his work in'"'Dioptrice''published in
1611. He appears to be the first to have recognised the
need for the eye to be able to accommodate. He thought
that this was achieved by a lengthening or shortening of the
eyeball, so as to increase or decrease the distance

between retina and lens. He supposed this distortion of



- 32 -

the eyeball to be produced by the web-like structure -

the ciliary processes - which supports the crystalline
lens. On contracting, this would elongate the eye, and
on relaxing, the natural elasticity of the eye would allow it

to shorten.

Christoph Scheiner (1573 - 1650) in "Oculus sive
fundamentum opticum'" 1619, which was probably the first
formal treatise on physiological optics, initiated a number

of interesting experiments.

His most famous was undoubtedly the one in which he
showed the formation of the inverted image on the retina,
by removing the outer layers of the eyeball. He did this
with both animal and human eyes. He also measured the
curvature of the cornea by an ingenious but simple means.
He compared the size of the image of a window or some
similar object, in the cornea, with the image of the same
object in a glass sphere, held at the side of the head by
the temple. A number of glass spheres of different sizes
enabled the experimenter to select the one which showed the
image as nearly as possible to the one in the cornea.
Scheiner also noted the minute forward displacement of
the pupil during the act of accommodation, and also the
tendency for the iris to close when viewing close objects.
Like Kepler, he thought that accommodation was caused
by the ciliary processes elongating the eyeball for close
vision; but it is likely that he also thought that this process
might produce a change in the shape of the crystalline. If
this is so, he was probably the first person to suggest that
a change in shape of the crystalline lens might be involved
in the act of accommodation. Scheiner was also probably
responsible for inventing a simple but ingenious experiment,
which was used a great deal in the next two centuries, in
the search for the true cause of accommodation. A card
which contained two pin-holes, very close together, was
held in front of the eye. If the object which was seen through
the holes was at the normal viewing distance of the eye,

then a single image was seen; if the object was not at the
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point where the eye was focussed, then two images were
seen. This was because the two pin holes, which lay
within the area of the pupil, allowed two pencils of rays
into the eye, and these would only unite on the retina if
the object was at the point of focus of the eye at that

moment.

It is clear from what has just been written that
Scheiner made a number of extremely significant
experimental observations, but it would be wrong to
attribute the same significance to his work as that which
should be given to the work of the last scientist to be
considered in this introductory section, René Descartes
(1596-1650). He had an almost modern idea of the detail
of the eye, and his work introduced a number of hypotheses
which were as significant as .those made by Kepler. In
particular he improved our knowledge of the working of the
eye and especially how it accommodated. The following
is a translation of his description from La Dioptrique, 1637,
and reprinted in Renati Descartes Opera Philosophica 1656.
Chapter III of the section on dioptrics has the following

description:

"If it were possible to cut the eye across a plane
through the pupil in such a manner that none of the
contained liquors could escape or any of the parts
become displaced, the section would appear as
represented in the diagram, Fig. I. ABCB is a
membrane somewhat dense and hard, having the
form of a vase which serves as a receptacle for

all the interior parts. DEF is a thinner membrane
which extends like a curtain over the inner surface
of the former. ZH is what is commonly termed
the optic nerve. It consists of a vast number of
small figures, the extremities of which are spread
over the whole surface GHI, where they are .mixed
with innumerable fine veins and arteries, thus
forming a species of very tender flesh which appears
as a third membrane covering all the base of the
second. K, L and M are three very pellucid
liquors which distend all these membranes and
have the particular forms indicated in the diagram.

Experiments have taught me that the medium L,
which is called the crystalline humour, produces
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nearly the same refraction as glass or crystal,
and the two remaining humours a somewhat
smaller refraction nearly equal to that of water,
and hence the former medium (crystalline humour)
transmits the rays of light more readily than the
other two, and still more readily than air. *

In the first membrane the part BCB is transparent
and more sharply curved than the remainder BAB.
In the second the interior surface of the part EE
which faces the base of the eye is all black and
opaque and has at the centre of its anterior portion
a small round hole called the pupil which appears
very black when viewed from without."

"This aperture is not always open to the same
extent, but the part EF of the second little
membrane to which it belongs, floating perfectly
freely in the very liquid humour K, has a kind
of fine muscle which extends or contracts according
as the objects which are viewed are near or far
away, or are more or less strongly illuminated,
or when it is the wish to view them more or less
distinctly..... "

EN, EN are numerous black filaments embracing
on all sides the humour L. They originate in

the second membrane at the place where the third
ends and evidently form a species of minute tendons
by means of which this humour (the lens), through
becoming more curved or flatter according as it

is desired to observe near or more distant objects,
alters somewhat the whole figure of the body of the
eye. This may be proved by experiment. For,
if while looking intently at a distant tower or
mountain a book is placed at a short distance
before the eyes, none of the letters will be seen
except indistinctly until the configuration of the
parts alters slightly.

Finally O and O are six or seven external muscles

attached to the eye by means of which it may be

turned in all directions and, incidentally, also by

pressure or retraction they may alter the figure."

From this account we see that Descartes associated the
act of accommodation with 1) a change in the aperture of the
pupil, and 2) a change in the shape of the lens, effecting a
change in the shape of the whole eye. Thus, the tendon EN

in the diagram would, at the same time, flatten the crystalline

B

" The paragraph here was written before the wave theory of

light had been put forward.
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7/
Diagram of a section of the eye from Rene Descartes!
"Treatise of man."
(The labelling of this diagram seems to be identical to that

of fig. 1 referred to in the text.)
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and also reduce the diameter of the eyeball and thus
increase the axial length of the eye through the

compression of the internal humours.

Later in his work, however, he seems to place more
emphasis on the part played by the crystalline lens in
accommodation: 3 "You must know that the shape of the
humour is accommodated to refractions occurring elsewhere
in the eye and to the distances of different objects',and again:
"The change of shape that occurs in the crystalline humour
permits objects at different distances to paint their images

distinctly on the back of the eye."

Descartes, therefore, had been responsible for
significant advances in the knowledge of the eye. The
structure and relative refractive indices of the optical
media were well defined by him, and he firmly indicated
the correct method of accommodation. Unfortunately his
theory was not immediately developed, since, as can be
seen in the section on accommodation, his work was
closely followed by De la Hire's experiments and hypothesis
which concluded that no means of accommeodation, apart

from the contraction of the iris, was actually required.
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OPTICAL ANALYSIS BY DESCARTES included an experiment in which he removed the

eye of an ox, scraped the back of the cye to make it transparent and observed on the retina
the inverted image, of a scene. The illustration is from Descartes’s essay La Dioptrigue.

The formation of the inverted image, from Rene Descartes!

"I.a Dioptrique'.
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THE SEAT OF VISION

By the middle of the seventeenth century the commonly
held opinion was that vision was caused by visible objects
emitting rays or streams of corpuscles which entered the
eye, forming an image on the retina; it was also accepted
that this image was inverted and it was the retina which
contained the nerves which transmitted the visual message

to the brain.

The experimental work which had led to these
conclusions, apart from contributions of Scheiner and
Descartes, consisted mainly of dissections of the eye and
examinations of the optic nerve. Scheiner and later
Descartes, however, carried out an experiment which had
a far greater significance than any other, and which, in
addition to dissection, also contained an optical element,
This experiment followed Kepler's mathematical
demonstration of the inverted image on the retina, and
was carried out first by Scheiner and later by Descartes.

In it, the outer layers of the back of the eye were carefully
removed until the retina, appearing like oiled paper, was
exposed. The inverted image could then be seen projected

on the retina. A second experiment which could also be
considered to be of an optical rather than an anatomical
nature was carried out by Edmé& Mariotte (c. 1620 - 1684),
Prior of St. Martin sous Beaune in Dijon and co-discoverer

of Boyle's Law. This was the experiment which led him to
the discovery of the blind spot. In itself this was a
significant enough achievement, but Mariotte drew conclusions

from his experiment which threw into question the role of the
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retina. He argued that because the retina covered

the blind spot, it could not be responsible for vision,

The passage of the optic nerve through the choroid (the
membrane next to the retina) created the blind spot, and
therefore the choroid was the light-sensitive surface
within the eye. Mariotte was, of course, wrong in his
deduction, but his experiment caused the subject of the
seat of vision to be discussed and examined; ironically
the discussion and examination may have helped ultimately
to strengthen the belief in the retina as the light-sensitive
surface.

The controversy caused By Mariotte's discovery and
hypothesis was considerable, and the arguments for and
against his theory will be examined in detail in the next
few pages. Indeed the discussion of the choroid-retina
argument occupies a major part of this section; and because
of this it would be easy to over-emphasise the importance
of Mariotte's theory. In fact there was never any widespread
support for the choroid as the light-sensitive surface in the
eye, and opinion never really wavered from a general
acceptance that the retina was responsible for the reception
of light and for the transmission of the resultant impulses to
the brain. The maximum influence which Mariotte could be
said to have achieved was on the hybrid theory put forward
by De la Hire, which attributed vision to a composite effect

produced by the retina and choroid combined.

Mariotte recorded the results of his experiments in a
letter written in 1668 to Jean Pecquet (1622 - 1674), a
physician, His letter, entitled '"Nouvelle De/couverte

Touchante la Veue', was published in Paris and an extract
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was given in English in Philosophical Transactions.
Mariotte noted that the optic nerve in man and animals
does not enter the retina at the place where the image of
an object is made when we look directly at it. The entry
of the nerve in man is somewhat higher and towards the
nose, and there had been a long-standing curiosity whether
sight is weaker or stronger at the entry of the optic nerve.
In order to find out what happened when the rays from an
object fell on the optic nerve, he carried out the following

experiment:

"] fastened on an obscure wall, about the
height of my Eye, a small round paper, to
serve me for a fixed point of Vision; and I
fastened such an other on the side thereof
towards my right hand, at the distance of
about 2 foot, but somewhat lower than the
first, to the end that it might strike the Optic
Nerve of my Right Eye, while I kept my Left
shut. Then I placed myself over against

the First paper, and drew back little by little,
keeping my Right Eye fixt and very steddy upon
the same; and being about 10 feet distant, the
second paper totally disappear'd. "

Mariotte pointed out that other objects surrounding the
paper were easily visible, and the paper itself could be made
to reappear by the slightest movement of the eye. He
repeated the experiment at different distances with each
eye:

"This experiment I made often, varying it

by different distances, and removing or

approaching the Papers to one another

proportionally. I made it also with my Left

Eye, by keeping my Right shut, after I had

fastened the Second paper on the left side of
my point of vision; so that from the Site of
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the parts of the Eye, it cannot be doubted
but that this deficiency of Vision is upon
the optick Nerve."

He carried out other experiments in the Library of

Pl
Academie Royale des Sciences, where it was discovered

that the size of paper which could be made to vanish varied
from person to person; a result which Mariotte attributed
to the varying size of the optic nerve in different individuals.

4
He concluded by saying:

"This Experiment hath given me cause to
doubt whether Vision was indeed performed

in the Retina (as is the common opinion) or-
rather in that other Membrane, which at the
bottom of the Eye is seen through the Retina,
and is called the Choroides. For if vision
were made in the retina, it seems that then

it should be made wherever the retina is;

and since the same covers the whole nerve, as
well as the rest of the bottom of the eye, there
appears no reason to me why there should be
no vision in the place of the optic nerve where
it is; on the contrary, if it be in the choroides
that vision is made, it seems evident that the
reason why there is none on the optic nerve, is
because that membrane (the choroides) parts
from the Edges of the nerve and covers not the
middle thereof, as it does the rest of the bottom
of the eye. "

Pecquet disagreed with Mariotte's hypothesis and replied5
in detail quoting the points with which he took issue and giving
his reasons. There was also a paraphrase of part of his
reply translated into English and published in the Philosophical
Transactions, 6 (It may be observed that not all the points
which Pecquet attributed to Mariotte occur in Mariotte's 1668
letter, and it would appear that he wrote another letter to

Pecquet, since one was mentioned in Mariotte's "Oeuvres'').
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In order to be able to appreciate fully the exchange of opinion,
it will probably be most convenient to assume that Pecquet
was correct in his statement of Mariotte's reasoning. Thus
Pecquet quoted Mariotte's writing on the retina as follows:

"It is transparent and receives only a very

small impression of the light, no more than

transparent substances such as water and

air, while on the other hand black and opaque

substances, such as the choroid are easily

illuminated by light. "

Pecquet disagreed on two grounds. First,he queried
the comparison of the transparency of the retina to air and
water; he said it was more like that of oiled paper. Witha
fresh eye, if the retina was carefully exposed by cutting away
the sclerotic and choroid, ''the opacity of the retina can still
be seen.'" Secondly, the blackness of the choroid that
Mariotte judged necessary for vision was not found in all
sorts of eyes: it varied in degree from man to man, and
in animals many different colours were found. Pecquet
also made the point that the retina was in front of the choroid

and therefore an obstacle to the light falling on it.

He attributed to Mariotte the opinion that the retina did
not penetrate into the brain, as did the choroid, which went on
to envelop the optic nerve as far as the centre of the brain.
Pecquet did not find this surprising, since the retina had its
origin in the extremity of the optic nerve which ended at the
back of the eye. It was made up of very fine filaments
which could come only from the nerve, and which were rendered
visible when the membrane of the retina was put in water.

"It is easy to see what continuity the retina
must have with the brain, since by the means
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of the Optick Nerve from which one can say

it is produced, it takes its origin from the

main part of the brain. "

In fact, he said the retina was made up of a spreading
out of the filaments which come from the nerve:

"My conception is that at the exit of the

nerve the spreading out of the filament is

as the fibres which leave the stem of a

plant and stretch to all parts and so form
a flower above the stem. "

Pecquet again quoted Mariotte's opinion that for clear ;

vision, rays must meet at a point, and since the retina has
a thickness of half a line (1/24th of a French inch) the rays
would fall on it in different parts. However, the choroid,
being opaque, would allow light to fall on a single point.
Pecquet countered by stating that the rays did not have to
unite in a2 mathematically exact point and in any event the
opacity of the retina would prevent the formation of images on
the choroid. He put forward an alternative reason for the
loss of vision at the blind spot. At this point there are in
the retina the trunks of the veins and arteries of the retina,
which would certainly be sufficiently largé to prevent vision.
Pecquet also made the point that the smaller vessels which
issue from the main trunks were sufficiently small not to
hinder vision on the parts of the retina used for distinct

vision,

The modern view of the retina is that it is like a
transparent carpet lying upside down on the floor of a room,
with the pile of the carpet corresponding to the rods and cones
lying underneath. It is this back-to-front nature of the retina

that results in the blind spot. If the optic nerve, on entering
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the eye, spread out in all directions, it would be

possible for there to be a continuous layer of rods and

cones with their endings facing the light, so that there

would be no blind spot. In fact, the optic nerve pierces

the retina and the nerve fibres which are insensitive to
light, run on the surface of the retina next to the vitreous
humour and then turn away towards the outside of the eye

to connect with the rods and cones. Thus, Mariotte's
reasoning that the retina could not be the light-sensitive
membrane, since if it was, there would be no blind spot,
would have been valid, but for the reversed nature of the
retina, Therefore we '"see', i.e. light reaches the light-
sensitive nerve endings, after light has passed through the
retina, and Pecquet was correct in assuming that the blood
vessels of the retina were too fine to hinder vision; though
he could not have been aware of the reversed nature of the
retina, and perhaps not of the fovea centralis, the area of
most acute vision which contains no blood vessels., Mariotte,
however, was aware that the area of the retina on the optical
axis had no blood vessels, since he later used this fact to

answer an objection to his theory by Perrault.

Mariotte's reply to Pecquet's letter was published in
English in Philosophical Transactions7 where it was given in
greater detail than in his original letter. He emphasised
again the point mentioned above, that he could not see any
reason for the absence of nerve endings at the end of the optic
nerve, and if there were nerve endings, the blind spot would
be sensitive to light. It would need only a simple direct
continuation of its fibres into the anterior part of the retina.

He thought that the vessels which proceed from the base of the
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nerve were very small and if the rest of the nerve were
sensible to light, we should not have such a large in-

sensible area as would cover the image of a 2' diameter
circle of paper at a distance of 10 feet. The degree of
transparency of the retina was largely a matter of opinion,
whether, as previously stated by Mariotte, akin to water,

or as Pecquet would have it, like oiled paper. However,
Mariotte persisted with his view in this second letter, giving
further observational evidence to emphasise its transparency.
Thus, he said that we can see the choroid through the retina
in a dissected freshly-killed eye, and for this, light has to
pass twice through the retina. We could also see light from
a candle reflected from the choroid of a dog or cat which have
light coloured choroids, but not from a man and birds and other

animals with black choroids.

Thus, he said that light does pass through the retina to
the choroid and the retina receives very little impression,
He demonstrated that this light was reflected from the choroid
by using a round glass bottle full of water with white paper
close behind. A candle was placed in front of the bottle so
that an image was formed on the paper. If one placed an
eye near the candle, the bottle appeared full of light, which
disappeared if the paper was moved too close to or too far
from the bottle. Mariotte said that the light from a dog's eyes
came from a like cause, and while the image on black choroid,
such as in human beings, was obscure and could not be seen,
the impression made by the image was much stronger. In
order to link the choroid to the brain, a connection denied by

. . ..8
Pecquet, Mariotte said:



-47 -

"The nerves are all coated with the Pia
Mater (which envelops the spinal marrow)
and have with it the same continuity of
fibres; so that if these nerves never so
little be moved, the impression is carried
to the brain."

The choroid was an expansion of the Pia Mater which
enveloped the optic nerve internally - so that any impression

on the choroid was easily transmitted to the brain.
.9
For the retina:

'"there must be a little channel in the optic
nerve through which the retina in its proper
substance extends itself to this tuberosity
by a continuity of its fibres; which is not
seen, and you are constrained to say that
there are little filaments of nerves which
come from the interior of the optick, and
expand themselves through the retina which
have this continuity; but if there were these
filaments, they should spread themselves
through the retina, as from a centre to a
circumference, and should lye closer
together near the optic nerve, than a good
way further in the retina; which nevertheless
we do not observe to be so. "

Thus Mariotte denied that he could see any nerve filaments
coming from the optic nerve as Pecquet held (P.43.) In any
case he said that this would not give proper vision:

'""'since they would leave the parts of the

retina too great intervals empty; and it

is necessary that every point of the object

find a sensible point in the origin of sight

to unite his rays there; which is found in

the choroids, which is an expansion of the

sensible part of the nerve into a continued

membrane, "

Mariotte added a last argument. He said that it was not

known what caused the pupil to dilate and contract with

variation in the intensity of light; but if the choroid was
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sensitive to light according to his hypothesis:

"It is easy to conceive that it being hurt

by too strong vision may cause it to dilate

or contract its fibres which have one

continuity with those of the fore part of

the uvea so that it can contract its

aperture, and when it is not hurt, relax

it again; whereas if the retina be supposed

to be the organ of sight it will be very

difficult to explain how this contraction is

made. "

In 1682 the argument on the seat of vision was re-kindled

12 ' .

by Claude Perrault (1613 - 1688) who wrote to Mariotte
stating his objections to his theory. Perrault thought that
the blood vessels in the retina would hinder the choroid in
its function as the seat of vision; he thought the choroid
too rugged, shiny and dirty, and also lacking any connection
with the optic nerve. Mariotte denied that the blood vessels
in the retina would interfere with vision, since there were
no blood vessels in the part of the retina lying on the optic
axis of the eye and thus our direct view of an object would
not be hindered. He described an ingenious and discerning
experiment by which he located the optic axis of an eye by
measuring half way round the outside from the centre of the
cornea, and marking this place on the retina, When the
eye was dissected, he noted that there were no blood vessels
near this spot on the retina. For oblique rays, the defects
of part of an image caused in one eye would be compensated
for by the other eye. Also, since our eyes are in a constant
state of motion, the image would be constantly projected
through slightly different areas of the retina. Mariotte

stated that the choroid did connect with the optic nerve, not

with the marrow, or inner part, which he maintained was
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insensible, but with the membrane which encompassed

it (part of the Pia Mater) and which was the true organ

of sense both for eye and ear. Perrault's explanation

of the lack of vision at the optic nerve was that the entry

of tfxe fibres of the retina at this point formed a bundle
which gave a rough surface which was insensitive.
Mariotte denied the fibrous nature of the retina, saying
that he had looked at many through excellent microscopes
and found only a uniform mucousness, without any fibres,
only veins and arteries. This was a surprising oversight
in an observer who was sufficiently skilled to have noticed
the lack of blood vessels in the fovea, a fact which had
escaped the majority of Mariotte's contemporaries. In
conclusion Mariotte said that although his theory had few
followers, he was nevertheless unwilling to abandon it.

The lack of impact made by Mariotte's theory can indeed
be considered most surprising. The theory was soundly
based upon excellent experimental evidence, while opinion
in favour of the retina relied upon more indirect evidence -
such as its fibrous nature which was interpreted to show that
it contained nerves. During the next hundred years, opinion
in favour of the retina slowly became confirmed; although
as we shall see, even Joseph Priestley was considerably
impressed, but eventually unconvinced, by the arguments

in favour of the choroid as the seat of vision.

Apart from the series of letters between Mariotte, Pecquet
.and Perrault there was little contemporary writing on this
subject. Isaac Newton (1642 - 1717), outlined his opinion

that the light sensitive membrane was the retina in a letter
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in 1675 to Henry Oldenburg (1615 - 1677) although it
should be added that the letter was not primarily about
the eye, but about the production and transmission of
colours. He supposed that bodies of different colours
gave off vibrations to the air of differe;lt sizes, and these
in turn excited vibrations in the aether. He then

. 13
continued:

""And therefore the ends of the Capillamenta

of the optic nerve wch (sic) pave or face

the Retina, being such refracting superficies,

when the rays impinge upon them, they must

there excite these vibrations wch vibrations

(like those of sound in a trunk or trumpet, )

will run along the aqueous pores or Crystalline

pith of the Capillamenta through the optic nerves

into the sensorium (wch Light itself cannot doe, )

and there I suppose, affect the sense with

various colours according to their bigness and

mixture, "

In 1682 William Briggs (1642 - 1704), Fellow of Corpus
Christi College, Cambridge, presented a paper to the Royal

14
Society entitled ""A New Theory of Vision'". He also sent
a copy to Newton who was politely unimpressed by Briggs'
theory, although later - probably because of the Cambridge
connection - he was prevailed upon to write a more
favourable opinion. Briggs later presented another paper
1

on the subject. > He held a contrary opinion to the
majority and thought that neither the retina nor the choroid
was primarily concerned with the process of seeing. He
endeavoured to show that the fibres of the optic nerve were

more concerned with vision than the cornea, humours or

retina, and that sensation was performed purely in the brain.
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His argument was that if the optic nerve was damaged,
then blindness followed, even though the eye might be
perfect. It was also observed that the optic nerves

from each eye, although being apparently united before
reaching the brain, did in fact keep their separate order.
Within the eye the white colour of the retina was thought
to be more suited to receiving the images of coloured
objects than the dark choroid. He also noted that it had a
fibrous nature which became apparent when it was put in
warm water and that, since it was a medullary expansion
of the optic nerve, it could more easily transmit impressions
to the 'meditarium' of the brain; the choroid, being a

continuation of the Pia Mater, did not meet the brain.

Another scientist in favour of the retina was James Keill16
(1673-1719), a physician: "The impression of the object is
made on the retina. The choroides is tinctured black,
that rays of light which pass through the retina may not be

reflected back to confuse the image of the object. "

A scientist of much greater influence was Phillipe de la
Hire (1640 - 1718)17 who held the opinion that the retina was
the principal organ of sight, though he was impressed by
Mariotte's experiments; and it was Mariotte who probably
led him to propose his own ingenious variation on the theory
of the retina as the principal organ of vision, which will be
mentioned shortly. He noted the fact that it was the almost
universal opinion of those who had written on the subject
that the retina was the sensitive membrane. He could not
imagine that there would be sensitivity to light other than

where there were nerves, and he said that the retina was a
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tissue of the nerve fibres of the.optic nerve which lie
over the whole of the bottom of the eye. He was also
aware that there was a place on the retina where vision
was most sensitive, and that we have a habit of turning
our eyes so that the focus of the rays from objects that
we wish to see clearly fall on this spot. That he was
influenced by Mariotte is shown clearly in the following

extract:

"I do not think that one can attribute the

defect of vision to other matters than the

defect of the choroid; but I do not think

that because of that one must regard the
choroid as the principal organ of sight.

In order to find some explanation of this
difficulty, it is necessary to consider

what happens at other senses, and it

seems to me that by comparison, one can very
well prove that the retina is the principal organ
of vision, while having an opening which is not
sensible to exterior objects. I say then that
the retina is the principal organ of sight, as
being an expansion of the optic nerve; because
we must not seek for sensations anywhere else
but in the nerves. But yet this organ must
receive the impression of light through the
medium of another organ which would receive
them from the object itself; from which it is
clear that it is necessary that this intermediate
organ is the choroid since it touches and supports
the retina, and which is of an obscure colour
more appropriate to be disturbed by the
impressions of light, than if it was white and
transparent. "

De la Hire pointed out that it was the colour and
transparency of the retina which was used as a principal

argument against it by Mariotte, He concluded the first

part of this dissertation by saying:
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"I say also that it was necessary that there

should be in the eye a part which could receive

easily all the different impressions of light,

so that it could transmit them to the principal

organ, where they would be made sensible by

a proper modification to that effect; and that

this is found in the choroid. Thus the retina

will not be touched by light, as is necessary

to be aware of objects, when it does not

receive impressions from the choroid and
consequently there will still be a defect of

vision at the entry of the retina which is not

supported by the choroid. "

Thus he held that the retina, containing the nerves,
"was responsible for transmitting the impressions of light

to the brain, but in itself it was too transparent to be
affected by the light, and thus it relied on the choroid,
immediately behind it and opaque,to receive the impression
of the light and transmit it to the retina. It was a necessary
corollary to this hypothesis that there should be no impression
of light sent from the part of the retina which had no choroid

behind it, i.e. the blind spot.

This was an ingenious compromise hypothesis,
supporting the current view in favour of the retina as the
seat of vision, but explaining a previous difficulty: the
non-sensitivity of the blind spot, even though the retina
(supposedly sensitive to light) covered the spot. It also
incorporated the transparency of the retina into the theory
where there had previously been a point of difficulty.
However, no attempt was made to explain the way in which
the image was transferred from the choroid to the retina,
and particularly how or what stimulated the nerve fibres which
he stated were contained in the retina. The most likely
explanation would be that the choroid somehow reflected

light back to the retina; although it would be difficult to
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argue this case when considering the black choroid of

men.

In 1738 Robert Smith (1689 - 1768), Professor of
Astronomy and Master of Trinity College, Cambridge;
published his large work on optics. 20 In this he included
extensive quotations of translations of Mariotte's, Pecquet's
and Perrault's letters and also summarised de la Hire's

view given above. Indicating his own belief, he wrote:

. ..the retina, being like a fine net composed of the fibres

2
of the optick nerve woven together'; and more definitely:

"This account of the eye and the cause of
vision is farther confirmed by these
arguments; that anatomists when they
have taken off from the bottom of the eye
that outward and thickest coat called the
dura mater, can see through the thinner
coats the pictures of objects lively painted
thereon, And these picfures propagated
by motion along the fibres of the optick
nerves into the brain, are the cause of
vision. " '

This was a very clear statement in favour of the retina,
although, as we shall see in the conclusion to this section,

the image seen on the exposed retina is not a decisive argument

in favour of the retina as the light-sensitive surface.

However, opinion at this time was clearly coming to
favour the retina as the seat of vision. This can be seen in
a treatise by Claude Le Cat (1700-1768), which was published
in 1740, in which he emphasised that the current view in favour
of the retina was strongly influenced by its links with the
brain through the optic nerve:

""The prevailing opinion that the sensations
are conveyed to the very substance of the
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brain has been the reason why the

immediate organ of sight has hitherto

been placed in the retina, which is an

expansion of the substance of the brain

contained in the optic nerve, '
Repeating Mariotte's experiments, he determined the
angle between the optic axis and the axis of the optic nerve
of the eye. He noted that the circle of paper vanished for
him at eight feet and not ten, as found by Mariotte, and at
eight feet the size of paper to vanish was nine inches in
diameter (much larger than Mariotte's two inches.) He
confirmed this at proportionately larger distances: at
sixteen feet the paper size to vanish was eighteen inches,
and at twenty-four feet the size was twenty seven inches in
diameter, From simple geometry, Le Cat calculated that
the size of the blind spot was no larger than a small pinhead,

or a third or even fourth part of a line.

Le Cat was the first for many years to consider the
cause of erect vision. He was of the opinion that the inverted
image on the retina was seen erect owing to our sense of touch.
He thought that the sense of touch was the only sense which
could arbitrate over the situation of bodies, whether they were
erect or inverted; and therefore this over-rode any impression
we might obtain visually. Thus Le Cat believed that we learnt

from our sense of touch, to .see objects erect.

The next major work on the eye was published in 1759 by
William Porterfield (1696/7 - 1763). This was a work devoted
entirely to a discussion of the eye and the way in which vision
was effected, and yet the author touched only briefly on the
major topic of the seat of vision and reached no definite

conclusion. He contented himself with a description of the
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24 . .
retina, saying that it was composed of small fibres,

not unlike a piece of plush with the ends of the thread

turned towards the-crystalline and the other ends

terminated in the brain. He was of the opinion that

there could be no more distinct sensations than there were
distinct threads to convey them. It is possible to infer

from this sensible description of the retina that Porterfield
had a good understanding of the retina and its working.

This makes his neglect of this subject all the more surprising,
since his style as an author tended to be lengthy and
repetitive, and one wonders why he suffered this attack

of brevity when dealing with such an important topic.

When Joseph Priestley (1733 - 1804) published his
conclusions on this topic in 1772, 25 he adopted a somewhat
vacillating position. While giving an impressive list of
reasons in favour of the choroid, he came to a decision in
favour of the retina. However, this was obviously a topic
which exercised his mind considerably, and he returned to
it later in his book, when he favoured a solution which was
similar to that of De la Hire, and involved both the retina and
choroid in the process of vision. Priestley thought that the
retina had considerable thickness and was uniformly nervous
throughout this thickness, and that it was difficult to imagine
rays being focused clearly and sharply throughout this depth;
and that consequently vision would be confused. If the seat
of vision was the near surface of the retina, images and
objects formed would be considerably confused by light
reflected from the choroid in animals with white or coloured

choroids. On the other hand, it was impossible for light
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reflected from the choroid to come back to the retina
because in several animals it was perfectly black, and
reflected no light. He supposed that in whatever manner
vision was effected, it was the same in the eyes of all
animals. An argument which he felt was in favour of the
choroid being the organ of vision was that it received a
more distinct impression from the rays of light than any
other membrane, whereas the retina was a substance on
which light makes an extremely faint impression, and
perhaps no impression at all. In addition, the retina was
exposed to many rays which did not terminate in it.
Priestley said that this was not the case with the choroid
which was in no case transparent and had no reflecting

substance behind it.

In spite of this impressive list of reasons in favour
of the choroid as the seat of vision, Priestley, in this section

of his book, still favoured the retina as the seat of vision.

In the section of his book which has just been considered,
Priestley gave a comprehensive historical survey of the
theories favouring both the retina and choroid, which
indicated the importance which he attached to the subject.
The fact that he returned to the topic after the first part of
his book had been printed emphasises this fact; and it is
clear that Priestley was far more uncertain of the nature of
the light-sensitive surface than many earlier scientists. In
view of the conflicting evidence on this topic,this uncertainty
was not to Priestley's discredit. He was impressed by De
la Hire's argument in favour of the retina, that it contained

many nerves:
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'"M. De la Hire's argument in favour of
the retina, from the analogy of the senses,
is much strengthened by considering that
the retina is a large nervous apparatus,
immediately exposed to the impression of
light; whereas the choroides receives but
a slender supply of nerves, in common with
the sclerotica, the conjunctiva, and the
eyelids, and that its nerves are much less
exposed to the light than the naked fibres
of the optic nerve. "

Priestley even went back to first principles, as it
were, giving experimental evidence that the optic nerve was
in fact principally involved in the process of vision. He
said that in certain cases of blindness the optic nerve, which
went on to form the retina, was found to be smaller and harder
than usual, while the nerves which went to the choroid were
found to be normal. He came to a final opinion that the
retina and choroid might both be involved in the process of

vision, a conclusion, as he said, which was not far from the

28
hypothesis of De la Hire:

"I shall conclude these remarks with
observing that, if the retina be as
transparent, as it is generally represented
to be, so that the termination of the pencils
must necessarily be either upon the choroides,
or some other opaque substance interposed
between it and the retina, the action and
reaction occasioned by the rays of light

being at the common surface of this body

and the retina, both these mediums
(supposing them to be equally sensible to

the impression of light) may be equally
affected; but the retina, being naturally
much more sensible to this kind of
impression, may be the only instrument by
which the sensation is conveyed to the brain,
though the choroides, or the black substance
with which it is sometimes lined, may also be
absolutely necessary for the purpose of
vision. Indeed, when the reflexion of light
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is made at the common boundary of any

two mediums, it is with no propriety that
this effect is ascribed to one of them

rather than the other, and the strongest
reflexions are often made back into the
densest mediums, when they have been
contiguous to the rarest, or evento a
vacuum. This is not far from the hypothesis

of M., De la Hire, and will completely account
for the entire defecet ot vision at the insertion

of the optic nerve. "

The final word in this section will be left to Andrew
Horn who introduced yet another theory, in spite of the
evidence to the contrary summarised above and in spite
of the three-colour theory introduced earlier by Thomas Young,
which will be discussed later, and which assumed the retina
as the light sensitive membrane. Horn produced a com-
prehensive historical survey29 of the theories on the seat
of vision, and then introduced his own theory. He examined
numerous retinas from oxen with a magnifier and could find
no area which he felt would give rise to superior sensibility;
he drew the conclusion that the retiﬁa is insensible to light.
His opinion was that it is an expansion of the scepta, or
membranous substance that pervades the optic nerve, and
that its sole use was to produce reflection in the same way as
the glass of a mirror, with the choroids behind serving the
purpose of the metallic coating on the convex surface of the

mirror.

Horn was impressed with the size of the optic nerve, and
the way it did not terminate in branches, but had a well-defined
circular base fringed with the choroid and covered with the
retina. He put forwara his idea of the way vision is

accomplished:



- 60 -

""Rays from all points of such objects as

are opposed to the organ pass through the
pupil, and, after refraction in the

different humours, form delicate and
perfect, but inverted pictures on the

retina at the bottom of the eye; these
pictures are instantly reflected in their
various colours and shades on the anterior
portion of the concavity; and another
reflection from thence raises images of

the external objects near the middle of the
vitreous humour, in their natural order and
position; these images make due impression
on the opposite base of the nerve, which are
transmitted by it to the brain; thus the
sensation is produced and vision perfected."

Horn maintained that the image formed in the vitreous
humour was upright, and thus overcame the problem of the

inverted image on the back of the eye which had not yet

. 31
been satisfactorily resolved. He went on to say;

"However, having demonstrated that neither
the retina nor the choroides is the immediate
seat of vision; and having restored the optic
nerve to that dignified function in the theory,
which it naturally possesses in the organ,

all the inferior instruments will be found
harmoniously co-operating with it in
producing the various phenomena of vision."

He said the retina's covering the optic nerve

protects it and moderated the impression of the rays.

It is perhaps a pity that this section could not have ended on
a more positive and accurate note, but wrong as it was
Horn's theory does serve the purpose of emphasising the
continuing difficulty which the nature of the seat of

vision presented to scientists.
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It is surprising that, during the seventeenth and
eighteenth centuries, the examination of the nature of the
seat of vision produced far less comment and discussion
than did the process of ’accommodation, in spite of the
added interest injected into the topic by the choroid
controversy arising from Mariotte's discovery of the
blind spot. Although it was not the primary subject for
inve stigation during this period, as might have been
expected, much of the work done in the investigation of

the light-sensitive surface was of the highest calibre,

Kepler's mathematical demonstration of the inverted
image formed on the back of the eye. clearly established that
the eye functioned in the sarme way as the camera obscura;
it was also reasonable to deduce from his work that the
image was formed on the retina. Scheiner's experimental
demonstration of the inverted image on the retina not only
confirmed Kepler's geometry, but also apparently pointed
clearly to the retina's being the seat of vision. Therefore,
by the time Mariotte came to question the function of the
retina, opinion had largely been influenced by the work of
Kepler, Scheiner and later, Descartes, in favour of the
retina, Scheiner's brilliant experiment, however. had one
inherent defect. It purported to show the internal operation
of the eye to an outside observer. The fact that it was
possible to see the inverted image projected through the
retina, was generally held to show that it was the retina
which received the image and transmitted it to the brain.

However, since an outside observer could see the image, it
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could equally have been said that the image passed through
the retina and could have influenced the choroid. This
was a view held only by Mariotte, De la Hire and later,

by Priestley; and of these three only Mariotte believed
that it was the choroid which contained the nerves which

transmitted the image to the brain.

The probable reason why opinion was so consistently
in favour of the retina, in spite of Mariotte's excellent work,
was the fortunate early discovery and understanding of the
nature of nerves. It was probably this which gave the many
writers who favoured the retina an almost instinctive
prejudice in its favour, based in many cases upon little
more than the discovery that the retina was fibrous - the

fibres being correctly interpreted as nerves.

Therefdre, apart from Mariotte, there was no
scientist of repute between 1600 and 1800 who doubted that
it was the retina which received the image and transmitted
its details to the brain via the optic nerve. This belief has
been verified experimentally only in very recent years with

the discovery of the action of rods and cones. (P, 315).
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VISUAL ACUITY

The ability of the eye to resolve fine detail was a
subject which might be expected to lend itself readily to
experimental investigation; yet it was an area in which
scientists who had shown their ingenuity in other experimental
fields seemed only to touch the surface. Visual acuity
depends upon the nature of the retina, and it would have been
understandable if an inability to appreciate the nature of the
retina had somehow inhibited the ability of scientific workers
to explore the subject experimentally. This was not the case,
however, since the nature of the retina was apparently well
understood as early as the middle of the seventeenth century.
At that time it was considered to be analogous to a piece of
velvet with the pile facing into the eye, with each filament of
the velvet being equivalent to a nerve ending, In fact we now
know that the nerve endings are on the outside of the retina,
and that light has to pass through the retina before it can
reach them; nevertheless the analogy of the velvet pile was
sufficiently accurate to enable workers to understand well

the working of the retina.

By the middle of the seventeenth century Kepler's
mathematical demonstration of the inverted image on the
retina, and Scheiner's and Descartes' experimental
verification of his calculations, had clearly established a
foundation on which the study of physiological optics could
be developed in many directions, For the first time the
actual image formed within the eye had been seen, and it was
not surprising, therefore, that the degree to which this image
could reproduce the detail of the original object should come

under consideration,
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1
Robert Hooke (1635 - 1703) was the first writer to
attempt to define the clarity with which we could see. He
péstulated that the eye could differentiate between two points

which subtended an angle of one minute at the eye.

"Now whereas most eyes distinguish not a less
angle than a minute, or the 60th part of a degree,
or the 21600 part of a circle, therefore whatever
is sensated or seen by it, is seen of that bigness
or under that angle; and so if there be two or
three or 10 or 100 small stars so near together
as that they are 2ll comprised within the angle of
1 minute, the eye has the sensation of them all as
if they were one star, Likewise if the light be
strong and powerful so as to affect the eye, it
always appears of the bigness of 1 minute; though
possibly its real angle be not 1 second."

This basic measure of the acuity of the eye became
established as the starting point for many scientists who
wrote on this subject during the next hundred years. In
fact the acuity of the eye is about twice as good as this
under ideal conditions, but in normal daylight, one minute
of arc is considered to be a reasonabie measure of the
eye's resolving power. In view of Hooke's overall grasp
of this subject, it is probably fairer to ascribe the
accuracy of his result to observation, rather than to

luck.

Hooke also showed a clear appreciation'of the way
the retina worked; he even understood the different
effects that dull and bright objects would have on the
retina. For dull objects he maintained that the eye was
incapable of distinguishing the parts of any picture which
were smaller than the filaments of the optic nerve. For

a very bright object he maintained that:
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"For a very bright radiation the whole
filament is moved by having one part
acted upon and the sensation of the object
is the same as if it were bigger - this is
why stars appear to our naked eye many
thousands of times larger than they really
are, and even as big as through a long
telescope. "

Unfortunately, De la Hire's contribution to this subject
was not as significant as Hooke's, and it did not have the stature
of De la Hire's work in other areas of vision. He took his
example from experience, and estimated that he could see
clearly the blade of a windmill 6 feet long at a distance of
4, 000 fathoms. Without any explanation he deduced from
this that the image on the back of the eye would be 1/8000
inch, which is less than 1/666 of a line. He estimated a line
to be equivalent to 10 average hairs. Thus the image of the
blade of the mill was 1/66 of an average hair, or, he said, 1/8
of a strand of silk. He concluded that a strand of the optic
nerve could not have a breadth greater than 1/8 of a strand of
silk. De la Hire found the product of his own reasoning to be
almost inconceivable, especially as he maintained that each
strand must be a tube containing ''spirits'. He also said that
birds, with their keener sight, must have strands of the optic

nerve even finer than those of humans,

In his "Essay upon Distinct and Indistinct Vision', Jurin

investigated the limits of vision more thoroughly than any



- 68 -

other previous author. He took as his starting point
Robert Hooke's view that the majority of people could
distinguish objects to a limit of 1/60 of a degree; but
he pointed out that the nature of the object affected the
minimum size which could be seen., In the case of a
round object, such as a black circle on a white ground,
or a white spot on a black ground, his experiments led
him to agree with Hooke that it was difficult to perceive
them at an angle much less than a minute. In other cases,
however, he maintained that a smaller ang.le could be
discerned by the eye. For this to happen, the impression
made on our senses must come with a certain degree of
magnitude. He used the analogies of a drop of dew or rain
which could fall on the back of the hand without it feeling wet;
or a small particle of sugar on the tongue which does not give
the impression of sweetness. However, a spark of a fire, of
the same size as the drop of rain, falling on the hand will give
a very definite sensation, because the impression of the spark
of fire is of a greater force than the drop of water or speck of
sugar. Jurin said that for the same reason we could see a
star as a clear point through a telescope, even though it
subtended an angle of only one second, though a white or black
spot of 25 - 30 seconds is not perceived. A line of the same
breadth as a circular spot would be seen, even though the spot
would be invisible, because the "'quantity of impression' from
the line is greater; also a longer line is visible at a greater
distance than a short line of the same breadth: 4

"The learned Dr. Hooke asserts, that when

an object subtends a less angle than a minute,

it is to the generality of eyes wholly invisible.

And by the experiment related in art. 97 of
this book, and one that I have made myself,
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within the limits of Perfect Vision, I am
inclined to think, that when the object is
round, as a black circular spot upon a white
ground, or a white spot upon a black ground,
an eye must be exceeding good to perceive
it under an angle much less than a minute.

160. But there are other cases, in which

a much less angle can be discerned by the
eye, some of which we shall here consider,
after premising one observation, which seems
necessary for explaining the reasons of them.

In order to our perceiving the impression made
by an object upon any of our senses, the
impression must be either of a certain degree
of force, or of a certain degree of magnitude.

For instance, a very small drop of dew, or rain,
may fall upon the hand without our feeling it wet;
and a very small particle of sugar may be laid
upon the tongue without our tasting it sweet; but

a spark of fire of the same magnitude with the
drop of rain, by falling upon the hand will sensibly
affect it, because the impression of the spark of
fire is of a greater force than that of the drop of
water, or particle of sugar.

And for the same reason, a star which appears
only as a lucid point thro' a telescope, not
subtending so much as an angle of one second,

is visible to the eye, though a white or black spot
of 25 or 30 seconds is not to be perceived.

161, Also, though one very small drop of water

will not sensibly affect the hand, yet a number of

such drops falling together, or one larger drop

falling alone, will affect the hand with a sense of

wet, because the quantity of the impression is

greater. "
#(Jurin described '""Perfect Vision' on p. 116 of his essay
.as follows: "Perfect Vision , is that in which the rays of a
single pencil are collected into a single physical, or
sensible point of the retina'').

Jurin then went on to consider the nature of the retina,

He stated that some people held the opinion that the impressions
of obj-ects were received on "villi" of the optic nerve which stood
erect on the surface of the retina, although he did not specifically

embrace this opinion himself:



- 70 -

'""162. It has been by some persons supposed,
that the impressions of visible objects are
received upon certain villi of the optick nerve,
imagined to stand erect upon the retina, like
the pile on velvet. And from the experiment
that a spot less than one minute in diameter
cannot be perceived by the eye, it would follow
that the thickness of one of these villi is about
1/5000 or 1/6000 part of an inch. "

From this it is clear that a remarkably accurate idea of
the working of the retina had been postulated by this time, and
that the concepf of individual nerve endings sending messages
to the brain, which then built up a composite picture of the

object, was well understood.

Jurin went on to consider experiments with fine wire and
with silk which gave the limit of distinct vision as considerably
less than one minute, and indicated that the size of a single
"villus' of the optic nerve could be much smaller than the

5
1/5000 or 1/6000 of an inch mentioned above:

""163. But admitting the supposition, the
diameter of one of these villi will be found
to be much smaller.

For, I find, that a bit of silver wire, of the
thickness of 1/485 of an inch, laid upon a
white paper, is visible at the distance of

10 feet. Hence the angle subtended by the
diameter of the wire is about 3"%.
Consequently, the thickness of a villus
must be 17 times smaller, than in art. 162.

164. I took a single filament of silk, and
laid it close to this bit of wire, then viewing
them with a deep magnifying glass, I judged
the diameter of the wire to be equal to 4
diameters of the silk. The diameter of the
silk must therefore be about 1/1940 part of
an inch.
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This silk and wire, being laid upon a white
paper, were both visible at the distance of

40 inches from the eye, and the silk appeared
plainly less than the wire.

Here the silk subtended an angle of 2'% only.
Consequently, the thickness of a villus is 24
times smaller than that determined in art, 162."

This last experiment was cleverly used by Jurin to
answer an argument which was sometimes put forward that

the villus need not be as small as the image falling on it:

'"165. It will be objected perhaps, after Des
Cartes's way of reasoning, that there is no
necessity of supposing the diameter of the villi
to be so small as the diameter of the silk.

For if the diameter of a villus were 24 times as
great as that image, so that the image took up
only 1/24 part of each villus, yet the whole of
every villus the image fell upon, would be
affected by the impression upon that 1/24 part.
Consequently, the silk must be equally
perceivable, as if its image had taken up the
whole of each villus. We answer, if this be
the case, then the silk ought to appear equal in
breadth with the silver wire, whose image takes
up only a sixth part of each villus. But, in fact,
the wire appears broader than the silk.

166. This greater visibility of a line, than of

a spot of the same breadth, within the limits

of Perfect Vision, seems to arise only from the

cause we have here laid down, viz. the greater

magnitude or quantity of the impression upon

the retina by the line, than by the spot."

So far Jurin had shown that visual acuity not only varied
from person to person, but also varied according to the nature
of the object seen. Thus a line of a certain width would be
visible, while a spot of the same diameter as the width of the

line would not been seen; and an intense spot of light would

be seen, while a spot of lesser intensity but identical size
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would not be discerned. The next step he took in his
logical exploration of the 1limits of distinct vision led him
towards a modern method of testing the resolving power

of an optical system. Jurin noticed that a single black line
of a given width could be seen clearly at a distance, while
two identical black lines with a white line of equal width

between them could not be resolved at the same distance:

""170. For in Fig. 54, let AB be two black
lines drawn upon white paper with a space
between them equal in breadth to each of
the black lines; and let CD be another black
line drawn at some considerable distance
from the two former, but equal in breadth
and length with either of them. Then, if
the paper be set against a wall, and you
retire backwards from it, you will find that
at some certain distance suited to your eve,
even within the limits of Perfect Vision,

the white space between the two lines; AB
will not be distinguishable, the two lines
appearing as one broad line only; but at the
same distance the single line CD will be
manifestly perceived, and will continue to be
so, though you retire to a considerable
distance farther backwards, "

b4.

This can be considered to be a very rudimentary example

of the grids of alternate black and white lines of increasing
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fineness which are used in modern optical testing.

Jurin's explanation of this phenomenon, however, was

of considerable interest. He argued by analogy that it was
difficult to distinguish fine detail in an object when a person
was moving, and from this postulated that if the eye were

7
to fluctuate slightly then this would have the same effect:

175, From the same cause of the instability
of the eye it must be, caeteris paribus, more
difficult to perceive and distinguish the parts
of any compound object, when each of those
parts subtends.:.a very small angle, than to see
a single object of the same magnitude as one of
those parts.

For instance, the hour I upon a dial-plate may
be seen at such a distance, as the hours II, III,
IIIT are not to be distinguished at, especially

if the observer be in motion, as in a coach, or
on horseback, or even in a boat upon the water.
This may easily be experienced in looking at a
dial where the intervals between the black or
gilt strokes are equal to the breadth of those
strokes; and much more easily where the
intervals are of a less breadth, which is a
defect in large dials that are to be seen at a
great distance. For in these, the intervals
ought to be considerably broader than the strokes.

Likewise, AB, in Fig. 54 is a compound object
consisting of three parts, viz. the two black
lines and the white line lying between them:

But CD is a single object consisting of one black
line only upon a white ground: And IK, Fig. 55,
is to be considered as a single object consisting
of one white line only upon a black ground.

Now in viewing either of these single objects,

if the eye be imperceptibly moved, all the
effect from that motion will be only, that the
object will be painted upon a different part of
the retina; but wherever it be painted, there
will be but one picture, single and unconfounded
with any other,
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- But in viewing the compound object AB,

if the eye be supposed to fluctuate ever

so little, the image of one or other of the

black lines will be shifted on to that part

of the retina, which was before possessed

by the white line; and this must occasion

such a dazzle in the eye, that the white

line cannot be distinctly perceived and

distinguished from the black lines, which

by a continued fluctuation will alternately

occupy the space of the white line, whence

must arise an appearance of one broad dark

line without any manifest separation. "

The slight fluctuation proposed by Jurin was most
significant for it can be said that he had discovered the
"saccadic" movements of the eye. These are flicks of the
eyeball, of several minutes of arc, occurring at regular
intervals of about one second. These movements are
necessary to allow the image to fall on a new set of receptors
in the retina; it has been shown experimentally that if this
did not happen, the image disappears after a few seconds.
Therefore, not surprisingly, Jurin's explanation was incorrect;
the saccades would not cause dazzle in the eye but prevent the
image from vanishing. Nevertheless, his discovery of the
movements was an indication of the extremely accurate and

painstaking observation which he devoted to this aspect of

vision.

Jurin had therefore shown that a single body was more
easily seen than the parts of a compound body which have the
same magnitude as the single body; and he now attempted to
reach some measure of the difference between the visual acuity
obtainable for a single and that for a compound body. To do
this he used square pieces of white paper on a black background.

He discovered that the least angle under which the space
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between the spots could be seen was at least a quarter
greater than the angle under which a single spot could be

seen:

'""179. And if two black spots be made

upon white paper with a space between

them equal in breadth to one of their
diameters, that space is not to be
distinguished, even within the limits of
Perfect Vision, under so small an angle,

as a single spot of the same size can be
distinguished. To see the two spots
distinct, therefore, the breadth of the

space between them must subtend an angle
of more than a minute. It would be very
difficult to make this experiment accurately
within the limits of Perfect Vision, because
the objects must be extremely small; but
by a rude trial with square bits of white
paper placed upon a black ground, I judge
that the least angle, under which the
interval between the two objects can be
perceived, is at least a quarter part greater
than the least angle under which a single
object can be perceived. So that an eye,
which cannot perceive a single object under
a less angle than one minute, will not perceive
the interval between two such objects under a
less angle than 75"."

Another author who took Hooke's work as the basis for
his own comments was Robert Smith, but the quality of his
investigation of the subject was trivial, when compared with
that of Jurin. Having summarised Hooke's conclusions on
the minimum angle which a body could subtend before becoming
invisible, Smith went on to recount an elementary experiment
‘which he carried out:

"I have been present at making the experiment,

when a friend of mine, who had the best eyes

of all the company, could scarce perceive a
white circle upon a black ground, or a black
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circle upon a white ground, or against
the skylight, when it subtended a less
angle at the eye than two thirds of a
minute; or which is the same thing,
when its distance from the eye exceeded
5156 times its own diameter: which
agrees well enough with Dr. Hooke's
observations. Hence I find, by a rule in
the next book, that the diameter of the
picture of that circle upon the retina was
but the 8000 part of an inch at most: and
this may be called a sensible point of the
retina. That this point is very small any
one may perceive from hence that the
breadth of the finest hair is visible at the
length of one's arm. "

This was the sort of elementary comment which Smith
sometimes made in the first volume of his 'Opticks’.
However, on occasion he added considerable depth to his
discussion in the section in the second volume entitled
'Remarks', and it is from this section that the quality of
Smith's background knowledge often becomes apparent.

On this particular topic, however, Smith stayed silent in
the 'Remarks' section, and one can only feel surprised at

his neglect of such a significant subject.

The next major work on vision was published just over
twenty years after Smith's 'Opticks' by William Porterfield,
and once again we find this major topic of visual acuity
strangely neglected. In the following passageg, Porterfield
showed that he had a clear understanding of the working of
the retina:

"The optic nerve is a bundle of very small

fibres or threads of a certain determinate

bigness. These fibres at one end arise

from the brain, and at the other, terminate
in the retina, upon the anterior surface of
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which they may be supposed to stand erect,

like the pile on velvet; whence it comes to

pass that when an object is so small or so

far removed from the eye as to form a

picture on the retina less than one single

fibre, that object will not been seen, because

of the weakness of the impression, unless it

be very bright and luminous; in which case

the whole fibre will be moved by having one

part of it powerfully acted upon; and

therefore the sensation will be the same as

if the object were much bigger. "

He did, however, coin a useful term for an object at
the limit of vision - "the minimum visible'; and he came
to an important conclusion which had been appreciated
before, but which had not been expressed as clearly:

“"The magnitude of an object, however

small it may be, will be estimated not

by the magnitude of the picture but by

the magnitude of the nervous fibre."

Thus a small bright body, whose image occupied only
part of a nerve fibre, would appear as large as a duller body
whose image was as large as the entire fibre. Porterfield
said that this seemed to be the reason why stars appeared to
be all the same size, and why they appeared to the naked eye

to be many thousand times bigger than they really were, even

as big as when they were viewed through a long telescope.

In spite of this excellent appreciation of the subject
Porterfield was not moved to carry out any significant
experiments of his own, and as the majority of those before
him had done, he used Hooke's conclusion as the basis for
his calculations on the size of individual nerve fibres, although

he did maintain that some could see to an angle of § minute.
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His reasoning was an amalgam of the arguments used
by Hooke and De la Hire before him. He based his
calculations on a '"'minimum visible' of 1 minute, and

then considered the implications of an increase of acuity

T . 11
to 5 minute:

"1 minute is a 60th part of a degree or

21, 600 part of a circle and if the eye

is 1 inch in diameter or 3 inches in
circumference, the diameter of a nervous
fibre would be the 21, 600th part of 3" or
the 7, 200th part of 1 inch, which is a 600th
part of a line. If 10 hairs' breadths make
a line, the diameter of the nerve fibre would
not exceed the 60th part of the diameter of
a hair. Thus their cross sectional area
will be no bigger than 1/3600 of the area of
a hair. Taking % of a minute as the
"minimum visible' the area of a nerve
fibre would be 1/32, 400 of the area of a
hair. "

As De la Hire before him, Porterfield was amazed at the
delicacy of the nerve fibres, since he supposed each of the

fibres to be a hollow canal in which "spirits" flowed to the

brain, which he took as the true seat of vision.

Unfortunately, the subject of visual acuity was not carried
significantly forward in the next major. work on vision to be
published, Joseph Priestley's (1733 - 1804) "The History and
the Present State of Discoveries Relating to Vision and Light
and Colours'. 12 The importance of the topic was clearly
acknowledged, since more space was allocated to it than in

any publication previously mentioned, except in Jurin's

"Essay'. However, Priestley added no new conclusions

of his own and merely gave extensive summaries of the ideas
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of earlier workers, particularly emphasising the work

of Jurin. In view of the nature of the book., however.

it would perhaps be unfair to expect Priestley to have -

included new experimental data in an account which was

essentially an historical review of the subject of light.

Some years later Thomas Young(1773-1829) took this

topic considerably further, within the context of an interesting
comparison of the way in which the eye and ear functioned.
Young felt that the eye and the ear were unique among our
organs of sense, since with the organs of taste, smell and
feeling the perceived objects come into immediate contact

with the actual nerve endings:

"But the eye and the ear are merely
preparatory organs, calculated for
transmitting the impressions of light

and sound, to the retina, and to the
termination of the soft auditory nerve.

In the eye, light is conveyed to the

retina, without any change of the nature

of its propogation: in the ear, it is very
probable, that instead of the successive
motion of different parts of the same
elastic medium, the small bones transmit
the vibrations of sound, as passive hard
bodies, obeying the motions of the air
nearly in their whole extent at the same
instant. In the eye, we judge very
precisely of the direction of light, from
the part of the retina on which it impinges:
in the ear, we have no other criterion than
the slight difference of motion in the small
bones, according to the part of the tympanum
on which the sound, concentrated by different
reflections, first strikes. '

Young's description of the action of the three bones, the

hammer, anvil and stirrup, in the ear was excellent for its
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accurate brevity. It is also interesting to note that the
ear was not as well understood at this time as was the eye,
since Young also said: "It cannot indeed be denied, that
we are capable of explaining the use and operation of its
(the eye's) different parts, in a far more satisfactory and

interesting manner than those of the ear."

Young then went on to consider the directional capa-
bilities of the ear and eye, taking as a rough measure the
fact that the eye could distinguish between two points one
minute apart. He concluded that the retina contained not
more than 10 million, or less than 1 million, sentient
points, and the optic nerve consisted of several millions
of distinct fibres. Gone, apparently, was the idea that
the optic nerve consisted of minute tubes containing

"spirits'':

"Supposing the eye capable of conveying

a distinct idea of two points subtending

an angle of a minute, which is, perhaps,
nearly the smallest interval at which two
objects can be distinguished, although a
line, subtending only one tenth of a minute
in breadth, may sometimes be perceived
as a single object; there must, on this
supposition, be about 360 thousand
sentient points, for a field of view of

10 degrees in diameter, and above 60
millions for a field of 140 degrees.

But, on account of the various sensibility
of the retina, to be explained hereafter,

it is not necessary to suppose that there
are more than 10 million sentient points,
nor can there easily be less than one
million: the optic nerve may, therefore,
be judged to consist of several millions
of distinct fibres. By a rough experiment
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I find that I can distinguish two similar

sounds proceeding from points which

subtend an angle of about five degrees.

But the eye can discriminate, in a space

subtending every way five degrees, about

90 thousand different points. Of such

spaces, there are more than a thousand

in a hemisphere: so that the ear can

convey an impression of about a thousand

different directions. "

The directional properties of the ear, however, rely on
the combined response of both ears (as used in the electronic
reproduction of stereo records and radio) and Young
appeared to be unaware of this. However, his estimate that
the retina contained between one and ten million receptors,

the range being due to the falling-off of the sensibility of

the retina away from the fovea, was remarkably percipient.

The modern view of the acuity of the eye is that it is
very close to the limits set by the spacing of the receptors;
it is also close to the limits placed by the optical system
of the eye. Away from the fovea,acuity is much worse
and, strangely, it is worse than either the optics or the
fineness of the pattern of rods and cones would lead one to
expect. The reason probably lies in the discrepancy
between the number of receptors which is about 100.x : :

106 and the number of nerve fibres 1 x 106. Thus Young's
estimate of no more than 10 x 106 and probably less than

1 x 106 sentient points was remarkably accurate. It is also
of interest to note that the historical idea of the nerves being
hollow tubes carrying fluid to the brain has a modern counter-
part in the rods and cones in the retina which contain photo-

chemical substances, for example, the rhodopsin found in the
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retina which absorbs the light energy and allows it to be
converted into electrical energy in the receptors, which

in turn set up the nervous impulses to the brain,
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ACCOMMODATION

It has already been mentioned in the section which
dealt with vision before 1650, that Kepler was probably
the first to recognise the need for the eye to be able to
accommodate. He came to this conclusion at the beginning
of the seventeenth century, and within the next half century
many of the possible methods of achieving accommodation

had been postulated and discussed.

Kepler thought that the eyeball itself was elongated
when it viewed close objects, and that the compression of
the eyeball necessary to make this happen was achieved by
the ciliary processes. Scheiner was the next to make a
discovery which was significant in this field. He noticed
the closing of the iris and its minute forward displacement
which occurred when a close object was viewed. He
agreed with Kepler that the eyeball was elongated to view
close objects, but thought that the ciliary processes might
consequently also produce a change in shape of the
crystalline lens. It is Scheiner, therefore, who has the
distinction of being the discoverer of the actual change
within the eye which is responsible for accommodation, although
it cannot be claimed that he had, therefore, satisfactorily
explained the mechanism of accommodation. Descartes'
work on the eye in general was of even greater significance
than that of Scheiner. In fact, he made no new discoveries,
but he did place greater emphasis than Scheiner on the means
by which accommodation took place. He acknowledged the
part played by the contraction of the pupil in accommodation,
but stated clearly for the first time that, in addition to an
elongation of the eyeball, the crystalline lens changed shape

in order to view objects at different distances.
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Thus, the fact that the eye, and particularly the lens
of the eye, suffered some change when it viewed objects
at different distances was widely and even generally
accepted very early in the study of physiological optics.
That it was the supports of the crystalline lens that some-
how caused this to happen also had considerable favour,
either by changing the shape of the eye, or the shape of
the crystalline, or both, There seems to have been little
experimental evidence in favour of these hypotheses
available at the time, apart from the indirect evidence that
the crystalline was elastic and could, if necessary, change
shape, aﬁd also the fact, recognised by Descartes in 'La
Dioptrique! 1637, that we could focus on only one object at
a given distance at a timel: "For, if while looking intently
at a distant tower or mountain a book is placed at a short
distance before the eyes, none of the letters will be seen
except indistinctly until the configuration of the parts alters
slightly.'" It is perhaps strange that the much stronger
external muscles attached to the sclerotic coat, which
could, if acting in opposition, be imagined to squeeze and
elongate the eye, were not seriously considered to be
responsible for the act of accommodation, their correct
function of determining the direction of the eye being

generally accepted.

It was left to De la Hire to investigate the major
experimental observation so far noted during the act of
accommodation, namely the closing of the pupil when
viewing a close object. In 1685 De la Hire published a
paper entitled 'Dissertation sur la conformation de 1'Ceil"
in which he put forward a hypothesis that the contraction
of the pupil was the sole means by which accommodation

was carried out; he denied that any other changes in the eye
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took place and supported his contention by an ingenious

series of experiments.

De la Hire supposed that the accommodation of the
eye for objects at different distances was achieved solely
by the opening and closing of the iris. He maintained
that we would (instinctively) know if the eye changes its
conformation in order to see close and distant objects.

His introduction to his experimental work was as follows:-

""If one were able to measure exactly the

strength or weakness of an eye, at different

ages or at different times and when looking

at a close object or one which is further off,
there is no doubt that one would be able to

know if there was a change in conformation in
order to see objects at different distances,

since the strength or weakness of the eye depends
absolutely on the general form of the humours,
and of that of the crystalline in particular, as many
have supposed.

Without stopping here to inquire whether, if it is
possible that the eye can compress itself by means
of the muscles which surround it, or in what manner
the crystalline can be flattened and regain its
natural figure which must be of a certain convexity.
I will show in the first part of this dissertation how
we can know the strength or weakness of an eye
with a very great accuracy in order to make a
comparison with the same eye at different times
and in different situations; and I will see later

by a very certain experiment that the eye does not
change its conformation at all in order to see close
or distant objects. "

De la Hire's experiment to show that no change in con-
formation of the eye was necessary was based on a simple
optometer which was made from card which had several
small holes pierced through it close together within a space

less than that of the pupil.
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Through this he viewed a luminous object such as a
candle. He said that if the candle was at a medium
distance, such as three feet, then "Presbitae' (people
suffering from long sight) and "Miopes'' (people suffering
from short sight) would see as many objects as there were
holes. Those who had good sight would see only one object.
De la Hire explained this phenomenon by stating that if the
eye was too flat, that is, it had the rays of light from the
candle coming to a point behind the retina, then when one
looked at the candle through two holes in a card within the
area of the pupil, it would be seen double. This happened
because the pencils of rays would have separate paths
through each of the holes and these would not meet until
they were behind the retina; the pencils would cut the retina
in two places and two objects would be seen, though with less
brightness. He said that the apparent distance apart of the
two images seen through the holes would be proportional to
the distance apart of the holes, and they would also appear
further apart for an eye which was flatter, since this type
of eye would bend the rays less, and they would thus strike

the retina at two points which were further apart.

If an eye was too convex, De la Hire said that the two

pencils of light from the holes in the card would intersect
within the eye and each one would strike the retina behind
this point, Thus the retina would again see two images.
He said again that the two images would appear further apart
if the holes were further apart, and also if the eye was more
convex. In this small point he is incorrect in that since the
rays cross before striking the retina, the images will appear
further apart if the holes are closer, and closer if the holes

are further apart.
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This method was then put forward as a method of
determining whether an eye was slightly long- or short-
sighted. Presumably he assumed that it was easy to
diagnose the defect in extreme cases. His method was
to view an object through the two holes, and in the case
of long-sighted eyes, which he called "too flat", he chose
a convex lens of the correct strength, so that when it was
held just in front of the card, the two images appeared as
one. He said that by this method it was possible to evaluate
the amount of the defect of the eye, and also by comparing
readings taken at different times, to see how an eye changed
its strength with time, or the effect that an illness would
have on it. An identical method using concave lenses was

mentioned for short sight.

De la Hire commented that this experiment could be used to
prescribe the type of convex or concave lens that would be
needed to correct a given person's sight, or even to persuade
someone who thought that they had good vision, that they in -

fact needed to wear glasses.

He then continued in the light of his experimental
observations to investigate whether the globe of the eye
itself, or the crystalline lens, changed its shape in order
to see objects at different distances. In order to do this
he assumed that there was some change, either of the
crystalline or shape of the eye, and then showed that this

3
assumption was incompatible with his experimental results.

'""Now, let us see if it is possible that the globe
of the eye, or the crystalline, changes its
conformation in order to see objects at different
distances, and let us suppose, for example, that
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an eye can change its form to the extent that

it is necessary, in order to see with the same
clarity an object at a distance of one foot, and
another at a distance of six feet. Let us

suppose further that this eye, by its nature, or
by the help of a glass, can see an object distinctly
at the distance of one foot; it follows from the
supposition that we have just made that it will be
able to see another with the same clarity at six
feet; that is to say that this eye having been
disposed to receive on the retina the point of

the pencil of rays from an object which is only

at a distance of one foot, can then change its
form in such a way that it can also receive on

the retina the point of the pencil of rays from

an object which is at a distance of six feet. It

is thus clear from what we have shown above

that if one puts in front of the eye a card pierced
with two holes, it will only see a single object

at a distance of one foot, if it is disposed to see
an object clearly at a distance of one foot and, in
the same way, if it were disposed to see a
different object at six feet distance, it would see
single, like that which is only at a distance of one
foot. But as one cannot say that the eye changes
its conformation in an instant and since it judges
very well the distance of objects through a small
opening (which is the only thing which would cause
it to change its conformation when it is engaged
upon the examination of an object at a distance of
one foot), if one quickly puts in front of the eye a
card pierced with two holes, through which it can
see the same object, it will see single; and if one
does the same thing for the object at a distance of
six feet, it must appear also single, following
this hypothesis,

However, it is very certain by experiment, that
if the eye with such a disposition as one is able
to give it, sees the object single at a distance of
one foot through the holes in a card, it will
assuredly see it double at six feet; or, on the
contrary, if it sees it single at six feet distance,
it will see it double at one foot, whatever effort
that can be made in order to change its first
conformation,

That of which I say of six feet and of one foot
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distance must likewise apply to other distances

which are lesser or greater, and this is why one

can assuredly conclude that the eye does not

change its conformation in order to see objects

at different distances, since however small the

change, one would notice it in this experiment,

and there is no one who, thinking himself to have

good sight, does not feel convinced that he sees

an object equally distinctly at one foot or two

feet distance as at five feet or six feet, '

The thread of his reasoning in the above passage is clear.
His experimental basis stemmed from his definition of clear
vision; he maintained that in order to be sure that we were
seeing an object clearly, it had to appear single when viewed
through a card containing two small holes close together,
Later in this paper he maintained that even objects which
appear double through the card seem clear enough when
looked at normally. However, here, he was trying to
establish an experimental basis for clear vision. He
maintained that a given eye, seeing an object single at one
foot through two holes, inevitably saw any object at six feet,
double. Apgain if it saw an object single at six feet, then at
one foot it would appear double. He said that the eye could
not make one and then the other object appear single when
viewed through the holes. The only way this could be done
was by means of some auxiliary lens. This being so, he

deduced the eye could not change its conformation to enable

it to see clearly objects at more than one distance.

However, his argument was obscured by being couched in
difficult language and he also confused his line of thought by
using arguments based on his experimental results with holes
in cards, and then changing to arguments based on pure
instinct - '""But as one cannot say that the eye changes its
conformation in an instant...!! In fact, De la Hire's original

and interesting experiments with holes in cards are largely
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rendered invalid, since he is dealing with the act of
accommodation, a process which, though it can be
controlled, is largely instinctive, and thus takes place
normally without an act of will, and without our knowledge.
Thus, his original statement, one of the foundations of his
reasoning - '""when looking at a close object, or one which
is further off, there is no doubt that one would be able to
know if there was a change in conformation in order to

see objects at different distances' - is incorrect,which in
turn, vitiates his reasoning from his experimental results.
It even undermines the results themselves, since one cannot
avoid changing the focus of the eye when cards are placed

between the eye and the viewed object.

In part II of this Mémoire, De la Hire turned his
attention to an interpretation of what was meant by clear
vision.. He did this again in order to refute the opinion he
said was common that the eye must change its conformation

. 4
in order to see objects at different distances:

""After what has been shown in the first part,
it appears that it will not be necessary to
refute the commonly held opinion that the eye
must change its conformation in order to see
objects at different distances, which is mainly
founded only on the belief that in order to see
an object well, it must be necessary that the
point of the pencil of rays falls exactly on the
retina. In the meanwhile, in order to leave
no doubt about that which I have put forward,

I will examine in order the reasons which one
employs in order to support the necessity of this
change of conformation.

It is said first that it is not possible to see an
object distinctly if the point of the pencil of
its rays does not meet exactly on the retina.
I grant that vision is the more distinct as the
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point of the pencil falls more exactly on

the retina, but I reply that one does not
cease to see an object distinctly, though

this point is a little displaced from it (the
retina). I say further that it is impossible
to perceive this error without availing
oneself of the method that I have proposed
before; for it is not to be supposed that the
rays which would come, for example, from

a point which might be only the thousandth
part of a line, after having passed through
the eye, could reunite in a point which would
also be only a thousandth part of a line, seeing
that the rays after refraction intersect at
different points, although we suppose them to
come to a geometric point; that is why they
form a focus which is not determined by a
point, but which has always a slight breadth -
that is to say that the focus is equally sharp a
little further away or a little closer to, as a
trial with a telescope will show, since one can
shorten or lengthen them a trifle without the
object appearing less distinct. "

Thus, De la Hire maintained that we could see clearly under
every-day conditions, even when the rays of light from an
object did not meet at a geometrical point on the retina.
Moreoever, his opinion was that unless we availed ourselves
of an experiment such as the one with holes in the card, we
would not even be aware of any lack of clarity in viewing

objects which were not geometrically in focus.

He had also carried out experiments with a small convex
lens, with the same focal length as the diameter of the average
eye, and an opening corresponding in size to that of the
iris, to satisfy himself that objects from 50 pouces (53. 3") to

infinity were all pretty well'in focus.

Continuing his experiments with convex lenses, De la

‘Hire closed the aperture of the lens, so that light was
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allowed through only a small portion. He came to the
conclusion that images of close objects were not as clear
as those from objects much further off, when projected on
a screen at the focus of the lens. Nevertheless, he was
still led to draw the conclusion that the normal eye, with a
small pupil, could see close and distant objects reasonably

well, without any act of accommodation.

""One is in no doubt that when one looks through
a small hole, the point of the pencil (of rays)
from a close object is not sensibly as distinct
as for one which is further off, as one can see
by putting a white paper at the focus of a convex
lens to receive there the image of any object,
there being only a small portion of the lens
uncovered. From which it comes that those
who have a very small iris, and who have an
eye of average roundness, can see close
objects, as those at 8 pouces distance, easily
and reasonably distinctly, without it being
necessary for the eye or crystalline to change
its shape. "

De la Hire passed to a consideration of the opening and
closing of the iris. He pointed out that its main purpose was
to limit the amount of light entering the eye, but that the fact
that it contracted when we viewed close objects would enable
us to see them more distinctly. However, it does seem t_hat
he thought of this contraction not as a separate act, but merely
as an extension of the contraction for bright light. He
indicated in the quotation below6 that the pupil contracted
because light from a close object was more vivid than from a
distant one. It will be noted again that he mentioned the lack
of clarity of images of close objects, a comment that would seem
to be somewhat at variance with his theory that close and
distant objects were seen with reasonable clarity without the

necessity for accommodation:
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""Light from close objects will be much more
vivid than that from an object far off, we
must close up the opening of the iris, and thus
although these objects send out rays into the
eye, the pencils of which cut the back of the
eye near their point, this section becomes so

. small that the image is not allowed to be very
distinct, "

One of the reasons put forward in support of the existence
of an act of accommodation was our inability to see
simultaneously and clearly with one eye a close and a
distant object which are almost in a straight line. 1In
answer to this, De la Hire commented that as well as our
inability to see objects situated as above, we were also not
able to see clearly, at the same time, objects not in the
same straight line from the eye, but at the same distance.

He maintained that in order to see clearly, the images would
have to fall on the point of the retina where the axis of the

eye cuts it; and thus in order to see the second object, the
eye must change direction, so that its image should fall on
this spot on the retina. He said that ''one must not be
surprised if one finds it a little more difficult to change
attention from a close to a distant object, than in order to
see another at the same distance, since the different light

of these objects affects the eye differently.' This change in
colour of distant objects and the small change in the direction
of the axes of the eyes were put forward as sufficient means of
judging distances. Thus, he maintained that we did not need
the power of changing the conformation of the eye in order to

judge distances.

De la Hire returned to this topic in his wider-ranging
. . . 7
paper '"Dissertation sur les Differens Accidens de la Vue'' .
In this paper his experimental work in support of his theory

was again largely based on his hole-in-card experiments,



-95 _

and followed very closely that outlined above. However,

he did dwell more thoroughly on the possible ways in which
accommodation could take place, and he did question the
experimental work based upon models of the eye, which

was put forward in favour of accommodation. The fact that
in models of the eye it was necessary to change the position
of the retina, or lens, in order to produce clear images of
objects at different distances, in his opinion had led
scientists to the view that some similar change was necessary
in the eye, and this led him to query the validity of such

experiments.

The main objection he had to the existence of an act of
accommodation (apart from the closing of the iris for close
objects) was the difficulty he found in reconciling the type of
change which would be necessary in the eye, with his
knowledge of the structure of the eye. This had led him to
support his prejudice with his interesting experimental work
with holes in cards. He expressed his own prejudice most

succintly as follows:8

"Those who know the structure of the eye and
the nature of all the parts which compose it,
will have difficulty in persuading themselves
that the changes can happen to it which one has
been obliged to suppose in order to justify the
way in which vision makes use of them, "

He listed the type of changes which would have to take place
if accommodation did occur. The eye must stretch for close
objects and ﬂatten to see distant objects. This would require
the cornea to become more or less convex. This he felt could
best be achieved by the muscles attached to the sclerotic (the

exterior muscles responsible for changing the direction of the
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eye) and he thought that the muscles were not strong enough
to do this, He thought that a more plausible explanation would
be the change of shape of the crystalline lens, since it was

held by the ciliary ligaments, which were muscular.

The fibres of the ligaments travelled towards the crystalline

and would make it flattef when the muscle swelled up, since it
held the lens equally around the whole circumference. However,
he said the best anatomists held an opinion contrary to his, and
maintained that the ciliary ligaments were not muscular.

In any case, he thought that the crystalline was very solid,

being made up of layers, and could not change its shape easily.

In conclusion, De la Hire again dwelt upon the inability
of eyes to focus simultaneously on two objects at different
distances. He marshalled all the arguments mentioned in
his earlier paper, but in addition introduced the action of
the iris, in viewing close objects, as a reason for this defect.
He said that when an object was far off, only a few rays strike
the retina; therefore the iris, which was a muscle, made
every effort to have as big an opening as possible. The closing
of the iris for close objects served to cut down the range of
rays entering the eye, allowing through only those which
would be sharply focused on the retina. Thus he maintained
that the effect reported to be due to the different conformations
of the eye, was, in fact, due to the different openings of the
iris; this enabled the retina to see close objects with the same

"

"force'" as those which were far off.

De la Hire''s hypotheses and the reasoning with which he
supported them are difficult to follow, and since he was
advocating a theory which is incorrect, it is tempting to

diminish the importance of his work. Therefore, before
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attempting to evaluate his work, I propose to endeavour
to draw all the threads of the work mentioned in previous
pages together in a detailed summary of his experiments and

the conclusions drawn from them.

De la Hire held that if rays from an object
united on the retina, then we saw that object "'distinctly"'.
He used his experiment with two holes in a card to
demonstrate this. Using a spot "O'" as an object, if we
looked through two holes at the spot, and the rays united on

the retina, then one spot was seen,

De la Hire 's experiments led him to maintain that, for a
given person, using this experiment, a single spot was seen
only at one given distance. If one looked at the spot when it was

fui-fher off, then two spots were seen - Il and I

2
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If one looked at the spot when it was closer, then

two spots were seen - I3 and 14

He maintained it was impossible to unite these two
images by any act of accommodation of the eye. Colleagues
and I have performed the experiment and have verified

completely De la Hire's findings.

Thus, when looking through two holes in a card, it is
possible to make the two pencils of rays from an object
unite on the retina for only a single distance. However, De
la Hire maintained that under normal circumstances we saw
things clearly over a whole range of distances and this, of
course, is common knowledge. Thus, we could see the spot
clearly at ten feet, six feet, or one foot. Therefore, since
he had shown by his experiment that the rays of light united
on the retina for only one distance, then he maintained it
could not be necessary for the rays to unite for us to see an
object clearly. He agreed that the image on the retina would
be blurred for all but the ideal distance of distinct vision, but
maintained that this blurring could not be significant, since we
saw clearly over a whole range of distances. (It should perhaps
be mentioned that De la Hire was considering objects which could
be seen clearly over a large range of distances, such as spots

of light, etc; it would not be possible to maintain that we
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could, for example, read a printed page at anything

but comparatively close distances. )

Therefore, since it was well known that we could see
clearly at different distances, and since he said his
experiments showed that we could not make pencils of
rays unite on the retina by an act of accommodation, De
la Hire maintained that no act of accommodation(apart
from the narrowing of the pupil for close objects) took

place.

The obvious weakness in his reasoning was clearly pointed
out by Smith in his "Opticks' and whose comments on De
la Hire's work will be reviewed later (P.141 ). Smith
stated that it was not possible to maintain the focus of the
eye on the original spot during the time that the card with
two holes was placed in front of the eye. During this instant
of time we must assume that the eye reverts to its natural
viewing distance, and it would not be possible to re-focus
on the spot through the two holes. If one attempts this
experiment, it is easy to come to the conclusion that this
is the correct explanation, and the inability to reduce the two
images to one could well be because of the presence of the
card, with the blurred image of the two holes dominating the

field of view.

De la Hire's work on this subject was of considerable
distinction, in spite of the fact that it supported a theory
which was not accepted at the time, and has since been shown
to be incorrect. He introduced into an area of study, which
had previously relied almost solely upon theory (which was
not far removed from conjecture), an element of experimental

work which showed considerable ingenuity, although Scheiner
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was probably the originator of the experiment where

objects are viewed through holes in cards. To what

extent he assisted the correct cause of accommodation to

be found is difficult to assess, Since his theory was not
accepted, he probably did not cause a delay, and by
stimulating interest in the subject, and by causing others

to repeat his experiments, he may well have promoted the
discovery of the correct cause of accommodation; and in the
distinction he made between clear and distinct vision he had
a distinguished disciple, as we shall see when we come to

study the work of Jurin published many years later.

He closed his work with a simple summary of his

theory:-9

""Thus the latitude that one sees in all sorts

of eyes comes only from the differing openings
of the iris and not from the different conform-

ations of the globe of the eye or the crystalline,
as one has believed until the present. "

De la Hire's hypothesis was so much at variance with
current opinion on the subject of accommodation that it is not
surprising that it gained little acceptance. The common
opinion that some form of accommodation took place was
based on little, if any, experimental evidence, but there was
available to every interested scientist the evidence available
using his own eyes. It was probably this, and perhaps most
of all the fact that only one distance at a time could be seen
clearly that persuaded them against De la Hire's opinion,

since it was here that his reasoning was perhaps weakest.

The immediate opposition to his theory was published in

10 .
1685. The author, who was anonymous, was unconvinced
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by De la Hire's experiments, being of the opinion that he '
had carried out insufficient experiments to establish that
the eye lacked accommodating powers apart from the
contraction of the iris. A few years later, Keill11 merely
stated an opinion that the ciliary ligaments pressed the
crystalline nearer to the retina when it viewed objects at

a distance from the eye, and made no reference to De la

Hire's work.

In 1719 Henry Pemberton published a much more significant
dissertation on the means By which the eye might accommodate. la
From the title of the work it is probable that Pemberton can
be given the distinction of coining the word 'accommodate’
to describe the focussing action of the eye, since I have
not found it used in this way by any-earlier writer.

Pemberton said that there were two friain,opinions on the

way accommodation was achieved. The most common opinion
was that the crystalline humour was responsible for the ability
of the eye to focus at different distances. Another opinion,
however, was that the eye was compressed more or less

into its orbit, by a muscular action which changed the length
of its axis:llb ""so that the retina is now nearer to, now
farther from, the anterior humours of the eye.'" Pemberton
favoured the former opinion, since pressing the eye caused
confused, not clearer, vision, no matter at what distance

the object was set. He thought that the muscles could

not exert a perfectly uniform action on all parts of a body

as soft as the retina; therefore they would cause the same
kind of distortion as the finger pressing against the eye.

In any case, he thought that the sclerotic was far too stiff

to allow the change of shape of the eye to be caused by

the weak muscles of the eye. He also made the point

that, after a cataract operation, the natural accommodation

of the eye was lost, a fact which .clearly linked accommodating

power to the crystalline lens.

Pemberton then went on to state that there were two ways

in which the crystalline could cause a change of focus of the eye.

The first was that the crystalline moved; the second was that
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it changed shape. In order to assist his choice between these
two theories, he attempted an experiment. Black lines l4in.
wide were drawn at tin. intervals on white paper. He

fixed a bi-convex spherical lens 30in. from the paper and

put his eye close to the lens. As he drew his head back,

the blurred image became more confused, until near the
focus of the lens, the distinction between the black and white
spaces was lost. This was a very inconclusive experiment,
but it must be assumed that Pemberton used it to show that

a change in shape of the lens, rather than its movement, was

the more likely cause of accommodation.

Pemberton then turned to a lengthy geometrical discourse
to show that the crystalline lens possessed a variable shape,
and that its change in shape would not affect the shape of the
retina. Having satisfied himself that the lens could change
shape, he then disagreed with the commonly held opinion
on the cause of the change in shape. Rather than support the
usual view that the change in shape of the lens was caused
by the suspensory ligaments and ciliary processes, which
he thought were too weak to change the shape of a body as stiff
as the lens, he put forward the new but not quite incredible
conjecture (as he put it), that the lens itself was muscular,
somewhat like the tongue, and containing two opposed
muscles capable of altering the shape of the surfaces. He
said that the fibrous nature of the lens had long ago been
found by Antonie van Leeuwenhoek (1632.1723), a microscopist,
and that its transparency did not mean that the fibres
could not be muscular, since not all muscle fibres
were red. Pemberton thought that the fibres of the
lens, as described by Leeuwenhoek, would be
capable of flattening the lens on one side, while
rr-laking it more convex on the other. Unfortunately he
seemed unaware that, in order to shorten the focal length
of the lens so that the eye could focus on close objects, it
was probable that both surfaces of the lens would require

to have their convexity increased. The idea of lens



-103 -

muscularity was, however, not new. In 168411cLeeuwenhoek
had put forward the idea that the capsule that held the

lens was muscular, and then in 1704lld he called the
crystalline humour the 'cyst. muscle’. In fairness to
Pemberton it should be added that Leeuwenhoek mentioned
these ideas briefly, and made no attempt to

relate the ideas of lens or capsule muscularity to the problem
of accommodation. The idea of a2 muscular crystalline lens
was later also put forward by Thomas Young, who, while
mentioning Leeuwenhoek's work, made no reference to

Pemberton's theory.

At about the same time as the publication of
Pemberton's dissertation another book emerged,
also from Leyden. This was '""Mathematical
Elements of Natural Philosophy'" by William-James's
Gravesande (1688-1742), Professor of Mathematics and

Astronomy at Leyden, translated into English by

Desaguliers in 1721.11® The book was subtitled "An

Introduction to Sir Isaac Newton's Philosophy' and was
clearly intended as a text book covering the major aspects

of Natural Philosophy. In it Gravesande devoted a
chapter to the subject of vision. His ideas on the
subject of accommodation were sensible and clearly

stated. He had no doubts that the ciliary ligaments

11¢
were muscular.

"This crystalline Humour is sustain'd

by small Fibres or Threads, which are
fix'd to all the Points of its Circumference,
and likewise to the Inside of the Eye: They
are inflected in the Form of an Arc, and
every one of them is a Muscle; they are
call'd the Ligamenta Ciliaria, ..... "

Gravesande was the first to postulate the idea that the
ciliary ligaments were curved, and the idea played an
important part in his explanation of how accommodation

. llg
was achieved:

"But when, according to the different Distance
of the radiant Point, its Focus is brought
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nearer, or removed farther off, it is necessary
that there -should be a Change in the Eye, lest the
Place in which the Picture is exact, should fall
short of, or beyon'd the Retina, and so the Vision
should be confused.

But it is very difficult to determine what this
Change is, and Philosophers are divided in
their Opinions about it: I shall only observe
in general, that it is not very probable that
the Figure of the whole Eye is changed, in
order to put back or bring forward the
Retina; and therefore we must expect to
find this Change within the Eye.

For if the Figure of the Eye was changed,
as this Change must be equally necessary
in all Animals, the Eyes of all Animals
would undergo the same Changes; for the
same natural Effects cannot have different
Causes. Now in the Whale the Sclerotica

- is too hard to be subject to any Alteration

of Figure. Besides, if there was such a
Change in the whole Eye, it would arise
from the external Pressure of the Muscles,
which would be different in different Positions
of the Eye, and only regular in one Situation
of it.

If now we examine the Eye within, it will
appear necessary that there should be a
Change in the Crystalline; which by changing
its Place or Figure in the Eye, will produce
the desired Effect; for the Rays that fall
upon the Retina before they are united, will
be made to unite just upon the Retina, if the
Crystalline becomes more convex, or if (its
Figure remaining the same) it be brought
forwards towards the Cornea.

That the Position of the Crystalline Humour
is easily changed, and that it is brought nearer
to, or farther from the Retina, its Axis
remaining the same, is plain, because the
ciliary Ligaments are muscular: When these
Muscles are swell'd, and become shorter,
the Hollow which their Inflection makes at
Cl, Cl, becomes less; by which means the
vitreous Humour is compress'd, and
therefore it presses upon the Crystalline,
and pushes it forwards farther from the
Retina; which is necessary when we look at
near Objects.

From an Experiment that we shall hereafter
mention, it has been demonstrated, that
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there is another Change in the Eye that acts
contrary to this; and we shall shew what is
the Occasion of it. The second Change is also
to be referr'd to the Crystalline; which
(when it is drawn by the ciliary Ligaments,

to make it recede from the Bottom of the Eye)
becomes also flatter, and therefore it must
recede farther than if its Figure was
unchangeable; that is, the Change becomes
more sensible; which we shall shew to be of
Use. "

This is a very clear statement of Gravesande s
opinion that accommodation was caused by a change
in the position of the lens. It is perhaps strange
that he adopted a rather complicated method of
moving the crystalline forward (the ciliary ligaments
became less curved (inflected) and that this caused
the vitreous humour to push the lens forward), when
as can be seen from his own diagram (fig.3 below)
it would have been possible to imagine the ciliary ligaments
pulling the lens forward by direct action. Gravesande
was again unusual among scientists advocating the
movement of the lens to produce accommodation, in
that he acknowledged that the pull of the ciliary ligaments
‘would tend to flatten the lens, and thus make it necessary
for the lens to move further than would have otherwise

been necessary to achieve a given amount of accommodation.
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Some years later, Frangois Pourfour Petit12

(1664-1741), a Physician, put forward his own theory

of accommodation. His work, as befitted a doctor, was
largely physiological, and was based on his extensive
observations and dissections of human and animal eyes.

He did not hold to the view that the ciliary ligaments changed
the shape of the lens, stating that he thought them too weak,
His oi)inion was very tentative: that the oblique attachment
of the fibres of the ciliary ligaments to the front and back

of the capsule which held the crystalline made it possible for
them to move the crystalline forward. He did not permit

himself to elaborate on this observation.

However, the greatest contribution to the subject of
physiological optics in the first half of the eighteenth
century came from two authors whose works were published
between the same covers. Robert Smith's 'Opticks'
published in 1738 should obviously be counted as the major
work of the two, but in the field of vision James Jurin's

'Essay on Distinct and Indistinct Vision can easily rank as
its equal. 'Opticks' was publishéd as two volumes, and
Jurin's essay was appended to the end of the second volume,
which happily ensured that it had the wide readership that it
undoubtedly deserved. Since Jurin's approach to the
problem of distinct vision followed ideas first put forward

by De la Hire, it is more logical to consider his work before
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that of Smith. It is probable, however, that Smith's

work was the earlier since Jurin does on occasion use

Smith's calculations to support hypotheses of his own.

Jurin

did mention De 1la Hire's work and also in his

introduction, followed a train of reasoning on what was

meant by "'distinct vision'" which was similar to that

which De la Hire had put forward in his earlier papers.

However, he still maintained that some form of

accommodation was necessary and did take place. Jurin

started his essay with a clear statement of his under-

standing of distinct vision, and followed this with a simple

experiment which enabled him to distinguish between

distinct and what he called "perfect'vision .

14

"An object is said to be seen distinctly,
when its outlines appear clear and well
defined, and the several parts of it, not

too small, are plainly distinguishable, so as
that we can easily compare them one with
another, in respect to their figure, size and

colour.

For instance, the words of this book

are distinctly seen when the letters appear well
defined, and their shape and the intervals
between them are plainly perceived and
distinguished, so as that the book may be

read with ease. A single letter also is
distinctly seen, when the several parts of the
letter, the connexion of those parts, and the
intervals between them are clearly perceived
and distinguished. In order to such distinct
Vision, it has hitherto been commonly thought,
that all the rays of a pencil flowing from a
physical point of an object, must be exactly
united in a physical, or at least in a sensible
point of the Retina.

But that such an exact union of the rays is not
necessary to distinct vision will manifestly
appear upon making the following trials.
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Take a title page of a book, in which there
is a print of three or four different sizes;
and first, place the book at such a distance,
as that every sort of print may without any
straining of the eye, appear perfectly
distinct. In this case it may reasonably be
presumed, the rays of every pencil flowing
from the letters are accurately collected
into so many several physical, or at least
sensible points upon the Retina.

Afterwards bring the book by degrees so
near, as that the letters of the smallest

print may now begin to appear a little
confused, and cannot by any endeavour or
straining of the eyes be rendered so distinct
as they were before. Then, keeping the
book at that same distance, look at a print
somewhat larger than the former, and that
larger print shall seem perfectly distinct
without any the least appearance of confusion.

Here, it is manifest from the less distinct
appearance of the smaller print, that at this
distance the rays of each pencil are not
accurately united in a sensible point of the
Retina, notwithstanding which the larger
print appears distinct.

If the book be brought still nearer, the
smallest print will now be quite confused,
and the larger print will begin to appear
indistinct. But keeping the book at this
same nearer distance, a print still larger
will appear distinct. "

. Thus Jurin's view was similar to De la Hire's, that we
could still see distinctly even though the pencils of light did
not necessarily meet at a point on the retina; though his
argument has greater authority, since it is supported by the

. . . 15
simple but persuasive experiment outlined above.

"Distinct Vision may therefore not unfitly
be divided into the two following sorts or
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species: namely Vision perfectly distinct,

or Perfect Vision; and Vision imperfectly

distinct, which I shall usually call, simply,
by the name of Distinct Vision.

Vision perfectly distinct, or Perfect Vision,
is that in which the rays of a single pencil
are collected into a single physical, or
sensible point of the Retina.

Vision imperfectly distinct, or simply
Distinct Vision, is that in which the rays

of each pencil are not collected into a
sensible point, but occupy some larger
space upon the Retina, yet so as that the
object is distinctly perceived, as the larger
point. "

He then went on to define further, by means of diagrams,

the distinction between these two types of vision.

In spite of agreeing with De la Hire's concepts of
perfect and distinct vision, Jurin next set out to refute his
hypothesis that the eye had no other accommodating power
except that due to the contraction of the iris. To do this he
drew upon the optical calculations contained in the body of
Smith's 'Opticks'. Unfortunately, it is not easy to follow
his method since the details he gave were sketchy; but the
general line of his argument is clear. He assumed De la
Hire's hypothesis to be true, drew certain conclusions from
it, and showed that calculations based upon these conclusions
were contrary to observation. In other words, he used a

variation of the "'reductio ad absurdum' type of proof.

Jurin made the initial assumption that the greatest
distance from which rays could be collected to a point on
the retina (i. e. perfect vision) was 27 inches; from this he
"calculated that we could just separate two point sources (e. g.

stars) subtending an angle at the eye of 26'. Even making
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the aperture of the iris as small as possible, it was not
possible, by calculation, to reduce this angle substantially.
However, he said that observation showed that we could

separate two stars as close together as 4',

Therefore, in order to enable us to separate distant
objects, such as stars, the eye must have a distance of
perfect vision greater than 27", and Jurin calculated that
the distance of perfect vision necessary to separate stars
subtending an angle of 4' must be 14 ft. 5 inches. However,
with this distance of perfect vision, he said we should not be
able to read a book, such as Smith's 'Opticks’, at a distance

1 . . .
of 133"; this again was contrary to experience.

"And if instead of 27 inches, a larger distance
be pitched upon for the invariable distance of
Perfect Vision, this will a little help the
matter with regard to the intervals of the
stars; but will increase the confusion at the
distance we usually read at. If a smaller
distance be pitched upon, we shall read more
easily at our usual distance, but shall not see
the interval between the two stars, unless they
are more than 13' asunder. "

In this way Jurin argued that in order to separate objects
such as close stars at an angle of 4' we needed to have
perfect vision at a distance in excess of 14 feet; and that in

order to read small print we needed perfect vision at less

than 27". Thus, some form of accommodation was necessary.

Having established to his own satisfaction that accommodation
did take place, Jurin then summarised the various ways by

which it could be achieved.

The first hypothesis to be mentioned was that which

supposed the eye to be at rest for distance objects, which
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would thus be in focus; and to be compressed by its

external muscles, so that it elongated when viewing close
objects. Jurin objected to this explanation of
accommodation on a number of grounds. He thought

that the sclerotica was too hard easily to change its

shape, but his main objection lay in the effect that such

a change of shape would have on the retina. He thought

that its fibres would be unevenly pressed together by this
action, but even more, it would be extremely difficult for
the image to be focused clearly over the area of‘the retina
since its shape would have to change from spherical to oval
He was also of the opinion that the change in shape of the
retina would be considerable, since he estimated that the
increase in length of the eyeball would have to be ten percent
in order to allow the eye to focus clearly from 6' to 14',
Another hypothesis, and one which I have not seen mentioned
before Jurin's paper, was that the external muscles pulled
the eye back into its socket, so that by pressing against the
orbit, it was shortened. In this way distant objects would
be focused; and when at rest and not pressed back, it would
see close objects clearly. This again was dismissed for the

same reasons as above.

Another option which was mentioned, and which had been
frequently put forward over a long period, was the use of the
ciliary ligaments in order to move the position of the

crystalline lens. However, Jurin investigated this on

. ., 17
geometrical grounds, and dismissed it.

"A third opinion is, that the eye, when at
rest, is suited to the most distant objects,
and that in order to see the nearer ones
distinctly, the crystalline humour is by
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means of the ligamentum ciliare drawn
forwards, so as to increase the distance
between its back surface and the Retina
sufficiently to unite the pencils into points
upon that membrane.

But to see objects with Perfect Vision from
14 feet 5 inches to 6 inches, it would be
necessary that the crystalline should be
drawn forwards by about 0, 87 (tenths of an
inch) which the uvea will not permit, there
being no more than the distance of 0. 22
(tenths of an inch) at the most between the
uvea and the crystalline. "

A major obstacle delaying the discovery that
accommodation is caused by the change in shape of the
crystalline lens, must have been the difficulty of reconciling .
two properties of the eye. The first was that,as observations
progressed, it must have become increasingly obvious that
the eye is at rest when viewing distant objects, since it is
easy to feel that an effort is necessary to adjust one's eyes
for close objects. The second was that the obvious agents
which could cause the change in the lens were the ciliary
ligaments, and the natural mode of operation of these would
have appeared to be to stretch the lens and make it less
convex for distant objects, with the assumption that the
natural elasticity of the lens would make it more convex when
viewing close objects, i.e. it would be at rest in this latter
position and thus one would expect to feel an effort when
viewing distant objects. As has been indicated in the
introduction to this paper, the ciliary muscles and ligaments
act on the lens in such a way that when they are tense, they
relax their effect on the lens, and it becomes more convex
under the action of its natural elasticity. When they are

relaxed, the result is to pull the lens so that it becomes
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less convex, i.e. the ciliary muscles are at rest for

distant objects.

Jurin considered the above method of accommodation
next. He assumed that the eye was at rest for close
objects, and that the ciliary ligaments stretched it for
distant objects, making both its surfaces less convex.
His main objection to this hypothesis was that it demanded
a considerable change in the convexity of the lens. He
estimated that in order to accommodate the eye between
the limits of 14'5'" and 6" the lens would need to have the
radius of each of its surfaces increased by 2/5, and he
thought that the texture of the lens was too firm, and the
strength of the ciliary ligaments seemed to him to be too

weak to do this.

Having discussed the current theories, Jurin then
put forward his own, 18 which was a compromise, based
upon the eye being at rest for viewing objects at about 15" -
16" and using one method of accommodation for viewing

closer objects, and another for objects further off.

He chose the distance of 15" - 16" for the following
reasons, indicating that he was convinced that the eye was
at rest for viewing at a certain distance and that this was

the distance he felt was the most likely one:

"When the eye is perfectly at rest, no force,
strain or effort of any kind being used by any of
its parts, it is then suited to see with Perfect
Vision at some one determinate moderate
distance. This distance, I suppose, is for

most eyes about 15" - 16", the usual distance

for reading print of a middle size. For it is
likely we usually read at that distance where
vision is perfect without any straining of the eye."
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The choice of a middle distance position of rest for
the eye was ingenious, and the justification he put forward
in support of his hypothesis was a blend of biology and
mathematics at an intellectual depth which I have not
encountered in any paper published earlier. As with De
la Hire, then, Jurin may be considered to have increased
the intellectual rigour with which the subject of
accommodation was studied, though apparently his theory

did not necessarily lead in the right direction,

Jurin's hypothesis for viewing close objects was, as far
as I have been able to gather, original; he first established
that the uvea was muscular, containing both straight
(radial) and circular fibres, He maintained that the
uvea was attached extremely strongly to the inside of the
cornea, around its outer edge. He was also of the opinion
that the cornea was '"a compressible and springy membrane,
easily giving way to any force external or internal, and
easily restoring itself to its former figure by its own
spring assisted by the pressure of the aqueous humour
within it." Thus, when viewing close objects, the iris
would contract as commonly observed, and this would also
have the effect of pulling the outer ring of the cornea inwards,
and rendering it more convex. It was admitted by Jurin
that the muscular ring on the outer edge of the uvea, where
it was attached to the cornea, had not yet been discovered;
but he argued for its existence as a necessary balance to the
inner ring, which was responsible for the contraction of the
uvea (reducing the pupil), and also from the strength of its
attachment to the cornea. By virtue of the strength of the
attachment he thought that it was capable of exerting the

necessary force to make the cornea more convex. A major



- 115 -

disadvantage of this theory (not mentioned by Jurin) must
be the effect of viewing a distant object in bright light,
The intense light would cause the uvea to contract, and,
following the theory, this would render the cornea more
convex, making the distant object out of focus. However,
one could postulate an immediate compensation using the

mechanism he proposed for viewing distant objects.

Again, the explanation given for distant vision was
original as far as I can discover. It also shows considerable
ingenuity of thought. Jurin was of the opinion that the
crystalline lens was too firm to lend itself easily to a
change of shape; however, he noted that the lens was
enclosed in a capsule, and he maintained that there was
water between the capsule and the lens. The ciliary ligaments
were attached to the front surface of the capsule at the edge.
To view a distant object the ligaments were supposed to
contract and this would result in the front surface of the
capsule being drawn a little forward and out, forcing the
liquid it contained from the middle portion towards the edges.
Thus, the whole front surface of the capsule would become
less convex. When the ciliary ligaments relaxed, then the
natural elasticity of the capsule would restore it to its
former convexity. In this way, Jurin overcame the
necessity for there to be a change in shape of the
crystalline lens, which was something which many
scientists found extremely difficult to accept. Anticipating
opposition to his novel theory, Jurin explained that it was
a necessary part of his hypothesis that the ciliary ligaments
should not be sufficiently strong to change the shape of the
lens itself. He assumed that it would be said that if nature

had wished for accommodation to be achieved in this manner,
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then it would have seen that the ligaments were
sufficiently strong to change the shape of the lens,

and thus avoid the necessity for the device involving the
change in shape of the capsule. He said that the ciliary
ligaments were attached to the end of the cornea, and
that if they were sufficiently strong to stretch the lens,
this would result in an equal and opposite force which
would render the cornea more convex, and counter the

effect of the lens being less convex due to the stretching.

Jurin's theories are summarised above. However,
the depth of his thought in this matter can best be
appreciated from his own account of his hypotheses,

which is in Appendix I to this section

Having put forward his theory in general terms,
Jurin then endeavoured to verify some of his assumptions

mathematically.

It is clear from the figures given below that Jurin had
little concept of significant figures. His measurements
were given in tenths of a London inch, and were obviously
arrived at by taking the average of a whole series of
results. None of the individual results could have been
measured to the accuracy of . 00001 of the London inch, but
he used average results which contained four places of
decimals, and which therefore purported to give this order

of accuracy.

He took the following average constants of the eye:
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Radius of cornea 3.3294

Radius of front surface

of crystalline lens 3.3081

- Radius of rear surface

of crystalline lens 2.5056

Distance from cornea

to front of lens 1. 0358

Thickness of lens 1. 8525

Refractive indices of

aqueous & vitreous humour 1.3

Refractive index of lens 13/12 (relative
to aqueous
humour)

Size of average eye 9.4

(in this he disagreed with Petit's figure of
10. 0578 which he converted from the original
measure in French lines. )

He calculated that the distance for perfectly distinct
vision for an eye of the above dimensions was 33", This
would be the distance at which there would be no straining
or effort of any of its parts. Jurin called it the natural
distance of the eye. He felt that it was unfortunate that
these calculations did not agree with h-is observations of
the distance at which we naturally read books, supposing that
33" was too great a distance for relaxed vision. Confidénce
in the accuracy of his observations led him to believe that the
distance at which we usually read fairly large print must be
our natural distance of relaxed vision, and this was about 15"
or 16". To support this argument he used a calculation
developed by Smith 21 that it required nearly as great a
change in the conformation of the eye to lessen the natural
distance to one half as to increase the natural distance to

infinity. (Details of Smith's work are given later on Page 135.
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This concept would fit very well into Jurin's theory
of accommodation which was that we see most clearly
at 15" - 16", the eye being perfectly at rest; and then
to view at infinity or to view at the near point requires
an equal change in the conformation of the eye in either

direction.

However, Jurin now needed to modify his calculations,
which had provided him with a natural distance of 33",
roughly double that which his reasoned arguments had
provided. He achieved this modification by supposing a
very slight increase in the refractive index of the aqueous
humour, which he had previously considered to be the same
as that of water., He increased it from 4/3.to 81/60, from
which he calculated the natural distance to be 14. 7", which
agreed closely with the figure that his reasoning had led
him to. One is led to wonder that such a small change
from 4/3 to 81/60 should produce such a considerable
change in natural viewing distance, but no details of the

calculations are given.

The experiments which led to the '"constants' of the eye
which Jurin used in his calculations were necessarily crude.
It is therefore perhaps surprising that he considered it
necessary to make a minute change in one figure, which he
must have realised was not known to a very great degree of
accuracy, in order to bring his calculations into line with
his very reasonable assumption that the eye was at rest at

the '"naturally adopted'" distance for reading.

Jurin next considered whether he could calculate the
effect that the changes he proposed would have on the

conformation of the eye. He first attempted to prove that
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the change in the radius of curvature of the cornea

would produce an ability to see clearly to a distance of

5", a distance which he took as a typical near point.

He considered the greater muscular ring of the uvea to
lessen its circumference by about 1/47, i.e. from 4.4392
to 4.3462 and he said that this would change the radius of
curvature of the cornea from 3. 3294 (as it was for the
natural distance) to 3. This would increase the distance

from the lens to the cornea from 1. 0358 to 1.1193,

From these figures he calculated that rays from a
point on the principal axis 5" from the eye would meet on
the retina; i.e. that the near point was 5'"; this agreed
with his observations. Jurin was at pains to point out that
the eye was able to withstand changes of this order. He

said:

""Nor can any just objection be drawn
against the change of conformation we have
here supposed in the eye, as being greater
than can reasonably be admitted. For the
radius of the cornea alters only a tenth part,
and this arises from the contracting of the
greater muscular ring of the uvea only 1/47
part, which is vastly less than the contraction
of the lesser muscular ring, that being able
to contract into half its dimension, when the
eye is exposed to strong light. "

However, Jurin did admit that there was a more
important difficulty stemnming from his theory:
If the outer ring of the uvea contracted, then so also must
the circumference of the circle where the cornea joins the

sclerotica. This can best be understood from diagram I

overleaf, The diagrarﬁ shows the eye from the front:
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Diagram I

The Eye Viewed from the Front

abcd is the ring where the cornea joins the sclerotica.

When close objects are viewed, the greater muscular ring
of the uvea contracts and decreases the radius of curvature
of the cornea, so that the ring where it joins the sclerotica

becomes smaller and is indicated by the dotted circle.



- 121 -

Jurin explained this as follows:

"But possibly some doubt may arise about

that circumference of the cornea into which
the uvea is inserted, whether by reason of

its union with the sclerotica, it can comply
with the contraction of its muscular ring, so
as to be drawn inwards towards the pupil, and
likewise to contract itself into a less
circumference. To this, therefore, we
reply that the space by which it approaches the
pupil, is by our supposition very small, being
less than ...* part of an inch; and this small
motion is favoured by the obliquity of its
junction with the sclerotica observed by
Monsieur Petit; and that space, by which that
circumference shortens its length, is less than
3/100 of an inch, which in a compressible and
dilatable membrane is not hard to conceive. "

*#This number was not printed in my copy of Smith's
'Opticks'. In another copy 1/200 has been inserted in ink.

The omission does not occur in the Errata.

Thus Jurin was of the opinion that the natural elasticity
of the materials of the eye were sufficient to allow the

cornea to take on a lesser radius of curvature.

Lastly, Jurin considered the effect that the change in
radius of the cornea would have on the ciliary ligaments and

2
the crystalline lens:

""And lastly, as we have above taken notice
that the elasticity of the capsula and the

tone of the ligamentum ciliare antagonise
each other, it follows that, when the edge of
the cornea is drawn inwards by the contraction
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of the uvea and consequently the ligamentum
ciliare is relaxed, the capsula will then

grow more convex. On which account
somewhat less convexity of the cornea and a
less contraction of the uvea will be necessary,
than is above supposed."

Thus, as a by-product, almost, of his theory, Jurin
did incorporate a change in convexity of the crystalline lens
as playing a part in accommodation, though only a very minor
part. Having satisfied himself that his theory for
accommodation at close distances would work, Jurin
turned to a closer examination of the theory he proposed
for focusing on objects at distances between about 15" and

infinity,

For this he used measurements of the eye published
by Petit, 25 He treated the crystalline, capsule and the
fluid between the lens and capsule as a compound lens, and
stated that the attachments of the ciliary ligaments to the
capsule must be far enough apart to allow light to enter
un-interruptedly, even when the iris was fully dilated.
During the act of accommodation for distances greater than
15", Jurin supposed that the ciliary ligaments drew the front
of the capsule forward by 1/400 of an inch, increasing the
radius - ©of the central portion dd (figure 51, over) between
the points of attachment of the ligaments from 3. 3081 to 4. 200;
the thickness ce of the crystalline would also be reduced from
1.8525 to 1.8270. From these figures Jurin calculated that
rays from an object 14'5" from the eye would be brought to a
focus on the retina. Thus he stated that by means of the
very slight movement of the front of the capsule by a maximum
of 1/400 in. which caused the fluid between the lens and the
capsule to create a compound lens of less convexity, he had

shown how the eye could accommodate itself between 15" and
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Figure 51 from James Jurin's "Essay on Distinct
and Indistinct Vision. "
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14'5" with "perfect vision'". However, he felt that this
involved undoubted strain on the parts of the eye causing

the alterations necessary for this change in focus, namely
the uvea and ciliary ligaments, and thus the eye probably
merely adjusted itself just sufficiently to obtain ''distinct
vision." This, he said, could not normally be distinguished
from ''perfect vision'. No explanation was given for the
choice of 1/400 of an inch for the movement of the front of
the capsule. Obviously by its nature it would not be
possible for it to change its shape very much, but by
choosing a slightly larger figure, Jurin would have been able
to establish a greater range of accommodation at a distance
(larger than 14'5") and so have avoided some of his
explanation of '"'distinct' rather than "perfect" vision at

a distance, which on occasions appears unconvincing.

Jurin spent some time elaborating his theory that the
eye accommodated itself only sufficiently to view an object
with '""distinct vision', thus avoiding the additional effort

required for "perfect vision, "

"For instance, if a young adult person in
reading holds his book at 10" distance it

will not be necessary to contract the greater
muscular ring of the uvea so much as to
procure perfect vision at the distance of

10": for a middling print it may be enough
to contract the uvea so much only as would
procure "perfect vision'' in case the book
were at the distance of 13" or 14"; or at

the distance of 11" or 12" if the print be
small; and in this conformation of the eye
he may see with sufficient distinctness at
10" for the book to be easily read. And

this lesser contraction, being less laborious,
will be used instead of the greater contraction,
which is more fatiguing, especially if he
reads a great while. "
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This led him to state that the conformation of the eye

was not always the same when looking at objects at the

same distance. He said:27

""So that in looking at very distant objects
the eye will not always have one and the
same conformation, namely the flattest
possible conformation of the capsula;

but that conformation will be different for
different objects at the same distance, as
well as for the same objects at different
distances. '

Jurin used the distinction between ''perfect' and 'distinct"
vision to explain how we could see clearly beyond the limits
of 5'"" and 14'5", Perhaps strangely in such a well-
documented and clearly argued paper, he confined himself
to just a single example, showing how we might see clearly
beyond the limit of 14'5" for "perfect vision'' at a disl:ano::e;2
and this was merely to explain how we might well be able to

read a poster at a distance of 16':

"Again, let another object, as a playhouse
bill pasted against a wall, be presented to
the eye at a distance of sixteen feet. Then
as soon as we attempt to read this bill, the
anterior surface of the capsula will be
rendered flatter, so as to accommodate the
eye to some distance not exceeding its
utmost limit of 14'5"; and though by this
means vision at the distance of 16' cannot : -
be rendered perfectly distinct, yet will it
be rendered less indistinct than before,

and perhaps distinct enough to read the bill
with ease. '

This seems a remarkably unenthusiastic statement to
explain how his basic theory of accommodation might be extended
beyond the limit of 14'5", This was essential if the theory
was to be considered seriously, since it also had to be able
to explain how we saw clearly at much greater distances

than 16!,
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In view of this it was perhaps surprising that Jurin
made no effort to modify his original calculations by
proposing a slightly greater forward movement of the
front of the capsule than the 1/400 inches. This
additional forward movement would have been minute and
would have enabled him to have achieved a distance greater
than 14'5" for perfect vision. The explanation perhaps
lies in the concern he showed to minimise the strain on
certain parts of the eye which he thought would be caused
when the eye was accommodated to his limits of perfect

28

vision:

""And this (strain) must happen chiefly

near the limits of perfect vision, where

the straining either of the greater

muscular ring of the uvea, or the ligamentumn
ciliare, to the utmost they are capable of must
be somewhat laborious and uneasy. "

Therefore, he was perhaps relw tant to modify his
theory even very slightly if it would increase the strain on
the ciliary ligaments following the increase in the distance of

perfect vision.

It is difficult to avoid a conflict of opinion in assessing
the calibre of Jurin's work. On the one hand, his theory
of accommodation was original, well-conceived and presented
in restrained scientific language. In it he clearly showed
himself capable of taking up a position in advance of
contemporary thinking. On the other hand, he allowed
himself to be circumscribed by rigidly adhering to constants
which were essentially approximations, though appearing to
possess a degree of accuracy which was impossible with the

measuring techniques available at the time. It seems
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certain that such meaninglessly precise conclusions that
the limit of distinct vision was 14'5", which he allowed
to be a difficulty in his theory, could have easily been
avoided if he had been able to appreciate the true nature

of the figures which produced such results.

The part played in accommodation by the contraction
of the iris was strangely not emphasised by Jurin. He
devoted very little space to it, and gave details of only one
elementary experiment. It would perhaps be true to say
that he was far from clear in his own mind about the cause
and effect of this contraction. He stated initially that the
closing of the iris made the image clearer. However, in
dull light, he thought that accommodation must be effected
entirely by the changes in convexity of the cornea or capsule,

since the pupil would be dilated under these conditions.

However, in bright light, he thought that the contraction
of the iris might be sufficient to make any other form of

accommodation unnecessary -a sweeping conclusion:

"But in strong light the contraction of

the pupil is chiefly made use of (in
accommodation.) For then that
contraction answers two purposes: one,
to exclude an overgreat quantity of light
which would be offensive to the eye: the
other to lessen the indistinctness. And
when the light is very intense, the pupil
may contract so much as of itself to
cause distinct vision, and so render
other means altogether unnecessary. So
that these two several means of procuring
distinct, or less indistinct vision, may
sometimes be used jointly, that is each
in a moderate degree, and sometimes
single.
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The degree, to which the pupil contracts,
does not absolutely depend either upon

our will, or upon the sensation of confusion
in the object; but partly upon the degree of
light.

This is easily proved in the following manner:

By daylight take any book, and standing about

the middle of a room, with your back to the

window ., hold the book so near as the letters

may appear indistinct, and yet not so much

but that you can read, though with some

difficulty; then turn your face to the light

and the book will be read with more ease.

Again, holding the book at the same distance

from your eye, go into the darkest part of

the room, and standing with your back to

the light you will find the book not at all

legible; but upon coming to the window,

with your face to the light you will be able

to read, especially if the sun shines, with

great ease and distinctness. "

One can perhaps fairly conclude from the above that
the contraction of the iris was an area of study which Jurin
had neglected. The experiment he described above used
contraction caused by bright light only. He mentioned in
passing that contraction could be caused by ''the sensation
of confusion in the object'" but did not elaborate on this at all.
He also omitted to mention the contraction of the pupil which
took place when viewing close objects, independent of the
intensity of light, which had been well-known for many
years. In view of the fact that his essay concerned itself

with distinct vision, this omission,and the lack of emphasis

on this whole subject, is perhaps puzzling.

Jurin next concerned himself with the changes in the
eye which he felt were caused by custom or habit. To
explain the view, which was at the time widely held, that

persons, such as sailors, who were accustomed to look at



- 129 -

distant objects, were able to see more distinctly at

great distances, Jurin reasoned that additional strength
was obtained by the ciliary ligaments in constantly

pulling forward the crystalline. He thought that this led
to a corresponding difficulty when they attempted to look

at close objects. Persons who habitually tended to look at
close objects, such as watchmakers and students, had the
opposite strengths and weaknesses. Since the develop-
ment of other bodily muscles by constant use was well-known,
it is perhaps not surprising that it was thought that similar
development would take place in the muscles of the eye if
they were extensively used. This theory has re-appeared
even during the present century, notably Aldous Huxley's
support of eye exercises to overcome defects of vision,

but it is now known that one cannot change the eye's

accommodating power by exercising its interior muscles.

In his last section on the accommodating power of the
eye, Jurin dealt with the changes caused by age. He
noted first that the pupil in children was usually more
dilated than in adults, and ascribed this to the greater
flexibility of the cornea. This enabled the eye to be
focused more completely by means of the change in curvature
of the cornea, and thus there was no requirement for additional
focusing by means of the iris. Jurin explained the increasing
deterioration in accommodating power with advar{cing age as

being due to a progressive stiffening of the cornea.

It was commonly held that eyes tended to become long-
sighted with age, i.e. eyes tended to become hypermetropic.
In fact they become presbyopic. Jurin said that this was

generally attributed to the shrinking of the coats (outside
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layers) and humours of the eye. While agreeing with
the premise, he disagreed with the explanation, saying
that if the eye shrank, then it would tend to become short-
sighted rather than long-sighted. This, he explained,
was because the distance between the cornea and retina
would be less. Jurin held that the explanation was as
follows:

"The cornea, as it is of a rarer texture, and

is more exposed to the air than the sclerotica,

will in length of time shrink a little more than

the sclerotica, and will by that means grow a

little fatter than it was before. "

Jurin estimated that the shrinking of the cornea
combined with its increasing rigidity with age caused the

nearest point of distinct vision to change with age as

follows:
Young children 3 - 4"
Young adults 5-6"
Old age 20 - 30 - 40"

In the last case the only assistance that the eye had in
viewing close objects was from the contraction in the
pupils, and this was only sufficient in strong light. He
estimated that if the arc of the cornea shrank by 1/200 inch,
the natural distance of viewing would be removed from
15" to 77" (no explanation was given of choice of these
figures); and that when the cornea had, through ageing,
lost its flexibility, this distance could not be reduced to less
than 38'" or 39" for viewing close objects. The effect of
age on the refractive indices of the refracting humours of the
eye was briefly considered; Jurin felt that these could well
suffer an increase in the refraction, and that this would tend

to delay the progress of the tendency to long-sight with age.
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We can now turn our attention to the far larger work
. 3
of the two, that of Robert Smith, whose 'Opticks' 2 was,
for its time, an extremely comprehensive book on all

aspects of light.

Smith started his explanation of the working of the
eye by explaining its basic function, and in particular by

deducing the reason for its shape. 33 (see figs. 153&154.)

"One might contrive a tolerable eye in this
manner, by placing a pellucid hemisphere
ABC to serve for the fore part, and another
concentric one DqE, opposite to the former,
to serve for its bottom or back part; making
the semidiameter, Oq, of the latter triple

the semidiameter, OB, of the former; and
then by filling the whole cavity of both with
water. By this means rays of light flowing
from the points P, Q, R, etc., of remote
objects, after refraction at the surface ABC
will be collected to as many other points,

P> 9> r, of the cavity DqE and paint an image
upon it. And because a spherical surface
does not accurately refract all the rays of

a large pencil to a single point, but only

those that go pretty near its axis; this
imperfection might be remedied by covering
the base AC, of the lesser hemisphere, all
but a moderate hole about the center O; which
would answer the purpose much better than if the
surface itself was covered, all but a hole in the
middle about B. For in this latter case the
surface ABC would not receive rays from the
lateral points P, R, so directly as those {from
the middle of the object, to all which it is
exposed alike when the hole is left open at the
center O.

Though this construction of the eye appears
not amiss at first sight, yet we shall see
presently that the author of nature has

wisely varied some things for the better,

and added others absolutely necessary, though
in everything we cannot perceive his designs.
In the first place he would not make use of an
entire hemisphere ABC, but retaining the
middle part, has taken off pretty much from
the sides, and yet without contracting the
compass of objects taken in at one view.
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The reason of this was to bend inwards the
edges of the larger hemisphere about D and
E, thereby reducing the shape of the eye to
a rounder figure, for the convenience of its
motion every way in the cavity that contains
it. He has therefore given it such a shape,
as is expressed in this other figure,
representing an human eye dissected through
its axis, all the parts being twice as big as
in the life to render them more conspicuous.

Here the transparent parts of the coat called
the cornea is ABC, the remainder ATYC being
opake, and a portion of a larger sphere.
Within this outward coat anatomists distinguish
two others; the innermost of which is called
the retina, being like a fine net composed of
the fibres of the optic nerve YVT woven
together, and is white about the parts p,w, r,
at the bottom of the eye. The cavity of the
eye is not filled with one liquor, but with
three of different sorts. That contained in
the outward space ABCOEGFDO is called

the aqueous humor, being perfectly fluid

like water; the other contained in the inward
space EpqrDFG is a little thicker like the
white of an egg, and is called the vitreous
humor; the third humor FG is shaped like a
lens of unequal convexities, lying between

the two former, and fixed to the side coats

by filaments or threads extended all round it,
and is called the crystalline humor, being
hard like the white of an egg boiled, but as
clear as the other two, and differs from them
in a greater degree of refractive power;
whereby the rays that came from the points

P, Q, R, having received a degree of
convergence by the refraction of the cornea
ABC, are made to converge a little more by
other refractions at the surfaces of the
crystalline FG; ,so that uniting in as many
other points p, w, r, upon the retina, they
represent the points of the object P, Q, R, from
whence they came. And perhaps the rays are
so directed by these secondary refractions at
the crystalline, as to fit the cavity pqr intended
to receive them; which otherwise must have
been a portion of a larger sphere, according
to the fictitious design in the former figure.

Besides this there was a greater need of the
lens FG upon another account; namely to help

“should read 'q'.
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the eye to conform itself for seeing objects
distinctly at all distances, which was wanting
in the fictitious eye. There are two ways of
doing it by the help of this lens FG, in order
to see things near at hand; either by moving
it nearer to the outward cornea , or by
increasing its convexity, or perhaps by doing
both at once. If it is moved towards the
cornea, this may be effected by the pressure
of the muscles against the sides of the eye,
and consequently against the vitreous humor;
but if the crystalline alters its figure and
becomes rounder for seeing near objects, the
filaments DF, EG, whose greater tension
helps to flatten it, may perhaps be slackened
by the lateral pressure aforesaid; and
possibly both these alterations are made at
the same time. The hole or pupil O is not
placed in the center of the cornea ABC,

as in the fictitious eye, but somewhat nearer
to its front. The reason is uncertain, unless
this also may contribute to make the images
coincide with the cavity of the retina, (in

all their parts, ) which otherwise must have
been shaped according to a larger sphere."

He called his first diagram (fig. 153) in which he
showed merely the basic production of the image on the
retina, a '"fictitious eye.'" This device enabled him to
show more clearly the way in which the actual eye improved
on the elementary working of this fictitious model. For
instance, the need for a protuberant cornea to catch rays
from a wide angle could be easily appreciated. As could the way
in which a pupil, preferably set back from the front surface
of the eye, would help to produce a clear image on the retina

by limiting the size of the pencil of rays allowed into the eye.

Smith also gave a function to the crystalline lens; he
said that it enabled the eye to focus on close objects either
by moving closer to the cornea, or by increasing its
convexity, or by doing both at once. Smith said that the
movement of the lens was caused by the pressure of the
muscles against the sides of the eyes. It is not clear what
he meant, since the only muscles which could exert such
pressure would be the muscles external to the eye. It is
conceivable that if they flattened the eyeball, this would force
the front of the vitreous humour forward which, in turn,

would push the lens forward. The change in shape of the
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lens Smith correctly attributed to the suspensory ligaments
(which he called 'filaments'.) He said that increased tension
in these filaments helped to flatten the lens, and when they
were made slacker (perhaps by the action of the external
muscles flattening the eyeball), the lens would become

more convex. Thus, it was simple for Smith to postulate
that accommodation was caused by a combination of movement
of the lens, and a change in its convexity, both caused by

the external muscles. It may also probably be supposed that
he regarded the suspensory ligaments as inextensible, and
therefore not muscular. Smith did not elaborate further on
his theory in the first part of his book, which was sub-titled
'A Popular Treatise'. However, he did deal very
thoroughly indeed with other theories of accommodation in
the last part, entitled 'Author's Remarks on the Whole
Work!'. 34 In this critical summary of other scientists'
theories, he showed a detailed knowledge of the constants and
functioning of the eye, and incidentally showed that his own
theory must have been arrived at by a careful process of

elimination from other hypotheses.

Smith first considered the three ways in which he
thought that accommodation could be obtained, and then
investigated geometrically the effect these changes in the
conformation of the eye would have on the paths of the rays.

In fig. 2 overpage, he imagined accommodation to be produced by

some change in the shape of the refracting surface only.

C was an object situated at the least distance of
distinct vision. D was an object at double this distance,
and in the third case the object was considered to be at
infinity, and marked E in the diagram, with the ray EA in
the diagram parallel to the principal axis. For this

exercise, Smith considered the retina to be unmoved;
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therefore BF was a constant. The rays from C, D and
E were successively focused on the retina by some change
in the refracting surfaces. He considered three such

rays, all striking the cornea at A, CA, DA and EA.

From his initial premise CD = CB

and also CB = CA since AB is very small
Therefore CDA = CAD

also CDA = DAE

Therefore as the object moved from C to D it is
refracted less by an angle CAD; and as it moved from D
to infinity it was refracted less by an angle DAE (which was
equal to CAD,) Thus, Smith had proved the point which is
best stated in his own words:

"If an object be viewed distinctly and
successively at three different distances

from the eye; the first .of which may be

the least distance at which it may be viewed

distinctly, the second double the first, and

the third infinite; it is remarkable that as

great alterations in the figure of the eye are
necessary for seeing the object distinctly at

the first and second distances, whose difference

is small, as at the second and third, whose
distance is infinite. '

Smith next considered the refracting surfaces to remain
constant and calculated the movement that the retina would
have to make in order that the images from C, D and E
(fig. 3) should fall on the retina, The ray from E which was
parallel to the principal axis was considered to strike the
retina at F. G was the point at which rays coming from

inside the eye, i.e. right to left, parallel to the principal

axis falling on the rear surface of the lens, would cut the
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principal axis. Smith said that he had computed the
distance GB to be no more than 5 or 6 tenths of an inch,
(He gave no experimental justification and showed no
calculations which led him to this result.) He made
the distance GC equal to CD saying that since GB was
small, this case was very similar to the former, when
distances were measured from the cornea at B. The
pencil of rays flowing from D was refracted to d on the
principal axis; the pencil from C was refracted to c.

Smith then stated that:

Fc:Fd : : GD:GC : : 2:1 (since GC had been (1)
made to equal CD
initially)

Therefore, as the object moved from C to D, the
retina would have to move from c to d, and as the object
moved from D to infinity, the retina would have to move
from d to F, (equal to cd.) Thus, again, the change in
the eye,-in this case, the position of the retina,-was the
same for the object moving from the closest position of
distinct (C) vision to double this distance (to D) as it was

when the object moved from D to infinity.

The justification for equation (1) above, was given by
Smith as articles 373 and 240 in the main text of his book.
These articles are somewhat difficult to follow and, hope-
fully, the explanation below will be found satisfactory, and
easier to follow; it is based upon that put forward by Smith,
but applies only to a single convex lens. However,
the differences in the refractive indices of the humours of
the eye are so slight as to allow an approximate application

of the proof to the eye.
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An object placed at C produces a real image at c. G is
the focus of rays parallel to the principal axis from the
direction Y. F is the focus of rays parallel to the
principal axis from the direction X. E is the centre

of the spherical refracting surface ABD. With E as
centre, radius EG draw arc GH. With E as centre,
radius EF draw arc FI. A is very close to the principal
axis CBc. Now consider EH to be the new principal
axis of the surface ABD. H, whichis very near to G,

is the new focal point of rays parallel to HE; but the ray
from c to A passes through H after refraction. Therefore

Ac is parallel to HE, Therefore HEG = AcE.

In the same way EI can be made a new principal axis,
and CA can be shown to be parallel to EI, and therefore
ACB = IEF.

Therefore CH:HE = EI:Ic. but H is very close to G,
and I to F.

Therefore CG:GE = EF:Fc. Therefore CG = GE.EF/Fec.

But GE and EF are both constants.

Therefore CG = K/Fc where K is a constant
and CG oc 1/Fec. S (a)

Therefore if CG is doubled Fc¢ is halved.
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From fig 3

If C moves to D (DG = 2CG) then c moves to d
and from (a) above it follows that:

Fc:Fd = GD:GC = 2:1
This is the original equation stated by Smith.

Smith then considered the case when the accommodation
was produced by a combination of both the methods out-
lined above. This, of course, was the case preferred
by him in the main part of his book. The detailed
treatment of the two separate ways in which accommodation
could be obtained, outlined above, seems merely to have
the purpose to draw attention to the phenomenon that
apparently intrigued Smith; namely that the same order
of change in the eye was required to focus as an object
moved from the near point to double that distance, as was
required as it then moved to infinity, and that this
was true for each of the ways suggested by Smith for

accommodation to be accomplished.

However, he did relate this phenomenon to the case of
short-sighted persons; deducing that if they could focus
clearly between two different distances, the larger being
twice the smaller, as most of them could, then this involved
as much change in the eye as a normal person focusing from
a reasonably close distance to infinity. Smith said that
this showed that their eyes were as capable of changing
their figure as normal eyes, and that this was the reason
that a prescribed single concave lens enabled a short-
sighted person to see normally and focus over the normal
range. He said35 that short-sightedness was not "'a want

of power to vary the figure of the eye and the quantity of
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refraction, but that the whole quantity is always too

great for the distance of the retina to the cornea. "

Thus, Smith was able to provide a useful piece of
evidence to indicate that the defect of short sight was
limited to the inability to focus the image on the retina
for certain distances,and that there was no defect in the

eye's ability to change its conformation to enable it to focus

over a range of distances.

Christian Huygens' (1625-1695) opinion that accommodation
was caused solely by the movement of the crystalline nearer to
the cornea f_cfz"_qlqsvg__qfl?igc:cf_,"_Sm_i'th dismissed. He stated
that even if the lens moved so far as to touch the cornea, it
would not produce the range of accommodation required by
the eye. In any event, he said that this could not happen,
since the uvea would intervene, and that Peti’c36 had shown

that even this range of movement was not possible, since

the uvea in humans was close to the crystalline and plane.

De la Hire's theory that the only change which took
place as the eye concentrated on distant or close objects,
was the closing of the pupil for close objects, was dealt with
next. Smith gave a detailed account of De la Hire's
experiments, and gave a simple, but fundamental, reason
why, in his opinion, their results were not reliable. Smith's
account of the experiments was very clear, and since De la
Hire's own accounts were couched in rather different

language, it is probably worthwhile to quote Smith in full. 37

"Let two very small holes, a, b, be made
with a pin in a card or in paper, so near to
each other, that being held close to the eye,
the rays that come through both, may enter
the pupil. Then let a small black spot ¢
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upon a white paper, be viewed through

them; and if the experimenter be short-

sighted, let the paper be placed at such

a distance from his eye, as he usually

sees an object at with most distinctness

and most ease, as suppose at the distance

of six inches; and in looking through the

holes the spot will appear distinct and

single. Then let the paper be removed

to a greater distance, suppose of ten

inches, such as that the same eye may be

able to see an object without any apparent
indistinctness. Then let the spot be

attentively viewed by the naked eye, in

order to make such a change in its conformation,
as is usually supposed necessary to see an

object distinctly at such an increased distance.
Now, the eye being supposed to have taken the
necessary conformation for seeing that spot
distinctly at that distance, it may in consequence
of this supposition be expected, that upon clapping
the card before the eye and looking through the
two holes, the spot should appear single, as it
did at the former distance of six inches. But
experience shews the contrary; for it appears
double like two distinct spots, d, e; whose
interval de is so much the greater as the distance
of the paper from the eye is greater, as in fig, 5. (Plate I)

If the experimenter be long sighted, let the
paper, likewise, be first placed at such a
distance from the eye, as he usually sees an
object at with most distinctness and most ease,
as suppose at the distance of fifteen inches;
and in looking through the holes the spot will
appear distinct and single. Then let the paper
be brought nearer, suppose to the distance of
seven inches, at which distance the same eye
is able to see the object without any apparent
indistinctness, And let the spot be viewed
attentively by the naked eye, in order to make
such a change in its conformation, as is
commonly supposed necessary in order to see
an object distinctly upon so lessening the
distance. Now, the eye being supposed to
have taken the necessary conformation for
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seeing the spot distinctly at that distance,

it may, in consequence of this supposition,
be expected, that upon clapping the card
before the eye and looking through the two
holes the spot should appear single, as it
did at the former distance of fifteen inches.
But experience shews the contrary; for it
appears double like two distinct spots, d, e,
whose interval de is so much the greater as
the distance of the paper from the eye is less,
as in fig. 7.

Now the spot appears single in the first case
of each of these two experiments, because the
rays ca, cb, fig. 4 and 6, are united at a
single point f exactly upon the retina. But
when the paper is remoter, fig. 5, ca and cb
diverge less than before, and therefore are
reunited at f before they arrive at the retina;
then crossing each other they fall upon it in
two distinct points, g, h, which occasion the
double appearance at d and e. For if the
holes be moved upwards, the upper spot first
disappears at d; because the upper ray ca, first
misses the pupil. And when the paper is
brought nearer, as in fig. 7, the rays ca, cb
diverge more than before, and therefore tend
to reunite in the point f behind the retina,
upon which they fall in two distinct points

g, h, which occasion the double appearance at
d and e. For if the holes be moved upwards,
the under spot first disappears at d, because
the upper ray ca first misses the pupil.

We come now to consider the consequence.
which Mr. de la Hire draws from these
experiments. His argument runs thus.

It is commonly believed, that an eye which is
so formed as naturally to unite the rays upon
the retina, when the object is at six inches
distance, can make such a change in its
conformation as still to unite them exactly
upon the retina, when the object is removed
to a greater distance, as that of ten inches.

“see Plate 1
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If this opinion were true, the eye of

the observer in the second case of the
first experiment, must have made such

a change in its conformation. But the
experiment shews that this eye was not in
such a conformation as to unite the rays
exactly upon the retina; for upon clapping
the card before it, the appearance was of
two distinct spots, not of one only, as it
ought to have been, if the eye had had the
supposed conformation. And just after
the same manner he reasons upon the
second experiment. "

This excellent concise account of De la Hire's
experiments, and the reasoning leading to his hypothesis,
was followed by an equally lucid description of why Smith
rejected the hypothesis., 37

""In order to make this reasoning conclusive,
Mr. de la Hire ought to have proved, that
whatever conformation the eye had, in
viewing the spot without the holes, the same
conformation must necessarily have con-
tinued, when the spot was seen through the
hole.

But we take the contrary to be highly
probable. For when the spot was viewed

at the distance of six inches, the eye was
then in its natural conformation. It received
the rays in the same manner as an artificial
eye of the same dimensions might have done,
without any the least strain 'nisus' or
endeavour. But when the spot was viewed

at the distance of ten inches, it must at the
first instant have appeared indistinct, and in
order to remedy that indistinctness, the eye
may be supposed to have extended some force
in order to change its conformation so as to
suit itself to that distance. If so, this forced
conformation will continue while the occasion
remains, -and no longer. While the eye is
viewing the object at ten inches distance, if
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it happens in the least to relax and unbend
itself, a sense of indistinctness will
immediately begin to arise, which will

serve as a monitor to return exactly to

the necessary conformation; but the
moment the eye ceases to view the object

at that distance, it will probably depart

from this forced conformation, and return

to its natural conformation suited to the
object at six inches distance. Therefore
when the card is clapped before the eye, as
it must necessarily then lose sight of the
spot, before it comes to see the spot through
the two holes, it may then probably depart
from the forced conformation, and return to
its natural state, or near it; the consequence
of which is, that the rays will now now unite
upon the retina, but will therefore exhibit the
appearance of two spots.

I might here observe that Mr. de la Hire

himself must necessarily admit one
alteration in the eye at this instant of

time, namely the dilation of the pupil. Why

then may not the conformation of the coats and

humours as well be supposed to change at the
same time."

Thus, Smith stated his opinion with elegance and clarity:
that it was not possible to maintain the focus of the eye on
the original spot during the time that the card with the two
holes was placed in front of it; and that it would no longer
be in a position to re-focus on the spot when looking
through the two holes, returning, in the instant that the
card was placed in front of the eye, to its natural viewing
distance. Certainly, my own attempts at this experiment
bear out Smith's explanation, since I have been unable to
reduce the two images.of the spot held close to my eye to

one, when viewed through the two holes. (I see two

images when the spot is close since I am long-sighted. )
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This may be because of the presence of the card,
with the blurred image of the two holes dominating
the field of view, a‘.nd making it impossible for the
eye to concentrate sufficiently on the image of the
spot; this I think was what Smith was implying.
However, there may be an alternative explanation .
which can be best understood by viewing the spot
through a single small hole rather than two. If
one does this, owing to the stopping-down effect of
the hole, the spot appears in focus for all distances,
and therefore it is impossible for the eye to focus
more clearly that which already appears perfectly

clear.

Twenty-one years after Smith's work, the other
major book on physiological optics written in the
eighteenth century was published, Porterfield's
"Treatise on the Eye..... ", However. before
considering this book, it is desirable to discuss two
other works published during the intervening years.
Peter van Musschenbroek's ""Elements of Natural
Philosophy...." and Robert Whytt's Essay on the

....... Motions of Animals'"'.

"The Elements of Natural Philosophy chiefly
intended for use of students in Universitiés"37aby
Musschenbroek (1692.1761), was obviously a text book, and
therefore contained few details of experimental work,
but in it the author stated clearly his views on the way
in which accommodation was achieved. He held that
accommodation was due to the movement of the

crystalline lens brought about by the ciliary processes: 37b
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""The image of external objects is

distinctly painted upon a small portion

of the retina about the optical axis, but
indistinctly in such places that are remote

from the axis. Therefore at one view we

can see but a small part of an object and

all the other parts we can see but imperceptibly
and confusedly. If the object be such a distance
from the eye that the ray of light emitted from
the several points of the object meet again by
refraction in as many points on the retina, the
crystalline lens of the eye continues in its own
place. But if the object approaches nearer to
the eye the rays are emitted from it being more
diverging and as much refracted as before would
not meet upon the retina but behind it. Where-
fore the lens by means of the ciliar processe (sic )
that contract themselves, is moved farther from
the retina, that the rays unite on it. If the
object is at a great distance from the eye the
rays fall upon it but a little diverging, and being
refracted as much as before, meet before they
come at the retina. Then the ciliar processes being
relaxed, the crystalline lens approaches to the
retina so that the image of the object may be
painted upon it. Or when the ciliar processes
contract by which the crystalline lens is brought
nearer to the cornea,does it at the same time
become flatter because of the compression of the
bag in which it inheres? Though because of its
hardness it would oppose such a change. "

Since the lens has to become more convex in order to
see close objects, any flattening of the lens, such as that
suggested above would tend to neutralise the improved
close vision obtained by the movement of the lens forward.
Musschenbroek, however, suggested that, in becoming
flatter, the lens also became more solid by compression.
It is therefore possible to infer that the refraction of the

lens consequently became greater.

It is interesting to note that Musschenbroek in this

section made no effort to put his conclusions into
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perspective by reference to the work of other
scientists. There was also no attempt made to
mention other possible causes of accommodation,
although at this time there was little agreement
among scientists on the method by which the eye
focused. These omissions tend to diminish the value
of Musschenbroek's book, although he did make one
original suggestion, that of the compressibility of the

lens.

Robert Whytt (1714-1766) in his clear and logical
account of accommodation contained in his "Essay on the
Vital and other involuntary Motions of Animals"38 placed
considerable emphasis on the part played by the iris
in accommodation. So much so, that initially one
tends to infer that he was proposing that this was the
only change taking place during accommodation;
only when the reader reaches the end of this section
of the work does he find a recognition of the part played
by the crystalline lens.

Whytt fully appreciated that, were it not for the
motion of the pupil, the eye would have been dazzled

in bright light and unable to see in dull; but he
39

immediately made another point:

"Further, as the rays of light coming
from the very near objects are much
more divergent than those from remote
ones, had the pupil been incapable of
variation as to its extent, the eye would
have been ill fitted for seeing distinctly
at different distances; since such objects
alone are seen distinctly, whose images
are accurately painted on the middle and
most sensitive part of the retina."
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There is evidence in the last part of this passage
that Whytt considered the contraction of the iris to
be the only change taking place in the eye when
viewing close objects, and this is borne out by the

40
later passage below:

"The necessity of this contraction of the

pupil when we look at near objects in

order to render vision more distinct

is easily understood; for as in near

objects the divergence of the rays is much

greater than in distant ones, and as those .

rays only serve for distinct vision, which

do not diverge much from the axis of each

pencil, the pupil must be contracted, in

order that the useless or disturbing ones

may be excluded.

However, as we shall see later, it is incorrect to infer
that Whytt was of the opinion that this was the only change
that took place during accommodation; he also thought that
the crystalline lens moved towards the cornea for close

objects.

Whytt next concerned himself with the way in
which the iris functioned. He thought that the uvea
or iris, was furnished with a double set of muscle
fibres whose contraction or relaxation allowed the
opening to be augmented or diminished. He said
that one set was circular and immediately surrounded
the pupil ~ he called this the "sphincter pupillae'’;
when it contracted the pupil was lessened. The other
set of muscle fibres was radial and these arose from
the great circumference of the uvea, where it was
attached to the 'circulus albus' or union of the cornea
and sclerotica. He thought that this might be called
the 'dilator pupillae'. Whytt justified these hypotheses

as follows:41
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"The circular plane of fibres is so thin and

delicate, that some authors seem still to

doubt of its existence; but in admitting it

we are not only justified by the authority of

the best anatomists, but by reason and

analogy since the equable and regular

contraction of the pupil cannot be conceived,

without supposing some such mechanism."

The second part of this argument in favour of his
theory cannot be considered very convincing. However,
it is the correct one and the circular muscular fibres he
mentioned do exist to contract the size of the pupil, although

they are not as easily seen as the longitudinal fibres.

Since the longitudinal fibres of the iris were more
conspicuous than the circular, as stated above, Whytt
thought that they must be stronger, and that for this reason
the natural state of the iris was one of dilation. However,
in death the iris was contracted, since, he said, the
longitudinal fibres lost their contractile power. The
variation in size of the pupi was'thought by some of Whytt's
contemporaries to be due to the variation in the intensity
of the light falling on the iris; he denied this, saying that
it was due to the variation'in light falling on the retina. He
cited the case of cataract sufferers whose pupils lose a great
deal of their power of contraction. This was said to be due to
a disease of the iris, but Whytt denied this, preferring the
explanation that it was due to the cataract's limiting the amount
of light falling on the retina. In support of his arguments he
stated that the nerves of the iris had no connection with the
optic nerve, and also that, if only one eye was affected by a
cataract, exposure of the good eye to brightlight led to a
contraction of the iris of the eye with the cataract, showing

that the iris was not diseased.

Developing this idea of sympathetic contraction of
irises further, Whytt noted the sympathetic movement
between pupils; if one eye was closed, then the other
iris opened; if one eye only was exposed to light, the
irises of both contracted, though the iris of the eye not

exposed to bright light contracted less than the other.
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Whytt said that since there was no connection between
irises, then the agreement then must come from

a common principle in the brain.

Other simple but effective experiments were
also carried out by Whytt. He noted that the pupil
of an eye in bright light, which was thus already
contracted, contracted even more when it viewed a
close object. As a book was brought closer to the
eye, then the iris was seen to grow successively
smaller. He also looked at a candle at a distance
of 2 - 3 feet and then at a quill at a distance of 5 - 6
inches and noticed a contraction, even though the
light falling on the eye from the candle was unchanged.
Taking the problem a 'stage further', he .actually
diminished the light entering the eye when viewing a
close object and noted a contraction of the pupil. To
do this Whytt viewed a light-coloured object at a
distance of 3 - 4 feet with his back to the source of
light. He then looked at a dark-coloured object at
1 foot distance; this reflected less light into the eye,
but nevertheless the pupil of the eye still contracted.
In this experiment it could well appear that Whytt was
implying that the prime cause of contraction of the
pupil was to view close objects; however, he later
made it clear that his opinion was that the only cause
of contraction was bright light, and that the contraction
which took place when close objects were viewed (an
effect which had been known for many years) was just
a special case of this effect. He made this point as
follows:

"In viewing distant objects, the pupil is not
widened by any effort of the mind, but its
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size is entirely determined by the

quantity of light applied to the eye,

which, as it is caeteris paribus,

fainter in distant than in near objects,

must occasion a small degree of dilation

in the pupil. "

In this section of his book, Whytt was not contra-
dicting what he had previously stated; he was, in fact,
introducing a new element into the .cause of the
contraction of the iris. He maintained that the
contraction that took place in order to view close
objects was mainly as a result of an action of will,

while the contraction caused by bright light was reflex,

though, of course, he did not use this term.

He also argued that in faint light the image on the
retina would not be larger, owing to the enlarged pupil.
This had been put forward as an explanation for the
apparent enlargement of the sun near the horizon.

Whytt thought that this was contrary to the laws of
nature, and would also mean that all objects would
appear larger in dull light, and that this was contrary to

experience.

It is obvious that the motion of the iris was one which
Whytt found of great interest, since he devoted the greater
part of his work on the eye to it. His only mention
of the part the crystalline played in accommodation occurs
at the very end of the section:

"In looking at near objects, the pupil is

lessened, at the same time that the
crystalline humour is brought forward
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towards the cornea, by the contraction of

the ciliary process; but when we contemplate

distant ones, the contraction of the ciliary

processes and orbicular muscles of the uvea

ceasing, the crystalline returns to its

situation and the pupil to that size to which

it is fixed by the quantity of light applied to

the eye. These motions though both

voluntary, yet come to be so connected by

habit that we cannot perform them separately. "

Thus, it can be seen that Whytt favoured the movement
of the lens towards the cornea by ciliary processes as a
cause of accommodation. It will be noticed that he did
not call them muscles. He made no other mention of
them, and did not comment upon the obvious difficulty
of considering movement of the crystalline without the
involvement of a muscle. Smith, as mentioned previously,
had shown that the forward movement of the lens alone was
not sufficient to account for the range of accommodation
possessed by the normal eye. Whytt made no reference
to Smith, but it can be assumed that he placed con-
siderable emphasis on the part played by the closing of
the iris as an aid to focusing close objects. Therefore
his theory could have been considered tenable by his.
contemporaries, since it could be considered that the
considerable emphasis he placed upon the contraction
of the iris for close objects together with the forward

movement of the lens would provide sufficient range of

accommodation for the eye. It must be remembered

that the rejection by Smith of the forward move ment of the
lens as the sole basis for accommodation, depended upon

the comparatively minor importance he gave to the contraction
of the iris as an aid to focusing. This would require a
correspondingly greater movement of the lens to enable a

full range of accommodation to take place
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It is perhaps surprising that only twenty four years
after the publication of Smith's and Jurin's major
contributions in the field of physiological optics,
another important work was published. In 1759
William Porterfield published "A Treatise on the Eye";44
this was a long and somewhat repetitious work, but it
did attempt to cover all the aspects of current knowledge
of the eye. In some cases the material it contains
can be considered to be contemporary with that of
Smith and Jurin, since it had already been published in

journals, 45 and Jurin certainly referred to Porterfield's

views.

In his study of accommodation, Porterfield chose a
popular starting point, the work of De la Hire. He was,
however, in no doubt that some mechanism was required
in order that the eye could focus on objects at different

distances:

'"From what has been said in the preceding
chapter (of Porterfield's book) concerning
the manner of vision and the use of the
several humours of the eye in refracting

the rays, so as to make pictures of objects
distinct, it follows that in order to see
objects at different distances distinctly, it

is necessary that there should be a change in
the eye lest the place in which the picture of the
object is exact should fall short of or beyond
the retina, and so cause the vision to be
confused. "

De la Hire's experiment with the holes in a card was
described in detail, together with the conclusion drawn

7
from it4 and summarised by Porterfield as follows:
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"For suppose that I see an object
distinctly at a foot distance and at the
same time it appears single when viewed
through the perforated card; if, to see
the same object at four feet distance, it
were requisite that the eye changed its
conformation, then he (De la Hire)
concludes it would do so, when the object
is viewed at that distance through the card;
which does not happen, as is evident from
it being multiplied. "

There had been equally good summaries of De la
Hire's work before, but Porterfield was obviously
impressed by the calibre of the experiment, though,

as we shall see shortly, not convinced. He expressed

. . . 8
his surprise that the theory had had so little acceptance:4

"It must indeed be acknowledged that at

first view the argument seems to go a

great way towards a full demonstration

of what he alleges; nor so far as I know,

has anything been yet offered by any author,
whether Physician, Anatomist or Optician,

that can in the least weaken or disprove it;

and yet all of them, excepting Maitre-Jean

and some few others, continue to teach, that
our eyes change their conformation according to
the distance of objects, without so much as once
taking note of De la Hire's reasoning or
attempting an answer. "

One might fairly gather from this that Porterfield had
not read Smith's 'Opticks' or the essay by Jurin contained
in it, since both of these authors deal fully with De la
Hire's work, and give full details of their reasons for not
accepting his hypothesis. Later in his book, however,
Porterfield mentioned both these works, and it is clear

that he was familiar with them; it is therefore difficult
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to see the justification for his above comment, that
De la Hire's work had been largely ignored, without

having his theories refuted.

Porterfield then gave his own view why the results
in the hole-in-card experiment did not disprove the
need for some additional means of accommodation,
apart from the closing of the iris:

"In answer to this argument of De la Hire,

I once suspected, that, when an object is

viewed through a perforated card, the Eye.

by endeavouring to see the card, adapted

itself to as near a distance as it could, and,

by continuing in that state, occasioned the

object to appear multiplied when at a greater

or lesser distance, than to which the eye is

then accommodated. "

He thus shared the view with Smith. that the presence
of the card in front of the eye prevented the normal
process of accommodation from taking place; although
Smith emphasised that it was the movement of the card
which interfered with the act of accommodation. It is
~also interesting to note Porterfield's use of the word
'accommodated'. As far as I have been able to ascertain,

he was the second author to use the word in this particular

context, the first having been Pemberton.

De la Hire's contention that rays of light did not
necessarily have to come to an exact focus on the retina
in order for the eye to see them clearly, was next
considered by Porterfield. It will be remembered that this

was a view shared by Jurin, who was at pains to produce a
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theory which reduced the stress caused within the
eye by the act of accommodation. Porterfield
agreed that the eye had some latitude for seeing
objects clearly without changing its conformation,
but he did not agree that this necessarily meant that
it did not change its conformation in order to see
objects which were much removed from the place
where they appeared most distinctly. He cited in
favour of this contention experiments with convex

lenses producing images on screens, saying that in

order to focus images of objects at different distances,

either the lens had to be moved, or a new lens used.
The fact that we can focus clearly on only one object

at a time, while the other, at a different distance

49

becomes blurred, was also mentioned.

"This in a few words is the sum of what De
la Hire advances concerning our seeing
objects distinctly and at different distances,
without having recourse to any change in
our eyes. And indeed it cannot be but the
eye has some latitude of seeing objects
distinctly without changing its conformation,
tho' they be a little further or nearer to the
eye than what is necessary for collecting the
rays that come from the several points of
the object in so many precise points on the
retina; and that because when the object is
not far removed from that place at which the
rays coming from the object meet again at
the retina, the image therof will be pretty
distinct, and therefore will not occasion any
sensible confusion of sight. But it does not
from thence follow that our eyes do not
change their conformation when objects are
much removed from that place where they
appear most distinctly. "
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Porterfield then put forward two axioms, which
he used to determine whether the eye was focused

beyond, or nearer than a given object.

Axiom I

""When an object seen with both eyes
appears double, by reason that its

distance is less than that to which the

eyes are directed - upon covering either of
the eyes the appearance that is on the
contrary side will vanish; and if it appear
double, because its distance is greater than
that to which the eyes are directed, upon
covering either of the eyes, the appearance
on the same side will vanish, "

Plate 4 Vol. I from Porterfield's

"A Treatise on the Eye"
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To explain Axiom I, fig 32 was used:

The two eyes A and B were directed to ¢c; x was
the object, at a smaller distance than c. The object x
would be seen by the right eye in the direction BxD;
and by the left eye in the direction AxE, Therefore,
two images of x would be seen., If the left eye was
covered then the right hand image vanished, and if the
right eye was covered, then'the left image vanished.

In a similar way, if both eyes were directed to x, in
figs. 33 and 34, the object c would be seen by the right
eye in the direction Bmec, and by the left eye in the
direction Aoc. Therefore, two images of ¢ would be
seen, say at o and m. If the right eye was covered,
then the right hand image would vanish, and if the left

eye was covered, the left hand image would vanish,
Axiom II

""When an object appears double from its
being seen with one eye thro' two small
holes made in a card or other thin opaque
body, if its distance be greater than that

to which the eye is accommodated, upon
covering either of the holes, the appearance
that is on the same side will be made to
vanish. If its distance be less than that

to which the eye is accommodated, upon
covering either of the holes, the appearance
that is on the contrary side will be made to
vanish. "

This second axiom is, of course, an ingenious extension

from De la Hire's experiment.
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Plate 5 Vol. I from Porterfield's

'A Treatise on the Eye'

The explanation of Axiom Il is as follows:

D and r are holes in the card QT. A is a small
body at a greater distance than that to which the eye
is accommodated in fig. 35, and at a lesser distance
in fig. 36. Rays of light from A such as Ad, and Ar,
will therefore not meet at a point on the retina after
refraction by the eye, but will be brought to a focus at
some other point O, in front of the retina in fig, 35,
and to a virtual focus behind the retina in fig. 36.

These rays will cut the retina at i and m, and thus
two images will be formed at these points on the retina,

and the eye will see two objects apparently at B and C.
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‘Porterfield obtained the position of B and C by
drawing Ci and Bm perpendicular to the retina.

If the hole d was covered, then i no longer

existed and C vanished; and if r was covered, m no
longer existed and B vanished. 'In this way his axiom

was verified.

These axioms were used by Porterfield to see
whether his eye was focused nearer or beyond a
given object. In simple, but ingenious experiments,
which involved viewing an object through slits and
varying its distance from the eye, he discovered that
he was ablev to focus closer than 9 inches, i.e. when
two images were formed with the object at 9 ins., on
covering one slit, the image on the same side vanished;
but he was not able to focus as close as 5 inches, i.e.
when a slit was covered with the object at 5 inches, the
image on the other side vanished. He thought that the

closest he could see an object clearly was about 7 inches.

The various means by which the act of accommodation
could be carried out were considered next. Porterfield
thought that the oblique exterior muscles to the eye had
an incorrect disposition to change the shape of the whole
eye, so that the eye could be elongated to allow close
objects to be brought to a focus. He also felt that
accommodation should be carried out in tﬁe same way in
all animals, and pbinted out that in some animals the |
disposition of the exterior muscles was such that they
would be unable to lengthen the eye, e.g. such as both
being on the same side of the eye. He thought that the
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four "'streight' (sic ) muscles acting together

might pull the eye back into its socket, and so push

the back of the eye forward. Presumably he
considered that this would happen when the eye viewed a
distant object. This method was dismissed since he
said that any pressure on the eye caused confusion of
the image, and therefore he could not imagine any
method which pressed the eye into a different shape

producing a clearer image.

Porterfield finally deduced that it was some change in
the crystalline which was responsible for accommodation,

by considering the case of cataract sufferers:

""as a cataract is not a Philm swimming in
the aqueous humour, as has generally been
believed, till of late, but an opacity of the
crystalline itself, and as the couching of a
cataract consists of introducing a needle

into the eye and turning down the opaque
humour below the pupil, it is evident that

the crystalline cannot be displaced and turned
down to the under part of the eye but the
vitreous humour must, in giving way to it,

be pushed into its place; but because its
density is less than that of the crystalline,

it follows that the rays of light will be less
refracted, and therefore will not meect at a
point on the retina, but at some distance
behind it; from when the sight must be
confused, unless a convex glass of a due
degree of convexity be brought to assistance....
nor has the efflux of the aqueous humour any
concern in this phenomenon, seeing it is again
restored, as was known to Galen, as before
observed: but this is not all that happens
after the depression of the cataract; for it
was also observed that the same lens was not
equally useful for seeing all objects distinctly

i’
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but that he was obliged for seeing them

distinctly to use glasses of different

degrees of convexity, still the more

convex the nearer the object. "

He thus made the valid deduction that since, when the
lens was removed we could not see clearly, and further,
that since we needed lenses of increasing convexity to
focus as the object was closer to the eye, then the
crystalline lens was responsible for the act of
accommodation. He thought that if accommodation
depended upon exterior muscles as had been previously
postulated, then even after couching, the eye would have
retained some degree of accommodating power, and that
a single convex lens would be all that was necessary to
restore a full range of accommodation to the eye.

'"Seeing that nothing happens in the eye

in couching the cataract, but that the

crystalline is depressed, it follows that

the change made in our eyes according

to the distance of objects must be

attributed to this humour."

Porterfield now turned to which:changes could be made
to the crystalline lens in order that it could be responsible
for accommodating power of the eye. He thought that
there could be two opinions:-

a. A change in convexity of the lens.

b. A change in position of the lens.

In the first case, the 'ligamentum ciliare' would have
to make the lens flatter for distant objects, and on relaxing
it would allow the lens to become more convex owing to its
natural elasticity, Porterfield thought that this could be

the reason why the outer part of the lens was easily flexible.



- 164 .

He was, however, of the opinion that the situation of
the ligamentum ciliare, which was not in the same
plane as the crystalline could therefore not make it
flatter. In figure 38 overleaf taken from Porter-
field's book, ao represent the ciliary ligament, He
said that in order to draw out the capsule and so make
it thinner it should be pulled in the directions ad, ad;
since this could not be done by the ciliary ligament, he
said it '""can never by its contraction change the figure

of the crystalline. "

Returning to the varying hardness of the crystalline
lens, he said that the softer exterior, with the more
solid centre, was not necessarily to allow its shape to
change. It could instead allow the more oblique rays
striking the edge of the lens to be focused upon the
retina, and not be over-deviated as might happen if
the density gxtended to the edge. He also briefly
considered the possibility that the lens was itself
muscular, so that it was capable of changing its own

shape, but said that no muscular fibres had been seen.

Porterfield said that LLeeuwenhoek had shown that the
lens was made up of scales or laminae, with up to 2, 000
layers in one crystalline. Each lamina was made up of
a single fibre. Porterfield thought that this disposition
was '"ill qualified for changing the figure of the
crystalline.'" He was also aware that the crystalline
had no communication with the rest of the body, but it was
kept in place by a capsule, and when this was opened the

lens just slipped out. It had no continuity with any fibre,
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Figure 38 Plate V from William Porterfield's ""A

Treatise on the Eye."
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blood vessel or nerve. He accurately summarised
its existence as follows, saying that it had "a kind
of vegetative life..... and draws its nourishment

from the water in which it fluctuates. "

Finally, Porterfield outlined his own theory of
accommodation. He thought that it was accomplished
by a movement of the lens, and that this was achieved
by the ciliary ligament, which he maintained were
arranged as in the previous diagram, and could well be
thought to pull the lens forward when they contracted.
In this way the eye could-adjust to view close objects.

He said:52

"Now the Ligamentum Ciliare is an organ
whose structure and disposition excellently
qualify it for changing the situation of the
crystalline, and removing it to a greater
distance from the retina, when objects are
too near us; when it contracts it will not
only draw the crystalline forwards, but it
will also compress the vitreous humour
lying behind it; by which compression it
must press upon the crystalline and push it
forwards further from the retina....... (and
it) must at the same time press the aqueous
humour against the cornea; by which means
this membrane which is flexible and yielding
will be rendered more convex for enabling
us to still the better see near objects
distinctly. "

This explanation is fairly straightforward, and had
been put forward earlier. The concept of the lens, as it
moved forwards, compressing the aqueous humour, and
making the cornea more convex, thus assisting close

vision, can be easily appreciated. It is less certain
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what Porterfield meant, when he considered the

ciliary ligaments compressing the vitreous humour,

and thus further assisting the forward movement of

the lens. If one looks again at his diagram, however,

it is possible to envisage the pull of the ligaments at the
points oo, pulling in the sclerotic so that the vitreous
humour behind the lens is compressed, as was said.

A side effect of this would be to make the cornea more
convex also, thus assisting close vision, and it is
surprising that Porterfield did not mention this additional

method of increasing its convexity.

However, the idea of a pull at oo from _the ciliary
ligaments compressing the eyeball is one which is less
convincing if one considers the eyeball in three
dimensions, and not merely a two-dimensional cross
section. This difficulty has been dealt with earlier
on Page 119 where it was shown that such a change
involved the surface of the eyeball actually compressing
itself like an elastic surface, and the scope for this must
be very small, After this criticism, however, it is fair
to say that this is only a peripheral aspect of Porterfield's
hypothesis, which was soundly based upon the movement

of the lens.

Porterfield went on to mention that computations had
shown that the motion of the lens, which he had postulated,
was insufficient to explain the range of accommodation
of the eye. With charming effrontery, however, he
queries the accuracy of these calculations, or even
whether it was possible to measure with sufficient
accuracy the various values upon which such computa-~

tions were based.
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It had been said, notably by De la Hire, that the
ciliary ligaments were not muscles, since all muscles
-possessed a red colour. Porterfield pointed out that
this rule did not hold universally, since the muscles
of the stomach, and more relevantly, those of the

iris were not red.

In Volume II of his work, Porterfield went on to

discuss defects of vision. He defined short sight as

follows: 52a

"By myopes I understand such as have the
cornea and crystalline or either of them
too convex, or that have the distance
betwixt the retina and the crystalline too
great, Thus a distinct picture of the
objects at an ordinary distance will fall
before the retina. In order to see
distinctly they are obliged to bring the
objects very nigh to their eyes, by which
means the rays that are now more '
diverging, are made to converge and meet
at the retina where a distinct picture will
be made. "

Thus he had correctly interpreted short sight to be due
to a defect in the overall refraction of the e'ye, and he was
aware that it was not due to inadequate powers of
accommodation:

"The cause of shortsightedness is not a

want of power to vary the conformation

of the eye but that the whole quantity of

refractions is always too great for the

distance of the retina from the cornea."

Any theory which attributed accommodation to a forward
movement of the lens, due to a contraction of the ciliary

ligaments, had the advantage that it could hold, correctly,

that the eye was at rest when it was viewing distant
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53
objects. Thus Porterfield was able to say:

"The natural state of the ligamentum
ciliare, like that of all other muscles,
is a state of relaxation; thus it is

easy to see that the crystalline must be
as near the retina as possible, whence"
it follows that the eye is naturally
disposed to see distinctly only distant
objects. "

The normally-sighted person would tend to this opinion
from everyday experience, finding that eyes tended to
tire more easily in close work such as reading. than in
viewing distant objects. Any theory which held that
accommodation was caused by a change of shape of the
lens would normally attribute distant vision to a
flattening of the lens by a pulling of the ciliary muscles
on the capsule; close vision would occur when the
muscles relaxed, and the lens became more convex under
the action of its own elasticity. Thus the eye would be
at rest for close objects,. a conclusion which would be

difficult to reconcile with normal experience.

Porterfield made this point when he said that his
theory fitted in with common experience, the eyes
becoming tired with continued close work, owing to the
constant exertion of the ciliary ligaments in giving the
eyes the necessary conformation, and also to the
external muscles in giving the eyes the necessary angle

between the optic axes, in order to view something close.

The effect of increasing age on accommodating power
was dealt with next. Porterfield attributed the loss of
accommodating power to the increasing rigidity of the

ciliary ligaments. He also made the almost universal
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mistake of believing that repeated close work
contributed to short sight, and distant work to long

54
sight:

"When this ligament (ligamentum ciliare)
has become rigid and stiff the crystalline
will have very little motion, whence the
limits of distinct vision will be very

narrow, Thus it is with those who are
employed at subtle work such as engravers,
jewellers, watchmakers, etc., who are

very apt to become short-sighted from their
constant application to small objects, and
they are constantly obliged by the contraction
of this ligament to bring the crystalline as
near to the uvea as possible. This ligament
by its constant contraction must at last
shrink and have its fibres shortened which
will keep the crystalline in that situation

by which the eye is disqualified for seeing
distant objects distinctly."

He held that the converse was true for those who were

accustomed to look at distant objects: hunters, sailors, etc.

Using the diagram below, Porterfield gave a formula
by which corrective lenses might be prescribed for a

purblind (myopic) person.
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He supposed that F was the distance at which
the myopic could see clearly without glasses. D

was the distance of distinct vision with glasses,

He then proposed the following formula (which is
obviously a misprint) where R is the radius of the

lens which would give corrected vision:

F = RD/RxD

By considering a modern optical formula,

it is possible to arrive at an equation
which would provide satisfactory corrective
lenses, and bears a strong similarity to the
above formula.

Considering the above diagram, we have
the situation of a person who is myopic and
can see without glasses an object at B,

and who with the aid of the concave lens CD
is enabled now to see clearly an object at A.

This is because the lens produces a virtual
image at B of an object at A. Considering
the distances of A and B from the lens to

be approximately the same as from the eye,

we have:-
Distance of B = F
Distance of A =D
Therefore -1/F 4+ 1/D = -1/f (virtual
distances
' counting -ve)
but 1/f = (/l.a.-l)(l/r + I/r )
considering the two radii to be €qual,
we have -1/F+1/D = (j~-l)(1/R+1/R)
ifp=1.5
= .5( -2/R) R concave
therefore
-ve
-1/F+1/D = -1/R
from which R = DF
D-F

re-arranging F = RD_
D+R which could be imagined
to be the equation intended
by Porterfield.

Considering an example of the use of this formula, we
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can take the case of a short-sighted
person who can see clearly at a distance
of 3 inches, and requires a lens to
enable him to see at a distance of 18
inches. The radius of each surface of
the lens is given by

R=3x18 = 3.6 inches.
18 - 3

Porterfield commented upon the habit of some
short-.sighted people of screwing up their eyes so as to
leave only a short gap between the eyelids. In this
way, owing to the effect of a very small aperture they
could see more clearly. He said that it was from this
closing of the eyelids that short-sighted people were

anciently called ""myopese!''.

/
The word/‘-v \wa (MYOPS) is a compound of (1) MY
which implies any kind of closing, tightening, etc., and

(2) Wy aneye.

It was used by Aristotle (and probably no one else) to
mean "'short-sighted'. It seems a reasonable deduction
that he coined this word because some short-sighted people
have the habit of screwing up their eyes, almost closing

them, so as to focus at a greater distance.

There are many words which apparently come from the
same root M U (MY.) in its idea of anything hidden,

closed up, tightened up, such as:-

myrios countless

mysticos mystic

mykes mushroom

myelos bone marrow

myle mill (originally the

part between the
mill stones)

mycteres nostrils
muchos a hollow
mythos myth

myrmex ant
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Latin mus mouse
mutus dumb
murmurare this may be more than

merely onomatopeaeic

English mussel, mew "and therefore hath he
closely mew'd her up"

mycology study of fungi

Porterfield repeated a widely-held belief that short-
sight tends to lessen with age, though mentioning that
some scientists held that this was not so, mentioning

that Smith was one of these.

He defined weak or "presbytical' sight as that
caused by the rays of light coming to a focus behind the
retina, owing to the cornea or crystalline being too flat.
What he was of course describing here was normal long
sight, or hypermetropia; presbyopia being the loss of
accommodating power with age, which causes the near
peoint to move away from the eye, thus making it difficult

to focus on close objects.

"A Treatise on the Eye'" was a somewhat repetitious
book written in a style which does not perhaps impress
the contemporary reader as much as the works of Smith
and Jurin, written as they were in more scientific language.
Nevertheless, it contained much which was of value, and
in particular the axioms which it contained enabled Priestley,
who thought highly of Porterfield's work, to carry out
more sophisticated experiments and to prove for the first

time the existence of the accommodating power of the eye.

The next major work on vision -was in fact by Priestley
and contained his development of Porterfield's experiments.
"The History and Present State of Discoveries Relating
to Vision Light and Colours' was published *in 1772.

In spite of the comprehensive way in which the
subject was covered, it is difficult not to be slightly

disappointed by the work. Perhaps it is that one expects
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too much from such a distinguished author. Indeed in the
section devoted to a.ccommodation56 the only criticism
that can be fairly levelled is that he made no attempt to
commit himself to a theory, but merely summarised the

views of others.

It is difficult to form an opinion from reading this
part of the book whether his lack of commitment stemmed
from modesty or uncertainty. He did, however, say
at the outset that there was some change taking place in the
eye to allow it to focus on objects at different distances,
and thus one can assume that he dismissed mechanism
using the external muscles. He also stated that
scientists by this time definitely believed that the 2ye
possessed some power by which its form could be
altered so that it could focus on objects at different

distances.

In his opening paragraph on the subject of
accommodation Priestley said:5

"That we are capable of viewing objects

with nearly equal distinctness, though

they are placed at considerably different

distances, is evident; but the alteration

which takes place in the eye for this

purpose or the mechanism by which this

effect is produced, is not easily ascertained. "

Perhaps within this statement we might read the
reason that Priestley put forward no theory of his own.
One can fairly say that all the likely means of achieving
accommodation had been put forward by earlier writers:
from the complete denial of accommodating power, apart
from that of the iris, to changing the shape of the eye,
or lens, or position of the lens, or combinations of more
than one effect. It might have been that Prie stley was
one of the first to appreciate the true depth of the
difficulties involved in putting forward a hypothesis
which actually fitted all the known conditions, properties,
and constants of the eye. His position would be far more
difficult than that of a scientist living one hundred years
earlier, whose hypothesis would be difficult to check,

since so little was known of the properties of the eye.
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Any theory put forward by Priestley, or a contemporary,
would have to be evaluated in the light of a considerable
body of knowledge of the eye, and it may have been that
he was not as willing as Porterfield to dismiss the results
of other scientists' experiments when they disagreed with

his hypothesis.

Priestley started his historical summary of
accommodation, ''this curious subject'" as he called
it, with the view of Kepler, that the ciliary processes
changed the shape of the eye in order to focus at
different distances. Descartes was said to favour a
change in shape of the crystalline by the same processes.
Not surprisingly, De la Hire's work was discussed at
length, and firmly rejected. In particular, the action
of the iris in rendering objects more distinct by
contracting was déalt with in detail. Priestley
correctly maintained that the contraction of the iris
made all objects clearer, whether near or distant.
However, he said that distant objects tended to be less
bright so that the iris had to be dilated, and thus could
not be the means by which they were clearly focused.
His thinking here was perhaps rather superficial. He

said: 57

"It is certain that the pupil is not
contracted, but dilated, for the purpose

of viewing objects that are very remote.
Indeed, without a dilation of the pupil in
those circumstances, a sufficient quantity
of rays could not be admitted. When
objects are near, and well illuminated,

the contraction of the pupil may be sufficient
for viewing them distinctly, but there must
be some other provision than this for
remedying the indistinctness of objects
that are very remote. "

Thus, a quite unnecessary complication had been
introduced. De la Hire's theory maintained that the
contraction of the iris helped with distinct vision of
close objects only. The criticism that was commonly
levelled at it was that the contraction of the iris alone

was not sufficient to allow it to focus close objects
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sufficiently well, especially in dull light. There was

no reason why the eye should not be focused naturally
for distant objects, and require merely some mechanism
for close-up focusing; this, in fact, is what happens.
Therefore Priestley's criticism, that the natyral

dilation of the iris when a distant object was viewed,
created the need for some other method of focusing,

~was not well taken.

Priestley was considerably influenced by Porter-

field's work on accommodation. He called it '"the
most satisfactory discussion on this subject"57 and
went into considerable detail in explaining Porterfield's
two axioms, and his experiments with two holes, by
which he established where the eye was focused.
Priestley made the pertinent point that because the
slits in the experiments were closer together than

the diameter of the iris, the iris could not take any
part in the focusing of the eye during the experiment.
Since the experiments proceeded to show that the eye
could focus at different distances, then Priestley said
that Porterfield had experimentally proved the power
of accommodation of the eye. Thus Priestley drew
more important conclusions from the experiment than
did Porterfield, who merely used them to establish

where the eye was focused.

The experiments which were described in detail
were not those of Porterfield, but modifications by a
Dr. Motte at Dantzig, whose original‘ account I have not
been able to locate, since no reference was given by
Priestley. They were an ingenious adaptation of
Porterfield's original experiments, a combination of
both his axioms into one experiment.. The following
explanation refers to the diagram overleaf, which is a
copy of fig. 149 from Priestley's book. ‘The eye B had
a small piece of tin plate in front which had two slits,

whose distance apart did not exceed the diameter of the

pupil.
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L7y

Figure 149 from Joseph Priestley's "The History and
and the Present State of Discoveries Relating to Vision,

Light and Colours. "
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Whereas Porterfield used holes in a card, Motte
used slits, which gave brighter images. The object
O which was also vertical, was viewed through the
slits while the eye A was shut. It was at sucha
distance as to appear single. Now both eyes were
opened and a more distant object such as P was viewed.
Three images of O were seen, a, b and C. On shutting
A, the image a vanished; thus from the first axiom P
was beyond O (since the image on the opposite side to
the closed eye vanished.) On covering one of the slits
in front of B the image b or C, whichever was on the
contrary side,vanished. Thus the eye was focused
beyond O. When a point such as x was now viewed,
images of O atd, e and F were seen. When A was
closed, or a slit covered, the image on the same side now
vanished; therefore, the eye was now focused at a less
distance than O. In this way it was shown that the eyes
did possess the power of accommodation which, since the
iris was not involved, was independent of its action.
The explanation of these experiments was not as clear
as that given by Porterfield, details of which have‘been
given earlier on Pages 158-161. The conclusion drawn,
however, was much more far-reaching, and one can say
that the accommodating power of the eye had been
experimentally established for the first time. Hence-
forward, discussion should centre upon how the eye

focused, not upon whether it had the power to focus.

As if to accept this as a challenge, the century finished
with a remarkable flourish of experimental activity by
several British scientists, designed to establish the true
cause of accommodating power.. Young, Hunter, Ramsden,
Hosack and Home were all involved in separate experiments

and hypotheses within the space of eight years. It is
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perhaps best to discuss these events chronologically,
so that one can appreciate the development of hypotheses
and experiment and the swings of opinion from one theory

to another, during this time.

The first significant paper in this eight-year debate
was written by Thomas Young and read to the Royal
Society on 30th May 1793. 58 Young briefly dealt with
the various earlier hypotheses, starting with the work
of Kepler, and giving his reasons for rejecting them.

He said that he was led to the conclusion that accommodation
was achieved by means of the crystalline lens by reading
accounts in Porterfield and others that the removal of the
lens-""couching" for cataract-also removed the power of
accommodation. He thought that in order to change the
focus, the crystalline must change its shape, becoming
more convex for close objects. This change in shape was,
in his opinion, achieved by a muscularity possessed by

the capsule containing the lens. >

"I had concluded that the rays of light,

emitted by objects at a small distance,

could only be brought to foci on the retina

by a nearer approach of the crystalline

to a spherical form; and I could imagine

no other power capable of producing this

change than a muscularity of a part or the

whole, of its capsule.'

Young, however, went quickly on to recount that he had
found evidence in an ox's eye that the muscularity lay
within the crystalline lens itself, and not within the capsule.
On turning the lens of an ox out of its capsule, he dis-
covered, with the aid of a magnifying glass, a series of
fibres, which he called tendons. The disposition of these
fibres throughout the lens led him to conclude that they
were muscular in nature. 59 "Such an arrangement of
fibres can be accounted for on no other supposition than

that of muscularity.'" Young had here ventured into a
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field which had been thoroughly investigated by
many experimenters and had come to a startling
conclusion, apparently upon the evidence of one
experiment. His next conclusion is perhaps even
more rash, since he mentioned that the lens was
attached to the capsule by 'vessels', the nature of

which he did not specify, and by herves "2

"This mass is enclosed in a strong
membrane capsule, to which it is loosely
connected by minute vessels and nerves;
and the connection is more observable
near its greatest circumference.'

It is therefore perhaps not surprising that some years
later, after many ingenious and exacting experiments,
Young seemed far less certain about the cause of the
change in shape of the lens during accommodation. In
fact it was his inability to verify the existence of the
tendons in the lens by later and more extensive
experiments, which led him to abandon his theory of

lens muscularity:

However, for the moment, Young continued to develop
his early theory of muscularity, with an explanation of the

way in which the change in shape was achieved.

"I conceive, therefore, that when the

will is exerted to view an object at a

small distance, the influence of the mind

is conveyed through the lenticular ganglion,
formed from the branches of the third and
fifth pair of nerves, by the filaments
perforating the sclerotica, to the orbiculus
ciliaris, which may be considered as an
annular plexus of nerves and vessels; and
thence by the ciliary processes to the muscle
of the crystalline, which by the contraction
of its fibres, becomes more convex, and
collects the diverging rays to a focus on the
retina. "

He maintained that a contraction of the fibres in the lens

would produce a more spherical shape, since the minimum
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surface area for a given volume is, in fact, a sphere.

In support of his hypothesis of crystalline muscularity
Young quoted the observations of Leeuwenhoek, who had
come to a similar conclusion, though with the muscle
having a different conformation within the crystalline
lens. Young also pointed out that he himself had
observed only the crystallines of oxen and sheep, which,
however, agreed very closely with the descriptions given by
L.eeuwenhoek of the crystallines of a number of other
animals. He thought that land animals probably had a
common method of accommodation. Fish, with their
almost spherical crystalline lenses, must, he thought,

have another method of accommodation.

Young's hypothesis was further explored by John
Hunter (1728-1793) and Everard Home(1756-1832). In
fact Hunter claimed that the discovery of the muscularity
of the crystalline was his. 60 However, he was unable to
develop his work since he died before he was able to deliver
the Croonian Lecture to the Royal Society on this subject.

The preparations he had made for this lecture were used in

the lecture given to the Society by Everard Home in

November 1793, 61
had had the idea that the crystalline humour adapted the

who said that for several years Hunter

eye to see at different distances by its own internal
actions. He had observed the 'taenia hydatigena'in a
living animal and was surprised to see the quantity of
contraction that took place in a membrane which was
devoid of muscular fibre, and he had made use of this
fact in developing his ideas based upon his observations of
the structure of the crystalline humour. From his
dissection of the eye of a cuttle fish, he gathered that

the exterior parts of the crystalline humour were fibrous
and composed of laminae, whereas the central parts

were transparent, without any visible laminae. Although

the crystallines of other animals did not show this fibrous
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appearance so clearly, Hunter assumed that they

were similar to the cuttle fish, and therefore that all
crystallines were made up of fibrous laminae on the
outside, while the interiors were clear. This topic

was also considered in May 1794 by David I—Iosack62

who reviewed the action of the pupil, but in the main
produced a critical study of Young's work, which has
just been discussed. He thought that the eye must have
additional means of accommodation other than the
contraction of the iris, since it was clear that the size

of the pupil was mainly governed by the intensity of

light falling upon the eye. Considering Young's
hypothesis that the lens was muscular, Hosack combined
Young's figures which required 6 muscles in each

lamina of the lens, with those of LLeeuwenhoek, that there
were nearly 2, 000 laminae in the lens and found the
resulting figure, that there were nearly 12, 000 muscles
in the lens of the eye, incomprehensible. He also failed
to find any evidence of muscles in the lens, either when
freshly dissected, or dried. Disagreeing with the view
of Young and Porterfield, he said that it was the
.commonly held view that, after an operation for cataract,
the eye still possessed accommodating power. However,
one comes to question the rigour of Hosack's reasoning

on this matter, when he said:()3

"Besides if the other powers of the eye

are insufficient to compensate fqr the

loss of this dense medium, the lens, a

glass of the same shape answers this

purpose, and which certainly does not

act by changing its figure."

He admitted that the vision in this case was not as
perfect as before, but concluded that the crystalline lens
was not as necessary for vision as had been represented,
especially in view of the fact that when it was removed, its

place was occupied by vitreous humour whose refractive
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index was nearly the same as that of the lens.

This reasoning is difficult to follow if one considers
the extremely thick lenses which are réquired to
restore the sight of a person who has had an operation
for a cataract. The following statement which he
made in support of the crystalline hardly does justice
to such a vital and unique part of the eye:

"At the same time we cannot suppose

that the lens is an unnecessary organ

in the eye, for nature produces nothing

in vain , but that it is not of that

indispensable importance writers in

optics have taught us to believe. '

Considering the ciliary processes, perhaps
surprisingly he thought them to be muscular, but
assumed that they could not be involved in accommodation
since in "couching'" they were destroyed, and in his
incorrect view, the power of accommodation was still
possessed after the removal of the lens. Finally, he
stated his own view: that accommodation was caused by
the external muscles, which act upon the eyeball to make
it longer when we look at something close up. His
dissection of eyes had led him to believe that the
disposition of the muscles was such that they could
perform this function. He had also carried out a rather
drastic experiment where he had changed the shape of his
eye, using an instrument called a 'speculum oculi' so that
he could focus at a distance of two inches and read the
print of a book held there. Regretfully, one must conclude
that the intellectual and experimental rigour behind this
article is not of the same order as in the articles by

other authors at this particular time.

Later in the same year Home had the opportunity of
developing Hunter's work further and making contributions
of his own, which he presented to the Royal Society in

the Croonian Lecture on Muscular Motion, which he read
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in November 1794. It is difficult, however, to
estimate the amount of influence that Hunter's work
had on Home. Home owned Hunter's notes and before

his own death he burnt them.

Home's work on muscular motion was done with Jesse
Ramsden (1735-1800), and their aim was to complete the
work started by Hunter. Home stated that Ramsden was
already familiar with the subject, and had brought to their

experiments certain theories of his own.

Ramsden held that it was known that the crystalline
consisted of substances of different densities, the centre
being the most dense, and the density diminishing
gradually towards its edges, so that its refractive
power becomes nearly the same at its edge, as those
of the substances with which it is in contact, namely
the aqueous and vitreous humours. He felt that the
density of its central parts, and the refractive index at
its edge, which was very similar to that of the surrounding
humours, made it unlikely that the lens was the means by
which the eye accommodated. Here he was presumably
thinking of accommodation being carried out by the lens
changing shape. 1In his view the function of the crystalline
was to correct the aberration arising at the cornea where
the main refraction takes place. The eye seemed to him
to be perfectly corrected for chromatic aberration,
achieving this by the gradual change in its refracting
power towards the centre of the crystalline, thus avoiding
the multiple reflections created by the complicated lens
systems of achromatic telescopes, which reduce the
intensity and clarity of the image. In fact, in the eye
there appeared to be only one extraneous image caused
by reflection, that formed at the anterior surface of the

cornea.

Since, as we have seen already, it was widely held

that the removal of the crystalline in a cataract operation
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resulted in the loss of accommodation (as clearly

stated by Porterfield, who deduced that it was thus

the crystalline that allowed the eye to accommodate),
Ramsden was rejecting a fairly longstanding belief,

and to justify his theory, he turned to a cataract
sufferer. He needed someone young, who had not yet
lost any of his accommodating power owing to age and
who had a cataract in one eye, the other being perfect.
Benjamin Clerk, a sailor aged 21, provided him with an
opportunity, having had a cataract removed in November
1793,and he was willing to allow Ramsden to carry out
experiments upon him. The method of the experiments
was to place a suitable lens in front of the 'couched! eye
and to note where objects appeared most distinct, and

also the maximum and minimum distances of distinct

vision were again noted. Experiments carried out soon after

the operation seemed to satisfy Ramsden that the eye
which had no crystalline lens could still accommodate;
the details published, however, seem far from conclusive.

A year later a further experiment was carried out with the

.65
same man:

"The perfect eye with a glass of 63 inches
focus, had distinct vision at 3 inches;

the near limit was 1% inches, the distant
one less than 7 inches.

The imperfect eye, with a glass 2-2/10
inches focus, with an aperture 3/40 of
an inch, had distinct vision at 2% inches,
the near limit 1% inch, the distant one

7 inches.

From the result of this experiment we
find that the range of adjustment of the
imperfect eye, when the two eyes were
made to see at nearly the same focal
distance, exceeded that of the perfect
eye. "

This is the only account giving the details of the results
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of Ramsden's experiments, although Home stated

that he had carried out others which confirmed his
results. The experiments were by their nature
entirely subjective, since they required the subject

to estimate his limits of distinct vision; it also

appears that the imperfect eye had the benefit of a

small stop in front of it, while the good eye had to

rely upon the contraction of the iris which took place
with the viewing of a close object. Nevertheless, Home
and Ramsden were satisfied with their results and

65

thought that the eye could accommodate without a lens:

"The results of these experiments convinced

us that the internal power of the eye, by

which it is adjusted to see at different

distances, does not reside in the crystalline

lens; we were also satisfied by the facts

and arguments adduced in Mr. Hunter's

letter on this subject, published in the first

part of the last volume of the Philosophical

Transactions, that it does not arise from a

change in the general form of the globe of

the eye; we therefore abandoned both of

these theories." '

Home and Ramsden now turned their attention to the
cornea, to see whether a change in its curvature could
be responsible for accommodation. It must be said that
their experiments in this field, which were far superior
to the one just described, led them away from the correct
cause of accommodation. Their first experiment was to
ascertain whether or not the cornea was elastic. They
took a sample from a recently dead person, and showed
that it could easily be stretched by 1/11th of its original
length. Home and Ramsden had therefore shown that a
change in curvature was possible. They now had to show

how it happened, and that it did indeed take place.

Home first investigated whether the four external

straight muscles of -the eye could be responsible for the
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change in curvature of the cornea. On dissecting an

eye, he discovered that the muscles approached to

within 1/8in. of the cornea before their tendons became
attached to the sclerotic coat of the eye. On gentle
pulling he discovered that the tendons actually pulled

away a layer of the cornea with them. Home was
satisfied that he had clearly shown that the straight
muscles had a connection with the cornea. In the
meantime, Ramsden was devising a piece of apparatus
which could measure any change in the external shape

of the eye. The apparatus consisted of a board with

a hole in the centre. The subject put his face through

the hole, which held it in a fixed position. There was

a microscope on the outside of the board, focused so

that its field of view took in the front of the cornea which
projected beyond the eyelids. The microscope could be
‘moved forwards and vertically and horizontally.

Difficulty was at first found in recognising the image

of the cornea, but eventually four curved lines were seen
clearly which were taken to be the outline of the cornea.
The subject was made to look at a chimney 235 yards away;
and then at an object 6 inches away. When this change of
focus took place, the curved lines were seen to separate
from each other, and the microscope had to be withdrawn
from the cornea, whenever the person's eye was adjusted
to the near distance; the reverse took place when it was
fixed upon a distant object. Care had to be taken that both
the distant object and the close object were exactly in the
same straight line, so that the eye did not have to change
the direction of its axis of vision. After some time it was
necessary to shade the room to reduce eye strain; it was
then discovered that the curved lines seen in the microscope
were not the image of the cornea, but the image of the

reflection of the window frame in the curved surface of the
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cornea. This accidental discovery, however, enabled
the researchers to take a positive step forward, since,
in the shaded room, the image of the cornea was clearly

seen in the microscope.

Further experiments, now with a clear image of
the cornea, showed that, when the eye was focused on a
distant object, the surface remained in line with the
micrometer wires of the microscope, and when it was
adjusted to the close object, the image of the surface
projected considerably beyond the wire. Since the room
was now shaded, the original distant object was no longer
visible, and the new distant object was now only 90 feet
away. In changing the focus from the close to the
distant object, the movement of the cornea was estimated
to 1/800th part of an inch. Similar results were found
when experiments were carried out on the eyes of three
other subjects. Various attempts were made to obtain
similar results by performing other functions with the
eye, such as deliberately moving its axis while not
changing its focus, but Home said that these motions did
not give at all similar appearances in the microscope to

those seen in the adjusting of the eye to different distances.

From these experiments Home drew the following

conclusions:

"1st.That the eye has a power of adjusting
itself to different distances when deprived
of the crystalline lens; and therefore

the fibrous laminated structure of that
lens is not intended to alter its form, but
to prevent reflections in the passage of
rays through the surfaces of media of
different densities and to correct
spherical aberration.

2d. That the cornea is made up of laminae;
that it is elastic, and when stretched, is
capable of being elongated 1/11 part of its
diameter, contracting to its former length
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immediately upon being left to itself.

3d. That the tendons of the four straight
muscles of the eye are continued on to
the edge of the cornea and terminate, or

- are inserted, in its external lamina;
their action will therefore extend to the
edge of the cornea.

4th. That in changing the focus of the

eye from seeing with parallel rays to a

near distance, there is a visible

alteration produced in the figure of the

cornea, rendering it more convex; and

when the eye is again adapted to parallel

rays, the alteration by which the cornea

is brought back to its former state is

equally visible."

Having established to his own satisfaction that
accommodation was produced by a change in convexity
of the cornea - and it must be admitted that his
experiments appear to be extremely elegant and precise -
Home went on to explain how this change was produced.
Home said that the four straight muscles of the eye are
attached to the bottom of the bony orbit, near the
'foramen opticum'. They become broader as they pass
forward and change into tendons as they arrive at the
front part of the eyeball. These tendons adhere to the
sclerotic coat and terminate in the external lamina of
the cornea, which Home thought appeared as if it were
a continuation of them. He said that these muscles
could produce three very different effects on the eye:
acting separately they move the eye in different
directions; acting together with a small amount of
contraction, they steady the eyeball: and when this
contraction is increased, they compress the lateral and
posterior parts of the eye. Home stated his opinion
that this compression would force the aqueous humour
forward against the centre of the cornea, while its
circumference would be steadied by the action of the

muscles. Thus the radius of curvature of the cornea
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would be rendered less, and its distance from
the retina increased. He said that his experiments
had shown that the eyeball did not recede into its

orbit by these actions.

In support of his hypothesis, Home made a number
of points. He felt that the straight muscles were
larger,and extended further forward on the eyeball,
than was necessary '"for the purposes generally
assigned to them; but when applied to so important
an office as that we have just stated, their size and
anterior insertion are easily explained.' Anticipating
criticism that, in general, muscles did not have
multiple functions, he gave examples of other muscles
in man and animals which had more than one function,

dependent upon their degree of contraction.

Home emphasised that his experimental evidence led
to the belief that the eye was at rest when viewing distant
objects. While carrying out his experiments the
subjects had commented upon the effort required to focus
upon close objects. Thus the eye adjusted to distant
objects owing to its elasticity, and used muscular action
for the less frequently required near distances. The loss
of elasticity with advancing years was, he said, well known
in man, and it was the loss of elasticity of the cornea,
rather than a weakening of the straight muscles, which
produced the increasing inability of the eye to accommodate

as one got older.

Home did not make clear what he meant by the
extension of the cornea. Two interpretations were
possible from the description given. The first

corresponds to diagram II overleaf. Astrip of cornea was

taken from a recently dead person. The arc of the
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Diagrams II and III demonstrating two ways
in which the cornea might be stretched
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cornea at rest was subtended by a distance D,

and Home and Ramsden showed that it could be
stretched by d, where d/D - 1/11. Or it may have
been that the strip of cornea (diag. III) was first:
straightened and méasureé, equalling D; it was

then found possible to stretch it linearly by a distance
d; once again d/D = 1/11. As has already been pointed
out when dealing with Jurin's work (p. 119 ), if the
cornea is to change its convexity, a measure of surface
elasticity is necessary and therefore to satisfy this
requirement Home and Ramsden should have carried

out the experiment corresponding to ‘djagram IIL

In spite of the confident tone of the paper which has
just been discussed, Home was aware that his hypothesis
was new, and he therefore returned to the subject a
year later in the Croonian Lecture, read to the Royal
Society on 12th November 1795. 67 He said that, since
his explanation of accommodation was new, he had taken
great care with the experimental verification of the basis
of his hypothesis. In order to establish with greater
certainty that the cornea did change its curvature during
the act of accommodation, he now used an optical method.
Its basis was to view an image reflected in the cornea,
using a microscope with a divided eye-glass, and
detect a change in the image as the eye focused upon
images at different distances; the change in the image
was to be shown to be due to the change incurvature of
the cornea. The experiments were not conclusive,
although Home did endeavour, not very convincingly, to

show that they satisfied his hypothesis.

The experiment was set up initially using convex
mirrors of .4in. and .5in. foci. In this way Home

avoided any unsteadiness of the eye. An image was
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produced in the first mirror by a 3ft. by bin. board,
and the rnicroséope focused upon the image of this
board. Two images were produced by the divided eye-
glass micrometer attached to the microscope and these
were adjusted by means of the micrometer, until their
surface of contact, which appeared as a black line,

was rendered as small as possible. The other mirror
was now put into place, and the line, which represented
the contact of the two images, now had considerable
breadth. It is not clear exactly what Home was
measuring in this way. He said that the line had
considerable breadth68 ""corresponding exactly to the
difference between the convexities of the mirrors."

One can therefore imagine that the change in convexity
of a surface was detected by a varying width of the line
in the divided eye-glass. In his subsequent experiments,
focusing the microscope upon an image of the board
produced in a cornea, Home therefore produced a thin
line initially, and then attempted to see whether this line
broadened as the subject focused his eye upon an object
at a different distance. Broadening of the line would
show that the convexity of the cornea had changed, and
thus that the eye accommodated by means of a change in

convexity of the cornea.

The same apparatus was used to hold the eye steady
as had been used in the previous set of experiments.
Home was the first subject, and Ramsden performed
the experiments. Initially, when the eye was {resh,
there was a perceptible change in the micrometer.
However when the eye became fatigued, this change was
not seen any more. Ramsden found that every time the
eye adapted itself to a change of focus, the object glass
of the microscope had to be:moved towards, or away
from the cornea. Experiments carried out on
subsequent days could not detect this change, and they

concluded that the observed change may have been due
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to the head having been moved forward. A test
experiment, in which one of the convex mirrors was
moved forward, confirmed that a change in the

thickness of the line was seen. In spite of this, Home
concluded, but not very satisfactorily, that there was a
change in curvature in the cornea when the eye focused
on objects at different distances, but that it was too
small to admit of any conclusions being drawn from it.
Further experiments were carried out with other young
people, but no results were given, and Home commented

that their eyes quickly became fatigued by the experiment.

In spite of the lack of results, Home was determined
that his hypothesis was the correct one, although, as
we shall see later; he did modify it so that the change
in curvature of the cornea became only one of the changes
taking place during accommodation. He now set out to
see what degree of change in curvature could be detected,
under ideal conditions, by the microscope method. He
was of the opinion that it was impossible to keep the
cornea absolutely still during the experiment, and under
these imperfect conditions a change in curvature might
take place which was not sufficient to be detected.
He found that he could just detect the difference between
the curvatures of two convex mirrors of radii. . 4in. and
.408in. He deduced from these results that the change
in{the radius of ?) the cornea could not be more than

1/125in.

Home now set out to find other changes in the eye
which could also have an effect upon accommodation.
He first devised an experiment to see whether the axis
of vision could be extended by a uniform pressure
applied to the eye. This was carried out by taking the
eye of a dead subject and measuring its diameters by means
of calipers. A hole was made in the centre of the optic

nerve and a pipe fixed into it, through which air could be
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blown into the cavity so as to distend the eye.

While the eye was distendedythe same diameters

were measured and compared with those previously
taken. It was found that when the eye was distended,

the transverse axis was diminished, and the axis of
vision was lengthened. This effect was found only in

the eyes of young subjects, and it was not possible to
detect any change in the eye of a man of fifty. Home
deduced from this experiment that when the pressure

is increased laterally, and from outside the eye, the
elongation must be greater still. It must be said that
this conclusion does not appear to follow from the
experiment, since distending the eye as in the experiment
by increasing the internal pressure has surely an opposite
effect to increasing the lateral pressure outside the eye.
It is therefore difficult to imagine that the first
experiment proved that increased lateral pressure would

also increase the length of the optic axis.

Home now came to combine the changes in the eye,
and to explain how the combination occurred and produced
the accommodating power of the eye. He said that the
lateral pressure on the eye, in which the contraction of
the four straight muscles played a considerable part,
would elongate the eye, increase the convexity of the
cornea, and push the crystalline lens and ciliary
processes forward in the same proportion as the cornea
was stretched. He said that the ciliary processes form
a septum between the vitreous and aqueous humours and
were moved forward with the lens when the cornea was
rendered more convex. In order that this might happen
he thought that the ciliary processes were probably
possessed of a muscular power. This does not seem
necessary from the description he had just given, from

which it would appear that the ciliary processes played



- 196 -

only a passive role and therefore had no need of
muscularity; however Home also made the interesting
point that it was a commonly held opinion that they had
a muscular power. As we shall see later, Young
strongly denied that the ciliary processes possessed
muscularity, but it is perhaps strange that, in view of
the common belief in their muscularity, the change in
shape of the crystalline due to the action of the ciliary
processes did not figure more prominently in the flurry
of activity in this subject at the end of the eighteenth

century.

Concluding his paper, Home thought that the
adjustment of the eye to objects at different distances
was produced by three different changes: an increasing
curvature of the cornea; elongation of the axis of vision;
and a motion of the crystalline lens. He thought that
these changes depended a great deal upon the contraction
of the four straight muscles of the eye. Ramsden
produced some figures which led him to believe that the
change in curvature of the cornea produced one third of
the accommodating power, and the movement of the lens

and the elongation of the axis, the other two thirds.

It is appropriate to end this discussion of the theories
of accommodation produced at the end of the eighteenth
century with an account of a paper by Thomas Young. 69
In this, the experiments evolve until they reach an
elegance not seen before in research in this subject, and
Young showed a truly scientific readiness to discard
hypotheses which he had held only a few years before.

It is a great pity that after such logical and methodical
investigations of all the properties of the eye which could
have a bearing on accommodation, Young was not able to.

make the inspired leap to the correct explanation which is

also fundamental in true scientific exploration.
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Young started his experimental work by referring
to the Optometer first described by De la Hire, and
developed by Porterfield and later by Dr. Motte.
This was the instrument which used two holes or slits
in a card, sufficiently close to lie within the area of
the pupil, and enabling the point of focus of the eye
to be determined.

He described his own improved version of the
instrument, and went on to describe experiments he
had carried out on his own eyes to determine their
point of natural focus and other optical dimensions.
In so doing he ranged over many other points: fhe
‘amallest angle subtended by a visible object, the
number of sentient points on the retina, the three-
colour theory of vision, and the surprise discovery of
his own astigmatism, although of course the name had
not yet been coined, since the defect had not been widely
noticed. This part of the paper was merely a prelude
to the discussion of accommodation, yet covered so many
important aspects of vision, that I submit a reprint in

Appendix II.

The principle and design of the optometer is shown in
figs. 109, 110 and 111 after Appendix II. From the fact
that any object not at the eye's natural focus would appear
double, when viewed through the optometer, Young
devised a simple method of quickly finding this focus.
Instead of using an object and moving it towards and away
from the eye, he arranged for the object to be a straight
line pointing towards the eye at an oblique angle. When
viewed through the optometer, this line appeared double,
except at the eye's natural distance of vision, so that the
subject saw two intersecting lines, the point of inter-
section corresponding to the natural point of vision.

An index sliding on the scale of the optometer quickly

measured this distance. Young's Optometer used slits
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rather than holes, and he had a series of inter-
changeable cards, with slits varying in distance
apart from 1/10 to 1/40 in. to suit the size of pupil
of the subject.

For convenience, Young chose to make as many
experiments as possible using his own eyes. He first
used a number of ingenious devices to measure their
constants. To measure the vertical and horizontal
chords of the cornea, he used dividers with small keys
fastened to their points. With the rings of the keys,
he was able to touch.the surface of the eye. He
measured the protrusion of the cornea from the
sclerotica, by looking at the reflection of the left
cornea with his right eye, using a small mirror held
by his nose, and with a scale held beside his left temple
on which he read the protrusion. From the vertical and
horizontal diameters and the protrusion, he was able to
calculate the radius of the cornea. He found it to be
31/100in. The descriptions which Young gave of these
measurements were not very detailed, and in one case
in particular it is difficult to establish how he made the
calculation from the description of the measurements
he took. This was his description of the way he
measured the length of the optic axis of his own eye:

"To find the axis, I turn the eye as much

inwards as possible, and press one of the

keys close to the sclerotica, at the

external angle, till it arrives at the spot

where the spectrum formed by its pressure

coincides with the direction of the visual

axis, and, looking in a glass, I bring the

other key to the cornea. The optical axis

of the eye, making allowances of 3

hundredths for the coats is thus found to

be 91 hundredths of an inch, from the

external surface of the cornea to the retina.

With an eye less prominent, this method
might not have succeeded. "

From my own eyes I find it impossible to make the image
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caused by pressure on the sclerotic coincide with the
optic axis, but Young said that this could probably be
done only with protruding eyes. However, this
difficulty apart, I am still unable to account for his
method of calculating the optical axis from the

measurement he described.

Young discovered that the aperture of his pupil
varied from 27 to 13 hundredths of an'inch, although
he realised that this was subject to the magnification
of the cornea; therefore he estimated that its true
range was perhaps from 25 to 12 hundredths. In a
state of relaxation his eye focused rays from a vertical
object at a distance of ten inches, to a point on the
retina,and from a horizontal object, at seven inches.
In this way he had discovered his own astigmatism.
This discovery was made using the optometer, and Young

said:71

"For, if I hold the plane of the optometer
vertically, the images of the line appear

to cross at ten inches; if horizontally,

at seven. The difference is expressed

by a focal length of 23 inches. I have
never experienced any inconvenience

from this imperfection, nor did I ever
discover it till I made these experiments."

This defect had been noticed, but apparently not
investigated, and Young mentioned that he had now
discovered that others who suffered from it helped to
overcome it by holding a lens obliquely to their eyes.
Young stated that the effect was not produced by the
cornea, since he had subsequently found that it still
existed in cases where the cornea had been removed.
He said:71

"The cause is, without doubt, the obliquity

of the uvea, and of the crystalline lens,

which is nearly parallel to it, with respect

to the visual axis: this obliquity will appear,

from the dimenions already given, to be
about ten degrees."
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In fact the defect can well be caused by uneven

curvature of the cornea.

Young went on to estimate the refractive index of
the crystalline lens and its focal length. He did
this, partly by using measurements of his own eye,
which he had already calculated, and partly by
carrying out experiments on eyes from dead persons
and animals. He found difficulty in both these
methods: in the first, his measurements contained
a significant proportion of estimates; in the second,
changes, such as the absorption of water into the
crystalline, took place after death. He also
appreciated that the crystalline had a varying
refractive index, which became larger towards its
centre. Before moving to the discussion of
accommodation, Young also considered the position
of the optic nerve in the retina, and its size, and also

the degree of:achromatism possessed by the eye.

Turning now to the faculty of accommodation, Young
first gave some instances of the power of accommodation
possessed by some men and women of his acquaintance:

Young-closest distance of perfect
vision - horizontal rays 2. 6in.

Young -~ closest distance of perfect
vision - vertical rays 2.9 in.

Wollaston-closest distance of perfect
vision 7 in.

Abernathy could see clearly between
3 and 30 in.

Young lady could see clearly between
2 and 4 in.

Middle-aged lady could see clearly
between 3 and 4 in.

Unfortunately he clearly thought that the sort of

vision possessed by these acquaintances was reasonably
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normal, whereas the two ladies suffered from acute
short-sight. However, Young used these results to
satisfy himself merely that the range of his own eyes
was about '""medium'. This can be considered to be a
most unexpected comment, since at the time Young

was just under thirty years of age and would still have
good powers of accommodation; but his near point of
2.6 inches indicates that he suffered from short sight,
and it is surely very surprising that he was not aware
of his abnormality. He also commented that there
seemed to be some reason to think that the faculty of
accommodation diminished in some measure as persons
advanced in life. This was widely accepted at the time,
and it is perhaps surprising that Young was not more

clearly aware of it.

He then went on to consider the degree of change
which would be necessary in the eye in order to bring
about the range of accommodation which he had outlined
above, and which he thought was reasonably normal.

The changes in the eye that he considered were: a change
in the radius of the cornea; a change in the distance of
the lens from the retina, or some tombination of these
two; or a change in the figure of the lens. One can
presume that he considered that this last change would
occur on its own, and not in combination with other
changes. In order to consider these changes independently
of the effects of the other refracting surfaces in the eye,
Young used an ingenious device. He dréw a series of
curves which were the loci of the points of focus of rays
entering the eye from an object 10 inches from the eye,
as they would be formed by successive refractions at

the different surfaces of the eye. He chose the distance
10 inches, since this was the distance of natural relaxed

vision for his own eyes, which he intended to use for his
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experiments. These curves are shown in Plate 10,

fig. 80. Details of how these curves were calculated
were not given, but the image formed by the cornea
alone - with the crystalline lens removed - would fall
between curves 1 and 2, the distance between these

two lines showing the degree of confusion of the image.
The advantage of this method was that, when Young
wished to consider the change in the radius of the cornea,
necessary to account for the degree of accommodation
possessed by his eye, he merely had to calculate the
change in curvature necessary to ensure that the image
of objects at different distances always fell within the
limits of curves 1 and 2. When his eye was at rest,

the cornea focused rays from an object at 10 inches
within curves 1 and 2. The closest point from which he
could focus rays was 2.9 in.; therefore he had to
calculate what change in the curvature of the cornea
would bring rays emanating from a point at this distance
to a focus within curves 1 and 2. In this way Young had
eliminated the necessity of considering the effect of the
other refracting media on the rays, and it was also no
longer necessary to relate all the images to the curve

of the retina.

He found that the radius of the cornea would have to
be diminished from .31 in. to .25 in. in order that he
could see objects at 2.9 in., or very nearly in the ratio

of five to four.

Considering that the retina might move in order

to allow a change of focus, Young said:

"Supposing the change from perfect
vision at ten inches to perfect vision
at 29 tenths to be effected by a removal
of the retina to a greater distance from
the lens, this will require an elongation
of 135 thousandths, or more than one
seventh of the diameter of the eye. In
Mr. Abernathy's eye, an elongation of
17 hundredths, or more than one sixth,
is requisite. "



PLATE 10,

- 203 -

Plate 10 from Thomas Young's "Acourse of
Lectures on Natural Philosophy.

Lod by A Lobinion Lonaeon 0 Lody poed
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Considering that a combination of these effects
might occur, Young stated that if the radius of the
cornea be diminished by one sixteenth, to .29, the
eye would have to be elongated by .097 or about one

ninth of its diameter.

Calculating the change in the curvature of the
lens which would produce the same effect presented

greater problems: 3

"Supposing the crystalline lens to change

its form; if it became a sphere, its

diameter would be 28 hundredths, and,

its anterior surface retaining its

situation, the eye would have perfect

vision at the distance of an inch and a

half. This is more than double the

actual change. But it is impossible

to determine precisely how great an

alteration of form is necessary,

without ascertaining the nature of the

curves into which its surfaces may be

changed."

Young calculated that, disregarding the elongation
of the axis, the anterior surface would become 21, and

the posterior 15, hundredths.

Young felt that, in spite of the very high standard
of experimental work which had been carried out by Home
and Ramsden and also by Dr. Olbers(1758-1840) of
Bremen, all of whom failed to detect any change in the
curvature of the cornea during accommodation, there was
still room left for a repetition of the experiments. The first
experiment involved viewing through a microscope the
images of two candles formed in the cornea of the subject.
At the same time the other eye of the observer viewed a
graduated card marked into 40ths. of an inch. The
subject was asked to focus on objects at different
distances, without changing the direction of his eyes.
The sizes of the images of the candles were compared
throughout against the graduated scale and no change

could be detected. As any experienced physicist will
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know, the comparison of two different images
simultaneously through different eyes sounds far

more difficult in the description, that it is in practice.
Nevertheless, Young experienced difficulty in measuring
distances with his naked eye, without an error of one

500th. of an inch.

This led him to repeat the experiment without using
the magnifying power of the microscope. The initial
reaction of the reader to this decision. must be to
question how this can lead to greater accuracy, but
Young, by this means, was able to adapt the experiment
to use his own eyes, and be at once his own subject and
observer - a situation that he always seemed to prefer.
For the experiment Young used a divided eye-glass, the
two portions of which were separated to allow the images
to pass between them. The images were formed in his
own cornea and he viewed them by looking in a mirror.
He noticed no change in the images when he changed the
accommodation of his eye. The description of this
experiment is brief and I have not been able to understand
how it would work. It would involve viewing the images
formed in the cornea, by using a mirror. The images
thus formed in the mirror would be at a given distance
from the eye, which would be accommodated to view
them at this distance. For the second part of the
experiment, the eye changes its accommodation, but the
image would be at the original distance and would be
difficult to view clearly, since the eye would now be
focused at a different distance. Young said:

"I have acquired a very ready command

over the accommodation of my eye, so as

to be able to view an object with attention,
without adjusting my eye to its distance."

This statement is not quite as remarkable as it seems,
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and one can quite easily verify for oneself that a

close object can be kept under careful scrutiny, while
the eye is focused for a distance. However, while
the change in accommodation is actually taking place,
concentration is somewhat lost, and it would be at this
"instant that any change in the size of the image in the

cornea would be most easily detected.

Young carried out three other experiments of a
similar nature, but differing slightly in detail, and
was unable to discover any positive evidence of change
in radius of the cornea. In a last experiment he no
longer used a method based upon Home's and Ramsden's
originai experiment; he devised a method that shows-
clearly his talent for experimental ingenuity. Young
took a lens from a microscope, together with its fixing
cylinder. He filled the cylinder three-quarters full
with water and applied it, as one does an eye-~bath, to
his eye. The cornea was not in contact with water and
acted in conjunction with a (roughly) plano-concave water
lens. Young's own account and his diagram of this
experiment (Plate 9, fig. 77) is reproduced in Appendix II,
but I have taken the liberty of drawing what I hope is a
clearer diagram overleaf, Diag. IV. He found that his
eye became long-sighted, owing to the water, and that the
microscope lens was not sufficient to restore its normal
range of vision, although the addition of a further convex
lens did this. Testing his eye with an optometer, he
found that his astigmatism remained. He also found,
more importantly, that his power of accommodation
was the same as before. In testing his accommodating
power he had to make some allowance for the fact that he
could no longer measure accurately from the surface of his
cornea. Indeed, his first results showed a slight

diminution in the accommodating power of his eye, but
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" Microscope lens

Water

‘Cornea

Diagram 'IV showing how Thomas Young investigated
whether or not the cornea changed its curvature
during accommodation
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he calculated that this was because the 'artificial!
cornea, as he called it, was about 1/10th inch from

the natural cornea.

Therefore, by a number of carefully executed
experiments, Young had shown that the cornea did not
change its radius of curvature during the act of
accommodation. One can draw an interesting
inference about the embryonic nature of scientific
method at this time from the fact that Young apologised
for giving details of his experiments:

"After this, it is almost necessary to

apologise for having stated the former

experiments; but, in so delicate a

subject, we cannot have too great a

variety of concurring evidence. "

The next possible cause of accommodation to be
considered was the lengthening of the eye in order to
view close objects. It had been estimated earlier in this
paper that in order to allow for the observed range of
accommodation by this method, the eye would have to
increase its length by one seventh. The first method used
by Young was to turn his eye inwards as much as possible,
and view the images of two candles formed in the front
surface of the eye, using as before a mirror placed in
front of the same eye. One of the images was arranged
so that it was at the extreme edge of the sclerotica and
defined it as a bright line. The other image was formed
in the middle of the cofnea. As the eye accommodated,

he noticed no change in the images.

The next experiment, which was described as '""'much
more delicate', involved wedging the eye so that it could
not lengthen. A key was used and was wedged between
the eye and the surrounding bone; the whole procedure
seems extremely painful and even more so when one

considers Young's actual description:76 "The key was
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forced in as far as the sensibility of the integuments
would admit, and was wedged, by moderate pressure
between the eye and the bone.'" One wonders at his
phlegm as one reads the dispassionate account of the
experiment, and also how he could take the necessary
observations while in such discomfort. The actual
experiment was comparatively simple. The insertion
of the key gave rise to what Young called a 'phantom'
image on the retina. If the eye attempted to lengthen,
it would be prevented by the wedged ring, and the size
of the 'phantom' would increase. No such effect was
noticed, although the power of accommodation remained

as great as usual.

If the eye did indeed lengthen during accommodation,
Young realised that there would be a slight change in the
size of the image during the change in focus. This
would be due to the simple fact that the rays would
have further to travel before focusing upon the retina,
when a close object was studied, and therefore the image
~ would be slightly larger. Young was of course assuming
that the lens did not change shape during accommodation,
and in any case he was of the opinion that the lens played
little part in refracting the rays. He used the effect
of an enlarged image being formed if the eyeball lengthened
in his next experiment, which was ingeniously simple.

He placed two candles so that their images upon the

retina fell upon the opposite edges of the blind spot.
Without in any way changing the direction of vision, he
now made as much change as possible in the focus of his
eye. If there were any elongation of the axis, he would
have expected a movement of one of the candles. Young's
description, which is given below, is not very clear on
the exact details of the experiment, but the basis of the

method is beautifully simple. Either both candles were
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initially invisible, and if the eye lengthened its
axis, one or both would be expected to appear; or
they were both just visible, and on lengthening the
axis, one or both would disappear, or there would
be some movement of the images. Young's own
description was as follows:7

"I placed two candles so as to exactly

answer to the extent of the termination

of the optic nerve and, marking

accurately the point to which my eye

was directed, I made the utmost change

in its focal length; expecting that, if

there were any elongation of the axis,

the external candle would appear to

recede outwards upon the visible space.

(Plate 9. fig. 79.) But this did not

happen: the apparent place of the obscure

part was precisely the same as before.

I will not undertake to say, that I could

have observed a very minute difference

either way: but I am persuaded, that I

should have discovered an alteration of

less than a tenth part of the whole."

Young briefly considered the possibility that compen-
sating changes might simultaneously take place in the
curvature of the cornea and/or lens, which would keep the
size of the image constant, but felt that in fact it was
highly improbable that any material change took place
in the length of the axis. In any case he found it difficult

to imagine how such a change could be brought about.

Considering the action of the straight muscles, Young
acknowledged that, acting independently of the eye socket,
they could be imagined to flatten the eye and thus lengthen
its axis. Even considered in the normal situation in the
orbit, it could be conceived that eye could be lengthened
by being forced further into the orbit. However, when the
eye were:turned to either side, the orbit would then tend
to shorten the eye. Young said that this change should be
detectable with the eye held in different positions, but he
had tested it with the optometer and had found no such

change in the focus.
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Having so exhaustively shown that no change in
the curvature of the cornea or lengthening of the axis
of the eye could be detected, Young dismissed in a
paragraph the claim that some combination of these
effects produced accommodation, thdugh he acknowledged
that the theory had gained great respectability from the

work of Olbers, and of Home and Ramsden.

Turning lastly to the crystalline lens as the possible
cause of accommodation, Young, not surprisingly,
attempted to satisfy himself whether or not patients
who had had a cataract operation had lost the power of
accommodation. It must be remembered that evidence
was conflicting on this matter, and that Home's and
Ramsden's experiments reported in the Croonian Lecture
in 1795, had given great weight to the opinion that
accommodation remained after the removal of the lens.
It must also be remembered that prior to these
experiments Young himself was of the opinion that the
crystalline changed shape, and was responsible for
accommodation. One can be reasonably certain that
Home's and Ramsden's work played an important part
in causing him to reinvestigate the whole problem. If
he discovered that without the crystalline lens
accommodating power was lost, as Porterfield had
maintained much earlier, then it was possible, even
likely, that the lens was responsible. If accommodation
was still present to the same extent as before, then the

crystalline could not possibly be responsible.

Young carried out measurements on a number of
subjects who had had cataract operations. He found
that in general they did possess a range within which
they could see reasonably clearly, but when he used the
optometer, he could find no measurable accommodating

power. He felt reasonably satisfied with his results,
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but acknowledged that some of the subjects were

not ideal, owing perhaps to age or to an imperfect
operation which, in one case, had left a portion of the
lens capsule across the pupil. Therefore, in order

to establish the position as clearly as possible, he
resolved to look again at the evidence put forward by
Home and Ramsden in their 1795 Croonian Lecture.
Young felt that the observations made upon the eye

of Benjamin Clerk, which were published in that
lecture, could be explained by the distinction made
much earlier by Jurin between distinct vision and
perfect vision. Young also queried, as I did on P. 186
the effect in the experiments on the 'couched'eye of
the use of a small stop in front of the eye. He pointed
out that with the same aperture of 3/40 in. he had a
range for reading from 13 to 30 in., whereas Clerk

had a range, using the same lens, of 1% to 7 in.

Having progressed so far in his experiments, Young
now permitted himself for the first time to state the
aim of his paper, although the outcome was becoming
progressively clearer to the reader:

"Hitherto I have endeavoured to show the

inconveniences attending other suppositions,

and to remove the objections to the opinion

of an internal change of the figure of the lens.

I shall now state two experiments, which in

the first place come very near to a mathe-

matical demonstration of the existence of

such a change, and, in the second explain

in great measure its origin, and the manner

in which it is effected."

In the light of the care with which he carried out his
preceding experiments, one can only admire Young's
meticulous application of scientific method, when many
of his contemporaries were rushing to far-reaching

conclusions based upon only the flimsiest experimental
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evidence. He had carried out the most meticulous
investigation of all the alternative theories, before
allowing himself to experiment in the area which he
felt was the correct one: the change in shape of the

crystalline.

The experiments to which Young referred, as
providing a mathematical proof of the change in shape
of the lens, had to do with the change in shape of the
images of point sources of light, when the eye changed
its focus, and, also, with the change of shape of the
slits of an optometer as the eye accommodated. In
the first experiment he noted that if the point was
beyond the furthest focal distance of the eye and the
eye relaxed, then the eye distorted the image, so that
a star with a bright centre was seen. If the focus of
the eye was made shorter, then the central part of the
image became less bright, and the edge much brighter.
The appearance of the first object is given in Appendix
II, Plate 12, Fig. 92, n.36-9, and the second case n.4l.
The second experiment concerned the appearance of the
slits of the optometer. While the eye was relaxed,
these appeared perfectly straight, but when the eye
accommodated, they appeared curved: Fig. 92, n.42, 43,
44, 45.

Once again the explanation which Young gave of the
way in which he reached the conclusion from his results
was brief. He drew attention to his observations that
if the point of light was brought well within the focal
distance of the eye, the change in accommodation of the
eye increased the illumination of the centre at the
expense of the edge. He said that this effect could
still be produced even when the effect of the cornea was

removed by immersion in water. He thought that the
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only way to explain this observation was to assume

that the lens acquired a greater degree of curvature

at its centre than at its edge. Further,he emphasised
that the apparent change in shape of the optometer slits
as the eye accommodated could not be explained by any
imaginable movement of the retina, while the refraction

of the lens stayed the same.

The reasoning here, I feel, is far from clear, but
is probably roughly as follows. Young noticed the
curvature of the slits as the eye accommodated, and
attributed them to spherical aberration; he thought that
this could be caused only by the increased curvature of
a refracting surface in the eye, and certainly not by
movement of the retina. Thus accommodation must be
due to the increased curvature of either the lens or the
cornea. However, in another experiment, he noticed
that during accommodation the image of a point source
changed its nature, and that this still happened, even
when the effect of the cornea was removed by immersing
it in water. Thus accommodation could not be caused
by the change in curvature of the cornea; it could be
caused only by the change in focal length of the lens.

As if to answer the criticism that the eye did not suffer
from spherical aberration, he noted that the point source
effect could be noticed only by people with large pupils
and a great degree of accommodating power. Thus Young
had proved to his own satisfaction by means of a positive
experiment that the changes associated in some people
with accommodation could be explained only by means of
an increase in curvature of the lens. He had therefore
satisfied his own exacting standards, and provided, as he
had wished, a positive experiment in favour of a change
in the lens, whose results he said outweighed all those in
which he had merely shown that no change was possible

other than a change in the lens.
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Young attributed the spherical aberration to the
fact that eye which had this ability to see the curvature
of the lines had large pupils and therefore some rays
passed through the edge of the lens, which was always
more susceptible to aberration. He also made the
interesting point which had only been hinted at by
earlier writers, that, when viewing close objects,
the pupil narrows in order to prevent the distortion
which would otherwise arise owing to rays passing
through the edge of the lens. It is interesting that a
phenomenon which had been known for well over one
hundred years had not been explained before, given the
simplicity of the explanation. It had also been known
since as early as 1650 that "stopping down' telescopes
reduced spherical aberration. Young felt that the
increase in lateral thickness of the lens would cause no
problem within the eye. He also felt that the aberration
of the lens was inevitable, since, if the curvature of the
lens on accommodation increased as it should, in order
to eliminate aberration, right to the edge of the lens,
then the lens would become so fat that its diameter
would decrease, tearing the attachments to the ciliary

processes.

Having satisfied himself that the lens did in fact
change shape, Young now turned his attention to the
way in which this occurred. He felt that the change
could not be caused by an external action. While being
far less certain that the lens was a muscle than he had
been in his paper originally published in 1793, Young
nevertheless felt that the behaviour of the lens was
analagous toA that of a muscle. He noted that a muscle
never contracted without at the same time swelling.
However, he decided that what he had earlier described

as tendons were not. He also considered whether the
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swelling of the lens might also be accompanied by

an increase in refracting power. This was obviously
an attractive idea, and one which I have not met else-
where. He felt, however, that there was no evidence
to support this theory. Again he was first, as far as
I can ascertain, in attempting to see whether the lens

could be made to change shape by means of an electric
current. His experiment was not able to produce any

change in the lens.

Young allowed himself to express one strongly-held
conviction, which he readily acknowledged was not
supported by experimental evidence. | He said that he
had tried very hard to find evidence in favour of
nerves entering the lens, but to no avail; nevertheless,
he said he was convinced that such nerves existed.
However, his efforts had given him a great insight into
the nature and situation of the ciliary substances. The
nature of these substances had been somewhat in doubt,
even to the extent that what actually comprised the
ciliary substances was not clearly agreed. Young
described his method of dissection, from the back of
the eye, and clearly defined their extent. Unfortunately,

his observations led him to a wholly erroneous conclusion:

"The appearance of the processes is wholly
irreconcileable with muscularity; and their
being considered as muscles attached to the
capsule is therefore doubly inadmissible.

Their lateral union with the capsule commences
at the base of their posterior smooth surface,
and is continued nearly to the point where they
are more intimately united with the termination
of the uvea; so that, however this portion of the
base of the processes were disposed to contract,
it would be much too short to produce any
sensible effect. What their use may be cannot
easily be determined: if it were necessary to
have any peculiar organs for secretion we
might call them glands for the percolation of
aqueous humour; but there is no reason to
think them requisite for this purpose.'
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Some details were given of Young's investigations.
He admitted to being initially deceived by the red
colour of the choroids of fish; it will be remembered
that a red colour was widely considered to be essential
in muscles; however, he felt that this criterion of
colour no longer carried any weight. He felt that
certain properti'eé of the terminations of the processeé, and
some apparent transverse divisions, did resemble those of
muscles. Under a microscope, however, Young found
the processes to be of a uniform texture, without the

least fibrous appearance.

It is indeed a great pity that Young so positively misled
himself in the actual agent causing the lens to change
shape. He came early to his incorrect conclusion and
one can see from the foregoing quotation how adamant
was his view. The whole consideration of the ciliary
processes occupies little more than a page of his work,
and his conclusion made it impossible to discover their
correct function 4n the correct solution to the problem

79

of accommodation. He said of the ciliary process:

"Its use must remain, in common with that

of many other parts of the animal frame,

entirely concealed from our curiosity."

In spite of the undoubted rigour and stature of
Young's work, which should surely have established
beyond reasonable doubt that the eye had a definite
internal power to accommodate, .Everard Home in the
Croonian Lecture to the Royal Society on 5th November 1801,
continued to argue against such a power of accommodation.
In this lecture, Home gave an account of his continuing
work to establish that the ability of the eye to accommodate
did not depend upon any internal changes in the
crystalline lens. As in his previous work, he used
as subjects men who had had the lenses of their eyes

removed in cataract operations. It will be recalled
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that Home and Ramsden in their original work used
experiments which were extremely simple, merely
requiring the subject to say at which distances he

could see distinctly. It is clear from Home's early
remarks in this later paper that he felt that such
experiments were far less liable to error than more
sophisticated ones. He described his first experiment

as follows:81

"A piece of pasteboard, with a letter of a
moderate size, as an object upon it, was
put into his hands; as he could not read,

the page of a book might have confused him:
he was directed to vary the distance of the
pasteboard from his eye, till he had
ascertained the nearest and most distant
situations, in which the object appeared
distinct; these distances, by measurement,
were 7 inches, and 18 inches. In repeating
this experiment several different times, he
brought the object very correctly to the same
situations.

This result convinced Mr. Ramsden, that
the eye possessed the power of varying its
adjustment; and he did not think any more
complex experiments would be nearly so
satisfactory; consequently, no others were
made, and the man was allowed to go into
the country.

It was intended to make him a present of a
pair of spectacles, allowing him to choose
those best adapted to his eye; but his sight
was so very good, that we entirely forgot it,
till some time after he was gone.

These experiments confirmed the former
ones so very strongly, and from their
simplicity were so much less liable to
error, that Mr. Ramsden and myself
considered the object of our inquiry
completely attained; the reason for not,

at the time, laying them before this learned
Society was, that they established no new
fact, and’'the former ones did not appear

to require their support.'
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However, in the light of Young's experiments,

Home did decide to carry out experiments using an
optometer similar to that devised by Young, to see
whether accommodating power could be detected -
after cataract operations. His initial trials with the
instrument caused him some surprise, since neither
he nor any of his friends over the age of forty could
gain any positive results with the apparatus. When
the subject looked through the instruments,two inter-
secting lines were seen. If the eye was then
accommodated to a different distance, the point of
intersection moved. Home found that only young
persons under the age of thirty could change the point
of intersection. This caused Home some considerable
concern, since if he himself could not obtain positive
results with the apparatus, he could not expect the
subject of a cataract operation to obtain any:

"As I could not doubt of my own eye

having the power of varying its adjustment,

I was led to believe that the instrument

required some address in the management,

which I had not acquired; and therefore

despaired of making Henry Miles sufficiently

master of it, to do justice to my views."

Home was clearly surprised that only young people
could operate the optometer satisfactorily. Therefore
it is probable that the loss of accommodating power that
occurs with advancing middle-age was not well understood
at this time. As the power of accommodation is steadily
lost, the eye usually becomes more long-sighted and
spectacles are required for close work. This defect is
called presbyopia (a word used by Home.) Persons who
are naturally long-sighted suffer from hypermetropia.
The two defects produce similar symptoms, but presbyopia

is caused by loss of accommodating power, while in an



- 220 -

hypermetropic eye a full range of accommodating

power is maintained. The loss of accommodating

power can be used as an accurate measure of the ageing
process, since it occurs to a very similar degree in all
people of a given age. Therefore, regardless of other
signs of apparently maintained youth or premature ageing,
we all lose our accommodating power at a very similar
rate. At the end of the eighteenth century, however,

it would appear probable that presbyopia was considered
to be an increasing tendency to long-sight, rather than

a loss of accommodating power.

Home overcame the deficiency of the optometer by
removing the lens and by using a line four feet long.
The increase of the distance at which the eye had to
focus now made it suitable for presbyotic eyes.
Home quoted the results of the use of the optometer by
three subjects, who all made the lines intersect at
about 12 inches, as the near distance, and at about 30
inches, as the furthest distance. Henry Miles, who had
had the cataract operation, then used the instrument and
achieved a near -point intersection of 8.3 inches, and

a far -point intersection of 13. 3 inches.

Another experiment was also devised, in which Miles
had to focus on a spot on a sheet of card placed close to
the eye, and then change focus to another spot at a
greater distance. He'found difficulty in seeing the
second spot clearly immediately after he was directed
to look at it. The result was the same whether he
looked first at the distant spot, or first at the close

spot.

From the results of these two sets of experiments,
Home and Sir Henry Englefield, who worked with him,
were satisfied that Miles' eye was not deprived of its

power of adjustment.
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Thus, at the beginning of the nineteenth century
Science found itself considerably advanced in this
particular branch of Physiological Optics; and
yet a considerable part of the mystery of
accommodation still remained. Young's work was
undoubtedly of greater stature than anything which
had preceded it. One's view of his ingenuity of
experiment and the carefully-reasoned conclusions
can only be enhanced when one compares his work
with+the efforts of his contemporaries. Many others
had made isolated steps forward, which, for their time,
were as impressive as any of the individual conclusions
of Young and one could number among these Mariotte, -
De la Hire, Porterfield, Jurin and Petit. Young's
unique contribution was the comprehensive way in
which he rigorously explored every aspect of a

problem, not allowing prejudice to colour his

conclusions. And yet, the overall feeling must
surely be one of regret that the true cause of the
change of shape of the crystalline had still not been

found.

Young's paper is reproduced in Appendix II

to this section.
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AEEendix I

138

127. Meceting with no fatisfaltion in any
of the bypothefes above related, I have applied
myfelf to a diligent confideration of the pars
of the cye, in ovder to find our, if poflible,
fomc power or powers feated within' it, by
which its conformation may befoaltered, as
adcquatcly to anfier the cffeéts obferved.
And in order to cnable the reader to judge
how far I may have fucceeded in this re-
fearch, T fhall; before 1 lay down my own
opinion, cxamine a little into thole parts of
the cye, which I think fubfervient to the of-
fect in queftion. '

128.-The coriea is a comprefible and
fpringy membrane, cafily giving way to any
force cxrernal or internal, and eafily reftoring
itlelf to its former figure by its own {pring
affifted by the preffure of the aqueous humour
within it.

129. The nwea is a mufcular membrane,
and as {uch is capable of contracting itfelf
ito lefs dimenfions. [ arifes from a circular
ridge or protuberance running all along the
infide of the cornea at its jun@ure with the
felerotica, which ridge I do not remember to
have fcen hitherto taken notice of by any
Anatomift.

That the wvea is furnifhed with 2 narrow
ring of circular mufcular fibres on the edge
next the pupily is now generally agreed by
Anatomifts, though, T think, not fo much
from their being able to demonftrate tho'e
fibres, as from reafon ; for as much as the
contraction of the pupil upona ftrong light,
or upon attentively viewing 2 vcgf near and
fimall objed, is plainly vifible, and thar con-
traflion is juftly prefumed to be owing to fuch
a mufcular ring. Mr. Ruyfch indeed has re-
prefented this ring of mufcular fibres in one
or two of his figures, but he tells us at the
fame time, Sculpror bic juflo diftinltius repra~
fentavit, mam in objelfo ipfo won ita luculen-

that part of the #vea which is connefted to
the inner edge of the cornes, and that thefe
ftreight fibres, vwhich are put upon the ftretch
and drawn out into a greater length when
the ring contradts, do agiin by their fpring,
or by their mufeular force, reflore themielves
to their former dimenfions, and thereby ferve
to dilate the pupil, when the abovementioned
mufenlar 1ing ceafes to connalt, and is ina
fta'c of imaltion.

But it is here to be confidered, that, when
thefe ftreight fibres are thus put upon the
ftretch by the contnadtion of the mufcular
ring, they muft neceflarily draw the edize of
the wzray, whiclh is connected to the cornes,
and hkewife the edie of the cormea itelt, a
lule inwards at the e tme Andthisedge
of the rwvea cannot be dravwn mvand.) wathe
out contracting into a lels cucamirercace thn
it had before.  Muft not theretore tha el re
of the avea, which is next the cornes, be fur-
nithed with a ring of circular fibres, where-
by ic may comradt itfelf into a lefs circam-
ference, as well as that edge of the wvea which
is next the pupil? To me this part of the
wvea appears of fuch a ftrength, and to ad-
here fo ftrongly to the correa, by the retiftance
it makes in tearing them afionder, that I make
no doube of its being mufeutar, there feem-
ing in this place to be no oceafion for a
membrane ot that ftrengih, vnlels it were to
excrt a mufcular foree, and fuch a one as
might overcome 2 confiderable reliftance. |
fhall therefore make no fcruple of qualifying
this limb of the xvea next the cornea, by the
name of the greater mufcular ring of the xvea,
to diftinguifl: it from the other ring next the
pupil, which I fhall hereafter call the Jeficr
mufcular ring.

It will perhaps be objelted to me, thar
the exiftence of this fuppoled greater mufca-
Iar ring has not yet been proved by ocular
demonttration. I anfwer, neither has the
cxiftence of the leffer mufcalar ring been
yet proved in the fime manner.

ter vifurtur. * And in another place he in- \~ But it may be fid, althoughthe exiftence

genuoufly declares; + Fateor bufce fibras cir-
«ulares won tam luclenter confpici poffe, quin

. eeuli mentis in fubfidiam fint vocandi,

It is likewife an agreed point, that the
ivca is furnifhed with ftreight fibres inferted
into this ring, and having their origin from

* Thef, Anatom. 1L p. 87. 4 Ibid. p. 14. .

of the leffer mufcular ring has not been de-
monitraced by ocular infpedtion, yet it is
juftly inferred (rom ts effect, the contration
of the pupil, which is vifible, and is no other
way to beaccounted for, but by fuppoling the
cxiltence of fuch a mufcular ring.

I
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T anfiver, the change of conformarion, in

adapting the eye to very near objedls, is no -

lefs ccrrain than the contraction of the pu-
pil: And rthis change of conformation
has not yet been adequately accounted for,
b may be fairly made out by fuppofing the
exiftence of the greater mufcular ring, as I
propofe to thew by-and-by.

130. The cryftalline humour is contained
in a very fine membranous capfila, with a
water between them, after the manncer of the
heart in the pericardium.

This I take (rom the obfervations of the
late  Anatomifts, particularly the famous
Mon(. * PevrrT, from whom I muft like-
wile obferve, that the + back part of this
capfulay or that part which invefts the hinder
furface of the cryftalline humour, adheres to
the membrane enclofing the vitrcous humour,
yet fo as to be feparated from it without cut-
ting : but that all along the limb or edge of
the cryftalline thefe two membranes adhere

fo firmly together, asnot to be parted without -

the knife.

I muft alfo take notice that, from the
meafures taken by this diligent and accurate
Anatomilt, as wdll as from auopfy, it ap-
pears that the figure of this compound body
conlifting of the eryitalline humour, the water
furrounding it, and the eapfals containing
them both, is fiich as would arife from 1wo
fegments of cqual breadih, but of unequal
fphicres, clapr together on thejr plane fides,
and having the (harp edge rounded off, fo as
to leave an obiife limb or edge of fome
confiderable thicknefs, by which means the
attachment of the edge of the capfula to the
membranc of the vitrcous humour all along
that edge is rendred much ftronger than it
could otherwile be. : '

And to render this artachment ftill
ftronger, I have obferved the limb of the
capfula to be indented all round with fhal-
low tranverfe fulei, or furrows, feemingly

perpendicular to the limb, into which fur- -

rows I fuppofe the membrane of the vitrcous
.humour is all along inferted.

- Thus much from obfervation, and dill it
fhall be otherwife determined by experiment,
I take leave for facility of calculation ta fup-
pofe, that the capfula, the water within i,
and the cryftalline humour itfelf have all of

¢ Memoires dc’Acad. Royale 1730.

+ 1bid. p. 436.
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them one and the fame refrattive power.

131. ‘I'he ligasmentwmn ciliare is a° mufcle
compoled of longitudinal fibres, and is much
weaker than the wvea. e arifes clafe behind
the svea, from the abovementioned circular
ridge av the juncture of the cornea and fele-
rotica, and running over the outer edge of
the vitreous humour is infereed all round the
anterior furface of the capfula, upon which,
Lys Monf. { Peorrr, this ligiment pro-
longs its fibres and the veflels which it fur-
nithes to the capfula.

Now asthac part of the capfirla, into which
thefe mufeular fibres and velltls are inferted,
muft thereby be rendred fomething lefs dia-
phanous than the reft, it is probable that this
infertion does not extend far enough towards
the middle of the capfula, to be in the way
of the rays that pafs the pupil in its greateft
dilatation.

132. }f what is contained in the four pre-
ceding articles be allowed me, I think the

change of conformatian in the cye, to fee -

objects diftinCtly at ditterene diftances, may
be explined in the following manner. .

When the eye is perfectly at reft, no force, -

firain, o elfort of any kind being ufed by
any of its parts, it is then fuited 1o fee with

Perfect Fijlon at fome one determinate mo- -

derate dittance. . .

This ditkance, T fuppofe, is for moft eycs
abuut 1§ or 16 inches, the ufual diftance
for rcading 2 print of a middle fize. For it
is likely, we ufually rcad ac thar diftance,
where vifion is perfect without any ftrain-
ingof the eye, and at which confequently we

recad with moft eafe, and can continue it -

longeft. '
133. When we view objects nearer than

L S

the diftarice of 1§ or 16 inches, I fappofe ,l{:,

.the greater mufcular ring of the svea con- pea:

tracts, and thereby reduces the coruea to aje&t

greater convexity.  And when we ceafe 10
view thefe ncar objects, this mufcular ring
ceales to act, and the cornea by its fpring re-
turns to itsufual convexity fuited to 15 or 16
inches. In which condition the elafticity of the
cornea on the one fide, and the roneof the
mufcular ring on the other, may be confidered
as two antagonitts in a peritct egwilis,
brinm,

134 When the cyeisto be fuited to greater Ho:l
: ter

# Ibid. p. 435..

emg
abled
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diftances than 15 or 16 inches, I fuppofe
the Yzamentum ciliare to contract its longi-
tudinal fibres, and by that means to drawthe
part of the anterior furface of the capfuls,
into which thefe fibres are inferted, a little
forwards and ourwards. And at the rime this
is done, the water within the capfula muft
—neccllurily flow from under the middle to-
wards the clevated pare of the capfula, and
the aqueous humour muft flow from above
the elevated part of the capfula to the middle.
Confequenly, the middle part of the anterior
furface of the capfila muit alicde tink, while
the other is elevazed, or the whole anterior
furtace vithin the inlertion of the ligamensum
ciliare muft Le reduced to a lefs convexiey.
And when the contraction of the ligamentum
cifiare ceafes, che anterior part of the capfula,
which has been pur a litle upon the ftrain
by that contra&ion, will by its elatticity re-
cover izfelf and return to its former figure.
In which condition the clafticity of the cap-
Jul2 and the tone of the ligament may alfo be
looked upon as two antagonilts perfectly iz
equilibrio wich one another,

This capfula as it 5 a very tender mem-

rane, and contains a water between icts in-
ner {urfaceand the cryftalline, canreudily obey
the cifort of fo weak a muicle as the Jiga-
mentur; ciliare, which would not be fufficient
to fiarten the cryftalline itflf, confidering the
firmne6s of its contexture. And hence ap-
pears the true ule of the capfula and the
water wichin i

Here poffibly it may be thought, that

the lizamensum ciliare might as well have
been made ftronger, and have been inferted
inta the cryttalline itfelf, in which cafe ic had
been fufficient to have drawn outwards and
flattened the cry(talline without all this ap-
paratus of a capfuls and water within it.

Buz this would not fo well have anfivered
the end propofed. For the ligawzentum cili-
sre arifes trom the edge of the cornea at its
union with the fileroris, clofe tothe svea;
and conlequently when the longitudinal fibres
of luch a ftrongec ligamentum ciliare had
fhortened  themiedves, they muft not only
have drawn the cryftalline outwards, but
n:ult have drawn the cornea inwards, that is,
they muft not only have-léffened the con-
vexity of the cryftalling, but muft have in-
crexied the-convexity of the cormea: And
L gecic o ¢f’dts would have been contrary
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to one another, the flattening of the cryftal-
line tending to fuit the eye to remocer ob-
jets, and the increafing the convexity of the
cornea tending to fuir the eye to nearer ob-
je&ts. \Vhereas the lizamentum ciliare, be-
ing made fo weak, cannot fenfibly atfelt the
cornea, and yet by means of this admirable
contrivance of a capfila and water within
it, is fufficient for the intended effeét.

I need not take notice, that fuch-a ftronger
lizamentum ciiiare might by its contradtion
have endanzered the diluniting the cryftalline
humour from the vitreous.

I had once thought, that both furfaces of
the capfula were rendred lels convex by its
edge being drawn a licle ourwards, and had
formed my compurations from that notion.
But upon confidering the clofe artachmenc
of the hinder furfice of the capfuls to the
membrane of the vitrcous humour, par-
ticularly the firm adhefion of thefe two'mem-
branes at the edge of the capfuls, as likewife
the fituation of the anterior and outer partof
of the vitrcous humour, fuch as that it muft
nece(Tirily obftrut the drawing the edge of
the capfula outwards, and efpecially upon cal-
ling to mind the ficuation and inferrion of the
ligamentums ciliare, I found the fuiting the eye
to dittant objects could not be performed but
by the flactening or the anterior furfice only.

35. This may futhce to give a gencral
notion of che manner, by which the eye al-
ters its conformation according to the diffe- |
rent diftances of objects; !
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V. ON TIHE

‘MECHANISM OF TIHE EYE.

By

TIIOMAS YOUNG, M.D. FI.R.S.

FROM THE PHILOSOPHICAL TRANSACTIONS. .

Read before the Rovar Sociery, November 27, 1800.

1. IN the year 1793, I had the honour of
laying before the Royal Society some ob-
scrvations, on the faculty, by which the eye
accommodates itself to the perception of ob-
jects at different distances*. The opinion
which 1 then entertained, although it had
sicver been placed exactly in the samc light,
was neither so ncw, nor so much forgotten,
as was supposed by myself, and by most of
those with whom 1 had any intercourse on
the subject. Mr. Hunter, who had long
before formed a similar opinion, was still less
aware of having been anticipated in it, and
was engaged, at the time of his death, in an
investigation of the fucts relutive to it ; an
investigation for which, as fur as physiology
was concerned, he was undoubtedly well
quulified. Mr. Home, with the assistance

® Dhil. Trans. 17903. 160.
4 Phil. Trans. 1794, 21,
2 Phil. Trans, 1795. 1.

of Mr. Ramsden, whose recent loss this So-
ciety cannot but lanent, continued the
inquiry which Mr. Hunter had begun ; and
the results of his experiments appeured very
satisfactorily to confute the hypothesis of the
muscularity of the crystalline lenst. I there-
fore thought it incumbent on me, to take the
earliest opportunity of testifying my persua-
sion of the justice of Mr. Home’s conclusions,
which I accordingly mentioned in a Disser-
tation published at Gottingen in 1796 §, and
also in an Essay presented last year to this
Society|l. About three months ago, I was
induced to resumethe subject, by perusing
Dr. Porterficld’s paper on the internal mo-
tions of the eye 4 ; and I have very unex-
pectedly made some observations, which, ¥
think 1 may venture to say, appear to be
§ De Corporis humani Viribus conscryatricibus, p. 6.

Yl Phil, Trans, 1800. 146.
¢ Edinb, Med. Essays, 1V, 124,
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finally conclusive in favour of my former
opinion, as far as that opinion attributed to
the lens a power of changing its figure, At
the samc time, I must remark, thatevery per-
son, who has been cngaged in experiments
of this nature, will be aware of the extreme
delicacy and precaution requisite, both in
conducting them, and in drawing infercnces
from them ; and will also readily allow, that
no apology is nccessary for the fallacies
whish have misled many others, as well as
myzself, in the application of those experi-
ments to optical and physiologicul determi-
nations.

I1. Besides the inquiry respecting the ac-
commodation of the eye to different dis-
tances, 1 shall have occasion to notice some
other particulars relative to its functions; nnd
I shall begin with a general cousideration of
the sense of vizion. [ shall then describe an
instrument for readily ascertaining the focal
distance of the cye; and with the assistance

, of this instrument, I shall investigate  the
dimensious and refractive 'powers of the
‘human eye in its quiescent state; and the
form and magnitude of the picture, which is
‘delineated ou the retina. 1 shall next inquire,
‘how grent are the changes which the eye ad-
mits, and what degree of alleration in itspro-
purtious will-be necessary for these changes,
on the varioussuppositions that are principal-
Jy deserving of comparison,  1shull proceed
to relnteq vuriety of experiments, which ap-
pear-to be the most proper to decide on the
truth of enchof thesc suppositions, and to exa-
minesuch arguments, as have been brought
forwards, against the opinion which 1 shadl
endeavour to maintain§ aud 1 shall conclude
with some aunatomical illustrations of the ¢u-
pacity of the urgins of vinious classes of ani-
bals, for the functions attributed to them.

ON THE MECHANISM OF THE EYE.

III. Of all the external scnses, the cye is
gencrally supposed to be by far the best un-
derstood ; yet so complicated and so diversi-
fied are its powers, that many of them have
been hitherto uninvestigated : and on others,
much laborious research has been spent in
vain. It cannot indecd be denied, that we
are capuble of explaining the use and opera-
tion of its different parts, in a far more satis-
factory and interesting manner than those of
the ear, which is the only organ that can be
strictly compared with it; since, in swell-
ing, tasting, and feeling, the objects to be
examined come, alinostunprepared, into im-
mediate contact with the extremities of the
nerves; and the only difficulty is, in conceiv-
ing the nature of the effect produced by thein,
and of its communicationtothesensorium. But
the eye and the ear are merely preparatory
organs, calculated for transmitting the im-
ppressions of lightand scund, to the retina, and
to thie termination of the soft auditory nerve.
In the eye, light is conveyed to -the retina,
without any change of the nature of its pro-
pagation : in the' ear, it is very - probable,
‘that instend of the successive motion of dif-
ferent parts of the sanme clustic medium, the
sinall bonestransmit the vibrations of sound,
as passive’ hard bodies, obeying the motions
of the air nearly in their whole extent at the
sameiustant. Inthe eye, we judge very pre-
cisely of the direction of light, from the
pust of the retina on whicl'it impinges : in
-the ear, we have no other criterion than the
slight difference -of motion in the small
Vones, according to the part of the tympa-
num on which the sound, concentrated by -
different reflections, first strikes; hence, the
idea of direction is necessarily very indistinct;
and there is no reason o suppose, that dif-
ferent parts of the auditory nerve are ‘exclu-
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sively affected by sounds in different direc-
tions. Supposing the eye capable of con-
veying a distinct idea of two points subtend-
ing an angle of a minute, which is, perhaps,
nearly the smallest interval at which two ob-
jects can be distingnished, although a line,
subtcnding only one tenth of a minute in
brcadth, may sometimes be perceived as a
singlc object ; there must, on this supposi-
tion, be about 360 thonsand sentient points,
for a field of view of 10 degrees in dinmeter,
and above 60 millions for a field of 140 de-
grees. But, on account of the various sen-
sibility of the retinn, to be explnined here-
after, it is not necessary to suppose, that
there are more than 10 million sentient
points, nor can there easily be less than one
million: the optic nerve may, therefore, be
judged to consist of several millions of dis-
tinct ibres. By a rough experiment, I find,

that I can. distinguish two similar sounds .

proceeding from points which subtend an
angle of about five degrees. Butthe eye can
discriminate, in a space subtending every way
five . degrees, about 90 thousand different
points, OF such spaces, there are more than a
thousand in ahemisphere: so that the ear can
convey an impression of about a thousand
different directions. The enr lias not, how-
ever, in.all cases, quite so nice a discrimi-
nation of the directions of sounds : the rea-
son of :this difference between the eye and
ear is obvious ; each point of thc retina has
only three principal colours to perccive, since
the rest are probably composed of various
proportions of these ; but there being many
thousands or millions of. varieties of sound
audible in.each direction, it was impossible
that the number of distinguishable directions
should be very large. It is not absolutely cer-
tain, that every part of the auditory nerve is

THE MECHANISM OF THE EYE.

575

capable of receiving the impression of each
of the very great diversity of tones that we
ean distinguish, in the same manner as each
sensitive point of the retina receives a dis-
tinct impression of the colour, as well as of
the strength, of the light which' falls on
it ; nlthough it is extremely probable, that
all the different parts of the surface, exe
posed to the fluid of the vestibule, are
more or less affected by every sound, but’
in different degrces and succession, accord-
ing to the direction and quality of the vibra-
tion. Whether or no, strictly speaking, we
can hear two sounds, or see two objects, in
the same instant, cannot easily be dctermined;
but it is sufficiént, that we can do both, with-
out the intervention of any interval of time
perceptible to the mind ; and indeed we could .
form no idea of magnitude, without a com-
parative, nnd therefore nearly cotemporary,
perception of two or more parts of the same
object. The extent of the ficld of perfect vi-
sion, for each position of the eye, is certainly
not very great; although it will appear here-
after, that its refractive powers are calcu-
lated to take in a moderately distinct view of
n whole hemisphere: the sense of hearing is
equally perfect in almost every direction,

1V. Dr. Porterfield has applied an ex-
periment, first mnadeby Scheiner ®, to the de-
termination of the focal distance of the eye ;
and has described, uader the name of an op-
tometer, a very excellent instrument, founded
on the principle of the phenomenon+. But
the apparatus is capnble of considerable im-
provement ; and I shall beg leave to de.
scribe an optomcter, simple in its construc-
tion, and equally convenient and accuratein
its application.

® Priestley’s opt, 113,
4 Edinb, Med, Ess, IV. 108,
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Let an obstacle be interposed between a
radiant poiut (I}, Plate 15. Fig. 109,) and any
refracting surface, or lens (CD), and let this
obstacle be perforated at two points (A and
B) only. Let the refracted rays be inter-
cepted by a plane, so as to form an image on
it.  Then juis evident, that when this plane
(LF) passes shrough the focus of refracted
vays, the impge formed on it will be asingle
point.  Bu, if' the plane be advanced for- .
wards (to GH), or removed backwards (1o
1K), :the small pencils, passing through the .
perforations, will po longer.meet in a single 1
point, but will full op two distinet spots of
the plane (G, 15 £, K 2) and, in either cnse,
form a doubje jmage of the object.’

Lot us now, add two more radiating points,
(S und T, Fig..110,) the one ncarer to the lens )
than the first point, the other more remote; .
apd, when the 'plane, which receives the -
images, pusses through the focus of rays com-
ing from the first point, the images of the se-
cond and thjrd points. wust both be donble
(s 5, t ¢;) since the plane (EF) is without the :
focal distance of ruys coming from the fuy-
thest point, anil within that of rays coming
from the ncarest, . Upan.iliis principle, Dr. :
Porterficld’s optometer was founded. ., .

-But,, if the three points be supposed to be
Jained by a Jive, and thisline to. be some- |
what,inclined to the axis of the leus, each
point of the line, exceptthe first point (R,
Tig.-111,) will have wdouble image; and cach
puir of images, being contiguous to those of -
the ueiglibcuring radiant points, “will form :
with themn two continued lines; and the !
impges being wore widely separated. as the -
point :which they represent is furtheér from.:
the fivst radiant point, the lines. (s ¢; s ¢,) will::
convergeon enchside wwards (7) the imuge of
this point, aud there will intgrsect each othet.

ON TIIE MECHANISM OF THE LEYE,

The same happeus when we Jook at any
object through two piu holes, within-the li-

mits of the pupil. It the object be ut the -

point of perfect vision, the'image on the re-
tina will be single ; but, in every other casc,

the image being donble, we shall appear to -

sce a double object : and, if we look ata line

pointed nearly to the eye, it .will appear as ;

two lines, crossing each other in the point .

of perfeet vision. For this purpose, the
holes may be'converted into slits, which ren-
der the images nearly. as distinet, at the suine
time that they udnit more light. . The num-

ber may be increased-from two to four, or .
more, whenever. puwticulnn investigations .

reuder it necessary, . . :
‘This instrument has the advantuge of show-
ing the focal distance correctly; -by inspec--

tion only, without-sliding:tha object buck-

wards and forwards, which is''an operation -

liable to coisiderable uncertainty, especially

as the focus of the eye mmny in l,hc mean

time be changed. .

The optometer may be-made of aslip of .
card paper, or of ivory, about eight jnches .
in length, and one in breadth,’ divided lon- -
gitudinally by a black- line, :which must not::
be too strong. The end of the card must be -

cut as is shown in Plate'9. Fig. 71, in-order’

~

that it may be turned up, and fixed'in an in- -
clined pasitian by means of theshoulders : or
a detached picee, nearly of this form, maybe -

applied to the optameter, vs it is here eiigruv~
ed (Fig. 72.). A hole about half au inch s¢juare

nist be made in this part § und the- sides sa -
cut as to receiva o slider of thick paper; with ;
slits of different sizes, from:- n. fortieth to o ¢
tenth of un. inch: in breadth,! -divided by .
spaces somew hat broader; 80 .that each ob-"
server muy choose thut which ' best suits the «

aperture.of his pupil.

Jw order to adapt the :
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instrument to the use of presbyopic eyes, the
other end must be furnished. with n lens of
four inches focal length; and a seale mnst
e made near the Jine on each side of it, di-
vided from one end into inches, and from
the other nccor«l:ng to the table here calcu-
Iated, by means of which, not only diverging,
but also parallel aud converging ruys from
the lens are referred to their virtual focus.
Ifivory he employced, ivs surface mustbe left
witliout any polish, otherwise the regular re-
flection of light will ‘create confusion ; and in
this respect, paper is tnnclt preferable.

The instrument is easily applicable to the
purpuse of ascertaining the focal length of
spectacles required for iyopic or presbyopic
cyes.  Mr. Cary has been so good as to fur-
nish me with the nuinbers and focal lengths
of the glasses commonly made ; and I have
caleulated the distances at which those num-
Lers must be placed on the scale of the opto-
mcter, 80 that a presbyopie eye may be en-
abled to see at cight inches distance, by
using the glasses of the focal length placed
opposite to the nearest crossing of the lines ;
and a myopic eye, with parallel rays, by
using the glasses indicated by the number
that stands opposite their furthest crossing.
1t cannot be expecied, that every person, on
the first tiial, will fix preciscly npon that
power which Dest suits the defect of hissight.
Few can bring their eycs at pleasure to the
state of full action, or of perfect relaxation;
and a power two or three degrecs lower than
that which is thus ascertained, will be found
sufficient for ordinary purposés. 1 have also
‘added to the second table, such numbers as
will point out the spectacles necessary for a
presbyopic cye, to sce at twelve and at
cighteen inches respectively: the middle scries

voL. 11,
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will perhaps be the most proper for placing
the numbcers on the scale, The optometer
should be applicd to each eye; and, ut the
time of observing, the opposite eye should
not be shut, but the instnouent shonld be
screened from its view. The place of inter-
section may be accurately ascertained, by
means of an index sliding along the seafe.

The optomcter is represented in Plate 9.
Tig. 72 aud 73; and the aoner in which
the lines appear, in Fig. 74.

Table 1. Tor extending the scale by a lens of
4 inches focus.

70[3.76] ~404.44]}—11 18.90

803.81/=—35'¢.51/l—10 |0.67
1003.85 ':30 4.02— 9.5/6.00

4)2.00][13;3.06
sla.a2{14l3.11
6l2.40]15]3.10
7(2.55020(3.33)| 200]s.02ll—25's.76[— 0.0}7.90
8/2.07)12513.45/l €0 [4.00 20,5.00— 8.517.56
ola.77'20[3.339)l—200}4.08 l:u s5.45]— 8.0[8.00

10,2.66 {40/3.64| —100]4.17]l—14s.60{ *
11{2.93]50]3.70{|—50 4.35 —133.78
12(3.00160{3.75]|—45 |4.39};~12,6.00

Table 11. For placing the numbers indicat:'ng
the focal length of convex glasses.

Foc. VIit. X | xvin.
00 8.00 13.00 18.00
40 10.00 17.14 32.73
36 10.28 18.00 30.00
ao 10.01 20.00 45.00
2a 11.20 21.00 50.40
26 11.56 22.29 56.%0
24 12.00 24.00 72.00
29 12.97 26.40 £0.00
20 13.33 30.00 180,00
18 14.40 36.00 ©
16 16.00 48.00 | —144.00
14 18.67 84.00 | — 63.00
12 24.00 ® — 30.00
11 | 29p.33| —132.00{ — 28.2p
10 40.00 | — 60.00{ — 322.30
D 72.00 | —'36.00| — 18.00
8 @ — 24.00] — 14.40
y l—s6.00]— 1680} — 1145
6 | —24.00|— 12.00] — o0.00
5 {=—13.33] — sy | — s.02
4.5 |=—10.20.}.— 2.20| — 6.00
4.0 == 8.00 } —~ 06.00 |~ .14
3.5 |~ 0.32] —~ 4.04|~— 4.34
3.0 | — 4.60{— 4.00{-— 3.00

‘
4p



- 234 -
578 ON
Table 111, For concave glasses.

Number, | Focus.|i Number. | Focus.|| Number. { Focus,

1 24 s 7 15 2.75

2 18 1] ] 16 2.50

3 16 [} 3 17 2.25

4 12 1 4.3 1y 2.00

5 10 12 4.0 19 1.75

[ /] 13 3.5 20 1.30

7 ] 14 3.00 .

V. Being convinced of the advantage of

making every observation with as little é;-
sistance as possible, I have endeavoured to
_confine most of myexperiments to my own
eyes; and Fshall, ingeneral, ground my caleu-
lations on the supposmon of an eye nearly
similar to my own. I shall therefore first
epdeavour to ascertnin all its dimensions, and
all its fucultics.

' For measuiing the diameters, I fix a small
key ¢ on eqch point of a pair of compasses;
and [ cun verture to bring the rings into im-
mediate contagt, with the sclerotica. The
transverse dinmcter is extennlly 98 hun-
dredths of an inch.

"T'o find the axis, I tarn the eye as much in-
wards "as possible, ‘and press one of the keys
close to the sclerotica, at the external angle,
till it arrives at the spot where the spectrum
formed by its pressure coincides with the di-
rection of the visual axis, and, loukm" ina
glass, I bring the other key to the cornca.
The optical axis of the eye, making ullow-
ance of three hundredihs for the coats, is
thus found to be 91 hundredths of an inch,
from the external surface of the cornen to
the retina, \Wiih an eyc less promiucnt, this
method might gpt have succeeeded.

The vertical diamneter, or rather chord, of
the cornen, is 45 hundredihs: its versed sine,
11 hundredihs, To aseertnin the versed sine,
1 looked with the right eye at the image of

THHE MECHANISM OF
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too great a cuuvemt; o the cornea; but [

THE EYE,

the left, in o small specalum held close to the
nose, while the left eye was so averted, that
the margin of the cornca appeared as a
straight line, and I then compared the pro-
Jection of the cornea with the image of a

- cancellated scale held in o proper dircetion

behind the left eye, and close to the left

‘temple. The horizontal chord of the cor-

nea is nearly 49 hundredths,
Hence the radius of the cornea is 81 hun-
It may be thought, that T assign

huve verified it by a number ol coneurrent
observations, which wiil be enmmerated here-
after.

The eye being dirccted towards its image,

the projection of the margin of the sclerotica

is 2u huudxpdths from the unwgin of the
cornea, towards the external angle, and e7
towirds the internal angle of the eye: so that
the cornca has an eccentiicity of one for-
tieth of an inch, with respect to the section
of the eye perpendicular to the visuaul axis.

The aperture of the pupil varies from €7 1o
13 hundredihs ; at leust this is its apparent
size, which must be somewhat diminished,
on account of the magnilying power of the
cornea, perhaps to 25 and 12.° When di-
lated, it is ncarly as eccentric as the cornea;
but, when most contructed, its centre coin-
cides with the reflection of nn'imixgc from un
object held immediately before the eye; and
this image very nearly with the centre of the
whole nppurent margin of 1he scleroticn : so
that the corncais perpendicularly intersected
by the visual axis.

My cye, in u state of relaxation, collects,
to a focus on the retino, those rays which

diverge vertically fram an object at the dis-

tance of ten inchies from the cornea, und the
rays which diverge harizontally from an ob-
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Ject at seven inches distance.  Tor, if T hold

the plane .of the optometer vertically, the -

images of the line appear to cross nt ten
inches if horizontally, at seven. The difz
ference is expressed by a focal length of 23
inclies. [ have never experienced any in-
convenience from 1his imperfection, nor did
I ever discover it till I made these experi-
ments; and 1 believe I can examine minute
phjects with as much nceuraey as .most of
those whuse eyes are differently formed. On

mentioning it to Mr. Cary, he informed me -
that he had frequently taken notice of a”

similar cirenmstaunce ; . that many- persons
were obliged to hiold.a concave glass ob-
liquely, in order. to sce with distinctness,

counterbalancing, by the inclination of the :
glass, the too greab refractive power of the eye
it the direction ofihatinelination, and finding

Lt little nssistance from common spectacles
of the same focal length.  The difference is
not in the cornca, for it exists when theeffect

ol the cornen is removed, by a method to be -

described hercafter. The canse is, without

doubt, the obliquity of the nvea, and of the |

crystalline lens, which is nearly parallel to it,
with respect to the visual axis: this obliquity

will appear, from the dimensions already -
given, tobe about 10 degrees.© Without ens’

tering into a very accurate calculation, the
dilterence observed is found to'require an in-
elination of abont 13 degrees; and the re-
maining three degrees may easily be added,

by the greater obliquity ot the posterior sur- -
fuce of the crystalline .opposite the pupil, .
There would be no diffieulty in fixing the -

glasses of spectacles, or the concave eye

glass of atelescope, in such a positionas to

remedy the defect. S p
In order to ascertain the focal distance of

the lens, we must assign. its probable dise
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tance from the cornea,  Now the versed sine
of the cornea being 11 hundredibs, and the
uvea being nearly flat, the anterior surfuce of
the lens nmst probably he somewhat behind -
the choid of the cornea; but by a very in-
considerable distance, for the uven las the
snbstance of a thin membrane, and the lens
approaches -very near to it: we will there-
fore call this distance 12 huudredths. The
axis and proportions of the lens must be
estimatedd by comparison with anatomieal
observations; since they offect, in a small
degree, the determination of its focal dis-
tance. M. Petit found the axis almost al-
ways about two lines, or 18 hundredths of an
itch.  The radius of the anterior surface was
in the greatest number 3 lines, but oftener
more than less.  We will suppose mine to be
33, orncarly % of an inch. Thé¢ radius of
the posterior surface was most lrequently 2%
lines, or ; of aninch*. The optical centre

will be therefore (’"x”:
304-22

) about one teath

of an inch from the anterior surface ; hence
we hnve 22 hundredths, for the distance of
the centre from the cornea. Now, taking 10
inches as the distance of the radiant point,
the focus of the cornea will be 115 hun-
dredths: behind the centre of the lens. But
the actunl ju_'mt' focus is (01-—22=) 69 be-
Lind the centre: hence, disregarding the
thickness of the lens, its principal focal dis-
tance is 173 hundredths. Tor the index of
its relractive power in the cye, we have
+33« Calculating upon this relractive power,
with the consideration of - the thickness also,
we find that it requires a cerrection, and
ctancs near to the ratio of 14 to 13 for the
sines, It is well knowvn that the refractive
powers of the humours aie equal to that of

# Mém, de I'Acad. de Daris. 1930. 6, Fd. Amel.
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water; aud, that the thickness of the coruea
is too equable to produce any effect on the
focal distance. .

For determining the refractive power of
the crystalline lens by. a direct experiment, I
made nse of a method snggested to me by
Dr. Wollaston. I found the refractive power
of the centre. of the recent human erystal-
Line to that of water, as 21 to 20. The dif-
ference of this ratio from the ratioof 14 to 13,
ascertained  from calculation, is prob.lb]y
owmg to two circumstances. The first is,

that, the subsiance of the lens being in some -

deglee soluble in water, a portion of the
aqueous fluid within its capsule penetrates
afier death, so as somewhat to lessen the
density. When dry, the refractive power is
little jufevior to that of crown glass. The
second circumstance is the unequal density

of'the lens. The ratio of 14 to 18 is founded on .

the supposition of an eqnable density: but, the

central part being the ost dense, thewhole

actsas a lens of smaller dimensions: and it
may be found by calculation (M. E. 465.)
that if the central portion of asphere be sup-
posed of uniform density, refracting as 21 to
20, to tlie distunce of one half of the radius,
aad the density of the external purts to de-
.crease gruduully, and at the surfuce to be-
come equal to that of the surrounding me-
dium, the sphere, thus constltuted, will be
equal in focul length to & uniform sphére of
thie sumne size, with a refraction of 16 to 15
nearly, And the effect will be nearly the
anme, if the centrul portion be supposed to
be smaller than this, but the density 10 be
somewhat greater at the ‘surface than that of
the surrounding mediuo; or to vary more ru-
pidly externully than interually, Or, if o
lens of equal niean dimensions, and equal fo-
cal lengih, with the ¢rystalline, be supposed

3
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to consist of Lwo segments of the external por-
tions of such a sphere, the refractive density
at the centre of this lens must be as 18 to 17,
On the whole, it is probable that the refrac-.
tive power of the centre of the human erys-
talline, in its living state, is to that of water
nearly as 18 to 17; that the water, imbibed -
afier death, reduces it to the ratio of 21 to
20 ; but that, on account of the unerquable,
density of the lens, its effect in the cye ia
equivalent to a refraction of 14 to 18 for its
whole size, Dr. Wolluston has ascertained
the refraction out . of uir, into the centre

- of the recent crystalline of oxen and sheep,

to be nearly as 143 10 100; into the centre of
the crystalline of fish, and into the dried crys-
tallive of sheep, a3 152 10100. FHence, the
refraction of the crystalline of oxen, jn water,
shopld be.as 15 to 14: but the hupan cry-
stalline, when recent, is decidedly less re-
fractive.

These considerations will explain the in-
consistency of different observations on the
refractive power of the crystalline ; and, in
purticular, how the refraction which 1 for-
merly calculated, from measuring the foenl
length of the lens*, is so much greater than
that which is determined by other mcans,
But, for direct experiments, Dr. Wollaston’s
method is exceedingly accurate..

* When I look at a minute lucid point, such
us the image of a candle in & sinnll conenve
speculum, it appears as a radinted stor, asa
cross, or as an unequal line, and never us a
perfect polnt, unless T opply 4 concave Jens,
inclined at a proper ungle, to correct the
unequal refruction of my eye. If I bring
the point very near, it spreuds into o surfuce’
neurly circulur, and almost equably illumi.
nated, except some faint. lines, neatly in u
® Piyjl. Tiaas, 1;108. 174,
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radinting direction. Tor this purpose, the
best object is o candle or a small speculum,
viewed throngh a minute lens at some little
distance, or scen by reflection in a larger

. lens. If any pressure has been applied to the

eye, such as that of the finger keeping it

shut, the sight is often confused for a short.

time alter the removal of the finger, and the
image isin this case spotty or curdled. The
radiating lince ure probably occusioned by
some slight incqualities in the surfacc of the
lens, which is very superficially furrowed in

the direction of its fibres: the curdled ap--

pearance will be explained hereafter. When
the point is farther removed, the image be-
comes evidently oval, the vertical diameter
being longest, and the lines a little more dis-
tinet than hefore, the l'ight being strongest
in the neighbourhood of the centre ; but im-

“mediately at the centre there is 2 darker spot,

owing to such a slight depression at the ver-
tex as is often observable in exawining the
lens nfter death. The situation of the. rays
is constant, though not regular; the most
conspicuous are seven or eight in number;

sometimes about twenty fainter ones may be .

counted. Renoving the point a little fur-
ther, the image becomes a short vertical
line; the rays that diverged horizontally be-
ing perfectly . collected, while. the vertical
rays are still scparate. In the next stnge,
which is the inost perfect focus, the line
spreads in the middle, and approaches nearly
to a square, with-projecting avgles, but is
marked with some darker lines towards the
diagonals. The square then flattens into a
rhiombus, and the rhombus into a horizontal
line unegnally bright. At every greater dis-
tance, the line ieugthens, and acquires also
breadth, by radiations shooting out from it,
but does not become a uniform surface, the

central part remnining always considerably
brightest, in consequence of the 'same flat-
tening of the vertex which before made it
faintest, Some of these figures bear a consi-
derable analogy to the images derived- from
the refraction of oblique rays, and still more
strongly resemble a combination of two of
them in opposite dircctions ;' 5o ns to leave
no doubt, but that both surfaces of the lens
are oblique to the visual nxis, and cooperate
in distorting the focal point. This may also
be verified, by obscrving the image delineated: -
by a counnon glass lens, when inclined to the
incident rays. (Plate 12. Fig. 92, n. 28..40:)
The visual axis being fixed in any direc-
tion, I can at the same time see a luminous
objcet plnced laterally at o considerable dis-
tance from it; but in various directions the
angle is very different. Upwards it extends
to 50 degrees, inwards to 60, downwards to
70, and ovtwards to 90 degrees. These in<
ternal limits of the field of view nearly cor-
respond with the external lumits formed by
the different parts of the face, when the eye
is directed forwards and somewhat down-
wurds, which is its most natural position;
althongh the internal linits are a little more
extensive than the external: and both are -
well calculated for enabling us to perceive,
the most readily, such olijects ns are the most
likely to concern us. Dr. Wolluston’s eye has
a largzer field of view, both vertically aud ho-
rizontally, but nearly in the same propor-
tions, except that it extends further upwards,
It is well known, that the retina advances
further foswards towards the internal angle
of the eye, than towards the external angle;
but upwards and downwards its extent is
nearly equal, and is indecd every way greater
than the limits of the field of view, éven if
allowance is nade for the retraction of the -
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cornen only. The sensible portion sceins to
coincide more nearly with the painted cho-
roid of quadrupeds : but the whole extent of
perfect vision is little more than 10 degrees;
or, more strictly speaking, the impertection
begins within a degree or two of the visnal
axis, and at the distance of & or 6 degrecs
becomes nearly stationary, until, at a still
greater distance, vision is wholly extin-
guished.  The impertection is partly owing’
to the unavoidable aberration of obligne.
rays, but principally to the insensibility
of the retina: for, if the image of the sun’
itself be received on a part of the retina re-:
mote from the nxis, the impression will not
be sufficiently strong to form a permanent
spectrum, although an ohject of very mode-
raie brightness will produce this effect when .
directly .viewed. 1t has been said, thnt a
fuint light, like the tail of a comet, is more
abservablg by a lateral than by adirect view.
Supposing the fuct certain, the reuson pro-
bably is, that general masses of light and
shade are more distingunishable when the
purts.are somewhat confused, than when the
whole is rendered perfeeily distinet; thus [

bave often observed the pattern of a paperor

floor c¢loth to run in certain lines, when I

viewed it without iy glass 3 but tliese lines -

vanlshed as soon ns the focus was rendered
perfect. It would probubly have been in-
consistent with the economy of nature, to
bestow a larger share of sensibility on the re+’

tina, The optic nerve is at present very .

large ; and the delicaey of the organ venders

it, even at present, very susceptible of injury .

from slight irritation, und very liable to in-
flammutory alli:ctions ; and, in orderio muke
the sight so perlect ns it i3, it wns necessary
to confine that perfection within narrow li-
mits.  T'he motion of the eye has u rauge of
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abont 55 degrees in every direction : so that

the field of periect vision, in succession, is by

this motion extended to 110 degrees.

Bat the whole of the retina is of such a
form as to receive the most perfect image, on
every part of its surlace, that the state of
ench refracted pencil will admit ; and the va-

rying density of the crystalline renders that -
state more capnble of dclineating such a pic--

ture, than any other imaginable coutrivance
could have done. - To illustrate this, I have
constructed a diagram, representing the suc-
cessive images of a distant object filling the
whole extent of view, as they would be
formed by the successive refractions of the
ditferent surfuces, ~Taking the scale of my
own eye, I am obliged to substitute, for »
series of ohjects at any indefinitely great dis-
tance, a circle of 10 inches radius; and it is
most convenient to consider only those rays
which pass through the antetior vertex of the
lens; since the actual centre of each pencil
must be in the ray which passes through the
centre of the pupil, and the short distance of
the vertex of the lens, from this point, will
always tend to correct the unequul refrac-
tion of oblique rays, The first curve (Plute

10. Tig. 80.) is the image formel by the -

furthest intersegtion -of rays refructed at the
corneay the sccond, the hungo formed hy
the nearest intersection ; the distunee, be-
tween these, shows the degree of confusion
in the image ; und the thind curve, its
brightest part.  Such must be the form of
the imnge which the cornen tends to deli-
neate in an eye deprived of the crystulline
lens; nor can any external remedy properly
correet the imperfeciion of lateral vision.
The -uext three curves show the: images
formed after the refraction at the nuterior
surfuce of the lens, distinguished in the same
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manner; and the three following, the result
of all the snceessive refractions,  The tenth
erve is a repetition of the ninth, with a
slight correction near the axis, nt F, where,
from the breadth of the pnpil, some perpen-
dicular rays must fall. By comparing this
with the eleventh, which is the form of the
reting, it will nppear that nothing wmore is
wanting for their perfect caincidence, than
a moderate diminution of density in the Iate-
ral parts of the leps.  If the lnw, by which
this density varics, were more accurately as-
certained, its eflect on the image might
ensily be estimated ; and probably the image,
thus corrected, wonld approach very nearly
to the formn of the twellth curve,

To find the place of the entrance of the
optic nerve, | fix two cundles at ten inches
distance, retire sixteen feet, and divect my
eye 10 a point four feet to the right or left of
the widdle of the space between them: they
are then lost in a confused spot of light ; but
any incliiation of the eye brings onc or the
other of them inio the field of view. In Ber-
noulli’s eye, ngreater deviation was required
for the direction of the axis*; and the ob-
scured part appeared to be of greater extent.
From the experiment here related, the dis-
tance of the centre ol the optic nerve from
the visual nxis is found to be 16 lnndredths
of un inch ; and the dinmeter of the most
insensible purt of the retina, one thirticth of
an inch., Inorder to ascertain the distance
of [he optic nerve from the point opposite to
the pupil, 1 took the sclerotica of the human
cyé, divided it into segments, from the centre
of the corneca towards the optic nerve, and
extended it on a plane. I then measured
the longest aind shortest distances from ilie
cornen to the perforation mnde by the nerve,

3 Comm. Petrop. 1. 814,
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and their-diflerence was exactly one fifth of
an inch.  To thiswe must add a fifticth, on
account of the cecentricity of the pupil in
the uvea, which in the eye that 1 ncasured
was ot great, and the distance of the cen-
tre of the nerve from the point opposite the
popil will be 11 hundredths.  Ilence it ap-
pears, that the visual axis is five hundredths,
or oue twentieth of an iach, further from the
optic nerve than the point opposite the pu-
pil. 1t is possible, that this distunce may be
different in different cyes : in mine, the obli-
quity of the lens, and the eccentricity of the
pupil with vespect to it, will tend (o throw a
dircet ray upon it, witliont mnuch inclination
of the whole eye; and it is not improbable,
that the cye is also turned slightly ontwards,
whenlooking at nny object before it, although
the inclination is too small to be subjected to
mensurewent. - :

It must also be observed, that itis very dif-
ficult to ascertain the proportions of the cye
so cxactly, as to determine, with cestainty,
the size of an image on the retina ; the situ-
ation, curvature, and coustituticn of the lens,
make so muterial a difference in the résult,
that there may possibly Le an error of al-
most one tenth of the whole. In order, there-
fore, to obtain some confirnation from ex-
periment, [ placed two enndles at a smpall
distance from ench other, turned the eye in-
wards, and applied the ring of a key so as to
produce a spectrum, of which the edge
coiticidedwith theinner candle ; then, fixing
my eye on the outward one, I found that the
spectruni advanced over two sevenths of the
distance between them. [Hence, the same
portion of the retina that subtended an angle
of seven parts at the centre of motion of the

‘eyc, subtended an nngle of five at the snp-

posed intersection of the principal rays;
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(Plate 9. Fig. 75.) and the distance of this
intersection froni the retina was 637 thou-
sandths, This nearly corresponds with the
‘former culculation ; nor can the distance of
the centre of the optic nerve from the point
of most perfect vision be, on any supposition,
much less than that wlieh is here assigned.
Aund, in the eyes of quadrupeds, the most
strongly puinted part of the choroid is further
from the.nerve thun the real uxis of the eye,

I have endeavoured to express, in four
figures, the form of every partof my eye, as
nearly as I have been able to ascertiin it;
the first (I'late 11. Fig. 81.) is a vertical sec-
tion; the second (Fig. 82.) a horizontal sec-
tion ; the third and fourth are front views, in
different states of the pupil.(Fig. 83 and 84.)

Considering how litle inconvenience is

experienced from so inaterial an inequality in -

the refraction of the lens, as | have desciibed,
wve llave no reason to expect n very accurate
provision for corvecting the aberration of the
“Tteral rays. DBut,as fur as can be ascer-
tained by the optomeier, the uberration
arising from figure is completely corrected ;
since four or morc images of the same line
appear to mect exactly in the smme point,
which they would not do if the luterul rays
were materially wore refracted than the
rays near the axis. The figurc of the stir=
faces is sometines, and perhaps ulways,
more or less hiyperbolical® or elliptical : in
the interior luminne indeed, the solid angle of
the margin is somewhat rounded off; but the
weuker refractive power of the external pars
must greatly tend to correct the aberration,
arising from the too great curvature towards
the margin of the dise. Had the refructive
powcf been uniforin, it might hiive collected
the luteral rays ol u direct pencil nearly ns

® Petit. Mém. de l'Acad, 1725, 30,
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well; but it would have been less adapted to
oblique pencils of rays: and the eye must
also have been encumbered with a mass of
much greater density than is now required,
even for the central parts ; and, if the whole
leus had been smaller, it would also have ad-
mitted too little light. It is possible too, that
Myr. Rumsden’s observationd, on the advan-
tage of having no reflecting surface, may be
well founded : but it has not been demon-
strated, that less light is lost in passing
through a medium of variable density, than
in a sudden transitiun from one part of that
medium to another ; although such a con-
clusion” may certainly be inferred, from the
only hypothesis which affords an explunation
of the cause of a'partial reflection’in uny
case. Dut neither this gradation, nor any
other provision, has the effect of ren-
dering the eye perfectly achromatic. Dr.
Jurin hud remarked this, long ngo?, from
observing the colour bordering the image of
an object scen indistinetly. Dr. Wolluston
pointed out to me, on the optometer, the red
and blue appearance of the opposite inter-
nal angles of the crossing lines; and men-
tioned, at the same time, a very elegant ex-
periinent for proving the dispersive power of
the eye. He looks through u prism at «
sinall lucid point, which of course becomes
alincar spectrum.  But the eye cannot so
adupt jgself as to ke the whole spectrum
appear aline; for, if the focus be ndapted to
collect the red rnys to a poiut, the blue will
be too much refracted, and expand into a
surface ; and the reverse will happen if the
eye be adapted to the blue rays; so 1hat, in
either case, the line will be seen as a tri-
angular space. The obscrvation is confirmed, -
by placing a smull concave speculum in (if-

+ Phil. Trang, 1793, 2. 3Smith, ¢ 90,



ON THE MECIAN

ferent parts of a prisinatic spectrum; and as-.
certaining the utmost distnnces, at which the
eye can colleet the rays of different colours
to n focus. By thesec menns I find, that the
red rays, from a point at 12 inches distance,
arc as much refracted as white or yellow:
light at 13,  The difference. is eqnal to the
refraction of alens 132 inches in focus. But
the uberration of the red rays, in a lens of
crown glass, of equal mean refractive power
with the eye, would be equivalent to the ef-
fect of a lens 44 inches in focus, JF, there-
fore, we can depend upon this calculation,
the dispersive power of the eye, collectively,
is one'third of the dispersive power of crown
glass, at an equal angle of deviation. 1 can-
not observe much nberration in the violet
rays. ‘This may be, in part, owing to their
fuintness 3 but yet I think their aberration
must be less than that of the red rays. T be-
lieve it was Mr. Ramsden's opinion, that
since the separation of coloured rays is only

observed where there is a sudden change of

density, such a body as the lens, of a density
gradually varying, would have no eflect
whatever in separating the rays of difftrent
colours. If this bypothesis should appear to
be wall founded, we should be obliged to
attribute the whole dispersion to the aqueous
humour ; and its dispersive power would be
half that of crown glass, at the snme devin-
tion. But we have an instunce, in the at-
mosphere, of a very gradunl change of den-
sity 3 and yet Mr, Gilpin informs me, that
the stars, when near the harizon, appear very
cvidently coloured ; and Dr. Herschiel has even
given us the dimensions of a spectrum thus
formed. At a more favourable season of the
year, it would not be diflicult to ascertaiu, by
means of the optometcr, the dispersive power
of the eyc, and of its different parts, with
VoL, 1L
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greater accuracy than by the experiment
here related. Had the dispersive power of
the whole eye been equal to that of flint-
glass, the distances of perfect vision would
have varied from 12 inches to 7, for different
rays, in the smme stute of the mean refrac-
tive powers. :

V1. The faculty of accommodating the eye
to various distances appears to exist in very
different degrees in different individuals. The
shortest distance of perfect vision, in my cye,
is 206 tenths of an ineh for horizontal, and 29
for vertical rays. This power is equivalent to
the nddition of o lens of 4 inches focus. Dr.
Wollaston can sec at sexen inches, and with
rays slightly converging; the difference. an-
swering to G inches focal length. My, Aberne-
thy has perfect vision from 3 inches to30; or a
poivericqual to that of a’lens 34 inches in fo-
cus. A young lady of my acquaiitance can
see nt 2 inches and at 4 ; the diflerence being
equivalent to 4 inches focns: a middle aged
lady at S and at 4; the power of accommo-
dation being only equal to the effeet of
lens of 12 iuches focus. In general, I have
reason to think, that the faculty diminishes,
in some measure, ns persons advance in life ;
but some also of a middle age appear to pos-
sess it in u very small degree. Ishall take
the range of my own eye, ns bicing probably
about the medinm, aud inquire what changes
will be necessary, in order to produce it}
whether we suppose the rading of the cornen
to be diminished, or the distance of the lens
from the retinu to be inereased, ar these two
causes to act conjointly, or the figure of the
lens itself to undergo an alteration,

1. We have caleulated, that when the
eye isin a state of reluxation, the refraction
of the corneatis such as to collect rays di-
verging from a point ten inches distunt, to

4 )
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a focus st the distance of 133 tenths. In or-
der that it may bring, to the same focus, rays
diverging from a point distant 29 tenths, we
shall find that its radius must be diminished
from 31 to 25 hundredths, or very nearly in
the ratio of five to four.

2, Supposmg the change from perfecl Vie:

sion at ten inches, to perfect vision at 20
tenths, to be effected by a removal of the re-
tina tc n greater distance from the lens, this
will require an elongation of 135 thousandths,

or more than one seventh of the diaweter of

the eye. In Mr. Abgernethy's eye, an clon-
gation of 17 hundredihs, or more than one
sixth, is requisite. .- N

- .8. If the radius -of the cornea be dimi-
nished one sixteenth, or to 29 hundredths,
the eye nust at the same time be elongated
07 thousandths, or about one ninth of its diay
neter, ‘

4. Bupposing the crystalline lens to change
§ts form ; if it became a sphere, its diameter
wonld be 28 hundredths, and, its anterior
surface retaining its situation, - the eye would
have perfect vision at the distance of an inch
il a half. This is more than double the
pctua} chunge, But it is impossible to deter-
mine precisely, how great un alteration of
form ia necessury, without ascertuining the
vature of the curves into which its surfaces
may be changed. 1Fit were ulwuys o sphe-
roid, more or less oblate, the foeal length of
pach surface would wury inversely as the
square of the axis: but, .if the surfuces be-
caine, from spherical, portions of hyperholic
conoids, or of oblong spheroids, or changed
from more obtuse to more acute figures of
this kind, the fucal length would vary mozg
rapidly.  Disregarding the elongation of
the axis, amd supposing the curvature of
each surface to be changed propartipnally,

the radius of the anteripr must become
about 21, end that of the ppbtenor }5 hun-
dredths. K

VIL. I shall npw proceed to inguire, which
of these changes takes place in asture 5 and
I shall begin with a relation of experiments,
mude in order to ascertuin the cupvature of
the cornea in all circumstances. -

The method, described in Mr, Home’s
Croonjan Lecture for 1795%, appears to be
far preferable-to the apparatus of the pre-
ceding yeart; for a difference in the dis-
tunce of. two images, seen in the cornea,
would be fur greater, and more conspicuous,
than a change of its promipency, and fur
less liable to be disturbed by accidental
causes. {t is nearly, and perhaps totully, im-
possible to chunge 1he focus of the eye, with+
ont same motion of its axis. The eyes sym-
pathize perfectly with each other; and the
change of focus is almost inseparable [rom a
change of the relative situation of the optic
axes ; so much, that, in my eye this sympa-
thy causes a.slight imperfection of sigh ; for,
if I direct-both iny eyes tp the sume object,
evenif it is beyond their furthest focus, I can-
not avoid contracting, in some degree, their
focol distanee; now while onc axis moves, it
is noteusy to keep the other perfectly at rest;
and, bejides, jt is nqt. impossible, thut o
chunge iy the proportions pf some eyes may
render » slight aleration of the positiun of
the axis sbsolutely necessary, These consi-
derations may purtly.exploin the trifling dif-
ference in the pluce,of the cornea that was
observed in 1794, . ltuppeurs that the cxpes
riments of 1795 were mude with considernble
accuracy, and neo doubt, with excellent in
struments ; and their fuiling to ascertain the
existence of puy chapge induced Mr. Home
" @ Phil, Trans.: 1706, 3.+ P, Trans. 179s. 1a.
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and Nr. Ramsden to abaudon, in great
ricasure, the opinion which suggestcd them,
and to suppose, that a chauge of the cornea
produces only one third of the effect. Dy.
Olbers, of Bremen, whoin the year 1780 pub-
lished a most claborate dissertation on' the
internal changes of the eye®, which he
lutely presented to the Royal Soeiety, had
been cquully unsuccessful in his attempts to
meansure this ehange of the cornea, at the
same time thut his opinion was in favour of
its existence.

Ttoom was however still'left for a rcpeti-
tion of the experiments; and T began with
an apparatus ncarly resembling that which
Mr. Homé has described. I had an excel-
lent achromatic microscope, made hy Mr.
Ramsden for my friend Mr. John Ellis, of
fivc inches focal lengih, magnilying about
oD times. To this [ adapted a eancellated
microméter, in the focus of the eye not em-
ployed in looking through the microscope :
it was a large card, divided by horizontal and
vertical lines into fortieths of an inch. When
the image in the mieroscope was compured
with this seale, care was taken to place the
head of tlicobserversothat the relative inotion
«of theimage on the micrometer, caused by the
unsteadiness of the optic axes, should always
be in the direction of the horizontal lines,
and that there could be no error from this
motion, in the dimensions of the image taken
vertically. I placed two candles so as to ex-
hibit images in « vertical position in the eye
-of Mr. Koénig, who had the goodness to as-
sist me; nnd, having brought them into the
ficld of the microscope, where they occupied
35 of the small divisions, 1 desived him tofix
his eye on objects at differcnt distances in
ihe same direction : but I could not perceive

* De Oculi Mulationibus internis, 4. Gotting. 1780,
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the least variation in the distance of the
images. '

Finding a considerable difficulty in a pro-
per adjustinent of the microscope, and being
able to depend on my nuked eye in Wensur-
ing distanices, without an error of one 500thof

n tnely, I determined to make a similur ex-

periment without any magnifying power. I’
constructed a divided eye glass of two por-
tions of a lens, so small, that they passed be-
tween two images reflected from my own
eyc: and, looking in a glass, [ brought the
apparent places of the images to coincide,
and then nade the change requisite for view-
ing nearer objeets ; but the images still coine
cided. Ncither could I observe any change
in the iinages reflected from the other cye,
where they could be viewed with greater con-
venience, as they did not interfere with the
eyc glass. But, not being at that time
aware of the perfect sympailiy of ny eyes,
I thought it most certain to confine my ob-
servation to the one with which I'saw. I'must
remark that, by a little habit, 1 have acquired
a very ready command ever the accommoda-.
tion of my eye, so as to be able to view an
objcct with attention, without aljusting my
eye to its distance.

I also stretched two threads, a little in-
clined to each other, across a ring, and di-
vided them, by spots of ink, iuto cqual spaces,
T-then fixed the ring, npplicd my eye close
behind it, and placed two candles in proper
sitnations before e, and a third on one side,
to illuminate the threads. Theu, sctting a
small looking glass, first at four inches dis-
tance, and next at two, I locked at the
images reflected in it, and observed at what
part of the threads they exactly reached
across in cach casc; and with the same result

ns beforc.
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I next fixed the cancellated micrometer
at a proper distance, illuminated it :strongly,
and viewed it through a pin holc, by which
means it became distinct in every state of the
eye; and, looking with the other eye into a
small glass, I compared the image with the
micrometer, in the manner alrendy described.
I then changed the focal distance of the eye,
so that the lucid points appeared to spread
into surfuces, from being too remote for per-
fect vision; and I noted, on the scale, the
distance of their centres ; but that distance
was invariable.

Lastly, I drew a diagonal scale, w1th a
dizunond, on a looking glass, (Plate 0. Fig.
76.) and brought 1he images inlo contact
with the lines oflhe scale. T hen, since the
sinage of the cye occupies, on the surface of
a glass, half its real dimensions, at whatever

distance it is viewed, its true size is always

double the measure thus obtained. I illomi-
nated the glass strougly, and made a perfo-
ration in a narrow slip ol black caurd, which
I held beiween the images; and was thus
enabled to compare them with the scale, al-
though their apparent distance was double
that of the scale.  1viewed them in all states
of the eye; but [ could perceive no variation
in the terval between them. :
The sufliciency of 1hese methods may be
thus demonstrated. Make a pressure along
the edge of the upper eyelid witli any small
cylinder, for instance a pencil, and the op-
tometer will show thut the focus of harizontul
rays is n linle elongated, while that of verti-
cal rays is shartened 5 un effeet which cun
only be owing to a cuwge of curvature in
the cornes. Not only the apparatus here
described, but even the cye nuassisted, will
be copuble of  discovering © consideruble

change in the images reflected from the cor-
nea, although the change be much smaller
than that which is requisite for the accom-
modation of the eye to different dlstam.c;
On the whole, I cannot hesitate to Louc!udc
that if the radius of the cornea were dimi-
nished but one twenticth, the change would
be very readily perceptible by some of the
experiments related ; and the whole altera-
tion of the eye requires one fifth,

But a much more accurate and decisive
experiment remains. I take, out of a small
botanicul microscope, a double convex leus,
of eight tenths radius and focal distance,
fixed in a socket one filth of an inch in
dcplh 3 securing its edges with wax, [ drop
into the socket a little water, nearly cold,
till three fourths full, and then apply it to miy '
eyc, so that the cornea enters half way
into it, and is every where in contaet with
the water.  (Plate 9. Fig. 77). My eyc
immediately becomes presbyopic, and the
refractive power of the lens, which is re-
duced by the water to a foeal length of
ahout 16 tenths, is not suflicient to sup-
ply the place of the cornea, rendered in-
efticacious by the intervention of the water ;
but the addition of another lens, of five
inches and' a hulf focus, restorcs my eye to
its putural state, and somewhat more. I
then apply the optometer, and 1 find the
same inequulity in the borizontal and verti-
cul refractions as without the water; and I
have, in both directions, u power of necous
modution equivalent to a fucal length of four
inches, us before. At first sight indeed, the
uecommedation uppeurs to be somewlnt less,
and ouly able to bring the cye from the
state fitled for puralle] ruys to o focus at five
inches distanee; and this mude me once
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imagine, that the cornea might huve some
slight effect in the nuntural state ; but, con-
silering that the artificial cornea was about
a tenth of an inch before the place of the

nutural cornen, I enlculated the eflect of this .
dlifference, and found it exactly suflicient to .

necount for the diminution of the range of
vision. [ cannot ascertain the distanee of
the glass lens froms the cornea to the hun-
dredth of an inch ; but the error cannot Le
inuch greater, and it may be on either side.

After this, it is almost necessary to apo--

logize for having stuted the former experi-
ments ; but, in so delicate a subject, we enn-
not huve too great a variety of concurring
evidence.

VI11. Having satisied myself, that the
cornea is not concerned in the accommoda-
tion of the cye, my next object was, to in-
quire if any alteration in the length of its
axis could be discovered ; for this appeared
to be the only possible alternative: and,
considering that such must
amount to onc seventh of the diameter
of the eye, I flattered myself with the ex-
pectation of submitling it to ineasurement.
Now, if the axis of the eye were clongatéd
one seventll, its trunsverse dinmeter must
be diminished one fourteenth, and the semi-
dianeter would be shortened a thistieth of an
inch,

I thércfore placed two candles so thatwhen
the eye was turned inwards, nud directed to~
wards s own itage in u gluss, the light re-
fleccted from one of the eandles by the scle-
rotica nppenreil upon its externul margin, so
s to define it distinetly by ubright line: and
the imuge of the other cundle was seen in
the ceotre of the cornea.  I'then applied 1he
double eye glass, and the scale of the look-

& change
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ing glass, in the manner already described ;
but neither of them indieated any diminution
of the distance, when the focul length of the
eye was changed. ,

Anaother test, and a mueh more delicafe
one, was the application of the ring of a key
at the external angle, when the eye was
turned as much inwards as possible, and
coufined at the sume time by a strong oval
iron ring, pressed ugainst it at the internal
angle. 'I'he key was forced in as fur as the
sensibility of the integuments would admit,
and was wedged, by a moiderate pressure,
between the eye and the boue. 1n this situ-
ation, the phantomn, cansed by the pressure,
extended within the ficld of perfect vision,
and was very accurntely thefined ; nor did it,
as I formerly imagined, by any means pre-
vent a distinct pereeption of the objects ac-
tually seen in that direction ; and a struight
line, coming within the ficld of this oval
pbantom, appeared somcewhat iuflected to-
wards its centre; (IMate 9. Fig. 78)) a dis-
tortion easily understoud by considering the
eflect of the pressure on the form of the re-
tinn, Supposing now the distunce between
the key and the iron ring to have been, as it
really way, invariable, the elongation of the
eye must have been either totnlly or very
vearly prevented 5 uml, instead of an increasce
of the length of the eye’s nxis, the oval spot,
caused by the pressure, would have spreail
over o space it least ten times ns lngge us the
muost sensible part of the retina,  But no such
circumstance tovk place . the power of ac-
cummodulion wis as extensive as ever; mud

there wus o perceptible chauge, either in
‘the size ur iu the figure of the oval spot.

Aguin, since the rays which pass through
the centre of -the pupil, or rather tbrough
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the anterior vertex of the lens, may be con-
sidercd as delineating the image ; and, since
the divergence of these ruys, with respect to
cach other, is butlittle affected by the refrac-
tion of the Iens, they may still be said to di-
verge from the centre of the pupil ; and the
image -of a given object on the retina must
be very considerably enlarged, by the remo-
val of the retina to a greater distance from
the pupil and the lens. To ascertain the real
magnitude of the image, with accuracy, is
not so easy as at first sight appears; but, be-
sides the expcriment Jast related, which
might be employed as an argument to this
purpose, there arc two other methods of es-
timating it. The firstis too hazuardous to be
of much use; but, with' proper precautions,
it may be attempted. I fix my eye on a brass
circle placed in the rays of the sun, and, af-
ter some time, remove it to the cancellaed
microweter ; then, changing the focus of my
eye, while the micrometer remains
given distance, I endeavour to discover whe-
ther there is any difierence in the apparent
maguitude of the spectrum onhe scale; but
I candiscern none. 1 have not insisted on
the attempt ; especially us I have not been
able 10 nmke the spectrum distinet enongh

without inconvenience; and no light is suf-
ficiently strong to cunsean permuncnt impres-
sion on wiy part of the retimn remote from
the visunl axis. I therefore had recourse 10
anothet experiiment. 1 placed two candles so
ns exactly to answer 1o the extent of the ter-
mination of the optic nerve, und, marking
necurately the point to which my eye wusdi-
rected, I made the utmost clunge in its fo-
cal lengili; expecting that, if there were any
elongation o the axis, the external candle
would appenr to recede outwards npon the

}
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visible space. (Plate 9. Fig.79.) But this
did not happen : the apparent place of the
obscure purt was precisely the same as be-
fore. T will not undertake to say, that 1 could
have obscrved a very minutedifference either
way : but I am persuaded, that I should have
discovered an alteration of less than a tenth
part of the whole. ,

It may be inquired, if no change in the
magnitude of the image is to be expecied
on any other supposition; aud it will ap-
pear to be possible, that the chunges of cur-
vature may be so adapted, that the magni-
tude of the confused iinage may remain per-
fectly constant. Indeed, to calculate from
the dimcnsions Which we have hitlierto used,
it would' be expected that the image should
be diminished about ene fortieth, by the ut-
most increase of the convexity of the lens,
But the whole depends on the situation of
the refracting surfuces, and the respective in-
crease of tlieir cui‘vuture, whlich, &n account
of the variuble density of the lens, can
scarcely be estimated with sufficient accurucy.
Hud the pupil been placed before the cornea,
the magnitude of the image must, on uny
supposition, have been very vuriable: at pre-
sent, this inconvenience is avoided by the
sitnation of the pupil; so thut we have here
an additional instance of the perfection of
this ndinireble organ.

From thie experiments reluted, it nppears
to be highly improbable that nny material
chnage in the leugth of thu nxis actunlly
tukes place : and It is almost finpossible
conceive by what power such a change could
be clfected. ‘The straight muscles, withthe
adiposc substunce lying under themn, would
certainly, when acting independently of the
socket, tend to flutien the eye: for, since
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their contraction would necessarily lessen
the circumference or superficies of the mass
that they contain, and round off all its pro-
mincnces, their attachment about the nerve
and the antcrior part of the eye mnst there-
fore be brought nearer together. (P'late 11,
Fig. 85,86.) Dr. Olbers compares the mus-
tles and the eye to a cone, of which the
sides are protruded, and would by contrac-
tion be brought into a straight line. But this
would require a force to preserve the cornen
as a fixed point, ata given distanee from the
origin of the muscles ; a force which cer-
tainly does not exist. In the natural sitna-
tion of the visual axis, the orbit being coni-
cal, the eye might be somewhat lengthened,
although.irregularly, by being forced further
into it; but, when turned towards cither
side, the same action would rather shorten its
axis : nor i there any thing about the human
eye that could supply its place. In quadru-
peds, the oblique museles are wider than in
man § and in many situations might nssist in
the effect. Indeed a portion of the orbicu-
lar musele of the globe is attached so near to
the nerve, that it might also cooperate in the
action : and I huve no reason to doubt the
accuracy of Dr. Olbers, who states, that lie
effected a considernble elongation, by tying
threads to the inuscles, in the eyes of hogs
nnd of calves; yet he docs not say in what
position the axis was fixed ; and the flacci-
dity of the eye after death might reuder such
n change very easy, as would be impossible
in & living eye. Dr. Olbers nlso mentions an
observation of Professor Wrisberg, on the eye
of a man whoin he believed to be destitute of
the power of nccommodation in his life time,
and whom he found, afier death, to huve
wanted one or more of the muscles: but this
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want of necommodation was not at all ac-
curately ascertained. I meansured, in the hu-
man eye, the distance of the attuchment of
the inferior oblique muscle from the insertion
of the nerve: it was one fifth of an inch;
and from the centre of vision, not a tenth of
aninch; so that, although the ebligne nus-
cles do, in some positions, nearly forin a part
of a great circle round the eye, their action
would be more fitted to flatten than to elon-
gate it. We have therefore reason to agree
with Winslow, inattributing to them tha of-
fice of helping to support the eyt on thatside
where tlie bones ure most deficient: they
scewn also well culeulated to prevent its being
drawn too much backwards by the action of
the straight mnscles. And, even if there
were no difficulty in supposing the muscles
to elongate the eye in cvery position, yet at
least some small difference wonld be expected
in the extent of the ehange, when the eye is
in different situations, at an inmerval of more
than a right angle from each other; bat the
optometer shows that there is none. .

Dr. Hosack nlleges thut he was able, by
making-a pressure on the eye, to acecommo-
date it to u nearer object * : it does not ap-
pear that he made use of very nceurate means
for nscertaining the faet; but, if such an ef-
fect took place, the cnuse nust have been an
inflection of the cornea.

It is unnecessary to dwell on the opinion
which supposes a joint operation, of chunges
in the curvatire of the cornen, und in the
length of the axis, This opinion had derived
very great respectability, from the most in-
genious and elegant manner in which Dr,
Olbers hnd treated it, und from being the
last result of the investigations of Mr.

* Phil, Trans, 1704, 212,
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Home and Mr. Ramsden. But cither of the
scries of experiments, which have been re-
lated, appeurs to be sufficient to confute it.

1X. It now remains to inquire into the pre-
tensions of the crystalline lens to the power of
altering the focul length of the eye. The
grand objection, to the efficacy of a change of
figure in the lens, was derived from the ex-
periments, in which those, whohave been de-
prived of it, huve appeared to possess the fu-
culty of nccommodation,

My fricnd Mr. Ware, convinced as he was

of the neatness and accuracy of the experi-
ments iclated in the Croonian Lecture for
1795, yet could uot still help inagining,
from the obvious advanwge ull his patients
found, after the extraction of the lens, in
using two kinds of spectacles, that there mnust,
in such cases, be a deficiency in that faculty,
This ¢ircuinstunce, combined with a consi-
derntion ‘of the directions very judicionsly
given by Dr. Porterfield, for ascenaining
the point in question, first made me wish to
repeat.the experiments upon various indivi-
duals, und with the instrument which I have
ubove described, as an lnprovement of' Dr,
Porterfield’s optometer: und 1 mwust hiere ne-
kuowledge my greut obligation to Mr. Wre,
{or the rendiness and liberalivy, with which he
introduced me to such of his numerous pu-
tients, us hie thought tmost likely to furnish a
sntisfuctory determination, It is unnecessury
lo enumernte every purticulur experiment ;
but ‘the universal result is, contrurily to the
expectation with which 1 entered on the lne
quiry, that, in sueye tleprived of the crystulline
fens, the actua] foea! distnnce is totully wu-
changeable.  Uhis will appear from o selec.
tion of 1he most decisive observations,

1. Mr. R. can reud ut four inches nnd at
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six only, with the swme glass. He saw the
double lines mecting at three inches, and al-
ways at the same point; butthe cornea was
sownewhat irregularly prominent, and his vi-
sion not very distinet; nor had I, at the time
that I saw him, a convenient apparatus,

I afterwards provided a small optometer,
with a Jens of less than two inches focus, add-
ing a series of leiters, not in ulphabetical
order, und projected into such aform as to be
most legible at a small inclination. The ex-
cess of the magnifying power had the advan-
tage of making the lines more divergent, and
theircrossing ntore conspicuous; andtheletters
served for more readily numing the distance of
the intersection, and, at the same time, for
judging of the extent of the power of distin-
guishing objects, too near, or-too remote, for
perfect vision,  (Plate 11, Fig. 87.)

2. Mr. J. had not an eye very proper for
the experiment ; but he appeared to distin-
guish the letters at 2} inches, and at less
than an inch, ‘This at first persuaded e,
that he must have n power of changing the
focnl distance; but I afierwards recollected
that he had withdrawn his eye considerably, to
louk ut the nearer letters, and had also purtly
closed lis eyelids, no doubt contracting at
the same time the uperture of the pupil; an
action which, even in a perfect eye, always
pcconpunies the change of focus. The
glider was not upplied,

9, Miss 1. a young ludy of ubout twelity,
hud n very narrow pupil, atid T hind not vn
opportunity of trylng the smull optometer;
but when she onue saw an object double
through the slits, no exervion coulil make It
uppenr single ut the sume distauce, She
used for distant objects n gluss of 4% inches
focus; with this she could read as far oft us

A
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1¢ inches, and as near as five: for necarer
ol jects she added another of equal focus, snd
could then read at 7 inches, and ot 2}.

4. llanson, n carpenter, aged G3, had o
entaract extracted o few years sinee from one
eye : the pupil was clear nnd large, and he
saw well to work with a lens of 2§ iuches
focus ; nnd could read at 8 and at 15 inclies,
but most conveniently at 11.  With the same
glass, the lines of the optometer appenved
always to meet ut 11 Inches; but he could
not perceive that -they crossed, the line be-
ingtoo strong, and the intersection too distant,

The experiment was afterwards repeated
with the small optometer: he read the letters
from-2 to 8 inches; but the intersection was
alvays at 2} inches. He now fully under-
stood the circumstances that were to be no-
ticed, and saw the crossing with perfect dis-
tinctacss: nt one tine, he said it was n tenth
of aninch nearer ; but [ observed that he had
removed his eye two or three tenths from the
glass, n circamstance which accounted for
this smll difference. _

5. Notwithstanding-1Tanson’s nge, I consi-
der him ns a very fiiir subject for the experi-
ment. But a still more unexceptionable eye

wus that of Mrs. Maberly.  She is about 80, -

and had the crystulline of both eyes extracted
a few years since, biit sces best with her
right. She wulls  without glasses; and,
with the nssistance of a lens of about four
inches focis, enn read nnd work with ease,
Sbe could distinguish the letters of the
small optometer from un Inch to 2 inches;
but the interscction was invariably at thesnme
point, nbout 19 tenths of an inch distant
A portion of the capsule is stretched across
the pupil, and causes her to see remote ob-
jects double, when without her glusses nor

YOL. 11.
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can she, by any exertion, bLring the two
images ncarer together, alihough the exer-
tion makes them more distinet, no doubt by
contracting the pnpil,  The experiment
with the optometer was conducted, in the
presence of Mr. Ware, with patience and
perseverance ; nor was any opin.iou given to
make her report partial,

Considering the difficulty of finding an
eye perfectly suitable for the experiments,
these proofs may be decined tolerably satis-
factory. But, since oue positive argnment
will counterbalance many negative ones,
provided that it be equally grounded on fact,
it hecomes nccessary to inquircinto the com-
peteney of the evidence employed to ascer-
tain the power of accommodation, nitributed,
in the Croonian Lecture for 1794, to the
cyc of Benjamin Clerk. And it appears, that
the distinction long since very properly made
by Dr. Jurin, between distinet vision and
perfect vision, will readily expluin away the
whole of that evidence.

It is obvious that vision may be 1nade dis-
tinct to uny given extent, by means of an
aperture sulficiently sinall, provided, at the
same time, that a sufficient quantity of light
be left, while the refractive powers of the
eye remain wnchanged, And itis remarks
able, that in those experiments, when the
comparison with the perfect cyc wns made,
the upertare of the imperfect eye only wus
very condiderably reduced. Benjamin Clerk,”
with an aperture of J of an ineh, could rend
with the snme ghes at 13 foch, aud ar 7
inches®*. With an equal aperture, 1 can
real at 15 inch and at 30 incheés: and I can
retain the state of perfect relaxation, and
read witl the same aperture at 2% inches,
without any real chunge of refractive power,

¢ Phil, Trans. 1793, @, .
4 c
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and this is as great adifference as was obscrv-
ed in Benjamin Clerk’s eye. It is also a
faet of no small importance, that Sir lenry
Englefield was much astonished, as well as
the uther observers, at the accuracy with
which the man’s eye was adjusted to the
sine distance, in the repeated trials that
were maude with it}
wlone makes it highly probable, that is

This circumstance

perfect vision was confined within very nar-
row limits.

Hitherto T have endeavoured to show the
inconveniences attending other suppositions,
andl to remove the objections to the opinion
of un internal change of the figure of the
lens. I shall now state two experiments,
which, in the first place, come very near to a
mathematical demonstration of the exist-
ence of such a change, and, in the sccond,
explain in great measure its origin, and the
manner in which it is eflected.

I have already described the appearances
of the hnperfect image of a minute point at
different. distances from the eye, in a state
of relaxation. For the present purpose, [
will only repeat, that if the point is beyond
the furthest focal distance of the eye, it
assumes that appearance which is generully
described by the name of a star, the central
part being cousiderably the brightest. (Plate
12. Fig. 92, n. 6. .389.) But, when the focal
distance of the eye is shortened, the imperfect
image is of course enlarged; und, besides
this necessary consequence, the light is also
very differently distributed ; the central part

becoines faint, and the margin strongly illu-
" minated, so as to have alinost the appear-
ance of an oval ring. (N.41.) If I ap-
ply the slider of the optometer, the shudows

® Phil. Trans, 1795, 8.
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of the slits, while the eye is relaxed, nre

perfectly straight, dividing the oval cither

way into parallel scginents: (N. 42, 44.)

but, when the accommodation takes |r|:|ce,'
they immecdiately become curved, and the

more so'the fuvther they are from tlic centre

of the image, to which their concavity is

diveeted.  (N. 43, 45) If the point be

brought much within the foeal distance, the

change of the cye will increase the illomina-~

tion of the centre, at the expense of the mar-

gin. The same appearances are cqually

obscrvuble, when the cffect of the cornea is

removed by immersion in water; and the

only imaginable way of accounting for the
diversity, is to suppose the central puits of
the lens to acquire a greater degree of curva-

tare than the marginal parts. If the refrac-

tion of the lens remained the same, it is ab-

solutely impossible that any change of the

distunce of the retina should produce a cur-

viture in those shadows, which, in the re-

laxed state of the eye, are ‘found to be in all

parts straight ; and, that neither the form

nor the relative situation of the cornea is

concerned, appears from the application of
water already mentioned. . .

The truth of this explanation is fully con-
firmed by inspection of the optomcter. When [
look through four narrow slits, withiout exer-
tion, the Hues always appeur to meet in one
polut: but when 1 muke the Intersection np-
proach me, thetwo outer lines meet consiilern-
bly beyond the inner ones, und the two lines
of the same side cross each other at n still
greater distance. (Plate 11. Fig. 88.)

The experiment will not succeed with
every eye ; nor can it be expected that such
an imperfection should be universul: but
one cuse is suflicient to estublish the argu-



ON THE MECHANISM OF

ment, cven if no other were found. 1 do
not however doubt, that in those who have n
Jargze pupil, and great power of changing
the focus, the aberration may be very fre-
quently absesvuble. In Dr. Wollastun’s eye,
the diversity of appearance is imperceptible;
but Mr. Kinig described the “intersections
exactly ns they nppear to me, uhhough he
had received no hint of what I lind observed.
The lateral refrnction is the most casily ascer-
tained, by substituting fur the slits a taper-
ing piece of card, so as to cover all the cen-
tral paits of the pupil, and thus determining
the nearest erossing of the shadows trans-
mitted through the marginal parts only.
YWhen the furthest intersection was at 88, I
conld bring it to 22 parts with two narrow
slits; but with the tapered card only to 29,
From these dita we way deterimine pretty
nearly, into what form the lens must be
changed, supposing both the surfaces to un-
dergo proportional alterations of curvatnre,
and taking for granted the dimensious al-
reudy laid down : for, from the lateral aber-
ration thus given, we may find the subtan-
gents at about one tenth of an inch from the
nxis; and the radius of curvature, at each ver-
tex, is alrewly ditermined to be about 1
and 15 hundredths of an inch.  Henee, the
anterior surlace must be a portion of a hy-
perboloid, - of which the greater axis is about
50; nnd the posterior surfuce will be nearly
prravolical,  In this mmnner, the change
will be cllected, without any diminution of
the transverse diameter of ihe lens. The
elongation of its axis will not exceed the
fifiicth of an inch ; awd, on the soppasition
with which we sct ow, the proteusion will
be chielly at the postenor veriex. ‘The form

of the lens, thus chongert, will be newly that
of Plate 11, Tig. 90; the relaxed stute be-
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ing nearly asrepresented in Tig. 89. Should,
however, the rigidity of the internal and
more: refractive parts, or any other consider-
ations, render it convenient to supposc the
anterior surfuce more changed, it would still
have room, withont interfering with the
uvea; or it might cven force the uvea alittle
forwards, without any visible alteration of
the external appearance of the cye.

Why, and in what cases, such an imperfec-
tion must exist in the lateral refraction, is
easily understood, from the marginal attnch-
ment of the lens toits capsule. For,if thic cur-
vature at the axis be inereased in any consi-
derable degree, it caunot be continued far toe
waurds the margin, without lessening the din-
meter of thelens,and tearing the ramifications
which enter it from the ciliary processes, Nor
does there appear to he uny other reuson
for the very observable contraction of the
pupil, which always anccompanies the cffort
to view near objects, than that by this
means the lateral rays arve excluded, and
the indiztinctness is prevented, which would
have arisen from the insufliciency of their re-
fraction,

From this investigation of the change of
the figure of the lens, it appears that the ne-
tion, which T formerly attriboted to the exter-
nal coats, cannot ufford an explunation of
the phenomenon. The necessaiy cffect of
such nn netion would be, to produce a ligire
appronching to that of nn oblnte spheroid ;
and, to say nothing of the inconvenience at-
tending adiiminution of the dinmeter of the
lens, the fateral refraction wonld ke el more
inereased than the cenual; nor wonld the
slight chunge of density, at an equal distance
from the axis, be at all equivalent to the in-
crease of enrvature @ we must theretore AU
posc some different mode of action in the
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power producing the change. Now, whether
we call the lens a muscle or net, it seems de-
monstrable, that sueh a change of figure
takes place as can be produced by no exter-
nal cause ; and we may at Jeast illustrate it
by a comparison with. the usual action of
muscular fibres.” A muscle never contraets,
without at the sume time swelling laterally,
and it is of no consequence which of the ef-
fects we consider as primary. [ was induced,
by an occasional opacity, to give the name
of membrunous tendous to the radiations
from the centre of the lens; but on a more
accurate examination, nothing really analo-
. gous to tendon can be discovered. And, if
it were supposed that the parts next the axis
were throughout of a tendinous, and there-
fore unchangeable nature, the contraction
must be principally effccted by the lateral
parts of the fibres; so that the coats would
become thicker towards the margin, by their
contraction, while the general alteration of
form would require them to be thinner; and
there would be a contrariety in the actions of
the viirioua parts. But, .if we compare the
central ports of each surface to the belly of
the muscle, it is ensy to cunceive their thick-
ness to be immediately increused, and to
produce an lmmediate elongation of the axls,
and an Incrense of the central curvuture
while the laterul purts cooperate more or less,
uccording to their distunce from the centre,
and in difierent individuals in somewhat dif-
ferent proportions, Ou this supposition, we
" huve no louger any dilliculty in astributing o
power of change to the erystalline of fishes,
M. Detit, in a great number of ubservations,
uniforinly found the lens of fishes more or
less flattened: but, even if it were not, a
alight extension of the luteral part of the super-
Scinl fibres would ullow those softer coats to be-
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come thicker at each vertex, and to form the
whole lens into a spheroid somewhat oblong ;
and here, the lens being the only agent in
refraction, a less alteration than in other ani-
mals would be sufficient. [t is also worthy of
inquiry, whether the state of contraction may
not immediately add to the refractive power.
According to the old experiment, by which
Dr. Goddird attempted to show that muscles
become more dense as they contract, such an
cffect might naturally be expected. That ex-
periment is, however, very indecisive, and the
opinion is indeed generally exploded, but
perhaps too hastily ; and whocever shall ascer-
tain the existence of nonexistence of such a
condensation, will render essential service to
physiology in gencral. Somne interesting ex-
periments, on this subject, have been pro-
mised to the public by a very ingenious phy-
siologist, who has probably employed a more
decisive method of investigation in his re-
searches. Swammerdamn professes to have
found such a condensation in the contrac-
tion of a muscle; but it is obvious, that what
he has attribnted to the heart praperly be-
Jonged only to the nir which it contained,
und one of his experiments, which wus free
from this source of fullacy, does not up-
penr to bhave shown any sutisfactory result,
nithough conducted with sume aceuracy, by
inclosing n thusele in a bowle filled” with
water, comimunicating with o natrow open
tube *.

D¢, Pemberton, in the yenr 1719, first sys.
tematienlly discussed the opinion of the mus.
cularity of the crystalline lens ., He refere
red to Leeuwenhock’s mieroscopicul obser-
vations ; but he so overwhelmed his subject

6 Book of Nalure, 11. iao, 187,

4 De Facultate ‘Oculi qua ad diversas rerum distantizs
»¢ accominodat, L, B, 1719, Ap. Hall, Disp, Anat. 1V, 301,
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with intricate calculations, that few have
attempted to develope it: he grounded the
whole onan experiment borrowed from Bar-
row, which, with me, has totally failed ; and
I cannot but agree with Dr. Olbers in the
remark, that it is easicr to confute him than
to understand him,
clhange of the figure of the lens; and per-
hups the opinion was more just than the rea-
sons adduced for its support. Lobé, or ra-
ther Albinus *, decidedly favours a similar
theory ; and suggests the analogy of the
lens to the musculur purts of péllucid ani-
mals, in which he says that even the best
microscopes can discover no fibrés. Cam-
per also mentions the hypothesis with consi-

deruble approbation 4. Professor Reil pub- .

Jished, in 1793, o Dissertation on the Struc-
tire of the Lens; and, in a subsequent pa-
pery, aunexed to the translation of my for-
mer Essuy in Professor Gren’s Journal}, he
discussed the question of its muscularity, I
regret that I have not now an opportunity of
referring to this publication; but I do not
recollect, that Professor Reil's objections are
different from those which I have already no-
ticed..

Considering the sympathy of the crystal-‘

line lens with the uvea, and the delicate na-
ture of the ‘chiange of its figure, there Is Jit-
tle reason to expect, that any artificial sti-
mulus would be more successful in exciting
a contractive action in the lens, than it has
hitherto been in the uven 3 much less would
that contraction be visible without nrt. Soon
alter Mr. Hunter’s deuth, I pursued the ex-

® De quibusdam Oculi Partibus, L. B. 1746, Ap. Hall,
Disp. Anat. IV, 801, :

+ De Oculo Humzno, L. B. 1742, Ap. Hall, Disp, Anat.
Vit ii. 108, 100.

1 1704.333, 354

-91,) was executed by Mr. Jones,

Heargued for a partial.
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periment which he had saggested, for ascer-
taining how fur such a contraction might be
observable. My apparatus (Plate 11, [Fig.
It con-
sisted of a wooden vessel, ‘blackened within,
which was 10 be filled with cool, and then
with warmer water: a plane speculum was
placed under it ; a perforation in the bottom
was filled with a plate of glass ; proper rings
were fixed for the reception of the lens, or
of the whole eye, and nlso wires for trans-

‘mitting electricity : above these, a piece: of

ground and painted glass, for receiving the
linage, was supported by a brdcket, which

“was moved by & pinion, in connexion with
ascale divided into fiftieths of an inch, With

this apparatus I mnde some experiments,
assisted by Mr. Wilkinson, whose residence
was near a slunghter houseé : but we could ob-
tain, by this method, no satisfactory evi.
dence of the change; nor was our expecta-
tion much disappointed. I understand also,
that another gentleman, a nember of this
Society, was equally unsuccessful, in ut-
temptiug to produce a conspicuous change
in the lens by electricity. '

X. Innan, aud in the most common qua-
drupeds, the structure of the lens is nearly si-
milar. The number of radiatiuns is of litile
consequence ; but I find’ that, sometimes at
leas, in the human crystalline, there are
ten on each side, (Plate 12. Fig. 93.) not
three, as I once, perhups from a too hasty
observatlon, concluded ¥, Those who find
any difficulty, in discovering the fibres, must
have a sight very ill ndapted to microscopi-
cal researches. I have luboured with the
most obstinate perseverance to lrace nerves
into the lens, and 1 have sonmetimes ima-

* De Corp. Hum. Vir. Cons, o8,
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gived, that T had sugeceded 5 but [ canuot
pasitively go further than to state my full
copyiction of their existence, and of the pre-

cipitangy of those who have absolutely de- -

nied it.  The.long nerves, which nre very
¢onspicyous between the choroid and sclero-
tic coats, divide each into two, three, or
moare branches, at the spot where the ciliury
gope begins, and scem indeed to furnish the
choroid with some fine filaments at the sume
pluce. The branches often reunite, with g
slight pro;uber'uqce, thnt scargely deserves
the name of a ganglion : here they are tied
down, and mixed with the hard whitish
brown membrane, that covers the compact
sppogy substane¢e, in which the vessels of the
ciliary processes anastomosg and subdivide,
(Plate 12. Fig. 94.) The quantity of the
nerves, which proceeds to the iris, appenrs 19
be considerably smaller than that which ar-
rives nt the place of division; bence there

cun be litle doubt, thut the division is cal-,

culated to supply ihe lens with some minute
branches ; nad it is not improbable, from the
appearance of the parts, that some fibres muy
pass to the corneu; ulthough it might more
naturally be expected, that the tunica con-
junctiva wonld be supplied from without,
But the subdivisions, which probably puss tq
the lens, enter imniediately into a mixture of
ligurﬁentous |ub§fnt|ce, and of a tough
brownish membring ; and I have not hithers
to been uble 1o develope them.  Perhaps ani-
wnals muy be found, i which this substonce
is of a difierent nature ; and I do not despnir

that, with the assistance of injections, for .

more readily distinguishing the blond vessels,
und of an acid for whitening the nerves,
it may still be possible to trace them in quas
dropeds.  Our innbility to discover them is
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scareely an argument against their existence:
they must naturally be delicate and trans-
parent; and we have an instance, in the
cornea, of considerable sensibility, where
no nerve has yet been tryced.  The capsule ‘
adberes to the ciliary substance, and the leng
to the capsule, principally in two or three
points; bat, I confess, 1 have not been able
to observe that these points are exagtly op-
posite to the trunks of nerves; so that, pro-
bably, the adhesion is chiefly caused by those
vessels which are sometimes seen passing to
the cypsule in injected eyes. We may, how-
ever, discover rumifications from some of
these points, upon and within the sybstancq
of the lens, (Plate 12. Fig. 95.) generally
following a direction negr to that of the
fibres, and sometimes proccedipng from . g
puint opposite to one of the radiyting lincs of
thi-same surfuce.  But the principal vessels
of the lens appear to be derived from tha
ceutral artery, by tyo or three bianches at
some little distance from the posterior vers
tex ; which I conceive to be the cnuse of tha
frequent udhiesion of a portion of'a enturact
to the -capsule, about this point: they fols
low neurly the course of the radiations, and
then of the fibres ; but there is ofien u super-
ficinl subdivision of one of the rpdii, at the
spot where one of them enters. "The vessels
conting from the clioroid uppenr principully.
to supply a substance, hitherta unobserved,
which fills up the murginal purt of the cup-
sule of the crystalline, in the form of a thin
zone, nnd makes a slight'clevation, visible
even through the cupsule. (Fig. 96.. y8.)
It consists of courser fibres than the lens, but
in u direction ucarly similar ; they nre oiten
intermixed with small globules, In some
anitals, the murgin of the zone is crenuteil,’
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especially behind, where it is shorter: this
s observable in the partridge ; and, in the
snme bird, the whole surface of the lens is
scen to be covered with points, or rather
glahules, arrpmged in regular lines, (Plate
13." Tig. 99.) so ns to have somewhat the ap-
péarance of a honeycomb, but towards the
vertex less uniformly disposed,  This regu-
larity is n sulficicat proof that there could be
no optical deeeption in the appearance § al-
thougly it requires n goad microscope to dis-
caver it distineily ; but the Zone may be
easily pecled off under water, and hurdened
in spirits. Its nse is uncertain : but it may
possibly secrete the liquid of the crystalline ;
and it as much deserves the name of a gland,
as the greunter part of the substances vsually
40 denominnted. Tn peéling it off, 1 hdve
very distidctly obs¢rved ramifications, which
were passing throigh it into the lens ; (Plate
12. Fig: 97.) and indeed, it is not at all dif-
ficult to detect the vessels cofnecting the
margin of the lens with its ¢apsule; and it
is surprising that M. Petit should have
doubted of their existence: I have not yet

clearly discerned this erystalline gland in the:

humdn eye; but I infer the eéxistence of
something similar to the globules, froii the
spotted appearance of the imitge of a lueid

‘point already inentiontd; for which I can no

otherwise nccount, thah by nti¥ibuting it to-
a derangement of thése particles, produced by

the externul force, and to'an unequal impres--
slon mnde by them on thé surfuce of the lens;”
“In birds dnd in fishes, the fibres of the:

crystalline ftidiate "equally, bedoiing Anér

a8 they :approach the vertex; Il they are:

lost in a unifortn substarice, of the suhe de-
gree of firmness, which appeats to be¢ perfo-
rated in the centre by a blood vesscl.  (Plate

3
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13. Fig. 100.) In quadrupeds, the fibtes at
their dngular mecting are certainly not con-
tinved, ns Lecuwenhoek immagined, dcross
the line of division: yet there does not ap-
pear to be any dissimilar substance inter-
posed between them, except that very inute
trunks of vessels often murk that Jine., But,
since the whole mass of the lens, as far as
it is moveable, is probably endned with a
power of changing its figure, there is no
nced of any strength of nniou, of place of
attaclunent, for the fibres, ns the mntion
can meet with little or no resistance. Every
common muscle, nssoon as its conlraction
censes, returns to its natwral form, even
without the assistance of au antagonist ; and
the lens itself, when taken ont of the eye,
in its capsule, hos elnsticity cnough to re-
assume its proper figure, on the removal of
a force that has comnpressed it.  The capsule
is highly clastic; and, since it is latcrally
fixed to the ciliary zone, it must cooperute
in restoring the lens to its flattest form. 1f
it be inquired, why the lens is not capable of
becoming less convex, as well as more so,
it may be answered, that the lateral pats
have probably little contractive power; and
if they had more, they would have nv room
w increase the size of the disc, which they
must do, in order to shorten the axis; and
the parts ubout the uxis have no fibres so
arranged as to shorten it by their owrd con-
traction.

I cohsitlet mystlf as being partly répaid
for the labour lost in search of the nerves
of the lens, by having acquired a mure at-
curate conteption of the nature and situntion
of the cilitiry substance. Ithad already been
observed, thut in the hare and in the woll,
the ciliary proccsses are not attached to the
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capsule of the lens; and if by the ciliary
Pprocesses we understand those filimentswhich
are scen detached afier tearing away the
capsule, and consist of ramifying vessels, the
observation is equallytrue ofthe common qua-
drupeds, and even of tlic human eye *. This
yemark has indeed been made by Leroi, Albi-
nus, and others, but the ciremnstance is not
generally umlerstood. It is so diflicult to ob-
tain a distinet view of these bodies, undis-
turbed, that Tam partly indebted to ueci-
dent, for having been nndeceived respecting
them : but, having once made the observii-
tion, I have learnt to show itin an un-
questinuable manner. I remove the posterior
hemisphere of the sclerotica, or somewhat
more, and also as nuch ay possible of the
vitrcous hnmour, introduce the point of a
pair of scissors into the capsule, turn ont the
lens, anil cut off the greater part of the pos-
terior portion of the capsule, and of the rest
of the vitrcous humour. I next dissect the
choroid and uvea from the sclerotica; and,
dividing the nuterior part of the capsule into
segmeuts from its centre, I turn them back
upou the ciliary zone. "The ciliary processes
then appear, covered with their pigment, nnd
perfectly distinet both from the cupsule and
from the uven; (Plate 13. Fig. 101.) nnd
the surfuce of the cupsule is scen shining,
and evidently natnral, close to the base of
these substances.
separation between the uven and the pro-
cesses; extenls somewhut further back than
the sepuration between the proecsses and the
capsule § but the diffcrence is inconsiilerable,
and, in the cull, ducs not awmount to abave
hulf the length of the detuched part.  The
appeuarnnce of the processes is wholly irre-

® Vid, Hall, Physlo). V. 482. €1 Doveincy, ibi cltas

I do not deny that the-
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concileable with muscularity 5 and their be-
ing considered as muscles nttached to the
capsule, is therefore doubly inadmissible,
Their lateral union with the ecapsule com-
mences at the base of their posterior smonth
surfuce, and is continued nearly to the point
where they are more intimately united with the
termination of the uvea; so tha, however this
portion of the base of the processes were dis-
posed to couwraet, it would be much too short
to produce any sensible effect. What their use
inay be, cannot easily be determined : il it
were necessary to huve any peculiar organs
for secretion, we might call them glands,
for the percolation of the uqucous humour ;
but there is no reason to think them re-
quisite for this purpose.

The marsupium nigrum of birds, and the
horseshoe like appearance of thé¢ choroid of
fishes, are two substances which have some-
times, with equal injustice, been termed mus-
ciilur, Al the apparent fibres of the marsus
pivm nigrmm are, as Haller had very truly as-
serted, merely duplicntures of n membrane,
which,when its ends are cut off, inuy éusily be
unfolded under the microscope, with the ns-
sistance of a fine lwir pencil, 8o as to leave
no longer any suspicion of n musculur texture,
The experiment related by Mr, Home *, cun
scarcely be deemed u very strong arguinent
for attributing to this substunce a faculty
which its appenrunce go )ittle authoriscs us to
expect in it. ‘The red substance, in the cho-
roid uf' lishes, (Plgte 13. Tig. 102.) is more
enpable of deceiving the-observer ; its colour
gives it some lltile pretension, and 1 began
to examine it with a prepossession In fuvour
of its muscular nature,, But, when we recol-
lect the general colour of the muscles of

® Phil, Trane, 3790. 18,
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fishes, the consideration of its rednesswill no
longer have any weight. Stripped of the
membrane which Joosely covers its iuternal
surface, (Ifig. 103.) it seems to have trans-
verse divisions, somewhat resembling those of
muscles, and to terminate in a manner some-
what similar; (Fig. 104.)but, when viewed in
a microscope, the transverse divisions ap-
ipear to be cracks, and the whole mass is evi-
dently of a uniform texture, without the
lenst fibrous appearance: and, if a particle
of any kind of muscle is compared with it,
tiic contrast becomes very striking, Besides
it is fixed down, throughout its extent, to
the posterior Jamina of the choroid, and has
no attachment capable of directing its ¢flect ;
to say nothing of the diflicalty of conceiving
what that effcet would be. Its use must
remain, in common with that of mnany other
parts of the animal frame, entirely concealed
from our curiosity.

The bony scales of the eyes of birds, which
were long ngo described in the Mémoirs of
the Academy, by Mery *, in the Philosophi-
cul Transactichs, by Mr. Ranby +, and by
Mr. Warren}, afterwards in two excellent
Memoirs of M. Petit on the eye of the tur-
key and of the owl§, and lately by Profes-
sor Blumenbach ||, Mr. Pierce Simith 9], and
Mr. Home **, can, on any supposition, have
butlittle concern in theacecommodation of'the
eye to different distances: they rather seem
to be necessary for the protection of that
orgun, large and prontinent as it is, and un-

¢11. 18,

4 Phil. Trans. XXXIIL. 293. Abr. VII. 435,

4 Phil. Trans. XXXI1V. 113. Abr. V11, 437,

§ Mém,de 'Acad. 1735, 163, 1730, 100, Ed, Amst,
iI| Comm. Gott. VLI, 63,

4 Phil, Trans. 1793, 2063,

*® Phil, Trans. 1596, 1.

vouL, 11,
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supported by any ‘strength in the orbit,
against the various nccidents to which the
mode of life and rapid motion of those ani-
mals nust exposc it; and they are much less
linble to fracture than an entire bony ring
of the same thickness would have been. The
marsupivmn nigrwn appears to be intended to
assist in giving strength to the eye, to prevent
any change in the place of the lens, by exter-
nal force: it is sosituated as to intercept but
little light, and that little is principally what
would have fullen on the inscrtion of the
optic nerve: and it seems to be too firmly
tied to the lens, even to admit uuy consider-
able elongntion of the axis of the eye, al- -
though it certainly would not impede a pro-
trusion of the cornen. There is a singuiur ob-
servation of Poupart, respecting the ejes of
insects, which requires to be mentioned lere.
He remarks, that the eye of the libellula is
hollow; that it communicates with an air
vessel placed longituwdinally in the trank of
the body ; .and that it is capable of being in-
flated from this cavity: he supposes that
the insect is provided with this apparatus,
in order for the accommodation of its eye
to the perception of ohjects at different. dis-
tanccs*. There is no difficulty in supposing
that the means of producing the change of
the refractive powers of the eye, may be, in
different clnsses of anitnuls, as diversificd as
their habits, and the general conformation
of thicir orguns, But an exmuination of the
eyes of libellulae, wasps, anil lobsters, in-
duces me not only tu reject the suggestion of
Poupart, but to agree with those naturalists,
who have called in question the pretensions
of these organs to the name usually applied
to them, Cuvier has given u very fair state-

¢ Phil, Trans. XXII. 673. ALt 11, 703,
N



- 258 -

GO2

ment of the case, in his valuable work-on com-
parative anatomy ; and his descriptions, as
well as those of Swammerdam, agree in ge-
neral with what I have observed. We are
prejudiced in favour of their being eyes, by
their situation and general appearance. The
oopions supply of nerves seems to prove, at
least, that they must be organs of sense. In
the hermit- crab, Swammerdam says, that
their nerves cven decussnte, but this is not
the case in the crawfish. The external
coat is always transparent; its divisions are
usually nore or less lenticular. Many insects
have no other organs at all resembling eyes;
and when these eyes huve been covered, the
insects appear to have been either wholly
or partially blinded®. But, on the other
hand, nany insects are without these eyes,
and of those who have them, many have
others also, more unquestionably fitted for
vision. The neighbouring parts of the hard
skin or shell arc often equally trunspu-
rent with these, when the crust lining them
is removed.  In the apis longicornis, the an-
tennae, as Mr. Kirby fist informed me, hiave
samowhatof the same ieticulated appearance,
but not cnongh for the foundation of any
argument respecting its use.  This reticu-
Inted cont is always completely lined by an
obscure and opuque mucus, which appénrs
perfectly unfit Tor the trunymission of light ;
nur iv there auy thing like n transpurent ho-
mpnr in the whole structure: and the con-
vexity .of the lentlculne partions is by no
meaus sutliciemly great, to bring the rys of
light 1.0 very near luens; indeed, in lubsters,
the external surtuce is perfectly equuble, nnd
the intermul surfuce is .anly divided into
squaces by a cancelluted texture adhering to
it There is notling in any way annlugous

# Jlooke Microgr. 178,
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to a retina, and there can be no formation
of such an image, as is depicted in the eyes

of all other animals, not excepting even the -

vermes: nor does there appear to be room to
allow with Bidloo that there is a perforation,
admitting light, under the centre of each
hexagon. Ifthey are cyes, their manner of
perceiving light must rather resemble the
sense of hearing than that of seeing, and they
must convey but an imperfect idea of the
form of ohjects. " And it may be remarked
that beetles, which have no other eyes, fly
much by night, and are proverbially dull-
sighted. The stemmata, which are usually 3,
6, 8, or 12 in number, have much more in-
disputably the appearance of eyess In the
wusp, they consist externilly of a thick
double convex lens, finnly fixed in the shell,
J)erfectly transparent, and externally very

hard, but internally softer; behind this ap- -

pears to be a vitreous humour, and probably
behind that, there is i relini. Here we
must consider tlie crystalline lens us united
to the cornea, without any uveu or aqueous
humour. In the reticulated eyes, there is
nothing resembling a crystalline lens, The
stemmata have never any motion, but they
ure capnble of comprehending, conjointly, a
very extensive ficld of view 3 and it is possi-
ble that the pesterior part of the lens inay
have n power of chunging its convexity for
the perception af objeets at different dis-
tunees. ’ .

XI. I shall now finully recapitlate the
prineipul objects and results of the investign-
tinu, which | have tuken the liberty of detnil-
ing so fully to the Royal Suciety, Tirst, the
determiuation of the refractive power of u va-
riable medinm, (M. E. 465.)nnl itsupplication
to the constitution of the crystalline lens. Se-
condly, the constraction of nn instrument for
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ascertaining, upon inspection, the exact focal
distance of every eye, and the remedy for
its imperfections. Thirdly, to show the ac-
curate adjustment of every part of the eye,
for seeing with distinctness the greatest pos-
sible extent of objects at the same instant.
Fourthly, tomeasure the collective dispersion
of coloured rays in the eye. Fifthly, by
immerging the eye in water, to demonstrate
that its accommodation does not depend on
any change in the curvature of the cornea.
Sixthly, by confining the eye at the extre-
mities of its axis, to prove that no material
alteration of -its length can take place. Se-
venthly, to examine what inference can be

drawn from the experiments hitherto made-
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on persons dcprived of the lens ; to pursue the
inquiry, on the principles suggestcd by Dr.
Porterfield; and to confirm his opinion of
the utter inability of such person's, to cliange
the refractive state of the organ.  Eighthly,
to deduce, from the aberration of the lateral
rays, a decisive argument in favour of a
change in the figure of the crystalline; to
ascertain, fromthe quantity of this aberration,
the form into which the lens appears to be’
thrown in my own eye, and the mode by
which the change must be produced in that
of every other person. And I flatter myself;
that I shall not be deemed too precipitate,’
in denominating this scries of experiments-

-satisfactorily denonstrative.
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EXPLANATION OF THE FIGURES.

Prate 9. Fig. 71. The form of the ends of the optometer, when made of card. The
apertures in the shoulders are for holding a lens: the square ends turn under, and are
fastened together. ) i .

. Fig. 72. The scale of the optometer. The middle line is divided, from thelower end, into
inches. The right hand column shows the number of a concave lens requisite for a short
sighted eye; by looking through the slider, and observing the number opposite to which the in-
tersection appears when most remote. At the other end, the middle line is graduated for ex-
tending the scale of inches, by means of a lens four inches in focus : the negative numbers
implying that such rays, as proceed from them, are made to converge towards a point on the
other side of the lens. The other coluinn shows the focal length of convex glasses, re-
quired by those eyes, to which the intersection appears, when nearest, opposite to the respec-
tive places of their numbers.

Tig.79. A side view of the optometer, half its size.

Tig. 74. The appearance of the lines through the slider.

Fig. 75. Mcthod of measuring the magnitude of an image on the retina.

Fig. 76. Divgonal scale drawn on a looking gluss. -

Fig. 77. The method of applying a lens with water to the cornea.

Tig. 78. The nppeurance of a spectrum occasioned by pressure; and the inflection of
struight lines seen within the limits of the spectrum.

* Lig, 79. An illusteation of the enlurgement of the image, which would be the conse-
quence of an elongation of the eye: the innges of the candles, which, in one instance, full
on ihe insertion of the nerve, fulling, in the other instance, beyond it, '

Prate 10. Tig. 80. The successive forms of the imuge of a lrge distant object, as it
would be delinented by each refractive surfuce in the eye; to show how that form at lase
coincides with the retina, B G is the tlistance between the fuel of horizontal und verticyl
ruys in my eye.

Prate 11. Tig. 81, Venicul section of my right eye, secn from without ; twice the
nutural size.

Fig. 82. Horizontal section, seen from above.

Fig. 83. I'ront view of my left eye, when thic pupil is contracted ; of the natural size.

Tig. 84. The same view when the pupil is dilated.

Fig. 85, Outline of the eye und its straight muscles when ut rest.
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Fig.86. Change of figure, which would be the conscquence of the action of those
muscles upon the eye, and upon the adipose substance behind it.

Tig. 87. Scale of the small optometer.

Tig. 88. Appearance of four images of a line seen by my eye when its focus'is shértest.

Fig. 89, Qutline of the lens, when reluxcd 5 from n comparison of M. Petit's measures with
the phenomena of my own eye, and on the supposition that it is found in a rclaxed state
after death.

Fig. 90. Outline of the lens sufficiently changed to produce the shortest focal distance,

Fig. 91. Apparatus for ascertaining the focal length of the lens in water.

PraTe 12. Iig.92.n, 28. Various forms of the irage depicted by a cylindrical pencil of
rays obliquely refracted by o spherienl surfice, when received on plunes at distances pro-
gressively greater. ‘

Fig. 92. n. 29. Image of a minute lucid oljcct held very near to my eye..

Fig. 92. n.30. The same nppearance when the eve hus been rnbbed.

Fig. 92. n. 31.. 97. Different forms of the image of a lucid point at greater and greater
distances ; the most perfect focus being like n, 88, but much smaller,

Yig. g2. n. 38. Imuge of a very remote point seen by my right eye,

Fig. 92. n. 39. Image of a remote point seen by my left eye ; being niore obluse at one
end, probably from a Jess obliquity of the posterior surface of the crystalliue lens.

Fig. 92.n. 40. Combination of two figures similar to the fifth variety of n. 28; to
imitate n. 38. :

Fig. 92.n,41. Appenrance of a distant lucid point, when the cye is adapted to a very
near object. ‘

Fig. 02. n. 42, 44. Shadow of parallel wires in the image of a distant point, when the
cye is reluxed.

Fig. 02. n. 43, 45. The same shadows rendered curved by a change in the figure of the
crystalline lens,

Fig. 93. The order of the fibres of the human crystalline:

Fig. 44. The division of the nerves at the cilinry zone ; the sclerotica being removed.
Onc of the nerves of the uvea is seen passing forwards and subdividing. I'rom the calf..

Fig. 95. Ramifications from the margin of the crystalline lens.

Fig. 9. The zoue of the crystalline fuintly seen through the cupsule.

Fig. 97. The zone raised from Its situation, with the rumilications passing through it into-
the lens.

Fig. 08. The zone of the crystaliine detachied. _

Prate 13. Fig. 99. The crenated zone, and the globules regularly arranged on
the crystalline of the partridge.

Fig. 100. The order of the fibres in the leus.of birds and fishes.

Fig. 101. 'I'he segments of the capsuleof the erystalline turne 1 back, to show the detached
ciliary processes. From the calf.
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Fig. 102. Part of the choroid of the cod fish, with its red substance. The central artery
hangs loose from the insertion of the nerve.

- Fig. 108. The membrane covering this substance internally, raised by the blowpipe. .

Fig. 104. The appearance of the red substance, after the removal of the membrane.



Fig.q2
m | z‘, k) 1
~ ¥ :
;f le :t‘
sl
- .
14|
Z
AL
v | “1-718
E .
"
b
-
x .
v|6|a
S
9 |
L.
olg |
ol .ot .
I
oz
'] o
|4}
ot |-
e
njoogi- | M
[{1]
6l ¢
ol | -
gl e 4]z
L .
gg'; 13
Qt—
9 .
0z — BIEY
16
- |16
5 1
.2 )28
1
)
Y o
o
R
6| | B
. (%
x
H
“
v -9 E

,/‘/;/}/

Z i

iy,
A Ak

2 /’//’%//4‘/’:/%

.
)

7%

'/7 ,l// 7 ’/%flj

7 /// i

N

N
N

.

A ;

%/}/%///

)
.

// //’? 7,

- 263 -

PLATE 9.

]“ig‘.j\ .

7
.

2%

.
.
. /{4//’/
/’/é/

5 L7 ,"// /
ik
//%//, ,/7//,
s 7 /////
7 /// ) 7

7

T

2
74//}' x i 0
1////// /// {%%/{é//;/}%u///,m//m

S—,

Fig.16.

A Z ///

i

707340 mm

7,

Fig.q8.

/ ///////
7

Pul‘. I:y Lo Lohpeon, London 1 July 1800

Joveph Relte



PLATE o,

- 264 -

Fig G,

Lo dar B Aediniain Lacsnbon g ddy 1S

ie

0




- 265 -
PLATE 1.

Fig .81, Fig .82.

Fig8q. A

!
Tz

-4 Fig.88.

YR
»

Fig.go.

—
ﬂAw

=
S

|1
O
q

ul
Xl

bub. &y T Johnaen , London Jﬂ[r PRATER deopdy S end



Vel 71

- 266 -

PYLATE 12,

\\i@y//:

il

i \\\\\\

T

)

Ny
\\_\ NN
A\ \\

i

Lub by 7 Johnson Lendon 3 July 1806 . Joceph Nkeltem gou



Toi

- 267 -

3

o

PLATE |

sindye

A8 L 8T

e,

stferst 1 Feedy 1.5

]

M

g
=
~
N
<
<
3
~




o Fig.no
B ——
A —— T T
PERESNY | B st
!

it H“h

rh ' i) m‘ﬂm

..Jmnwmmllﬂmm

IIW“'

il L':l!l il
e

;‘1[!‘) i

xx, ’rm;‘ﬁm:’gﬁ:')&,hx
FUGH [ DBEC

'.:\ \ 1
)

1\

i

!
’m"h
i

wummnnn' ittt =
l.auﬂrﬂ iy el

IFiss. 109

- 268 -

PLATE 15.

Dol by S Tohnson Londen 1 Tuly 508

. —R

Vol I p 60,

Severph Skl



- 269 -

COLOUR VISION

Knowledge about the mechanism of colour vision
advanced during the seventeenth and eighteenth centuries
mainly owing to the work of three men. In addition to
his brilliant work on the nature of white light, Newton
carried his theories forward to offer an explanation of
the way in which the various colours produced their
effects upon the retina. After Newton, the subject was
largely neglected until Dalton published the unique self-
analysis of his own colour-blindness in 1794. This was
followed in 1802 by Thomas Young's brief paper, in which
he outlined his own theory of colour vision, a theory
which has received experimental verification only in
recent years. The neglect of this topic is not surprising,
since, until the time of Dalton's discovery, the bé.sic
problems of vision and the basic problems of the nature
of colour were proving difficult to resolve separately,
without the additional complication of combining the

problems.

The major problem in vision had been solved
theoretically nearly two hundred years before Dalton's
work, when Kepler had mathematically established the
retina as the seat of vision. His theory had rapidly been
confirmed experimentally by Scheiner and Descartes.
However, the concept of the retina as the seat of vision
rather than the crystalline lens, which until the end of the
sixteenth century had been considered to be the light-
sensitive medium, was one that required considerable
thought and consolidation before it was fully accepted.
This acceptance occurred gradually over a period of two
hundred years, as alternative theories for the seat of
vision were explored and rejected. During roughly the
same period, the nature of colour and the related topic,
the nature of light (whether it was corpuscular or a wave

motion), were also being investigated. Newton's discovery
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of the nature of white light can probably be considered
to have the same significance in this area as did
Kepler's establishment of the retina as the seat of
vision. Probably the major problem which had to be
resolved before a satisfactory foundation could be
established for Young's three-colour theory of vision,
was the explanation of the different effects obtained
when pigments and lights of the same colours were
mixed, e.g. red, green and blue pigments giving black,

while red, green and blue lights give white.

During the seventeenth and eighteenth centuries,
three scientists dominated this field. Chronologically,
they were Newton, Dalton and Young, but in fact the work
of Newton was strongly linked to that of Young, so that it
will be convenient to consider their work together.
There were also other articles published from time to
time during this period and they will be considered
chronologically. These articles can be considered to
give a convenient introduction to Dalton's work, since
they deal largely with accounts of defective sight, although
the quality of their descriptions do not match those of
Dalton. Newton and Young adopted a theoretical approach
in the main, while Dalton's approach to colour-vision was,
inevitably, a subjective description of his own colour-blindness.
It was not until Young's work was published that the two

separate approaches to the subject began to merge.

Robert Boyle in 1664 published the first article on
colour-blindness that I have been able to discover. He
made the interesting observation that we see colours
because of some motion produced in the retina by the
colours. This motion is then transmitted to the brain.
He said that if some other cause -~ say, a dream - cau?ed

the same motion, then we would see the same colours.

"Colour is so far from being an inherent quality
of the object in the sense that is wont to be
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declared by the schools, or even in the
sense of some Modern Atomists, that if
we consider the matter more attentively,
we shall see cause to suspect, if not
conclude, that though Light do no more
immediately affect the organ of sight than
do the bodies that send it thither, yet
Light itself produces the sensation of a
colour, but as it produces such a
determinant kind of local motion in some
part of the brain; which, though it happen
most commonly from the motion whereinto
the slender strings of the Retina are put,
by the appulse of light, yet if the like
motion happen to be produced by any other
cause wherein the light concurs not at all,
a man shall think he sees the same colour."

A few years later, Boyle again returned to this topic
in an article in which he mentioned two people who could
not differentiate some coloursz. The article is .very
superficial, however, and does no more than mention the
inability to differentiate certain colours. The first
subject mentioned was a woman whose sight had gradually
returned after she had gone blind. It was said that she
could see more distinctly in dull light than in bright, and
could not differentiate between same colours. No other
details were given, but it would appear that this was not a
case of normal colour-blindness, since first, it followed
some major defect of the eye leading to blindness; and
second, it affected a woman, and women are subject to
this defect of vision far less frequently than men. The
second case could well be a case of colour -blindness
although, regrettably, Boyle gave few details. The case
concerned a mathematician who saw some colours
differently from other pedple. It is indeed surprising that
further details were not given, and froin Boyle's account

we are not even given the colours which were mistaken.

The first experiment on colour vision which I have been
. .3
able to find was carried out by De la Hire~. He wanted
to find out whether our two eyes see an object as the same

colour. The experiment was very simple and, not
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surprisingly, De la Hire used an adaptation of the
experiment using pin holes in two sheets of card. A
coloured paper was viewed by both eyes, each looking
through one of the holes. Two circular images were
seen, and by moving the cards the two images were
arranged to be adjacent to each other. If the eyes
were seeing a different colour, then the images seen
in the two holes would be easily seen to be of different
colours. Although this experiment was extremely
simple, it nevertheless marks one of the few occasions
during this period when experiments in colour vision

were carried out.

The first time that the actual symptoms of colour-
blindness were described with adequate detail was nearly half
a century 1ater4. Joseph Huddart was a hydrographer
and manufacturer living in Cumberland, and he reported
a case which had come to his notice of a man who
apparently saw colours differently from other people.

The subject of Huddart's paper was a man called Harris
who lived at Maryport. It would appear that Harris was
very observant, since it was reported that he first noticed
that his sight was different at the age of four. He found
a stocking and noted that people called it 'red'; he could
not understand this and could only call it a stocking.
Huddart spoke with Harris frequently and learned that he
could see well, but could not distinguish colours. It is
extremely unlikely that Harris could see no colours at all,
and he was probably a dichromat, or anomalous trichromat.
A dichromat is a person who cannot distinguish one of the
three prime colours; red, green and blue; the most
comr’non deficiency is red-blindness. Anomalous
trichromats can distinguish three prime colours, but

they see them differently from normal people. A fuller
account of the current state of knowledge of colour-
defectiveness is given in Appendix A There are other

clues to be found from Huddart's paper, however, which
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indicate that Harris was probably a protanope -~ someone
who is unable to see red colours. Harris specifically
mentioned that he was unable to distinguish cherries on

a tree from the leaves, except by shape. Straw-coloured
articles he called white, which would indicate a deficiency
at the red end of the spectrum. These two pieces of
evidence taken together indicate that he was probably red-
blind, a protanope, the most common type of dichromat.
Apart from his difficulty in distinguishing between colours,
he felt that he could see as clearly as other people.

Most of the tests of colour -matching that were given

as examples used ribbons, although there is a mention

of one of Harris' brothers, who had seen a rainbow but
had been unable to differentiate the colours. Details

of the vision of Harris' immediate family were also
given, so that from the beginning it was possible to see that
an inherited characteristic might be responsible for
colour -blindness. Two of Harris' brothers had the

same defect of vision, two other brothers and sisters

had normal vision, and both parents had normal vision.

The next account of a case of colour -blindness
followed very shortly indeed, and was contained in a
letter from a J. Scott to a Rev. Whisson of Trinity
College, Camh-idge5. Scott stated initially that this
was a family failing. He himself had a disability
concerning colours, his father had the same impediment;
his mother and a sister were perfect; his other sister
had the same defect as himself. This last sister had
two sons, both defective, and a daughter who was perfect.
Scott himself had a son and daughter, both perfect, as was
their mother. The brother of Scott's mother had a
similar impediment to Scott. This article must have
helped to confirm that colour-blindess was inherited, but
unfortunately it contained two pieces of evidence which
would have been extremely misleading to anyone attempting
to establish the basic rules governing the transmission of

the disability. Cases of women suffering from colour-
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blindness are . much rarer than those of men, so that
Scott's sister who also had the defect would have tended to
obscure this fact. Also, colour-blindness is almost
always inherited through the female line, and it is
therefore difficult now to evaluate exactly what part
Scott's father's defect played in passing on the colour-
deficiency to his children. The explanation which is
given below is probably the correct one, although it is
impossible to be certain that the transmission pattern
might not have been due to some very rare type of

dominant colour~blindness.

It can be considered. most unfortunate indeed that
this second reliably-reported case of colour-blindness
contained complications which were due to a very rare
occurrence. This is that Scott and his brothers and
sisters were the offspring of a colour-blind father and
a mother who was a transmitter of the defect. This must
have given the Scott children a very rare genetic
inheritance, and yet, owing to the few reported cases
of colour -blindness, they must have been very influential
in formulating the early tentative theories about how the
defect was transmitted. Indeed it would have been most
logical to assume that both Scott and his sister had
inherited the deficiency from their father; it was probably
also assumed that colour -blindness among women was

more common than it is.

The explanation for the pattern of the colour-

deficiency of the Scott children is probably as follows:

There are two types of chromosomes - X and Y
A man has the following pattern: XY.

A woman has XX.

A chromosome which produces defective colour
vision is deficient in a particular gene and can
be referred to as X'; the Y chromosomes are
not responsible for colour deficiencies.
Therefore, if a man inherits an X' chromosome,
he has the chromosome pattern X'Y and is
colour deficient. If a woman inherits an X!
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chromosome, she has the following pattern,
X'X and is not deficient. She would be
colour -defective only in the far less likely
event of her inheriting two X' chromosomes
and having the following pattern - X'X!
The chromosome inheritance pattern of the
Scott children was probably as follows:
Scott's father Scott's mother
XY XX
Scott X'Y (X' from mother)
Defective sister X"XYX"' from mother and
X! from father)

Normal sister X'X (X' from father
X from mother)

By a fortunate chance the next person in England to write
on the subject of calour vision was the brilliant young
scientist, John Dalton:~ —His discovery of his own colour -
blindness, which he reported\il\\l 794 to the Liter'a.ry and
Philosophical Society of Manches?féré, brought considerable
interest to the subject and ironically led to the name
Daltonism?! being given to the deficiency of colour -blindness.
Dalton first discovered the peculiarity of his vision at the
age of twenty 8ix, which emphasises the remarkable nature
of Harris' observation, who, as we have already seen,

first noticed his colour-blindness at the age of four.

Dalton was a Quaker, and it was his mother's reaction
to his purchase of some bright red silk stockings for her,
which he thought were of a sober drab colour, together
with his observations of the change in colour of a pink
geranium, that led him to be certain that there was some
peculiarity in his sight. Dalton's account of his vision was
a masterly description of a defect which had been described
previously only in the briefest way. There is, however,

a more lighf-hearted side to Dalton's colour-blindness.
This can be seen in the accounts of his contemporaries on
the effect of his colour-blindness on his manner of dress.
They took great delight in recounting occasions when
Dalton was dressed in the brightest colours, while thinking

that he was soberly arrayed, as befitted a Quaker. Some
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examples of these articles are appended to the end of this
section on colour vision. Dalton's main contribution to
this subject was, however, his description of his own
colour ~-blindness as told to the Literary and Philosophical
Society of Manchester, which contained his observations

of the apparent change in colour of a pink geranium :

"The flower was pink, but it appeared to me

an almost exact sky-blue by day; in candle-
light, however, it was astonishingly changed,

not having then any blue in it, but being what

I called red, a colour which forms a striking
contrast to blue. Not then doubting but that

the change in colour would be equal to all, I
requested my friends to observe the phenomenon;
when I was surprised to find that they all agreed,
that the colour was not materially different from
what it was by daylight, except my brother, who
saw it in the same light as myself. This '
observation clearly proved that my vision was
not like that of other persons; and, at the same time,
that the difference between day-light and candle-
light, on some colours, was indefinitely more
perceptible to me than to others."

Dalton then proceeded to give a detailed description of
his vision, which was undoubtedly of considerable help to

those studying the phenomenon of Daltonism at the time.

The details of his vision given by Dalton are fascinating,
since they represent an attempt to describe what he saw,
using names for colours of which in many cases he could
not possibly have been aware. This in turn leads to many
difficulties when a normally-sighted person attempts to
inter pret what Dalton was trying to say. He described the
solar spectrum as yellow (which covered red, orange,
yellow and green, as seen by others), blue and purple
(which coincided with colours seen by others). Red, orange,
yellow and green simply appeared to him to be shades of
yellow. One point of considerable interest which was made
by Dalton was that, under certain conditions, colour-blind
persons see some objects as being very different in colour,

when to others they are hardly distinguishable. It is normal
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to think of colour-~blindness resulting in diminished
colour -sensitivity, and it is important to note that
under certain circumstances the colour-blind can be
far more sensitive to changes of shade than can the
normally-sighted. Dalton had previously been aware
of some confusion in naming colours, but it was only
after experiencing the dramatic changes of colour in
the pink geranium that he became convinced of his

peculiarity of vision.

Perhaps it would be best first of all to explain how
Dalton’s unusual experience with the changing colour
of the geranium arose, and then to deal with the other
phenomena of his colour vision which he listed in his
paper. A geranium looks pink because it possesses
two main reflection bands, one at the blue end of the
spectrum and the other at the red end. Thus, in day-
light it reflects a minxture of red and blue light which
combine to produce a pink colour. Candlelight contains
far more red in its spectrum than daylight; therefore
to the normally sighted the flower will appear redder in
candlelight than in daylight; but it will still reflect some
blue light, and will therefore still appear to have a pink
hue. The fact that the flower appeared to be sky-blue
by day indicates that Dalton could not have been very
sensitive to the red light reflected by the geranium, and
that he could distinguish the reflection from only the blue
end of the spectrum. Therefore he was what would now
be called a protanope (a red-blind person), and the
reflected blue light was seen by him as the dominant
component. In candlelight with its deficiency of blue
light and excess of red, less blue was reflected and this
colour was no longer the dominant éomponent. Therefore
Dalton saw the geranium as 'red!. It was not of course
red, but only what he had come to call that colour. What

had happened was that the protanope's red-deficiency made
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him far more sensitive to the change in the
proportion of red light in the reflected light, and

he saw a quite dramatic change in the apparent colour
of the geranium when viewed in daylight and when

viewed in candlelight.

It is now possible to return to Dalton's account
of his colour vision and to attempt an explanation of
what he saw in terms of the vision of a protanope.
He mostly used ribbons for the artificial colours.

Red, by daylight. All crimsons appeared mainly as

dark blue, although some have a tinge of dark brown.
Crimson wool appeared much the same as dark blue
wool. Pink appeared light blue, but with just a little
red - in the proportion of 9:1, the red simply made
the light blue appear a little faded.

Red, by candlelight. It appeai'ed more vivid than by

day. Crimson lost its blue and became yellow-red.
Pink lost its blue and appeared red-yellow (1:3).
By daylight blood appeared red: ''not unlike the colour

called bottle green. "

The last sentence above, apart from being a delightful
summary of the difficulties of a protanope when trying to
communicate with the fully.sighted, must really give cause
to consider what it was that Dalton saw, which he thought
to call red. Red is such a vivid colour, and yet to the
protanope it can differ only very slightly from such colours
as bottle~green, perhaps a slight dulling of the green
colour with dark brown. It is perhaps puzzling that
Dalton should call crimson dark blue, and yet blood appeared
to him to be similar to dark green. Once again the
explanation is to be found probably in the greater
sensitivity of the protanope to some changes in shades of
colour. The crimson ribbons obviously contained a
greater proportion of blue in their colour composition than
blood, and this is borne out by the fact that crimson became

yellow-red by candlelight which contains far less blue in
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its spectrum. Yet thefe was some inconsistency in

this area, since Dalton listed three colours only in

his visual spectrum; yellow, blue and purple, where

the yellow encompassed all shades of red, orange,
yellow and green. It is to be expected therefore that

he would have described at least some of the examples

of red as appearing yellow rather than blue. The
reason is, of course, that he used the solar spectrum

to define the colours he could see, while he was using
examples of coloured materials to describe his reaction
to everyday colours. The coloured dyes used in the
materials obviously contained bands of colour in their
spectra which made them appear very different to Dalton
. from the colours he saw in the solar spectrum. The use
of ratios as an attempt to explain colour, e.g. pink being
blue-red 9:1, was an ingenious attempt to establish a
common language with the normally sighted, although
with the fundamental difficulties of his sight the device was
bound to have limited use only.

Orange and yellow: Dalton saw these similarly to the

normally sighted, both by daylight and candlelight.

Green: By daylight green appeared little different from

red. The front of a laurel leaf he considered a good

match to a stick of sealing wax. Green and orange appeared
very similar. A sample of green woollen cloth appeared

as a dull brown-red (mud:red 2:1).

By candlelight blue and green appeared similar, as they
were to most people.

Blue: Dalton saw blue normally under all conditions.
Purple: This seemed to be only a slight modification of

blue both by daylight and candlelight.

Dalton gave details of the appearance of objects in moonlight
and by lightning and by what he called electric light, i.e.
the light of an electric spark. He said that colours by

moonlight appeared the same as by candlelight. Common
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experience would now lead us to say that objects seen

by moonlight had little, if any, colour. Lightning and
the electric spark were said to give the same colour-
rendering as daylight. Once again, common experience
would probably lead us to say that under these conditions

objects possessed little or no colour.

Dalton also attempted to contact other people
suffering from colour-blindness so that as wide a
- range as possible of symptomscould be recorded. He
contacted Harris' brother (see reference 4) who had
similar vision to Harris himself, and obtained his
observations on certain colour samples. This convinced
Dalton that their vision was similar. The fact that four
out of the six brothers in the Harris family suffered a
similar defect in sight, and that Dalton's own brother
also had the defect, led Dalton to believe that there was
an element of heredity in colour-~blindness. He also
found cases of colour-blindness among his students,
but found only one case where the parents were also
affected. He had been unable to find any female with
the defect. In all he had heard of nearly twenty people
with a defect of colour vision, although it is not clear to
what extent he had had the opportunity to investigate their
colour deficiencies personally. It would appear that
Dalton was mainly concerned to establish what deficiencies
they had in common, and this perhaps closed his mind to
the possibility that there might have been more than one

type of colour deficiency.

Within a sample of nearly twenty it is almost certain
that there would be someone suffering from another type
of colour -blindness. Dalton did not notice any such
difference if it existed, although, to be fair to him, this
may have been due to the fact that he was not able to
investigate the entire sample personally. In fact, he
was reasonably satisfied that they had very similar types

of colour defect:8
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'From a great variety of observations

made with many of the abovementioned persons,
it does not appear to me that we differ more
from one another than persons in general do.
We certainly agree in the principal facts which
characterize our vision, and which I have
attempted to point out below. It is but justice
to observe here, that several of the resemblances
and comparisons mentioned in the preceding
parts of this paper were first suggested to me
by one or other of the parties, and found to
accord with my own ideas.

CHARACTERISTIC FACTS OF OUR VISION.

l. In the solar spectrum three colours appear,
yellow, blue, and purple. The two former make
a contrast; the two latter seem to differ more

in degree than in kind.

2. Pink appears, by day-light, to be sky-blue
a little faded; by candle-light it assumes an
orange or yellowish appearance, which forms a
strong contrast to blue.

3. Crimson appears a muddy blue by day;
and crimson woollen yarn is much the same
as dark blue.

4. Red and Scarlet have a more vivid and
flaming appearance by candle-light than by day-
light.

5. There is not much difference in colour
between a stick of red sealing wax and grass,
by day.

6. Dark green woollen cloth seems a muddy
red, much darker than grass, and of a very
different colour.

7. The colour of a florid complexion is
dusky blue.

8. Coats, gowns, etc. appear to us
frequently to be badly matched with linings,
when others say they are not. On the other
hand, we should match crimsons with claret
or mud; pinks with light blues, browns with
reds; and drabs with greens.

9. In all points where we differ from other
persons, the difference is mug'h less by
candle-light than by day-light,
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Having carried out experiments where he viewed
objects through light-blue transparent liquids, Dalton
was led to conclude that the changes in colour that he
saw were due to the fact that one of the humours of his
eye was coloured, probably some modification of blue.
He supposed that it must be the vitreous humour that
was coloured; otherwise the effect would have been
visible from the front of his eye. Dalton was wrong, as
post-mortem examination of his eyes showed, and in any
case his theory would not explain all the peculiarities
of his vison. Neverthless, it was an attempt to explain
his colour deficiency, an attempt which was based upon
experimental observation. Later, Young's explanation
of colour -blindness will be dealt with, and it will be seen
that, although his theory was almost completely hypothetical,
it was in fact the correct one. Perhaps Dalton was too
concerned with finding an explanation for his colour
deficiency, which would satisfactorily explain the peculiar
change he saw in the pink geranium. His theory of the
blue humour in his eye would satisfactorily explain the
changes of colour that he had reported, but the blue humour
would have had no effect upon the red, orange, yellow and
green colours in the spectrum (which he saw as one colour)
other than to reduce their intensity somewhat. However,
Dalton was inconsistent in that he sometimes used spectral
colours to describe his vision, but more often used coloured
materials and ribbons. His explanation of his vision, which
he based upon his coloured-humour theory, was in fact
incorrect, but is reasonable and deserves detailed
consideration. He was considering coloured materials

as a basis of his explanationg.

"It appears therefore almost beyond a doubt,
that one of the humours of my eye, and of the
eyes of my fellows, is a coloured medium,
probably some modification of blue. I suppose
it must be the vitreous humour; otherwise I
apprehend it might be discovered by inspection,
which has not been done. It is the province of
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physiologists to explain in what manner
the humours of the eye may be coloured,
and to them I shall leave it; and proceed
to shew that the hypothesis will explain the
facts stated in the conclusion of the second
part.

1. This needs no further illustration.

2. Pink is known to be a mixture of red

and blue; that is, these two colours are
reflected in excess. Our eyes only transmit
the blue excess, which causes it to appear
blue; a few red rays pervading the eye may
serve to give the colour that faded appearance.
In candle-light, red and orange, or some
other of the higher colours, are known to
abound more proportionably than in day-light.
The orange light reflected may therefore
exceed the blue, and the compound colour
consist of red and orange. Now, the red
being most copiously reflected, the colour
will be recognized by a common eye under
this small modification; but the red not
appearing to us, we see chiefly the orange
excess; it is consequently to us not a
modification but a new colour.

3. By a similar method of reasoning,
crimson, being compounded of red and
dark blue, must assume the appearances
I have described.

4. Bodies that are red and scarlet
probably reflect orange and yellow in
greatest plenty, next after red. The
orange and yellow, mixed with a few red
rays, will give us our idea of red, which
is heightened by candle-light, because the
orange is then more abundant.

5. Grass-green is probably compounded

of green, yellow, and orange, with more or
less blue. Our idea of it will then be
obtained principally from the yellow and orange
mixed with a few green rays. It appears,
therefore, that red and green to us will be
nearly alike. I do not, however, understand,
why the greens should assume a bluish
appearance to us and to every body else, by
candle-light, when it should seem that candle-
light is deficient in blue.

6. The green rays not being perceived by us,
the remaining rays may, for aught that is known,
compound a muddy red.
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7. The observations ypon the phaenomena
of pink and crimson will explain this fact.

8. Suppose a body to reflect red rays as
the number 8, orange rays as the number 6,
and blue as 5; and another body red 8,
orange 6, and blue 6; then it is evident
that a common eye, attending principally

to the red, would see little difference in
those colours; but we, who form our ideas
of the colours from the orange and blue,
should perceive the latter to be bluer than
the former.

9. From the whole of this paper it is
evident that our eyes admit blue rays in
greater proportion than those of other
people; therefore when any kind of light
is less abundant in blue, as is the case
with candle-light compared to day-light,
our eyes serve in some degree to temper
that light, so as to reduce it nearly to the
common standard. This seems to be the
reason why colours appear to us by candle-
light, almost as they do to others by day-
light.

I shall conclude this paper by observing,
that it appears to me extremely probable,
that the sun's light and candle-light, or
that which we commonly obtain from
combustion, are originally constituted
alike; and that the earth's atmosphere is
properly a blue fluid, and modifies the
sun's light so as to occasion the commonly
perceived difference.”

10

In 1807~ Thomas Young put forward a theory to

explain Dalton's colour deficiency, which has recently
been shown to be correct (see Appendix A), but which,
ironically, was at the time based upon little or no

experimental evidence. Young said:

"He cannot distinguish blue from pink

by daylight, but by candle-light pink

‘appears red; in the solar spectrum red -
is scarcely visible, the rest appears to
consist ot three colours, yellow and blue,

or yellow, blue, and purple. He thinks

it probable that the vitreous humour is of

a deep blue tinge: but this has never been
observed by anatomists, and it is much more
simple to suppose the absence or paralysis
of those fibres of the retina, which are
calculated to perceive red; this supposition
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explains all the phenomena except that

greens appear to become blue when

viewed by candle-light; but in this

circumstance there is perhaps no great

singularity. "

Young's explanation of éolour -blindness was based
upon his three-colour theory of vision]'l which he had
presented to the Royal Society on November 12th 1801.
Young described his lecture in the most modest, and
in view of the importance of his theory, inaccurate
terms. He said, '""The object of this present dissertation
is not so much to propose any opinions which are
absolutel& new, as to refer some theories, which have
already been advanced, to their original inventors, to
support them by additional evidence, and to apply to them
a great number of diversified facts, wh1ch have
hitherto been buried in obscurity.' It has been
suggested that Young, a physician, was concerned that
his patients would lose confidence in him if his interest
in science became widely known. This would expiain why
his far ~-reaching theory is almost hidden in an article
which contains lengthy extracts from Newton. In fact
Newton's work provided a foundation for Young's hypothesis,
but Young's genius lay in his concept that three primary
colour receptors in the eye were responsible for our

ability to see the entire colour spectrum.

Newton's ideas on colour vision are scattered among
' 2
several of his publications. In a letter to Oldenburg1

he expressed himself as follows:

"And for the same reason I chose to speak

of colours according to the information of

our senses, as if they were qualities of

light without us. Whereas by that hypothesis

I must have considered rather as modes of
sensation, excited by the mind by various
motions, figures, or sizes of the corpuscles

of light, making various mechanical impressions
on the organ of sense. "

Later, in the same letter he sa.id:lza

"That fundamental supposition is 'That the
parts of bodies, when briskly agitated,

do excite vibrations in the aether, which
are propagated every way from those
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bodies in straight lines, and cause a
sensation of light by beating and

dashing against the bottom of the eye,
something after the manner that

vibrations in the air cause a sensation

of sound by beating against the organs

of hearing.' Now the most free and
natural application of this hypothesis,

to the solution of phaeanomena, I take to

be this: that the agitated parts of bodies,
according to their several sizes, figures,
and motions, do excite vibrations in the
aether of various depths or sizes, which
being promiscuously propagated through
that medium to our eyes, effect inus a
sensation of light of a white colour; but

if by any means those of unequal sizes be
separated from one another, the largest
beget a sensation of red colour, the least

or shortest of a deep violet, and the inter-
mediate ones of intermedidte colours;

much after the manner that bodies,
according to their several sizes, shapes,
and motions, excite vibrations in the air

of various sizes, which, according to

those sizes, make several tones in sound:
that the largest vibrations are best able to
overcome the resistance of a refracting
superficies, and so break through it with
the least refraction; whence the vibrations
of several sizes, that is, the rays of
szveral colours, which are blended together
in light, must be parted from one another

by refraction; &nd so cause the phaesnomena
of prisms and other refracting substances;
and that it depends on the thickness of a thin
transparent plate or bubble, whether a
vibration shall be reflected at its further
superficies, or transmitted; so that according
to the number of vibrations, interceding the
two superficies, they may be reflected or
transmitted for many successive thicknesses.
And since the vibrations which make blue and
violet, are supposed shorter than those which
make red and yellow, they must be reflected
at a less thickness of the plate: which is
sufficient to explicate all the ordinary
pheenomena of those fragments of such plates.

These seem to be the most plain, genuine,
and necessary conditions of this hypothesis:
and they agree so justly with my theory,

that if the animadversor think fit to apply
them, he need not on that account apprehend

a divorce from it. But yet how he will defend
it from other difficulties I know not."
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In another letter to Oldenburg, Newton said:13

"Thus much of refraction, reflection,
transparency, and opacity; and now to
explain colours; I suppose, that as

bodies of various sizes, densities, or
sensations, do by percussion or other

action excite sounds of various tones,

and consequently vibrations in the air of
various bigness; so when the rays of

light, by impinging on the stiff refracting
superficies, excite vibrations in the aether,
those rays, whatever they be, as they happen
to differ in magnitude, strength or vigour,
excite vibrations of various bigness; the
biggest, strongest, or most potent rays, the
largest vibrations; and others shorter,
according to their bigness, strength, or
power; and therefore the ends of the
capillamenta of the optic nerve, which

pave or face the retina, being such
refracting superficies, when the rays
impinge upon them, they must there excite
these vibrations, which vibrations (like those
of sound in a trunk or trumpet) will run along
the aqueous pores or crystalline pith of the
capillamenta through the optic nerves into the
sensorum (which light itself cannot do) and
there, I suppose, affect the sense with various
colours, according to their bigness and
mixture; the biggest with the strongest colours,
reds and yellows; the least with the weakest,
blues and violets; the middle with green, and a
confusion of all with white, much after the
manner, that in the sense of hearing, nature
makes use of aereal vibrations of several
bignesses to general sounds of divers tones;
for the analogy of nature is to be observed.
Angd further, as the harmony and discord of
sounds proceed from the proportions of the
aethereal. And possibly colour may be
distinguished into its principal degrees, red,
orange, yellow, green, blue, indigo, and deep
violet, on the same ground, that found within
an eighth is graduated into tones."

Again, in his Opticksl4 Newton returned to the idea of

different colours exciting vibrations in the retina:

"Considering the lastingness of the motions
excited in the bottom of the eye by light, are
they not of a vibrating nature? Do not the
most refrangible rays excite the shortest
vibrations, - the least refrangible the largest?
May not the harmony and discord of colours
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arise from the proportions of the vibrations
propagated through the fibres of the optic
nerve into the brain, as the harmony and
discord of sounds arise from the proportions
of the vibrations of the air?"

As has already been stated, Young's genius lay in
the abstraction of the three~colour theory from the ,
treasure house of ideas produced by Newton. Newton's
concept of the operation of the retina and the optic
nerve was almost unbelievably advanced for his time,
and therefore, perhaps not surprisingly, was neglected
until used by Yo;ng. It is interesting to note in the
above excerpts from Newton's work, that the balance
of emphasis when discussing the nature of light is
clearly in favour of some sort of vibration. He speaks
of colours as '"modes of sensation, excited by the mind
by various motions, figures, or sizes of the corpuscles
of light, making various mechanical impressions on the
organ of sense'’, but this is the only mention of the
possible corpuscular nature of light. Far more often
in these quotations he writes of light as some sort of
vibration:- '"That fundamental supposition is 'That
the parts of bodies, when briskly agitated, do excite
vibrations in the asther, which are propagated every
way from those bodies in straight lines, and cause a
sensation of light by beating and dashing against the
bottom of the eye, something after the manner that
vibrations in the air cause a sensation of sound by
beating against the organs of hearing.!" He even stated
that the vibrations which were responsible for blue and
violet light were supposed to be shorter than those which
made red and yellow. It is probably correct to assume
that Newton was very reluctant to commit himself firmly
to any hypothesis on the nature of light. He said15:
"It is true from my theory I argue for the corporeity
of light; but I do so without any absolute positiveness....

and make it at most but a very plausible consequence of
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the doctrine and not a fundamental supposition. "

Later, 16 Newton showed that it was not so much
that he was committed to a corpuscular theory of light,
but that there was an overwhelming difficulty which
prevented his acknowledging that light was a wave
motion. "For to me the fundamental supposition
itself seems impossible; namely, that the waves or
vibrations of any fluid can, like the rays of light, be
propagated in straight lines, without a continual and

very extravagant spreading and bending every way."

Newton's explanation of how light affects the nerve
endings of the retina sounds almost modern, and he
clearly understood that the light stimulated a reaction
in the retina which was transmitted to the brain .t‘hrough

the nerves:; 6a

"The ends of the capillamenta of the optic

nerve, which pave or face the retina,....

when rays impinge upon them, they must

there excite these vibrations, which vibrations

(Tike those of sound in a trunk or trumpet) will

run along the aqueous pores or crystalline pith

of the capillamenta through the optic nerves

into the sensorum (which light itself cannot do)

and there, I suppose, affect the sense with

various colours...."

Newton's view that the retina was the seat of vision
was in agreement with contemporary thinking, since
attempts by Mariotte and others to involve the choroid
in the process of vision did not meet with much success.
It is fair to say, however, that until the end of the
eighteenth century, no one had apparently improved upon
his explanation of the action of the retinal nerves. His
explanation of colour vision was also unique during this
period, since no other scientist had strayed from the
most basic explanation of vision based upon the action

of the retinal nerves, and none had made any significant
mention of colour vision.



~ 290 -

Thomas Young was therefore the first for a
century to attempt to develop the idea originally
expounded by Newton. His explanation of his
three -colour theory of vision was almost painfully
brief, to the point, and as was subsequently
discovered, accurate. Newton, by comparison,
in spite of his well-known reluctance to commit
himself to print, perhaps appears almost verbose.
As has already been said, however, Young's
reasons for his excessive brevity were not, as
Newton's often were, an attempt to avoid intellectual
conflict, but were an attempt to prevent his scientific

 discoveries undermining the confidence of his patients.

Young stated his three-colour theory of vision in

the Bakerian Lecture read on 12th November 180117.

He acknowledged his debt to Newton by quoting
extensively from his works, and agreed that the retina
was caused to vibrate by the light falling upon it.
However, he could not conceive of the retina's being
able to contain sufficient points to be able to vibrate in
unison with every vibration or colour. He therefore
postulated three principal colours, red, yellow and
blue, and that the points on the retina would be put
into vibration by the colour which most nearly matched
their own frequency. He thought that each nerve

contained three portions, each one sensitive to the

vibrations of one of the principal colours: 17a

"Since, for the reason here assigned

by Newton, it is probable that the motion
of the retina is rather of a vibratory than
of an undulatory nature, the frajuency of
the vibrations must be dependent on the
constitution of this substance. Now, as
it is almost impossible to conceive each
sensitive point of the retina to contain an
infinite number of particles, each capable
of vibrating in perfect unison with every
possible undulation, it becomes necessary
to suppose the number limited, for instance,
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to the three principal colours, red, yellow
and blue, of which the undulations are

related in magnitude nearly as the
numbers, 8, 7, and 6; and that each
of the particles is capable of being put
in motion less or more forcibly, by
undulations differing less or more from a
perfect unison; for instance, the undulations
of green light being nearly in the ratio of 61,
will affect equally the particles in unison
with yellow and blue, and produce the same
effect as a light composed if those two
species; and each sensitive filament of the
nerve may consist of three portions, one
for each principal colour. Allowing this
statement, it appears that any attempt to
produce a musical effect from colours, must
be unsuccessful, or at least that nothing more
than a very simple melody could be imitated
by them; for the period, which in fact constitutes
the harmony of any concord, being a multiple of
the periods of the single undulations, would in
this case be wholly without the limits of '
sympathy of the retina, and would lose its
effect; in the same manner as the harmony
of a third or a fourth is destroyed, by
depressing it to the lowest notes of the
audible scale. In hearing, there seems
to be no permanent vibration of any part of
the organ."

The above passage can be considered to be the entire
initial statement of Young's three-colour theory. He
made no attempt to justify his choice of colours, by
showing experimentally that together they could produce
all available hues, including white, and his statement that
the undulations were related approximately as the numbers
8, 7, and 6, came from a later passage in his paper, in
which he gave a table of colours in terms of their wave-
lengths, but using Newton's experimental results. 18
However, it must said in fairness to Young that the
idea that white light could be produced by an addition
of fewer than the entire seven spectral colours had been
known since the time of Newton. In fact it could be
fairly said that there was a widespread belief by the end
of the eighteenth century that there were three primary

colours, from which all other colours could be made.
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Young was the first to interpret this fact, not in

the nature of colours themselves, but in the nature

of man. Perhaps it is possible to deduce that
common opinion had it that the three primary colours
were red, yellow and blue, since Young referred to
them as '"'the three principal colours", and not
merely as 'three principal colours'. This would
certainly help to explain his choice of the wrong
primary colours. Young later changed to his famous
choice of red, green and violet. He was led to do
this by some experimental results obtained by William
Hyde Wollaston (1766 ~ 1828), and it is ironic to note
that it was a mis-interpretation of the significance of
the results by both Wollaston and Young that led him
to choose three colours which would give the cbr'rect

result.

Wollaston read the results of his researches into
the refractive and dispersive powers of prisms to the
Royal Society on June 24th, 1802. 19 In a section
| right at the end of the main paper Wollaston commented
upon some lines he had seen dividing the solar

spectrum:

"I cannot conclude these observations on
dispersion, without remarking that the
colours into which a beam of white light

is separable by refraction, appear to me

to be neither 7, as they usually are seen

in the rainbow, nor reducibly by any means
(that I can find) to 3, as some persons have
conceived; but that, by employing a very
narrow pencil of light, 4 primary divisions
of the prismatic spectrum may be seen,
with a degree of distinctness that, I believe,
has not been described nor observed before.

If a beam of day-light be admitted into a
dark room by a crevice 1/20 of an inch
broad, and received by the eye at the
distance of 10 or 12 feet, through a prism
of flint-glass, free from veins, held near
the eye, the beam is seen to be separated
into the four following colours only, red, -
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yellowish green, blue, and violet; in
the proportions represented in Fig. 3.

The line A that bounds the red side of

the spectrum is somewhat confused, which
seems in part owing to want of power in

the eye to converge red light. The line B,
between red and green, in a certain position
of the prism, is perfectly distinct; so also
are D and E, the two limits of violet. But
C, the limit of green and blue, is not so
clearly marked as the rest; and there are
also, on each side of this limit, other
distinct dark lines, {f and g, either of which
in an imperfect experiment, might be
mistaken for the boundary of these colours."

What Wollaston had invented, by allowing the light
to strike the priém after passing through a slit only
1/20th of an inch wide, was a primitive spectrometer.
This had enabled him to see some lines dividing the
spectrum into four divisions. Wollaston thought that
their function was todelineate the main colour bands
of the solar spectrum. In fact the lines represented

certain absorption bands in the solar spectrum, and
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were later called Fraunhofer lines. Wollaston's
interpretation of his results can be considered to be
very reasonable, and he must have imagined that he
had clarified a significant point in the composition of
the solar spectrum. No more would there have to be
arguments over the number of principal colours,
whether seven, four, or three. The solar spectrum
had been divided all the time, but it had required
more sophisticated apparatus to resolve the dividing
lines clearly. Therefore Wollaston was able to say
of the spectrum20 "The beam is separated into the
four following colours only, red, yellowish-green,

blue and violet. "

Seven days after Wollaston read his paper to the

Royal Society, Young presented another paper
in which he mentioned incidentally that he had
modified his choice of principal colours from red,
yellow and blue, to red, green and violet, after

reading the results achieved by Wollaston. Young
| said that he had repeated Wollaston's experiments
on the spectrum with "perfect success"zz. In view
of the very short time between the presentation of
Wollaston's and Young's papers, it is almost certain
that Young had prior knowledge of Wollaston's results
before they were presented to the Royal Society. Young
said that the new description of the solar spectrum had
led him to modify his original supposition on the nature

of the sympathetic fibres of the retina. 23

"In consequence of Dr. Wollaston's
correction of the description of the
prismatic spectrum, compared with
these observations, it becomes
necessary to modify the supposition
that I advanced in the last Bakerian
lecture, respecting the proportions of
the sympathetic fibres of the retina;
substituting red, green, and violet, for
red, yellow, and blue, and the numbers
7,6, and 5, for 8,7, and 6."
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There is no doubt that, in the statement and
subsequent development of his three-colour theory
of vision, Young poses a considerable problem.

Was the theory evolved through inspired scientific
insight, or was it the product of a series of lucky
guesses? A fairly superficial examination of the
evidence would probably indicate that Young's theory
was based upon no experimental evidence. It would
have to be admitted that Wollaston had certainly
provided some experimental results, but that his
interpretation of these results was incorrect. In
any case Young, while acknowledging the influence

of Wollaston's experiment in causing him to modify
his theory, had in fact largely ignored his results.
Wollaston had postulated four colours, while Yoﬁng
had used only three, only two of which were included in
Wollaston's four. Therefore, on the balance of
probabilities, in this area Young could be considered

to be lucky rather than inspired.

Looking beyond the bald facts, however, it is
possible to argue strongly for inspiration, and in fact
to propose that perhaps Young's inspiration in putting
forward his hypothesis was greater than it at first
appears; indeed it can be seen that Young might well
have endeavoured to disguise his own genius in this
matter. It can be imagined that Young had an inspired
insight into the heart of the problem, and became
convinced that there were only three types of colour
receptors in the retina. In order to communicate his
inspiration to others - a difficult task when one is
dealing with the less inspired - he dressed up his ideas
in other men's clothes. First, Newton, and it must be
added here that Young chose a man whose inspiration in
its own time was as great as his own. Second, Wollaston,
and here it can be understood why Young deferred to

Wollaston's experiment (which nominated four colours to
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comprise the solar spectrum: red, yellowish-green,
blue and violet), and then, without any explanation,
put forward red, green and violet as his three_
principal colours. If Young really intended to
modify his hypothesis in the light of Wollaston's
experiment, this change is difficult to comprehend.
If he were merely using Wollaston's results to add
some experimental respectability to his unsupported
hypothesis, then his course of action is somewhat
clearer. In this case it could be supposed that he
first made the change in his hypothesis, substituting
green and violet for the original yellow and blue, and
then used Wollaston's experiment as a justification for

such a change.

It may well be that this latter, rather tortuous,
explanation is far from the truth, and indeed the truth
does not have to lie in either of the two explanations
given above. Perhaps the correct conclusion about
whether the hypothesis was lucky or inspired can be
found in an assessment of two facets of Young's
character. First, we should consider the degree of
determination with which the medical practitioner Young
was willing to hide the brilliant scientist Yoimg from his
patients. Second, there is the scientific stature of the
man acknowledged through the quality of his other
scientific work. These facts alone would probably lead
towards a conclusion that it would be unwise to label
Young as the instigator of a lucky guess; but one has
also to consider the subsequent embracing of the three-
colour theory by other, later scientists, such as
Helmholtz and Maxwell. This, together with the slow,
steady gathering of experimental evidence in favour of
the theory, culminating in the isolation of the three-cone
pigments just over ten years ago, which at last proved
the theory to be basically correct, must surely mean
that it is easier to believe in Young's genius than in his

luck.



- 297 -

COLOUR VISION

APPENDIX

Dalton's colour-blindness was of great interest
to nineteenth century scientists, and there were a
number of humorous anecdotes published about him
during this time. Accounts were also written, which -
differ slightly in detail, about the examination of his

eyes which was made after his death.

The Post-Mortem Examination of Dalton's Evyes.

Concerning the fact that Dalton thought that his

vitreous humour was coloured blue, William Henry

24
wrote -

"This theory was not however verified by
an examination of the eye which was
carefully made after Dalton's death in
conformity with his strongly-expressed
wish by his skilful medical attendant, Mr.
Ransome. The vitreous humour was of a
pale yellow colour, and when used as a
lens, it caused no modification of tint in red
and green objects. "

Lyon Playfair in his Memoirs and Correspondence
gave a similar account of the examination of Dalton's
eyes, although he stated that Dalton himself thought
that his defective colour-vision was due to a peculiarity

of the retina.

This was not true, since Dalton had clearly

attributed his colour -blindness to a blue coloration of

his vitreous humour. Playfair wrotezs:-

"When Dalton died on 27th July, 1844,
Manchester gave him the honours of a
king. His body lay in state and his
funeral was like that of a monarch. It

is well known that Dalton was colour-blind
and he was the first person to investigate
this defect of vision. He always ascribed
it to a peculiarity of the structure in the
retina. When he died, his medical man,
Mr. Ransome, took one of his eyes and
brought it to my laboratory. 1 took two
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powders, chrome green and scarlet
potassium bichromate, as being the
colours which he could not distinguish,

but we saw them of the natural colours
when Dalton's eye intervened. Ransome,
who was a most accomplished physician
and great friend of Dalton, assured me
that the philosopher when alive would have
approved of this experiment being made on
his death. "

Another account, which differed in a significant
detail from the two given above, was written by Sir
Henry Roscoe” . Roscoe said that it was the lenses
of Dalton's eyes which were examined, whereas it is
generally accepted that it was the vitreous humour which
was suspected of being coloured blue. Perhaps the
explanation of this misunderstanding is contained in the
quotation from Henry above, when he said: "The 'vitreous

humour was of a pale yellow colour, and when used as a lens

it caused no modification of tint in red and green objects. "
(my underlining). Roscoe's full account of the

examination was as follows

"The above explanation (that is the one
given to the Manchester Philosophical
Society) of his peculiar vision was shown
after his death to be erroneous. Mr.
Ransome, who made the post-mortem,
examined the lenses of Dalton's eyes and
found them to be normal to a man of his
age. The cause lies much deeper and
the question whether it is due to a
defective condition of the retina or to
the optic nerve or the brain substance
itself is still a matter of doubt."

Anecdotes Concerning Dalton's Colour -Blindness

Contemporaries of Dalton could not resist the
temptation to recount numerous anecdotesAabout his
colour-blindness, especially when his defect led him
to wear brightly coloured clothes which his Quaker
faith forbade. Sir Henry Roscoe recounted an early
mistake made by Dalton when he bought his mother,

Deborah, some silk stockingszs.
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"Thou has bought me a pair of grand hose,
John, but what made thee fancy such a
bright colour? Why, I can never show
myself at meetings with them.'" Dalton,
much disconcerted, told her that to his
eyes the stockings were a dark bluish

drab, a very proper sort of go-to-meeting
colour. ""Why, they are as red as a
cherry, John." Neither he nor his brother
Jonathon could see anything else than drab
in the colour of the stockings and they both
came to the conclusion that the old lady's
sight was strangely out of order, until
Deborah, having consulted neighbouring
wives on this singular difference of opinion,
returned with the reply, '"Varra fine stuff,
but uncommon scarlety.' This was the
first event that opened Dalton's eyes to the
fact that his sight and that of his brother
were not as other men's. "

Roscoe also mentions a letter written by Dalton to

his ""Dear Cousin'' Elihu Robinson, in which he

29

remarked “:-

"I was the other day at a friend's house
who is a dyer; there was present himself
and wife, a physician and a young woman.
His wife brought me a piece of cloth; I
said I was there in a coat of just of the
colour a few weeks before, which I called
a reddish snuff colour. They told me that
they had never seen me in any such coat
for that cloth was of the finest grass green
that they had seen. I saw nothing like grass
about it. They tell me my table cloth is
green, but I say not and that I never saw a
green table cloth in my life, but one, and
everybody said it had lost its green colour.
In short, my observations have afforded a
diversion to all and something more to
philosophers, for they have been puzzled
beyond measure, as well as myself, to
account for the circumstances. I mean to
communicate my observations to the world
through the channel of some philosophical
society. The young women tell me they
will never suffer me to go into the gallery
(of the meeting house) with a green coat;
and I tell them that I have no objection to
their going on with me in a crimson (that
is a dark drab) gown. "
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It would appear that colour-blindness might even
have affected Dalton and others with the same infirmity
in matters of the heart, if this light-hearted letter is '

to be believed3o’.

"I find by your accounts you must have very
imperfect ideas of the charms which in a
great measure constitute beauty in the
female sex; I mean that rosy blush of the
cheeks which you so much admire for being
light blue - I think a complexion nearly as
exceptional in the fair sex as the sunburnt
Moors or the sable Ethiopians, consequently
(if real) a fitter object for show than for a
wife. "

C. Babidge, who was involved in preparations for
Dalton to be presented to William IV, gave an account

of the difficulties caused both by Dalton's colour-

blindness and his Quaker principles:31

"Dr. Dalton, as a Quaker, could not go

in a Court dress because he must wear a
sword. To this I replied that being aware
of this I had proposed to him to let him
wear the robes of Doctor of Law of Oxford.
Mr. Wood remarked that those robes being
scarlet were not of a colour admissible by
Quakers. To this I replied that Dr. Dalton
had the kind of colour -blindness and that all
red colours appeared to him to be the colour
of dirt. "

One wonders whether Dalton was embarrassed more
by wearing ur:godly colours which he could not himself
distinguish, or by the public curiosity which mistook

his scientific distinction!

"The dress of a Doctor of Law is rarely
made use of, except at University
address and Dr. Dalton's costume
attracted much attention and compelled
me to gratify the curiosity of many of
my friends by explaining who he was.
The prevailing opinion was that he was

a Mayor of some corporate town come up
to get knighted. I informed my enquirer
that he was a much more eminent person
than any Mayor of any city."
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CONCLUSION

The period covered by this thesis was a fascinating
one in the development of science. It saw the foundation
of the learned societies, quite often having their origins
in England in the coffee houses, and in France in the salons,
which allowed ideas to be circulated in a relaxed and informal

atmosphere. The Botanical Society(l?Zl), then Linnaean
Society (1788) and the Royal Society of Arts (1754) all had their

origins in London coffee houses.

In the early part of the eighteenth century, under the
presidency of the ageing Newton, the Royal Society in
particular brought together the élite of the nation, l‘lniting in
its ranks the country's men of letters and science. Pope in his

'Dunciad® has somewhat satirically captured the feeling of this

time:

""His children first of more distinguished sort,
Who study Shakespeare at the Inns of Court, -
Impale a glow-worm or Vertu profess,

Shine in the dignity of F. R, S. "

The time was therefore ripe for the development of
science as 'the gentleman's hobby' and it became the age of
the scientific dilettante. Science invaded the drawing-rooms
of the wealthy, and flourished. One can imagine the experiment
to detect the blind-spot, the testing of visual acuity and looking
through 'prickled' card, all being established favourites in the
after-dinner ritual. Duriné this time the emergence of the
encyclopaedia could have only added a spur to the interest in

science which was so obviously apparent.

It was, therefore, a great age for the development of new

ideas, and experimental science has probably not achieved such
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widespread popularity at any time before or since.

However, its popularity was bound to be comparatively
short-lived, since the very stimulus which was given to

the subject soon carried the bounds of new discoveries

beyond the capacity of the dilettante to comprehend, and

by the end of the eighteenth century the age of the specialist'

had arrived; for example, it could not be imagined that

Young's detailed and often painful experiments on accommodation

would lend themselves easily to the drawing-room technique.

The future of scientific investigation in the nineteenth
century was inevitably going to lie in the hands of fewer men,
the specialists; hence its progress was likely to be more
spasmodic, as it awaited the arrival of the particular man of

insight and/or genius to lead it in any specific direction.

During the seventeenth and eighteenth centuries the study
of physiological optics was carried forward by such men as
Kepler, Descartes, De la Hire, RobAert Smith, James Jurin,
William Porterfield, Joseph Priestley, John Dalton and Thomas
Young. One might also include in this list the name of Newton,
since it appears that it was his work which might well have
stimulated Young in his search for the three-colour theory of
vision. None of these men, except Kepler (for the proof that
the image on the retina was inverted) and Young (for the three
colour theory of vision and work on accommodation), was
responsible for any great step forward. Therefore it can be
said that the development of physiological optics during the
period from 1600 to 1800 mirrored the spirit of the age, and
was carried forward step-by-step by the enthusiasm and interest
of a large number of men of wide interests, rather than by the

insight or genius and specialised knowledge of one or two.
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The study of the internal operation of the eye, .
however, was not one which lent itself to advance through
the frequent repetition of simple experiments. As has
already been stated in the section which deals with the part
played by speculation and experiment, speculation played a
far more important part in the advancement of the subject
than did experiment. Therefore physiological optics was
not a subject which could be expected to benefit greatly from
the enthusiastic experiments of a large number of gifted
amateurs; and while topics such as the seat of vision and
accommodation att'racted widespread interest, progress
towards an understanding of how the eye worked was, gradual
rather than rapid. For example, for most of the eighteenth
century there was only one major experiment which had been
devised in the field of accommodation - that with the 'prickled’
card - and only one phenomenon in the eye which was linked to
the act of accommodation - the contraction of the iris for close
vision. Similarly, there was only one experiment of the
drawing-room kind which was associated with the seat of
vision - the locating of the blind spot. These experiments
would have ensured that the subject of vision was not neglected,
but could have done little to advance knowledge of the working of

the eye.

Therefore throughout the eighteenth century, 'knowledge about
the working of the eye moved forward gradually, mainly through
speculation based upon a few experiments. In its turn the
nature of the specﬁlation differed for the different functions of
the eye. In the case of accommodation the speculation was
extremely wide, and led to the exploration of virtually all

possible methods of causing accommodation, This in turn led
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to a very gradual hardening of opinion in favour of the

correct basic method of achieving a change in focus of the
eye, a change in the curvature of the crystalline lens. In

the case of the seat of vision the speculation revolved around
one possibility only, the retina. In spite of Mariotte's well-
founded "hypothesis in favour of the choroid, opinion never
really wavered from the belief that the retina was the seat of
vision; and therefore there was very little discussion of other
possible alternatives, but discussion only of how the retina

itself could function.

The reasons for the predominance of speculation over
experiment are not difficult to find, since the eye does not
lend itself readily to experiments designed to discover how
it functions optically. Modern techniques have reversed this
trend, but in the seventeenth and eighteenth centuries
significant optical experiments with the eye were extremely
rare. Dissections also had limited value since the delicacy
of the structure of the eyeball was such that it was difficult not
‘to damage the membranes during the process of dissection.

In any case, in order to discover the nature of operation of
the eye it was necessary to examine the living rather than the
dead eye; since the dead eye degenerated rapidly in many ways,

so that it soon bore only limited resemblance to the living eye.

Nevertheless during this period of two hundred years
considerable steps were taken in the solution of the fundamental
puzzles of the way in which the eye operated. By the end of
the eighteenth century the process of accommodation awaited only
the discovery of the peculiar operation of the ciliary muscles

before it was completely understood; the basis of colour vision
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had been explained by Young's brilliant hypothesis; and the
fundamental operation of the retina had been established,
awaiting only the results of the very sophisticated techniques
which were not developed until the twentieth century, before

it could be better understood.

The period covered by this thesis was remarkable for
the widespread surging interest in scientific matters. So
much knowledge of the immediate world was apparently on
the verge of discovery and revelation. And yet, in the case of
physiological optics, the discoveries when they have come,
have proved harder and more complicated than might have been
imagined in the eighteenth century. Perhaps an apt'analogy is
to be found in the investigation of atomic physics in the early
decades of this century; the secrets of the atom were then
being discovered with apparent ease, and it appeared that the
whole problem of atomic structure might be solved with far

less difficulty than has subsequently been the case.

Nevertheless the eighteenth century was probably the last
period of time when knowledge on all scientific topics lay
within the reach of any man's own rational thought and
patient observation, virtually unaided by technoloéy and
inspired only by his own desire to understand the complexity

of a perfectly ordered universe.



- 309 -
.Appendix A

A MODERN EXPLANATION OF THE WORKING OF
THE EYE

THE OPTICAL SYSTEM.

A modern diagram of the eye is shown in fig.I
overleaf. The front, called the cornea, is transparenf
and has a great curvature than the rest of the eye
(about 8mm or 0.3 in.). The remaining surface is
opaque, and is called the scleral segment. It has
a radius of 12Zmm. or 0.5 in. It is perhaps surprising
that the dimensions of the eye differ only slightly from
person to person, regardless of their size. The
covering of the eye is made up of three layers called
coats. The outer consists of the cornea and sclera;
the middle contains the main blood supply to the eye
and consists, from the back to the front of the eye, of
the choroid, the ciliary body and the iris. The inner-
most layer is the retina, lying on the choroid, and
receiving most of its nourishment from the vessels
within the choroid, although some comes from vessels
within the retina itself which can be seen with an

ophthalmoscope.

The cornea contains no blood vessels, since these
would impair its transparency. This means that it is
virtually isolated from the rest of the body, and has to
obtain its nourishment from the aqueous humour. It
is this isolation which makes it possible to transplant
corneas from other individuals, since antibodies will
not be carried to the transplanted organ and destroy it.
The aqueous humour is constantly secreted and absorbed,
being renewed about every four hours. Its main purpose
is to keep the eyeball reasonably firm, and it is
produced by the ciliary body. The other major part of
the optical system of the eye is the crystalline lens.

- The cornea, aqueous humour and lens act together to
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Figure I

A Modern Diagram of the eye
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produce an inverted image on the most sensitive part
of the retina. The greatest refraction takes place at
the cornea, which has a refractive index of 1.3376;
the aqueous humour has a refractive index of 1. 336,
so that very little refraction takes place between the
posterior of the cornea and the aqueous humour.

The lens has a greater refractive index than the
aqueous or vitreous humours, a necessary factor for
accommodation to be able to take place; it lies
between 1.386 and 1.406. The posterior surface of
the lens is more curved than the anterior, and thus
contributes more to the refraction of the rays as they
pass through the lens. Accommodation is the means
by which an eye can focus upon objects at different
distances. The closest point which can be clearly
seen is called the near point of accommodation, and
this changes with age. In the very young it is about
three inches; at forty it has increased to about six

inches; and at sixty it is about thirty nine inches.

The mechanism of accommodation is essentially
an increase in the anterior curvature of the lens.
The lens is enclosed in a transparent bag, called the
capsule, and this is held around its periphery by
zonular fibres, which in turn are attachedto the ciliary
muscles. It is the pull of the zonular fibres on the
elastic c&psule that holds the anterior surface of the
lens relatively flat. When this pull is relaxed, the
elasticity of the capsule causes the anterior surface to
become more convex. The ciliary muscle presented
early researchers in the mechanism of accommodation
with a great deal of difficulty. Initially they found it
difficult to decide which part of the suspensory system
was a muscle, since no part had the characteristics
which were thought to be essential in muscles, e.g.

a red colour.
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In addition, the action of the muscle is the reverse
of that which would seem to be obvious. As the
muscle tenses, the effect is to relax the tension on
the zonular fibres. The early scientists associated

the existence of a muscle with a pulling power;
thus they fell into the error of assuming that the suspensory

ligaments -the zonular fibres-pulled upon the edge of the

capsule, and stretched the lens into a less convex shape.

Thus the eye was assumed to be at rest when viewing
close objects, and the lens stretched by the zonular
fibres- to view distant objects. This was contrary
to common experience, which was that the eye was at
rest for distant objects, close objects being viewed
clearly only by means of some effort: (e.g. the eyes
becoming tired with continued close work). This
back-to-front working of the ciliary muscle, together
with its lack of red pigmentation, must be considered
to be responsible for many of the -ingenious theories
of accommodation which are dealt with in the text.
The diminution of accommodating power with age,
which has been mentioned earlier, is not due to a
failure of the ciliary muscles, but to a hardening of

the substance of the lens with age.

In spite of these difficulties, it was thought by
Scheiner: as early as the seventeenth century, that a
change in shape of the lens might have a part to play
in accommodation. One hundred and fifty years
later, however, the position was still in considerable
doubt, and eminent scientists were arguing that
accommodation was still possible in those who had their
lens removed during cataract oper'ations; and that
therefore the lens could not be the agent by which
accommodation was achieved. The ciliary muscle was
eventually isolated in the middle of the nineteenth
century by Briicker and Miller; initially it was thought
to be two muscles acting at right angles, but eventually

it was acknowledged to be one muscle with two sets of
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fibres, one radial, the other forming a ring.

When the muscle tenses, the whole ciliary body

moves forward slightly, so that the suspensory
lipgament which holds the lens in place is loosened

and the lens, ov‘ving to its natural elasticity,

becomes fatter. In this way the eye is accommodated
for close vision, and with the ciliary muscle contracted.
Therefore close vision is associated with effort, distant
vision with the eye being at rest, and the hypothesis
agrees with everyday experience. Accommodation is

a reflex action, and its stimulus is the nearness of the
object. However, it is not clearly understood, since
an object which appears blurred may be too far away,
or too close to the eye; therefore something else is
required in addition to an object being blurred, to
instruct the eye to accommodate further away, or

closer.

The quantity of light entering the eye is regulated

. by the hole in the centre of the iris, the pupil. The
iris reacts almost instantaneously to a change in light
intensity, enlarging the pupil to about eight millimetres
in dull light, and contracting to about three millimetres
diameter in bright light. There is an additional cause
of a constriction of the pupil, and this occurs when a
close object is viewed. This is called the near reflex,
and thus the pupil also plays a part in accommodation.
The effect is to reduce the aberration caused by rays
of light passing through the edge of the lens, and to
increase the depth of focus of the eye when it views
close objects. The near reflex was recognised in the
seventeenth century. Dilation of the pupil also occurs
during strong psychical stimuli. This has been
recognised for a long time; merchants used to watch
for dilation of the pupils of their customers, indicating
. particular interest in what was being sold. Women

used to artificially dilate their pupils with 'belladonna'
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(beautiful woman), to make themselves more
attractive. Recent research has discovered many
more subtle variations of this theme. Given two
pictures of an attractive girl; identical except that
one picture has been retouched to enlarge the
pupils, men tend to choose the one with the enlarged
puipls as being prettier, although they are unable to
offer any logical explanation for their choice. 1In
another series of experiments, women and married
men with children show a dilation of the pupils when
shown a picture of a mother and baby. It would
appear then that the role of the pupil as an indicator
of emotional response has long been subconsciously
appreciated, but only very recently has it been the

subject of detailed research.

The role of the iris is, therefore, extremely
varied, and its main function has been widely held to be
the regulation of the amount of light entering the eye;
it is now thought that its influence on the aberrations
of the optical system of the eye is probably of greater
significance than its light-regulating role. The
smaller the pupil, the less serious, in general, are
the aberrations. If, however, the pupil becomes too
small, then the effects of diffraction become
significant. It has been found that in bright light, a
decrease below a diameter of three millimetres for
the pupil, does not improve the visual acuity. It
has also been found that the diameter of the pupil,at
any given level of light, gives the best compromise
possible between visual acuity and the amount of light
entering the eye. This is possible because the
increased amount of light entering through the pupil
helps to compensate for the reduced acuity produced

by the enlarged pupil.
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THE RETINA

Sensitivity to light.

It is reasonably apparent from everyday
observation that the eye is far more sensitive in
dull light than in bright light. For example, on
entering a darkened room, details which at first
were not seen, slowly become visible. This gradual
increase in sensitivity is not due to the enlargement
of the pupil, since this takes place almost
instantaneously. Experiments have shown that
after about thirty minutes in the dark, the eye may
become about 10, 000 times more sensitive than in
bright light; and it has also been shown that under
these conditions one must look away from the dblject
to gain maximum sensitivity, so that the image does
not fall on the centre of the retina, the fovea centralis.
The other factor that must be mentioned when dealing
with vision in very dull light is that it is without colour.
Therefore we know that the sensitivity of the retina to
light varies with the amount of light falling upon it,
and that the sensitivity of the fovea is less than that of
other parts of the retina. Moreover the eye has the
ability to see colour in bright light, but not in dull light.
The receptors in the retina which are not receptive to
colour, but which can possess a greater sensitivity to
light, are called rods; the colour-sensitive receptors

are cones.

Since colour vision contains many more complications
than the monotone vision from rods, it will probably be
simplest to start with an explanation of the function of
rods. Rods are found only on the edge of the fovea
centralis, and in increasing density as the distance
from the fovea increases. Both rods and cones are
found towards the outer layer of the retina, and thus

light has to filter through the retina, before reaching
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the light-sensitive cells. The part of the retina
used for accurate vision, the fovea centralis,
overcomes this difficulty by containing no blood
vessels, and having the intervening layers of the
retina made extremely thin, so that light has almost

unrestricted access to the cones it contains.

Rods, even though they give no sensation of
colour, are more sensitive to blue-green light than |
to orange. It has been possible to extract from the
retinas of animals, whose eyes were dark-adapted, a
chemical, originally called visual purple, but now
called rhodopsin. If the same experiment is now
carried out, but with the eyes not dark-adapted, then
little of the pigment is obtained. Thus it appears that
in looking at bright light rhodopsin is changed to some
other compound, and as the eye becomes dark-adapted,
rhodopsin is manufactured. Since it is not possible to
extract rhodopsin from the eyes of animals containing
only cones, such as chickens, it is assumed that
rhodopsin is the visual pigment of the rods, and in
absorbing light energy it is changed into another compound.
Thus rhodopsin absorbs light, and converts its vibrational
type of energy into some other form that is eventually
changed into electrical charges which are transmitted to
the cells to which the rods are connected. It is not known
why rods have a greater sensitivity to light than cones.
They might have a greater concentration in them of
pigment, which would enable them to produce a greater
change for a given amount of light, or they might be more
efficient at transforming light enérgy into electrical

energy.

Another facet of vision which varies with the
intensity of light is visual acuity; this is the power to
distinguish detail, but for measuring purposes it is

considered to be the power to resolve a simple test
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4-9 The retina. Light travels through the layers of blood vessels, nerve fibres 47
and supporting cells to the sensitive receptors (‘rods’ and ‘cones’).

Thesc lie at the back of the retina. which is thus functionally inside-out.

The oplic nerve is not, in veriebrate eyes. joined directly to the receptors,

but is connected via three layers of cells, which form part of the brain

externalised in the eyeball.

LIGHT

nerve fibres
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A Cross-section of the Retina
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pattern, say a pattern of white lines on a black
background. The angle subtended at the eye by two
adjacent lines at the point where they are just able to
be resolved, is called the resolving power of the eye;
the reciprocal of this angle in minutes of arc, is called
visual acuity. Thus a visual acuity of unity indicates

a power of resolving detail subtending one minute of arc
at the eye, and a visual acuity of two indicates a
resolution of one half a minute, or thirty seconds of
arc. The best possible acuity is about two. When:the
illumination is reduced the acuity falls, so that under
ordinary daylight conditions it is not much better than
unity; in very poor light conditions it might be only .04
so that the lines at the eye would have to subtend about
twenty five minutes in order to be resolvable. One
could imagine that the limit of the resolving power of
the eye would be determined by the 'grain' of the retina
mosaic; thus if we wished to resolve two white lines
separated by a black line, the image of one white line
would have to fall on one row of receptors, the image of
the black line would have to fall on the next, and the next
white line would have its image on the next row of
receptors. Thus the limit of resolution, which would
be best in the fovea centralis, would depend upon the
diameter of foveal cone; in fact this corresponds to a
resolving power of about thirty seconds of arc. There-
fore we can see that the eye produces in practice a
visual acuity as good as its theoretical limit, i.e.

two or thirty seconds of arc. However, all the
preceding arguments have assumed that each rod or
cone possesses a direct connection to an individual
nerve fibre, which will- pass its message to the brain.
Unfortunately, the situation is not as simple as this.

In fact foveal cones do have such direct individual

" connections, but they also share connections with each

other. Under ideal viewing conditions these other
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'cross’' connections would be inhibited, and each
foveal cone would have its unique connection to a
nerve fibre. In very dull light, the opposite would
tend to occur, with a number of receptors being
connected to one nerve fibre. In fact it is this ability
to vary the connections of the receptors, which leads
both to the greater sensitivity to poor light of the rods,
and also to the poorer visual acuity of the eye under
poor lighting conditions. When the quantity of light

is very small, the rods join together to send a combined
message of numerous rods. Thus the retina has a
resolving power based upon much larger areas of

sensitivity than the size of the individual receptor.

Strangely enough, this very property of cells having
links with others, can under certain conditions, increase
visual acuity of the eye. If an image of alternate black
and white lines is projected on the retina, the sharpness
will be far from perfect. The defects in the optics in
the eye, and diffraction at the pupil, will all help to
create an image where the black lines tend to be rather
blurred areas of varying shades of grey, which in turn,
fade into the areas of white. The receptors themselves
improve the definition of the image; the receptors that
receive the most light tend to inhibit those that receive
less, and the result is a physiological 'sharpening up!

of the image seen by the observer.

Colour Vision

On November 12th 1801, during the course of
delivering the Bakerian Lecture to the Royal Society,
Thomas Young put forward a theory of colour vision.

In this he supposed that the retina was sensitive to only .
three principal colours, red, yellow, and blue. On

July 1st in the following year, he modified this theory
slightly, so that the principal colours became red, green
and violet. The theorylwas ‘put forward almost as an

aside in the course of a lecture which Young said was not
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"so much to propose any opinions which are

absolutely new.. as to refer some theories, which
have been already advanced, to their original

inventors, to support them by additional evidence,

and to apply to them a great number of diversified
facts, which have hitherto been buried in obscurity.'’
It would be difficult to imagine a more inaccurate '
description of his theory, the cumulative impact of
which has, over the intervening years, been immense.
The theory was based upon little, if any, experimental
evidence, and probably for this reason was not
immediately developed. It was taken up by Helmholtz
in 1852, and eventually came to be widely accepted as
the 'Young-Helmholtz' theory. Nevertheless, it
remained as a theory and one which was extrerrllely
difficult to confirm by direct scientific experiment;

and it is not until very recent years that the theory has
received experimental verification. In 'Scientific
American' December 19642 we have the following
statement:~ ''Spectrophotometric measurements of
individual cone cells in the retinas of the goldfish, the
rhesus monkey and man, conducted in our laboratory at
John Hopkins University and also at Harvard University
and the University of Pennsylvania, have now confirmed
Young's three-receptor hypothesis. " It can therefore
be correctly inferred that colour vision is a topic which,
for its experimental investigation, involves the use of

the most sophisticated scientific techniques.

Cone pigments are difficult to extract, and it has
not yet proved possible to extract them frointhe retinas
of mammals by biochemical means. However, it has
been possible to identify one cone pigment from an
analysis of a solution of chicken-retina pigments; this
has been called iodopsin. However, the method which
has been most successful in the search to see whether

there are three distinct cone pigments is not chemical,
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but has depended upon the analysis of the light
reflected from the cones in the retina. The

technique uses a well-known phenomenon, namely

that the light reflected from the retinas of some
animals is coloured green. Thus it has suffered
some kind of absorption as it was reflected from

the retina. By analysing this light it should be
possible to discover something about the absorption
spectra of the cone pigments. The difficulties in
carrying out this technique have only just been
overcome. The light which is projected on to the
retina must be of very low intensity, otherwise the
cone pigments will be bleached, since it is by the
bleaching of the pigments that the eye 'sees'. The
analysis of the light has to be carried out electronically,
and, until recently, the sensitivity of the equipment
has not enabled it to distinguish the very small signal
produced by the reflected light, from the background
noise produced by the equipment. Another technique
involves the preparation of sections of the fovea
centralis on microscope slides, and analysing the
spectra of light transmitted through the cone cells in
the section. Both methods have had to overcome an
initial difficulty, that of obtaining a pencil of light narrow
enough to fall within the fovea, and so fall only on cones.
A wider pencil which fell also on the rods around the
fovea, would reflect light which also contained the
absorption spectrum of rhodopsin, the rod pigment.
While rods are not able to transmit information about
the colour of objects, rhodopsin does have a definite
absorption spectrum, being much more sensitive at the

’V .
blue-green end of the spectrum, tha‘; at the red end.

The first experiments using the technique of
analysing light reflected from the central area of the
retina were carried out in 1955 at Cambridge by F.W.

Campbell and W. A.H. Rushton. They succeeded in
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identifying two different pigments present in the
fovea. One pigment, which they called chlorolabe,
was most sensitive in the green part of the spectrum,
and another, erythrolabe, had its peak sensitivity in
the yellow. Other similar experiments carried out
at Harvard identified a green-sensitive and a red-
sensitive pigment. However, the method was not
able to identify a blue -sensitive pigment, neither was
it able to establish whether the pigments were mixed
together in the same cones, or were contained in

different cones.

In order to discover whether cones contain more
than one pigment it would be necessary to analyse the
transmission, or reflection spectrum from a single
cone. This would involve shining a pencil of light on
to a target which had a diameter of between five and
two microns. This extremely difficult technique was
developed by E. F. MacNichol and W.B. Marks of Johns
Hopkins University, and their results were published
in 1964. 2 They found that by preparing a section of
goldfish retina sandwiched between two microscope
slides they were able to compare the light transmitted
through a single cone cell. with that which passed through
no cones. The results showed that there were three
distinct pigment-absorptibn spectra present in goldfish
cones, with peaks of absorption in the blue, green and
red bands of the spectrum. Subsequent work with
human retinas shows similar results. They were also
able to show that the blue absorption curve corresponded
to the absorption spectrum of iodopsin, which, as has
been mentioned before, was the pigment extracted by
chemical means from chicken retinas. The same
research team were also able to show that the pigments
were not mixed within the cones, but that single cones
contained single pigments. Therefore it is now

possible to say that we see colour because our retinas
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contain cones which are sensitive to red, green,
and blue light, and that the theory originally put
forward by Thomas Young has, after one hundred and

sixty years, been largely proved correct.

Colour Defectiveness.

Those who suffer from this defect cannot
discriminate between certain colours as well as
the majority of people, and they see many colours
as identical that normal people would see as different.
The defect is much rarer in women than in men, and
is caused by a defective gene in the X chromosome.
Women have two X chromosomes, and are colour -
defective only if both lack the necessary gene. Men are
colour -defective if their one X chromosome lacks the
necessary gene. One type of colour-defective is the
dichromat, and about one percent of men are dichromats.
They can mix all the colours of the spectrum, as they
see them, with only two primaries instead of three.
Thus the protanope - the red blind - requires only blue.
and green to make his matches; since for the normal -
trichromatic - subject the various reds, oranges,
yellows. and many greens are the result of mixing red
and green, the protanope matches these with a green.
He cannot distinguish between them on the basis of their
colour, and if he does make a distinction, it is on the
basis of their different brightness. The deuteranope -
green blind - matches all his colours with a mixture of
red and blue. He is unable to discriminate reds,
oranges, yellows, and many greens, so that both types
of dichromat are classed as red-green blind. The
protanope, however, has a more limited spectrum,
since he is unable to appreciate red, and, as we shall
see later, this makes for a more noticeable deficiency.
The tritanhope - blue blind - is extremely rare,
constituting between one in 13, 000 to 65, 000 of the

population.
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It has been possible recently to establish that
colour defectiveness is due to a lack of a cone
pigment, or the presence of anomalous cone
pigments. W.A.H. Rushton3, using the method
mentioned in the previous section, analysed the
spectra of light reflected from various men suffering
from colour defectiveness, and compared it with the
spectra from normal eyes. He discovered that
protanopes were deficient in the cone pigment erythrolabe;
and that deuteranopes were deficient in chlorolabe.
Thus, since the protanope lacks the pigment responsible
for red vision, it is clear that they find red lights dim.
Deuteranopes, however, do not find green lights dim,
even though they lack the pigment which absorbs most
light in the green section of the spectrum. This is
because the épectra of the three pigments overlap,
as can be seen from the diagram overleaf. It can
be seen that a person lacking chlorolabe will still
receive a signal within the chlorolabe wavelengths,
since his erythrolabe pigment is reasonably sensitive
within this range. However, he still will not-be able

to distinguish between red and green colours.

Another significant discovery which was made during
the course of these experiments was that the cone pigments
of dichromats were identical to those of normally.sighted

persons.

The majority of colour defectives are not dichromats,
however. They can see three colours, and using a
colour-mixing device, need a mixture of three spectral
lights to establish colour matches, but they do not mix
_ the colours in'the normal proportions. They are
called anomalous trichromats. Using the same
techniques as before of spectrum analysis, Rushton

was able to show that anomalous trichromats possess
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pigments which are different from those possessed by
normally-sighted people, but whose absorption spectra
differ only slightly. Nevertheless, this slight difference
is sufficient to explain why colour discrimination is

difficult for these subjects.

Erect Vision

Since the sixteenth century, when it was demonstrated
by Scheiner and Descartes that the image formed on the
retina was inverted, it has been commonly assumed that
we learned by exper'ience in infancy to invert mentally the
retinal image to correspond with the outside world, which
our other senses told us, was erect. Some recent research
has thrown some doubts on our ability to learn in this way.
R.W. Sperry found that in experiments in which he rotated the
eyes of newts through 180°, the newts clearly saw the world
as inverted - striking upwards for food held below them -
and that even after as long a period as two years, they had
not adapted to this new mode of vision. He obtained similar
results with frogs, with the same reversal of the eye. If
we do learn by experience that what the retina shows us is
the world inverted, then the sense of touch must play an
important part in this education. In another recent article
I. Rock and C.S. Harris have described experiments which
clearly show that the sense of touch is dominated by our
visual perception; and that when these two senses transmit
conflicting evidence, then it is vision which dominates.
However, these articles should probably only restrain us
from a too-glib acceptance of the traditional explanation of
how we interpret the inverted image presented to us.

Other recent research, in its turn, tends to underline the
importance of our early visual experience; particularly the
way in which certain commonly occurring visual patterns

can be strongly imprinted on our visual processes, when
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they occur at a very early age. For instance, it is
thought that the horizontal/\-rertical bias of modern
architecture may be indelibly imprinted on the minds of
urban man. It is a fact that people in general resolve
horizontal and vertical lines better than they do oblique
ones. Recent experiments on a tribe of Indians living in
tepees failed to show a similar preferential resolution of
horizontal and vertical lines, and this has supported the

theory of early imprinting.
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Appendix B

THE TRANSMISSION OF KNOWLEDGE IN THE
EIGHTEENTH CENTURY THROUGH ENCYCLOPAEDIAS.

The period of the seventeenth and eighteenth centuries
was characterised by the development of the encyclopaedic
dictionary. The development followed two major and
independent paths; there was the type'of encyclopaedia that
paid particular attention to history and biography; and there
was a new form of encyclopaedia that devoted itself to the
arts and sciences. It is this latter type which is of particular
interest here, and three examples published in the eighteenth
century have been chosen to give some idea of the sort of
information which was available to the layman. In particular
it is hoped in this appendix to give some idea of the degree to
which the discoveries and theories in the field of physiological
optics could have been transmitted to the well-educated person

who was not a member of a learned society.

The first encyclopaedia to be chosen is John Harris' Lexicon
Technicum published in 1704 _The publication of this work in
two volumes followed the successful publication of similar
volumes in Europe. It was the first to be written in English
rather than be translated from French, and it represented the
powerful impact of the work of the Royal Society. The author
described his work as''An universal English dictionary of arts
and sciences: explaining not only the terms of art, but the arts
themselves.'" The second encyclopaedia to be chosen is the
second edition of Chambers' Cyclopaedia (1738). Ephraim
Chambers continued the trend followed by Harris and included

more articles on the arts and sciences while giving less
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prominence to people. Chambers' work was again
published in two volumes. By the end of the eighteenth
century, however, the number of volumes which could
constitute an encyclopaedia had grown considerably. Thus
the third edition of the Encyclopaedia Britannica (1797),
which has been chosen as the third example, was publishe'd

in eighteen volumes.

LEXICON TECHNICUM

There were two references to the eye in this work
(which had no pagination) one in the main body of the work,

and the other in the supplement,

The description of the eye, which was referred to as
'"the wonderful Organ of Sight'" - was largely anatomical, with
a good description of its parts. The functions of the parts of
the eye also seem to be well understood and stated, although
the importance of the retina was emphasised more here than
when its function was discussed in the article headed "Vision''.
Here the retina was described in the following way:

"The third Tunicle is made of the Medullary

Substance of the Optick Nerve, and is called

the Retina, or Retiformis, (Net-like). This

seemeth to be the principal Organ of Sight.

For as Dr. Briggs well argues, neither the

Crystalline Humour, through which the Rays

pass much refracted; nor the Tunicle Choroides,
are at all fit for this Use. "

Later, the function of the crystalline lens was well-described,

and the action of the retina confirmed:

"As to the Collection or Reception of the Rays
of things visible, this Humour (the crystalline
lens) is the primary Instrument of sight; tho'
as was said before, the Tunica Retina is the
Principle as to Perception, because through it
the Rays are communicated to the common
Sensory. "
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In contrast to this clear and correct interpretation
of the operation of the eye, the Supplement contained only
a brief and idiosyncra.tic account of the eye, confining its
information largely to the working of birds' eyes. The eye

was described as '"A subject too copious for us to enter upon. "

In the section on Vision there is the following good
definition:

""Vision: A sensation in the brain, proceeding

from a due and various Motion of the Optick

Nerve, produced in the bottom of the Eye, by

the Rays of Light coming from any Object. "

Although in this section the function of the retina is left
in some doubt:

"Whether the Picture of the Object be made

on the Tunica Retina, or on the Choroides,

there is a great Dispute between Mr. Pecquet

and Mr. Mariotte, in the Philos. Trans. N, 59,

etc. "

The main part of this section was given over to a
comprehensive account of the formation of the image in the
eye, but before this there was a brief but clear account of

various theories of vision which had been held since the time

of the Greeks.

Descriptions were given of the formation of the image on
the back of the eye, illuminated with clear diagrams. In spite
of the work of De 1a Hire, who questioned the necessity for any
form of accommodating power other than the contraction of the
iris, and whose work had been published a few years earlier,
Harris assumed that it was necessary that the eye could adjust
for different distances. He put forward two possibilities

without favouring either. He said that the lens could move
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closer to the retina for distant objects, and further from

it for closer objects, or the lens could change shape:

"Therefore Nature has so contriv'd the Eye,
That it should have a Power of adapting itself
in some measure to nigh and distant Objects,
for they require different Conformation of

the Eye, because the Rays proceeding from

the Luminous Points of nigh Objects do more
diverge than those from more remote Objects;
But whether this Variety of Conformation
consists in the Crystallines approaching nigher
to, or removing farther from the Retina: Or in
the Crystalline assuming a different Convexity,
sometimes greater sometimes less, according
as is requisite, is left to the Scrutiny of others;
and particularly the Curious Anatomists, "

The problem of the inverted image formed on the retina
was also dealt with, although the explanation of how we
recognise the erect nature of the object when the image was

inverted, is not well explained:

"But how comes it to pass, that the Eye
receiving the Representation of a part of an
Object on that part of its Fund which is
lowermost or nighest the Center of the Earth,
perceives that part of the Object as uppermost,
or farthest from the centre of the Earth? In
answer to this, let us imagine, that the Eye in
the point f receives an Impulse or Stroke by

the Protrusion forwards of the Luminous Axis
aof, from the Point of the Objecta a: must not
the visive Faculty be necessarily directed
hereby to consider this Stroke, as coming from the
Top a, rather than from the Bottom c. and con-
sequently should be directed to conclude t the
Representation of the Top?"

(Presumably the 't' mentioned in the last line of the above
quotation refers to the fact that the object abc is in the shape

of a 't')
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Other matters mentioned were myopia and the
inability of the old to see close objects clearly. The

correction of myopia by concave lens was mentioned
However, the inability of the old to focus on close objects
was attributed to their crystalline lenses being too flat,

and not, as it should be, to the inability of the lens to
become more convex for close objects. This was a common

and not surprising error since, at the beginning of the

eighteenth century, pré?byopia. (the loss of accommodating
The correction

power with age) was not well understood.
of presbyopia, however, was well comprehended, and Harris
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stated that the convex lens used for looking at close objects
helped old people to see, not by magnifying the objects,

but by making their appearance distinct.

CHAMBERS' CYCLOPAEDIA (Second Edition) 1738.

Although this encyclopaedia was published in only two
volumes, as was the Lexicon Technicum, the subject of the
eye and vision was far more comprehensively dealt with.
Harris' work was, however, superior in one area, that of
diagrams., Harris included his diagrams in the text, while
Chambers had pages of plates interspersed in the text, and the
diagrams were small and cramped. There was again no

pagination in Chambers' Cyclopaedia.

The anatomical description of the eye was dealt with
fully and well, and there was also a full historical review of
theories of vision from ancient Greek times to the modern

theories of Descartes and Newton.

Thé contemporary reader of Chambers' work was probably
left in some doubt over the light-sensitive membrane within
the eye. There were frequent references to the image being
formed on the retina, but a great deal of emphasis was also
placed upon the controversy that stemmmed from Mariotte's
theory that the choroid was the light-sensitive surface. It
is probably fair to say that Chambers adopted a fence-sitting
posture on this topic, and also allowed himself to be over-
influenced by the work of a very fe w scientists whose thoughts
led them to oppose the tide of very firmly held opinion in favour
of the retina as the sensitive surface. Chambers said:

"The retina is usually supposed to be the great

organ of vision, which is effected by means of

the rays of light reflected from each point of
objects, refracted through their passage through
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the aqueous, vitreous and crystalline

humours, and thus thrown on the retina;

where they paint the image of the object;

and where they make an impression which

is continued thence by the fine capillaries

of the optic nerve to the sensory. Indeed

whether the retina or the choroides by the
principal organ of vision and that whereof

the images of objects are represented has

been much controverted between several

members of the Royal Academy, particularly

Ms., Mariotte, Pecquet, Perrault, M?ery and

de 1a Hire - Mariotte first stood up for the
choroides and was seconded by Mery: the

rest asserted the cause of the retina. The

retina was always adjudged to have all the
characters of the principal organ - It is

situated in the focus of the refraction of the
humours of the eye; and of consequence

receives the vertices of the cones of rays
proceeding from the several points of objects.

It is very thin and consequently very sensible.

It has its origin from the optic nerve and is

itself wholly nervous and it is the common

opinion that the nerves are the vehicles of all
sensations. Lastly it communicates with the
substance of the brain where all sensations
terminate. As to the choroides its use was
supposed to be to stop the rays which the extreme
tenuity of the retina should let pass; and to do the
same office to the retina which the quicksilver
does for a looking glass; especially in animals
wherein it is black. But from an experiment of a
cat plunged in water M, MEry conceived a different
opinion, he observed the retina to disappear
absolutely on that occasion as well as all the other
humours of the eye while the choroides still appeared
distinctly and even with all the lively colours it has
in that animal, hence he concluded that the retina was
as transparent as the humours but the choroides
opaque: consequently the retina was not a proper
instrument to terminate and stop the cones of rays
or to receive the images of objects: but that the
light must pass through it and could only be stopped
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by the choroides; which therefore would become
the principal organ of vision."

Further analogy and physiological evidence follow, which
could lead to the conclusion that Chambers favoured the
choroid as the seat of vision, A few pages later, however,

he again put forward the case of the retina.

"The images of objects then are represented
on the retina; which is only an expansion of
the fine capillamenta of the optic nerve and
from which the optic nerve is continued into
the brain. Now any motion or vibrations on
one extreme of the nerve will be propagated

to the other: hence the impulse of several rays
sent from the several points of the object will .
be propagated as they are on the retina (i.e. in
their proper colours etc. or in particular
vibrations or manner of pressure corresponding
thereto) to the place where those capillamenta
are interwoven into the substance of the brain.
And thus is vision brought to the common case
of sensation. "

Accommodation was dealt with in a slightly more dogmatic
manner, Three possibilities were considered, and all used
the action of the muscles external to the eye. The first was
that these muscles changed the ;hape of the eye, lengthening
it for close objects and shortening it for distant objects: the
second was that the change in shape of the eye-ball made the
crystalline lens more or less convex: and the third was again
that the change in shape of the eye produced by the exterior
muscles varied the distance between the retina and the
crystalline lens,

"But nature has provided against it (the

blurring of the image) either by contriving

the eye s0 as its-bulb may be lengthened or

shortened as objects may be more or less

distant; or, as others will have it, so as the
crystalline may be made more convex or more
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flat; or according to others so as the distance
between the crystalline and the retina may be
lengthened or shortened. The first expedient
is the most probable; on the footing of which,
when we direct our eyes to an object so remote
as that it cannot be distinctly viewed by the eye
in its accustomed figure, the eye is drawn back
into a flatter figure by a contraction of four
muscles; by which means the retina becoming
nearer the crystalline humour receives the rays
sooner: and when we view an object too near
the eye being compressed by two oblique muscles
is rendered more globular; by which means the
retina being set further off from the crystalline
does not receive the rays from any point before
they meet. "

It is perhaps surprising that the extremely common theory
that either the shape or position of the crystalline was changed

by the interior ciliary processes or muscles, was not mentioned.

Two other points of note were mentioned. The first dealt
with the distinctness of vision, and showed that the author of
the encyclopaedia understood the concept of nerve endings
well., The second was the production of an erect image from
the inverted image produced on the back of the eye. On the

subject of distinct vision Chambers said:

"The distinctness of vision is somewhat
concerned in the size of the image exhibited
in the fund of the eye - for there should be
at least as many extremes of capillaments
or fibres of the optic nerve in the space that
image possesses as there are particles in
the object that sends the rays into the pupil:
otherwise every particle will not move its
separate capillament: and if the rays from
two points fall on the same capillament, it
will be the same as if only one point had fell
there; since the same capillament cannot be
differently moved in the same time. And
hence it is that the images of very remote
objects being very small may appear confused,
several points of the image affecting each
capillament: and hence also if the object be
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of different colours, several particles
affecting the same capillament at the same
time and only the ‘?'rightest and most lucid
will be perceived:

On the subject of the impression of an erect object being
produced from an inverted image on the retina, Chambers
was, if anything, less convincing than Harris had been in
the Lexicon Techﬁicum. He quoted only Molyneux (1656 -

1698) in“Dioptrica Nova': as follows:

"But Mr. Molyneux gives another account:

the eye he observes is only the organ or
instrument: it is the soul that sees, To
enquire then how the soul sees the object
erect by an inverted image is to enquire

into the soul's faculties. Again imagine

that the eye receives an impulse in its

lower part by a ray from the upper part

of an object; must not the visive faculty

be therefore directed to consider this stroke
as coming from the top rather than the bottom
of the object, and consequently be determined
to conclude that the representation of the top?"

ENCYCLOPAEDIA BRITANNICA (Third Edition) 1797

This encyclopaedia appeafs almost modern when it is
compared with the two already mentioned. As has already
been stated, it had eighteen volumes and was able therefore
to give a far more comprehensive account of the functioning
of the eye than the earlier encyclopaedias. It was also

completely paged and had marginal summaries of the text,

The subject of the eye was dealt with under two main
headings. In the section on Anatomy there was a detailed
physiological description of the structure of the eye; and in

the section on Optics there was a discussion of the way in which
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the eye was thought to function. It is this latter section
which will be dealt with here, since, not surprisingly, the
anatomy of the eye was well understood by this time and its

description contained nothing of a controversial nature.

In the section on Optics there was an extensive article
on vision (P, 292 - 302), This was mainly concerned with
an historical survey of the arguments put forward during the
previous hundred years on the seat of vision, but it also
contained a brief summary of the structure of the eye, and
a good explanation of the way in which we see an erect object

even though the image on the retina is inverted.

""Since the image is inverted, many have
wondered why the object appears upright.

But we are to consider, 1, That inverted

is only a relative term; and 2. That there

is a very great difference between the real
object and the means or image by which we
perceive it. When all the parts of a distant
prospect are painted upon the retina, they are
all right with respect to one another, as well
as the parts of the prospect itself; and we
can only judge of an object's being inverted,
when it is turned reverse to its natural
position with respect to other objects which
we see and compare it with, If we lay hold
of an upright stick in the dark, we can tell
which is the upper or lower part of it, by
moving our hand downward or upward; and
know very well that we cannot feel the upper
end by moving our hand downward. Just so
we find by experience, that upon directing
our eyes towards a tall object, we cannot see
its top by turning our eyes downward, nor its
foot by turning our eyes upward; but must
trace the object the same way by the eye to
see if from head to foot, as we do by hand

to feel it; and as the judgement is informed
by the motion of the hand in one case, so it
is also by the motion of the eye in the other."
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The historical survey of the theories on the nature
of the seat of vision started with an account of Mariotte's
discovery of the blind spot, and his consequent theory of
the choroides being the light-sensitive surface within the
eye. The remainder of the article was an excellent summary
of the subsequent development of this theory, and the swings
of opinion to and from the retina or the choroides as the seat
of vision, In conclusion, the encyclopaesdia came to a very
strange opinion. It found difficulty in deciding decisively
between the retina and choroid as the seat of vision, although
there was an undoubted trend towards the retina apparent in
the writings of the majority of the eighteenth century
scientists discussed by the encyclopaedia. Its opinion was
that the retina was the light-sensitive surface, but that its
transparency might make it necessary to postulate some role
for the choroid also. The final conclusion was to put forward
a-theory similar to that proposed about one hundred years
earlier by De la Hire: that the light was reflected back from
the choroid to the retina.

"We shall conclude these remarks with

observing, that if the retina be as

transparent as it is generally represented

to be, so that the termination of the pencils

must necessarily be either upon the

choroides, or some other opaque substance

interposed between it and the retina, the

action and reaction occasioned by the rays

of light being at the common surface of this

body and the retina, both these mediums

(supposing them to be equally sensible to

the impression of light) may be equally

affected; but the retina, being naturally

much more sensible to this kind of impression,

may be the only instrument by which the sen-

sation is conveyed to the brain, though the
choroides, or the black substance with which
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it is sometimes lined, may also be

absolutely necessary for the purpose of
vision. Indeed when the reflection of

the light is made at the common boundary

of any two mediums, it is with no propriety
that this effect is ascribed to one of them
rather than the other; and the strongest
reflections are often made back into the
densest mediums, when they have been
contiguous to the rarest, or even to a
vacuum. This is not far from the hypothesis
of M, De la Hire, and will completely account
for the entire defect of vision at the insertion
of the optic nerve."

The Encyclopaedia Britannica was able to give far more
space to the discussion and explanation of topicsthan either
Harris or Chambers. Therefore there are lengthy discussions
on such topics as the way in which we judge the distance of
objects and the method by which we see an object singly rather
than double, even though it is viewed through two eyes.
Strangely, however, the topic of accommodation was, by
comparison, neglected. The explanation of the method by

which the eye focuses is given below in its entirety.

"That the rays may be collected into points
exactly upon the retina, that is, that objects
may appear distinct, whether they be nearer
or farther off, i.e. whether the rays
proceeding diverge more or less, we have a
power of contracting or relaxing the ligamenta
ciliaria, and thereby altering the form of the
crystalline humour, and with it the focal distance
of the rays. Thus when the object we view is
far off, and the rays fall upon the pupil with a
very small degree of divergency, we contract
the ligamenta ciliaria, which being concave
towards the vitreous humour, do thereby
compress it more than otherwise they would
do; by this means it is made to press harder
upon the backside of the crystalline humour,
which is thereby rendered flatter; and thus
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the rays proceed farther before they meet

in a focus, than otherwise they would have
done. Add to this, that we dilate the

pupils of our eyes (unless in cases where

the light is so strong that it offends the

eye), and thereby admit rays into them that
are more diverging than those which would
otherwise enter. And, when the rays come
from an object that is very near, and therefore
diverge too much to be collected into their
respective foci upon the retina, by relaxing
the ligamentum ciliaria, we give the crystalline
a more convex form, by which means the rays
are made to suffer a proportionately greater
degree of refraction in passing through it.
Some philosophers are of the opinion that we
do this by a power of altering the form of the
eye; and others, by removing the crystalline
forwards or backwards as occasion requires:
But neither of these opinions is probable; for
the coats of the eye are too hard, in some
animals, for the first; and, as to moving the
crystalline out of its place, the cavities of the
eye seemn to be too well filled with other humours
to admit of such removal.

Besides this, in the case above-mentioned, by
contracting the pupils of our eyes, we exclude
the more diverging rays, and admit only such
as are more easily refracted into their
respective foci (C). But vision is not distinct
at all distances, for our power of contracting
and relaxing the ligamentum ciliaria is also
circumscribed within certain limits.

(Footnote C. Accordingly it is observed, that
if we make a small hole with a point of a needle
through a piece of paper, and apply that hole
close to the eye, making use of it, as it were,
instead of a pupil, we shall be able to see an
object distinctly through it, though the object
be placed within half an inch of the eye.) "

It is clear from the excellent historical accounts that the

author gave of other aspects of vision, that he had a very good
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knowledge of the development of the subject. Therefore
this brief and inadequate account of the cause of acco-
mmodation is most surprising for two reasons. The first
is that it lacked the historical perspective given to other
topics. The. second reason for surprise is that the topic.
of accommodation, which had attracted widespread

attention from earlier researchers should be given far

less prominence than other topics which were generally
accepted to be of less importance, such as the least angle
of vision and the appearance of objects when viewed through
media of different forms. The topic of accommodation was
again neglected in the section of the Encyclopadia devoted
to anatomy. 4 In the section explaining the formation of a
clear image on the retina, the defects of long- and short-sight
were mentioned, but no reference was made to the ability of
the eye to focus both distant and close objects clearly on the

retina.

Attention should also perhaps be drawn to the rather
difficult language in which this account of accommodation
was couched. The method by which accommodation was said

to be achieved was identical to that proposed by
Gravesande in 1721, although no reference was
made to this fact. The method can probably be best

understood by reference to the diagrams below.

ciliary ligament

ciliary
ligament

Vitreous
humour

lens

vitreous humour
lens
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The dotted lines indicate the position of the ciliary
muscles and lens when a close object is being viewed;
the continuous lines indicate their position when a
distant object is being viewed.

Thus, rather than proposing that the ciliary ligaments
exert a direct pull on the crystalline lens, the author '
proposed that when they contracted they became less convex,
compressed the vitreous humour, and that this pressed on
the rear of the lens rendering it flatter, Other possible
methods of accommodation were mentioned, such as the
change in shape of the eye, and the moving of the crystalline
towards and away from the retina; but these were dismissed
summarily in a way that did scant justice to the calibre of
the scientists who had in the past advocated these solutions

to the problem of accommeodation,

From this brief summary it can be seen that the
educated layman in the eighteenth century was well served
by the new encyclopaedias. On the subject of vision the
early encyclopaedias gave a comprehensive and reasonably
well-balanced account of current theories, based upon an
excellent foundation of historical perspective. It is probable
that the rapid expansion of the Encyclopaedia Britannica,
from its initial two volumes to eighteen in its third edition,
reflected the popularity which surrounded this new form of
publication. Therefore, it is a pity that the additional space
made available to the author should have been used in the
section on vision to give a rather more idiosyncratic account of
the subject than that found in the earlier encyclopaedias.
Nevertheless, the importance of the subject was well
represented in the publication, although the balance of

importance given to topics did not always correspond to
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historical or current opinion; and the explanation given .
on such an important topic as accommodation neglected

a number of theories of equal merit to the one put forward.
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