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SECTION 1

1, INTRODUCTION

In order to obtaln a basic understanding of the
processes involved in keeping a clear, unblurred, image on
the retina, it is necessary to deal in some detail with the
anatonical and physiologlcal properties of the human eye lens
and ite environment, In addition, the optics of the imoge
formation and the neurologlcal aspects'of the image evaluation
must he considered, |

The process, which enables a person to change the
optical power of his eye lens, is usually referred to as
accommodation, It ié a highly complicated interacting controi
system that consiéts of optical and.mechanical transducers
and partly uvnknown connecting neural pathways; In principle,
the following events can be distingulshed. Suppose an out-of-
focus image of an object is formed on the retina beéause the
power of the eyelens differs from the value necessary to
make the object plane and retina conjugate. The blurred image
on the retina is detected and information corcerning this blur
is transmitted to higher brain centers, After evaluation, a
signal is transmitted back to muscles ﬁhich allow the lens to
change its dioptric power and to improve the focussing of the
retinal imege;, A simplified block dizgram of this feedback

process is shown in Fig. l.l.'51)
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Fig., 1.1

Under normal viewing conditions, the accommodative
system is completely involuntary, l.e. adjustments in
accommnodation occur without any consoious effort or knowledge
of the person himself, Its operation has the same effect as
an automatic focussing device, well-known from sophisticated
camera systems, In the subsequent seotions, we will review
the 1i€erature concerning the human eye lens and try to
ihdioate some of the relevant characteristics of the various
elements of this feedback system,

This report will present the latest available
information regarding the anatomy, physlology and functional
experimental procedures relative to the aooommodati%e process
of the human eye. Throughout the pregentation quantitative
aspeofs will be emphaéized. In many instances this emphasis

requlires considerable attention be paid to past and present
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methods of measuring accommodation because it was found
that there does not exist a satlsfactory means of measuring
simultanecously and dynamically the near reflex éoular triad
of accommodation, pupil diameter and convergence, The lack
of such experimental equipment was not considered reason to
neglect the theoretical conslderations of accommodation..
In particular considerable attention is given to image
formation from both classical and spatial transformation
viewpoints, In addition, the controlméystemsntheoretic
anelysis of the accommodative system is emphasized
throughout the presentation and is gulminated in a multi-
variable block dilagram of the system as it is thought to
exist today,

Of considerable importence to experimentation is
the instrument review of dynamic optometers which we feel
illustrates the inadequacy of present instrumentetion to
fulfill the needs of a comprechensive stvdy of accommodation
and its asgoclated systems., These needs are made explicit
in a later section of the report.

The final two sections of the report outline briefly
possible clinical and misslon orlented applications of a
proposed Optioai Status Tester that we feel would fill the
needs of monitoring the ocular near reflex under a wilde range

of environmental conditions,




SECTION 2

2, BASIC MACROSCOPIC ANATOMY OF THIE ACCOMMODATLON
MECHANLSM IN 'THE NUMAN HYI

A horizontal crossection of the humen eye is shown in

Fig. Z.,)l, The accommodative mechanism consists of the lens,

the suspensary ligaments or zonule fibers, and the cillary

muscle, Thes: components will be dlscussed in somewhat more

detail in the next parsgraphs

Posterior chamber

' — /Comea .
| e
Liknbal zone ‘ % Iris
\ /Con]unctiva
? Anteriorl‘ chamber W Canal of Schiemm
Y

N al

Ay sy, oennnld o Gillary muscle
~<%¢$i:m~.|
i ‘
n

Zonule
fibers

process

Rectus
N
Retrolental space/ DN

tendon
Ciliary epithelium

Ora serrata -

!

Optic axis—\l\',; ! —Visual axis
]

!
Canal of / I
Cloquet -

\
|
!
’I
g !
!
!

——
-—
-
—

Choroid

Lamina cribrosayZ T S T

<Macula
lutea

Morizontal section of the right human eye, (From Walls, 1942, as
modificd from Salzmann, 1912,)

Fig. 2.1




a., The Lens, The lens ils a transparent
structure of & bliconvex shape with a rounded border or

equator (Fig, 2.2).
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Fig, 2,2

The posterior gsurface is more highly curved than the anterior
surface, with the curvatures culminating in the posterior and .
anterior poles respectively., The line between the two poles
Js called the axls, The lens is placed immediately behind

the pupil, the iris resting on its anterior surface (Fig, 2.3).
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Fig. 2,3

Its position 1ls falrly vertical but not quite symmetrical,
since its axis deviates from the visval sxis by about 4° 17),
The lens is surrounded by a strong and highly elastlc capsule
through which it is supported from the ciliary body by the
zonule fibers (suspensory ligaments), No quantitative
meagurenents about the clasticlity of the capsule have been
mnede sc far, Although seemingly structureless, the capsule l1s
composed of two layers as can be shown by appropriate

staining methods‘ullThe outer of these two layers 1s called
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the zonular lamella, In persons exposed to heat and glare
the zonulayr lamella may become exfoliated, forming a type of
opacity knowy as glass blower's cataract, The lens capsule
is transparent and very resistant to pathologlcal and
chenical influvences, Its thickness veries at different
parts of the lens and incresses gradually with increasing
age, Fig 2,4 gives an idea of the relative change in
thickness, The thinnest part (2 miocron) is found at the
posterioy polé, and on both the anterlor and posterior
surfaces there is a circular zone of maximal thickness

(23 micron) running round coricentrically with the equator,
These chahges in thickness determine for a great part the

shape of the lens,

ANTERIOR CAPSULE

EQUATOR

POSTERIOR PQOLE

Dingram of the relative thickness of i i i
he capsule in various portions, as measur
Fincham, P » 25 mensured by

Fig. 2.0
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The lens epithelivm extends as a single layer of cells under'
the anterior capsule as far as-the equator. At the equator
the epithelial cells develop into young lens fibers, which
compose the lens substance, The lens substance is not
elastic, If the lens capsule is removed, the lens will not
return to its original shape after deformation by an |

1)

The lens is a living structurg'and throughout the
life of a person new fibers are constantly forming. As the
Hrmation of new fibers takes place, the older fibers are
cmmpressed end pushed in toward the center, This results
in an increasing density of the lens from the surfacé to
the center, Since the inner fibers are the oldér. they are
more sclerosed and less translucent than the more recently
formed peripheral fibers, There is no sharb boundary between
the various portions of the leuns but, in general, tﬁo main
parts cen be recognized, i,e.,, & denée center or nucleus, and

: 2
the surrounding cortex (Pig. 2.5), 7)

—Tur Stirvereire or iHE LENS AS SHOWN IN THE
Or1icAL DBEAM OF THE SLII-LAMP,

~The lens of a 3-year-old —The lens of an adult of J0 years.
infant, 1, Anterior capsule, 4. Infantile nucleus.
1. Anterior capsule. 2. Cortex. 6, ¥eetul nueleus, o
2, Infantils nucleus, 3. Adult nucleus, 6. Ebryonie nucleus,

3. Fetal nueleus.
4, Embryonie nucleus,
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The varlous dimensions of the lens vary considerably
between different persons and with age., Table 2,1 summarizes

some aversge values quoted by Duke~Elder, 18)

Child Aduvlt

Axis Fe 5l mm  B-B,2 mm
Bgvatorial Diemeter b, 5-0 mm 9 mnm
Radiue of Curvature . )

Anterior Surface 5 mm 10 mm
Radiuvs of Curvature |

Posterior Surface b ym 6 mn
Weight oo 200 mg
Volune : —arnron 200 mm3

TABLE 2,1l-~ Some average values of various lens
dimensions (unacconmodated eye).

7 b. The Zonule, The zonule fibers (suspensory
liganent of the lens) streteh from a broad origin ab the
ciliary body to the periphery of the lens, It is essentially
a series of fibers that hold the lens in position end that
pley an important role in the mechanism of accommoda tion,
since the zonule forms one of the main connections betweén the
ciliary muscle and the lens capsule; The fibres are transparent,
straight for the most part, stiff in appearance and ineitensible.
Theii-caliber, which is very constant for each fiber, varies

0) -
from 2 to 84 > ,Jbut can have much higher values in certain

instances (up to 40 ).

TSR i

To the side of the lens each fiber
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breaks up in a series of extremely fine fibrils, which
become continuous with the zonular lemella, A similary
process takes care of the attachment at the side of the

ciliexy body.

¢, The Ciliaxry Muscle, According to Salzmann

three groups of muscle fibers can be distingﬁished which
make up the whole of the cillary muscle--a meridional bundle,

e radial portion, and e circular portion (Fié 2,6)

CONJUNGTIVA
CORNEA
LIMBUS

SCHLEMM'S CANAL

GILIARY EPITHELIUM \ :
GIRGULAR BUNOLE

(MUELLER S MUSGLE)

PIGMENMT LAYER

SUPRA-GHOROIDAL SPAGE RADIAL BUNOLE
- ORA SERRATA MERIDIONAL BUNDLE

Anteroposterior scction through the anteror portion of the eye (Modified after
\1

Wolll.)

Fig. 2.6
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The meridional bundle has its origiﬁ at the
oorﬁeoscleral jﬁnotion Just in back of Schlemm'!s canal,
1t thinsg off posterliorly and connects withkthe fine
trabecular which cxoss the suprachoroidal space, The
insertion of this bundle is in the choroid coat near the
posterior pole of the eye,

The fibers of the radial pbrtion are very much
intermixed with the fremework of the connective tissue,
This makes it difficult to determine the exact topography
of the bundle as a whole, and no definite origin or insertion
can be distinguished. 2) | . |

The circular portion (also called Muiler's muscle) |
consists of Tibers that form a circﬁlar bundle at the inner,
anterior aspect of the ciliary body, They form a sphincter
muscle.that on constriction narrows the ring forméd by the
ciliaxry prooessés and on which the zZonule fibers are
attached, The form of the cilisry muscle a8 a whole depends
1arge1y'on this circular portion. The circular portion is
poorly Qeveloped in myopic eyes and well developed in
hyperopic eyes. This suggests that this pocrtion plays an
important role in accommodation, Contraction of the circular
portion of the ciliary muscle alone must result in

‘reloyation of the Zonule (Fig., 2.7).
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Illustrating the action of:the circular fibres in relaxing the tension
of the zonule

Fig, 2.7

It is still not known what the exact effect is of contraction
of the meridional and radial portions of the cilisry muscle.

4, Mechanisms for Accommodations Of the wvarious

existing theories about the mechanismskof accommodatbn, only
one is supported by sufficient experimental evidence to
make a more detailed discussion worthwhile, The relaxation

theory was originally formulated by Young andeelmholtE,,31)

and recently supported by Finchan, 21) It assumes that in the
unaocommodated eye at rest, the lens is compressed in its
capsule'by a pulling force of the zonule, In this condition,
the lens has its smallest curvature and, consequently, its

smallest dioptric power. In the normal eye, objecis at

infinity will be imaged at the retina, in other words, the eye

is accommodating at infinity. The Zonule is not supposed to

have elastic properties but is kept constantly stretched by

T
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its attachments to the ciliary body. In Helmholtz'is
original theory the elasticity of the choroid was supposed to
balance the tension of the zonule, In the process of
accomnodation, the cliliary muscle contracts and the

choroid is pulled forward, releasing the tension of the
zonule, Also the ving formed by the ciroular portion.of

the ciliary muscle is narrowed, releasing the tension of

the zonule even more, When the lens capsule is freed from
the pulling force of the zonule, as &ll elastic bodies it
tries to take a more spherical shape, thus increasing the
curvature and dioptric/power of the lens, There are stxgng
objections against thé§ole of the choroid in sustaining the
elastic traction of the lens capsule, It does not seen
logical to expect the choroid, being & richly vascular
network, to act as a counterweight for such a continually
acting force. Therefore, Henderson 3)suggested that the
traction of the zonule was achieved mainly by the radial and
longitudinal (meridional)prTtions of the ciliary muscle,

He pointed out that the non-rigld structure of the zonule
and the‘oiliary processes follows in its course from the
choroid to the lens a curve rather than a straight line,
This curvature camot exist without support, and the support
must take an active part in transmitﬁing the strain, Henderson
gave anatomical evidence that the ciliary muscle supported
the arch formed by the zZonule and the clliary processes, He

ascribed different functions to each part. of the ciliary muscle,
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The longitudinel fibers act as support to the distal
extremity of the zonule; the radial fibers support the
S zonular arch and aotbas a ténsor zonullsy the circular
fibers act as a sphincter in the generally accepbed manner,
Henderson was convinced that the zonule i1s constantly
stretched by means of the longitudinal and radial fibers
* and that the pull on the zonule by the elastioity of the
lens capsule 1s counterbalanced by the tone of these fibers.

This seems also a much more logical function for s myscle

inétead as for a vascular structure such as the chorold,
The following two main functions of the clliary
musclé were thought to be mediated by different muscle
bundles and innervated by different nerve supplies, The
radial and longitudinel fibers maintain a constant postural
activity to counterbalance the pull of the zonule, The
sphincter, or circular muscle, overcomes the tension on the
zonule ahd pernits it to become slack, These ideas are in
agréement with the evidence that both parasympathetic and

sympathetic innervatlion are concerned in accommodation,

Accommnodation is accomplished by inhibitlion of the postural
activity of the Jongitudinal fibers and by active contraction
of the circular fibers (sphincter), Henderson regarded the |
sympathetic nerve as excitatory and the third oranialAnervé

as inhibitoxry,
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Another interesting experimental fTinding isg gtrong

evidence for the relaxabtion theory. Namely, the fact that

during the accommodation the lens sinks in the direction of
gravity. Finchan 21) found the distance from the anterior
surface of the lens to the cornea in the accommodated state
to be 0.2 mm. less when the head was held forward parallel to
the floor than when the héad wo.s held erect, showing the
effect of gravity on the position of the lens during
accommodation. No change in this distance was observable

with a2 change in posgition of the head when the eye was not

fully sccommodated,




SECTION 3

3. THE HUMAN EYR AS AN OPTICAY. SYSTEM

Before a ray of light hits the retina, it has'to &go
through a numbér of media (Fig., 2.1). The optical densities
of these media are different, the indlces of refraction are
r‘different, and the curvature of‘the borderline between two
' suopessive‘media changes along the light path, It can be
assumed that the transmleslonscoelfflclient of the wvarious
media for light in the.visible part.of the spectrum (400-800 wmA)
is independent of the wavelength: In brder to caleulate the
characteristics of the retinal image, it would be very
convenlent if the laws of geometrlical oﬁtics could be applied,
However, this iS not‘simply possiblé because in the lens
substance the index of refractlion changes continuously with
position, This means that the lens represents a nonhomogeneousg
medium, and one of the baslc assumptions of geometrical optics,
i,e,, rectilinear propagation, is not satisfied, To get
around this difficulty varlious investigators have constructed
schematic eyes in whidh the lens was composed of seversl layers
of constent index of refraction, The number of layers should
be small to svoid long and complicated calculations, On the
other hand,, care must be taken to approximate the real role
of the lens in the image formation process as closely aé
possible, 1TIn the following discussion we wlll use the schematic

28
- eye of Gullstrand, )

Gullstrandts data are c¢loselto reality
and generally sccepted in the major portion of ophtalmic

literature.
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a, The Schematle Iyve, Some of the data from

Gullatrandtse échematio eye (unaccommodated) are swummerized

in Teble 3,1, The schematic lens conslsts of & core lens

of réfractivé index 1.406 surrounded by a cortex of refractive
index 1.386, This situation is also found in the veal lens of
an adult person, The cortex consists of young fibers (lower
refractive index) and the core consists of older, more compressed
fibers (higher refractive index). Experimentally, the index

of refraction at the center of the core lens is found to be

equal to 1,406, while the index of wrefractlion at the vertices

of the crystalline lens ig found to be equal to 1.386,

- Refractive ' Radli of Axia)
Medlun Tndex Surface -~ Curvature Separation
Aiv 1,000 Ant, Cornea 77 mm
Cornea 1,376 0,5 mm

Post, Cornes 6,8 mm
Aqueous humoxrl,336 © 3,1 mm
Ant, Lens
(Cortex) 10,0 mm
Lens (Cortex)l.386 0.55 mm
' - Ant, Lens ’
(core) 7491 mm
Lens (Core) 1,406 2,42 mm
Post, Lens »5.76 m
(Core) 0,63 mm
Post: Lens .
(Cortex) ~6,0 mm

Vitrepus
humor 1,336

TABLE 3.1
In the schematic eye, these values are chosen for the constant
Andices of refraction of the core lens and the-cortex,' The
,radii'of curvature and the positions of the anterlior and
posterior surfaces of the core lens do not correspond to reality

but are chosen to make the optical properties of the schematic
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lensg as close to those of the.cryst&lline lens, However,
the radil of curvature and the positions of the anterlor and
posterlor surfaces of the cortex have the same values as
found in the average adult person,
Another approximation in the schematic eye is that
all the surfaces are suppbsed to be spherlcal, In reality,
this holds only in the neighbourhoodlof the vertices, but
is oertainly not true for any of the surfaces as a whole,
However, for paraxial rays this spproximation is quite
acceptable, | |
From the foregoing it is obvious that in characterizing
the humen opticsl system it is impossible to use & thin lens
spproximation, Instead, & characterization using the gix
cardinal points must be employed, The %thick lens® formula is
n'! «n =nf=e-n Eq. (3.1)
1Y 1 T f
In Eq., (3.1) 1% is the image distance measured with
respect to the second principle plane (Hp) and 1 is the object
distance measured with respect to the fiist principle plane (Hy),
Similexly, £% is the distance of the second prinoip&b focus '
from the second principle plane, and f is the distance of the
fivst principle focus from the flrst principle plane,
n and nt are the refractive Indices of object and image space
respectively, Distances measured in the same direction as
the light is travalling are regarded positive. The two
princ;plﬁ planes are conjugate planes of unit transverse
‘ma@nification. In the construction of the image, one often

uses the concept of nodal plenes, These are also conjugate
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planes end thelr intersectlions with the optiecal axls are
the nodal points. Any ra§ directed towards the first nodal
point (Nl) leaves the system as coming from the second
nodal polnt (Nz), and parallel with its original directlion,
The distance bebtween the two principle planes lg always
equal to the distance between the two nodal planes. Also
the distanée from the first principlée focus to the first
principle plane equals the disbance from the second principle
focus to the second nodal plane,

We will now glve a scheme to calculate‘the cardinal
points of a system of ¢0waxia1 surfaces separated by reglons

of different indices of refraction (Fig., 3.1),

Fig., 3,1




Explanation of symhols:

rp, 3 radius of curvature of the pth surface (meters)
n : index of refraction of the medium in front of
P th . :

the p*"! surface .

dp s+ axial separation between the pth and the
(p+1)Ph surface (meters)

Fp = Npyq =Ny 3 surface powgr of the,ptb surface (diopters)

rp _ |
[ Lp : object distance for the pth surface (dibpters)

L‘p ¢ image distance for the pth surface (diopters)

(Lp and L} are measured with respect to the vertex of
pb? surface)

In Figf;B,l the light is supposed to travel from left to
‘ right, The next step is to solve the following set of
equations,

Ly =0; LYy =14 +F =F

Ly = T.Lw.zmd‘i ; Ly = Ly # Fp
Tty i)
(Eq. 3.2)
L3 = ,_.._l_,..__.._‘ S | L'B = L3 + F3
1 4
TV, ~ .=
ns
Ly = TS AN SRS O

Tt can be shown that the eduivalent focal length of

the optical system in Fig.‘3.1 is given by Eq. 3.3

Foo = L'y (L'2) (L) weenn(lly) (B, 3.3)

(Ig) (LB) (Lk)
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Feq in Eq, 3.3 provides the Qistance I't between the second
principle focus and the second principle plane, namely
£t =T 41, L' in . (3.2) provides the distance v between
the secgga principle focus end the vertex of the last
refracting surface, namely v = 2%3;'. From the foregoling
it is clear that BEa. (3.2) and Eq,k(3°3)'determine together
the position of the second principle fécus, the position of the
- second principle plane, and the position of the second nodal
plane, all with respect to the optical: system. By letting
the light travel from right to left in the optical system of
Fig. (3.1), we Tind analogous equations to determine the
first principle focus, the first principle plane, and the
first nodal plane. ’

In the case of the human eye, values of n, r end d can
be found from Table 3.2, and the calculation of the cardinal
points is»a straighforwsrd but laborious job, Calculated

vajues from Gullstrand are given in Table 3,2 for the

unaccommodated eye,

Cardinal Point Position witﬁ respect to anterior
' surface of cornea

1st principle point 1,348 mm
2nd principle point 1,602 nm
st focal point -15,707 mm
2nd focal point 20,387 mm
1st nodal polint ' 7.078 mwm
2nd nodal point 7.332 mm -

Table 3,2
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b.  The Simplified Eye. It is possible to reduce

the model of the crystalline lens, as used in the schematic

eye, even more, In Gullstrandls simplified eye the crystalline
lens ig represented as one single thick lens, The positions

and radil of curvature of the anterior and posterior surfaces

of this thick lens are equal to the corresponding values for

the crystalline lens, However,_the constant index of refraction
must be chosen equal to 1,413, to make‘the optical properties

of the single thick lens as close as possible to those of the
crystalline lens,

Gullstfand has shown that this simplification describes
the optical image formation of the real eye still quitq
accurately. The obvious advenbage is the reduction of the
>number of refracting surfaces, which ﬁakes the calculatlon of
the cardinal points much simpler, Another reduction in the
simplified eye concerns the cornea. In the schematic eye the
cornea 1lg represented by en anterior and posterlor surface v
(radii of curvature 7.7 mm and 6.8 hm, respectively) separated

by & medium of refractive index 1.376 (axial geparation 0,5mm).

The equivalent power of the cornea can be calculated easily

with Eq. (3.2) end Eg, (3.3), using the following values in

Fig. 3.1:
- - = 0,376 . :
nl - l I'l - ?o? mm Fl - '0":%0",77 - 14‘8983 D
* s o = .QAQ&,Q.._. = e
ny = 1.376 ro = 6.8 mm F2 = 55000 5. 88 D

it

ns 1,336} dy = 0.5 mm




Substitution of these valuves in Eq. (3.2) glves
Ly =0 Lty = 48.83 |
Ly = gt e = 49,75 LY, = 49,75 - 5,88 = 43,87

8‘?”“ = 43905 D
In the simplified eye‘the cornea is replzced by a
single surface with radius of curvature equal to 7.8 mm at the

positﬁon of the anterior surface of the cornez, This single
surface separates the medla air and agueous humor (index of
refraction 1,000 end 1,336, respectively). The ;quivalent
power éf.this surface is simple Feq = %f%%%B = &3.08 D, which
is very close to that of the schematic cornea,

We will_use Gullstrand?s simplified eye as a bagis for
calculation of the chéfacteristics of the retinal image, The
basig data are shown in Fig._B;Z.Fof‘ﬁhe uﬁaocommodated

simplified eye we have

ny =1 : a; = 3.6 ' r, = 7.8 mm
ny = 1,336 d, = 3.6 r, = 10 mm

=14 d, = 16,97 1o = =6 %
?\2 x i-332 3 77 r3 'mm . '

Using these data in Eqd.(3.2)and Eq.(3.3) it is easy
'to calculate the positions of the principle points, The

results are summarizéd in Table 3.3 for the unaccommodated eye,
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Cardinal Point Position with respect to anterior
surface of cornea
Unaccomnodated Accomnodated 8,62 D
1st principle point 1,47 mnm 1.70
2nd. principle point . C1.75 mm ' 2,03
1st focal point ~15.3% mn ~12,96
2nd focal point 204,17 mm 21,61
1st nodal point 7.11 mn 6,62
2nd nodal point 7.39 mm 6.95
Table 3.3

¢, Accommodation In the procesgs of accommodation

three parameters are changing significanﬁly; increasing the

dioptric power of the eye as a whole, First, the radii of

curvature of the anterior surfaoe and the posterior surface

of the 1ené both decrease. Secondly, the anterior surface of

the lens moves forward, 1In the case where the eye is

sccommodated 8,62 D; i.,e,, focused for an object 11,6 cn in

front of the first princlpal plane, we have the following

parameters: |
Rédius of curvature of the posterior lens svrface = -+5,00 mﬁ
Radius of curvature of the anterior lens surface = »5.00 mmn
Axial thickness of lens = 4,00 mm
Axia) thickness of anterior}chamber 2= 3.2'mm |

All the other parametefs reméin more or less unchanged, Again

the cardinal polnts of the system cen be calculated and the

results are shown in Table 3.3 for the simplified. eye,
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d. Fntrance and Exit pupils, The entrance pupll

of the human eye is the image of the actuval pupil formed by

rays which have been refracted by the cornea, The plane of
the pupil cuts through the axis of the eye at the front
vertex of the leng, l.e., 3,60 mn from the cornea in the
vnaccommodated eye and 3,20 mm from the cornea in an

8,62 D accommodated eye,

Unaccommodated eye

Equation (3.1) is used to caioulate the position
of the entrence puplls
LYy = F + L

In thls case

I, = % - i&ﬁﬁémw."3 = . 37) diopters
3.6 x 10

F= 43 diopters (surface power of cornes)
Substitution of these values in Eq, (3.1) ylelds
Lt = - 371 + N3 = -328 diopters

Thus the position of the'gntranoe pupil is

1" = nt X 103 =] X 103 = «3,05 mn (measured

Lt =328 : with respect
to the cornea)

The magnification is given by

W=l =37 = 413
L? -«328

Accommodated eyé. In this case L = ~1,336 ;3_”.

S Ko miCin st

- 3.07x 107 = ~ W17 diopters
’ Consequently we f£ind L' = ~417 + 43 = ~ 374 diopters, ’

The position'of the entrance pupll 1is

1t = ;92“ = »2,67 nm  (measured with respect to
37K ‘the cornea)
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The exit pﬁpil of the human eye 1s the image of the
actual pupil formed by refiaction through the crystalline lens,
Agein the center of the actusl pupll Ls taken ag colnecident with
. the anterlor vertex of ﬁh@)l@hﬁg 1.6., 3.60 mm from the posterior
surface of the lens in the uwnaccommodated eye and 4,00 mm from
the posberior surface of the lens in a 8,62 D accommodated eye.

Using again Bq. (3.1) we find for the unaccommodated eye.

1t = «3,52 mm (with respect to the posterior
surfece of the lens)

m=1L =+ 1,03
L!

For a 8,62 D accommodated eye, these values are
1% = 3,94 mm and m = + 1.04

The results are summarized in Table 3.4

, 8,620
. Unsccommnodated  Accommodated

Position of actual pupil behind
the vertex of the cornen 3,60 _mn 3:20, mm
Position of entrance pupil behind v
the vertex of the cornea . 3.05 mm 2,67 mm
Position of exit pupil behind the .
vertez of the cornea 3.68 mm 3,26 mn
Moenifileation entrence puoil 1.13 1,12
Magnitication exlit pupil 1.09 - 1, O4

Table 3.4




SECTION &

b, IMAGE CHARACTERISTICS

a, Megnification, The calculation of the position

and the size of the image formed on the retina is a stralight-
forward procedure as soon as the cardinal polnts of the system
are known, A difficulty is that the position of the cardinal
points depends on the accommodative state of the eye in a way
which is difficult to predict because of a lack of enough data,
Since the most dependable data are given by Gullstrand 28).

for an unaccommodated eye and & 8,62 D accommodated eye, we will
make some caleculations for these two extreme situations, For
all practical purposes the actuel results will fall in thg
range between these two limits,

First, let us congider the unaccommodated eye looking
at an infinitely distant object, situvated on the optical axis
and subtending an angle«, This means that al} the rays from
the upper exbremity of the objeét moke the same angle o{ with
the reference axis, By definition we know that.the ray directed
towards the first nodal point leaves the optlcal systenm as
coming from the second nodal point and parallel to the incoming
ray. Furthermore, the image of an bbject at infinity will be
at the retina, which is about 16.8 mm from the second.nodal
point, This means that the helght h of the lmage is equal to

h(in mm) = 16,8 tg £ Ba. (4.1)
The (=) sign in Bq.(4#.1) indlcates that we have a reversed

image,
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In case the eye is accommodated XD, an object ¥ meter in

front of the first principle plane will be focussed on the

retina, We assume that the positions of the cardinal points
remaln more or less constant with vespect to the retina
during the process of accommodation, In that case we have
Iy = «XD; F = (59,60 + X) D and L) = 59,600,

Thus the transverse megnification for an object
%m in front of the first pmincipleAplane ls

Mo e §§76 o By, (4.2)

For example, 1f the objeot-height is 100 mm and the

object is located at a distance of 1 mebter in front of the
first principle plane, then the iwmage~helight will be
- %@T@ x 100 = ~1,68 ma if the eye is accommodated 1 digpter,

b, Blur, ‘Althoﬁgh the bluxr can have many cawses, in

this particular'seotion we will only discuss the blur duve to

an out~of-focus Image on the retina, PFirst, let ug conslider
the blur caused by an object-point located on the optical

axis, If the image is out of focus it becomes & blur circle.

of the ssme shape as the exit pupil, which we assume to be

perfectly round, The following quantitles are defined:

object distence: -X diopbers
distance for which eye | |
is accommodated: Y diopters
diemeter exit pupll: P mm
dianmeter blur clrcle: B mm
. - Under the assumption'that the exit pupll is located

3,47 va behind the vertex of the cornea and thet the location

~of tie exit pupll as well as the locabion of the principle

planes do not change during accommodation, Eq (4,3) can be
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derived from simple gedmetrio consliderations
| B=0,018%p/y ~ %/ nn e (4,53)
In the process of deriving Ed. (4:3) some additional
numericsal approximations have been made, We note from |
Eq. (4,3) that the size of the blur clrcle depends on the
absolute value of the difference between object distance X
and accommnodation Y (both in diopters), For example, with a
 fixed sccommodative state Y, the blur circles that belong
to the positiong (Y-X) diopters and (Y+X) dlopters of the
obJject~point, will have thé game sizes Furthermore, with
incoherent light and in the absence of any aberration; the
Jight is uniformly distributed over ﬁhe blur circle, The
i1luminence B ab any point of the blur cirele is equal to

F_, where T is the total emount of light in the image and
y[Fa .

r 1s the radius of the blur cirele. Under these conditions,

in a first order approximation the blur will only contain
even~error information for the accommodative control system,

Experimental results indicate that the humen sccommodative

control system'in which the glize of the blur is the only ' %
er or criterioh, behaves indeed as‘ah evens—error control syste%%'53°55)
Hovever, in normzl 1ife there are so meny additional clues

(size, brighﬁnéss, novement) which, together perhaps with

highgrfé}der aberrations, providé-enough diredtional |

Vinformation to guarantee odd-erroxr control,
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The value P of the exit-pupll dliamcter can be

deternined by messuring the entwancembupil_diametero This
is the pupil diameter whlch we see by 1ookingvat'a personts
actual pupll and which is mes svred by all common=type
pupillometers, The exit~pupll dlameter is approxinately

a factor 0,92 times the entrance-pupll dlaneter., (Sece

secbion 3.4). ‘ :
An interesting phenomenon can be observed when

light of & continuoué loger is scgbered at a surface such as,
for example, the laboratory wall, The scattered laser light
shows 8 peculiar granularity, the apparent‘siZe of which
increases with decreasing apertures of the optlcal system.
Rlgden and Gordon.”é)show that the optlecal gystem ects as a
bandepass filter for the nolsec input that sxises from the

randon Fourler components of the scattering surface, The

granularity is explained as tw0mdimensiohal beats in the
output of a band-~Limiting filter fed by nolse, at a frequency

approxinating the band-pass,

If the observer moves, and the plane of focus of the

observer does not correspond to the scattering surface, the
granular pattérn shows a motioﬁ ag & result of parvallax,
The relative direction of motlon reverseg as the plene of
focus is moved from behind to in fronﬂéf the scattering plane.
N This can be explained as follows, In contrast with the
_homogencous blur caused by Aincoherent light, we have nov &

"gbructured" blur that arises from the interference of completely
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coherent diffraction patterns, The light rays composing

g the blur, will reverse when the imasge plane passes through
-3 .

the conjucate plane (Fig, 4,1)

/4/ e

image planes

Fig. b2

If the blur is homogenéous, we can never detect from the
change in blur in ﬁhich direction the image plane is moving
. (even-error)., If the blur is struofureq, however, we can detect
" the reversal of the pattern (odd-error), In an analogous wa&, |
we can detecﬁ a reversal of relative motion, in case the
object is moving slowly and perpendicularﬁith respéot to thé
optical_axis.'Thié principle is used in a subjective optometer,

in which the subject indicates in which divection a scsbtered
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laser pattern on a slowly rotating drum ls moving. 35)

if a point source of light is imaged onto the retina)
the image will never be a pgint but a light distribution
centered on the theoretical image of the poinit (the chief
ray image). This light distribution is caused and determined
by the aberrations, the scatiering ahd the treansmittance of the

optical system (the eye) in a way which is difficult to predict,

The total amount of light F contained in the chiefl ray image

is given by the following equation, 2h)
' AR C 9 )
P o= ..«.,.I ..r. 19:...3.‘.\_,-? 7).-&2 t Eq 0 (L" . L’f )

In BEq. (4,4):
I = candle power of light source
r = distance from light source to entrance pupll

0

]

angle of incidence (angle between thévline
which comlects the light source with the
center of the pupil and the normal to
the plane of the pupil).

a = diameter or entrance pupil

t = transmittence of the media of the eye

F is expressed inllumens. The light distributlon
around the chief ray image is"rotational symmetric, thus the
illunination at any point depends oh the distance from the
chief ray image only. The point image distribution function
is defined as a functioh P (r) of » with which F has to be
mﬁltiplied in order to obtain the illuminancé E at a point
at distance r from the chief ray image, |

E(r) = P(r) F

A hypoﬁhetical point image diétribution function is shown

in Fig. 4.2,
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Fig, 4.2

By definition we have
YA fﬁp{f’) Jelp = /1“ or /i"f—)(/v)d/u./ Ba, (4.5)

As soon as the point spread funétion is known, .
'it is possible to calculate quite easily the spread function
for other geometrical configurations, We will give the
formulas for an infinite line and an infinite light-

dark bordenr,
Line. Suppose the light flux in the chief-ray image

of the line is D 1umeﬁs per unit length., Then the

11lominance in a point P at & distance & from the
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t ( 9~) = -2 Z) f {w{f_)»«_i?. C[ g By, (&,6)
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Border, Suppose the light flux in the chief ray

.........

image of the bright hals of the plane 1g D lumens
per unit area., Then the illumlnence in a polnt Py
in the dark half of the plane at a distance -a from

the chief~ray border is given by

=00

5 o 1 |

E(wﬁ_) = 2 E//D(/ﬂ)/’*c:cns %)di‘ Eq., (4.7)
. :

The illuminance in a point P, in the bright half of

the plane at a distence a from the chief-ray border

is givén by o |
Flo)=2E [PoyrTTdrt2 /’;“//%/7 Jeos fafdbsa. (4.8)
o 3 :

Now in the case of homogeneous blur, the point
image distribution function has a rectangular shape

as shown in Fig, 4.3,

o e e e D

r -z
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The width B of thig rectangular distribution is

given by Egq, (4.3):

B = 0,018 P/y~x/ mm
Using Bq. (4.5) and Eg. (4.6) we find fox the line
image distri@;ﬁig§1funotion:
F(a)=o for a<-B or ap+L
From Eq, (4.9) we can calculate the width of the
1ine spread function, For example, at half its meximum value:
W (1/2)= 0.86 B | | |
Substitution for B the expression givén in Bq. (4.3):
W (1/2) = 0,0155 P/y=~x/mn
. . For a 5 mm pupil, this corresponds to
| W (1/2) = 0.0675 /y-x/mm
Frouw expérimental data by Krauskopf 37)of the linespread.
function for a 5 mm pupll we determine
W (1/2) = 4 min, of arc=z 0,02 mn
Combining these results gives

0,0675 /y-x/ = 0,02

/y~x/=~ 0,3 diopters
This means that the spread'function of the human
eye corresbondS’to defdcussing an 1ldeal eye approximately

0.3 diopters.




Section 5

5, FOURIER ANALYSIS OF TMAGE FORMATION.

In thls section we propose an alternate technlque
of caleulating the retinsl image for any object, This
technique makes very few approximations about the optical
system and consequently resuits in a very realistic model,
The price paid for such exactness is the necessity of
computer solutions for the fetinal digtributions, A simple
hand calculable exsmple 1s included,

a, Spatial Transforms, The error detector of the

system is the retina which is thought to detect blur in the
object to be seen, However, as seen in the previous sections,
even a subjectively focused object is blurred due to a dloptric
dead~band of 0.3 diopters. | |

The most straightforward way of determihing the
actual image on the retina and still a¢ccunt for all of the
optical parameters of the eye is to formulate the optical
system in terms of block diasgrams using Fourier transform
techniques, This method then allows cne to celculate the
1mage on the retina of any object, The block diesgram consists
of an interconnection of only two basic elementsw~~a multiplier
and 2 block characterized by an impulse resﬁﬁhgé; These two
,eléments are derived by considering the general form of
electromagnetic propagation of energyo The electric field of
such a‘anefwill heve the forim:

Jjuwt

E Ry zd)=E (yy2)€

The vector ‘& (xy,#) is Composed of components

e ) ./‘(.;)}_(‘X"‘ g)
&y =&, /X:j,?)é' e ¢'sh2,3

where OCX, Y4,2) representsithe}spatial contribution to the
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the total phase of the component field, Since light intensity
“is the variable usually measured and is proportional to the
square of the electric fleld, a light wave can also be

represented by a wave (traveling in the direction) of the

fornm v N
X, );"WLL)
Alx,g) ::/,4/)!,‘;)/(3:} J

where y9is in uvnits of radians, This equation represents the
intensity for a given ¢ . Thus, a mgdulating medivm (2 lens,
film, ete.), serves only to modify the magnitude of A(x,y)
end/or its phase 99 (x,y) if the modulating medium is time
invariant, Hence, the modulating mediuvm is representable by
£lx,y) = [§(x,y)] 3 (Y)
whexve T and>Q' depend on the particular medie paremeters and
geomebry. For a simple lossless spherical thin lens, 1t is

easy to show that
Py -lv-{;,u r2 € 2
f(x,y) = e J o (%% 9y )
vhere k = %%ﬁﬂ, A is wevelength and F is the focal length of

the lens. In the case of & lens, if the input light

(W, y)wt)
90ay) = jg(l’,{//)’é?

distribution is of thevform

_then the trensmitted light will be £)
v, J ( ¢, fy)v—_w;; (x % 4qe) des
tj (¢, Y)= € 2 .

From this equation, it can be seen that the multiplicative

element will in general only effect the phase of the incident

light,
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The other element of the block disgrem

. representation scheme talkes into account any medisa that

has thickness along the exis of wave propagation-- the
direction in this case. It can be shoﬁn.that if h (x,y) is
a light distribution in the x,y plane, then the propagated
light in the U v-plane a distance D.away is |

e . N 9 -
3/«, v-) f'»l%'f/L(u,g)ﬂxp[ﬂémé‘{(%fté) ¥ ly-v) §7 oy dy
- X

where C is & constant, This has the form of an element with

' le .
an impulse response of -52—5' exp f.s’;;?; (Xa%‘?”)j.

As an example, a thin lens with focal length F a
distence Dy from the object plane and Dy from the imsge plane

- would have a block diesgram as shown in Figure 5.1,
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The Qutput plane digtribution would be glven by .

m @ ‘ ! |

e ] Jhg oy |l |

§03s) %z,“jﬂﬁ?‘?’%; mm"ﬁw.ap, - el Ixdy expiy, et v (5.1) |
-y -

When the refracting medila is not a sphericsal lens then the
nultiplying element will have the general form

@x [:Jf([’[ o boy) (R, -7, )]
where o£ (x,y) 1s the thickness function of the refractor _
and np, nq representAthe indices of refraction of the
refractor and the media in which it is placed respectively,

An obvious over-simplification in equation(5,1)is the
assumption of an infinite aperture lens as evidenced by the
infinite limits on all integrals, Finlte aperﬁure lenses
complicate the calculation of the output distribution but
must be considered in the practical cases,

b, An Application to the Humen Eye,

Conslider an eye focused on an object with an Iintensity
distribution £ (x,y) a distance Dl'from the cornea and let it
be proposed to debermine the retinal image of £(x,y). The
distances and refracting surfaces in thils system are listed

" in Table 501,

Table 5.1
Refracting surface Thickness function,
or distence function or distance D .
Object-disﬂance Dd
Cornes. | Lelx,y) E |
Anterlor chamber ‘ Da. | 7 )
Anterior lens surface . A (x,¥) '
Lens thickness Dy
~Posterior lens surface 5 ¢4P(x,y)

Posterior chamberA. , ' Dp




Let Ny ‘be the indices of wefraction of the various
media of the eye with No = 1 belng the index of free space,

Thus, Ng, Ny, and Np are the indices of the anterior chamber,

lens and posterior chamber, respectively., For slmplicity

of notetion define

W = "‘/’/j 25 Gy

(' rarer sveh?

angd

}ZO./X DM, ) = (f)(/»//" - Gy /y)ﬁ%—«/?,_:,))

while %}«’f(') will represent the convolution operation of {’éf
4
and the input function,
With these definitionsg the bloek dilagram of the

humen eye takes the form illustrated in Figure(B,Zl
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(input ‘ distance surface lens distance bution
gsurface (output

Pigure 5.2

~Im ﬁhis'figure f(x,y) represents the object
'»Ydistribution whose retinal 1mage‘(distribution‘g(b%/Z) )
must be determined, The calenlations for determining
are somewhat more complex than those for simple optical
systems because the iris introduces a finite aperturé after

the antérior chamber distance operator, This requires the
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integral associated with the operation - be

evalvated over finste Limlts. However, the evaluation of

the multiple integrals is of sufficient complexity without

the finlte aperture condition to werrent & computer solution
so that the aperture problem is move apparent than real,

The finite aperture condition introduvces the dead-band
of approximately 0.3 .diopters that is noted in the previous
sections, As far as the optical block diagram 1ls concerned,
without a fiﬁite aperture there is no dead~band, This is
1llustrated by the simple systen depiéted in Figore (5.3).
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where

TN G I
é’///) )= ) KA/»’[ ) zp, ‘/'W"?L)J

%j///?')’“ f €>'/9/““j /&7/01") J

and

?%?/?Zahj:g @,g/p;f;/afgg(ﬁk2¢.v?):7

with I being the lens focal length,

The output is given by

203 23000,y w1 9§+ 4.

Let f(xoy) &= szk y) i.e, & point of light and

let L + 1 =1 di.e, the polnt is to be focused on the image
Dy D2 P

planec., For these conditions

91592 g5 expl 1Lk (r35) ] C v, Hes).

From the last expression, it is‘seen that the
image of an impulse (except for the mvltiplying phase factor
which is undetectable) is merely a scaled impulse, Such a
result 18 expected for infinite apertures since the theory
'justbechoes geometrical optics in the infinite aperture case,
| Now take the sanme system but 1ntroduoe-a}finite
ciroular aperture 1mmcdiate1y in frcnt of the lens and sgain
assunme T(x,y) = cr}x y). From the b]ock dJagvam of Figure 5.1
the signal entering the multiplier is merely ?%ﬂﬁz&d::~zz and
the signal lesving the multiplier is just 2 7 (4. |
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Thus the output signal (the image plane distribution) is
v - A "{
j - %,i\ D, %//’CV).

where the "convolution' here 1s over finite limits and is

given by
o~ " /C_' Y R /‘
j = p:“lé f f é:x;)[ 7 /A7) e’x;.b[ /2,{:;; /4 v-n5 /?:7 e a"v;

Let the radius of the aperture be R and use the transformation
6(7ﬁhpé"vuyopgg to take advantage of the cylindrical symmetry

inherent in the problem geometry., This reduces the above to

e
oo Kt AV asas )T 0 o o
G EVYY) fd exp): «Z{J}f Jévxjv&;;*f; 225 a/f:f/e@aamwé)f/a//s o,

Itis easily demonstrated that this integral yields

the following series for g(r),
RIS 4
9= 7“/7 T, 5/ (k%) (it 2l
YA &k padae)Cry! A

Whereas with an infinite aperture, the block diagram merely
gave a AGistribution relterating the trivial result one would
obtain using first order geometrical ontics, consideration
of the finite aperture yields an image distribution that
is finite over a non-zerd measurable set of points in the
.image plane, Even without the complexities introduced by the
actual human opﬁical system,. it is obvious that even for this
ldealized system a'dfooused" object actually depends on the
spatial sensitivity and resolution of detectors in the image
plane. This so~called "spread function! for an impulse into

the block diagram of figure 5.1 will obviously be more complex

but for two. reasons:
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1) The system consists of more elements and the

functions representing these elements are not as elemnentary

as those of the one lens systenm,

2) The elements of the eye are not representable by
static functions sg those of the simple optical system,

The second reason is by far the more important
because it implies that the parameters of the eye system
(distances, radii of curveture, etc,) are time varying.

These time varistions are indeed slow relative to the excitation
frequency (typically fifteen orders of magnitude slower) but

the conséquences of these time variations are that the
distribution is now time varying. As can be seen from the
distribution derived for the simple lens system, the parameters
R, Dy and D2 determine the scaling of the distribution (the
exponential is undetectable) while the ratio E?Q@Ldeterlines

the functional form of the distribution, In the last regard,

it is interesting to note that the distribubion could not
distinguish between a slowly varying sperture and a change

in wavelength if Dj were such as to cancel the radial effect

in the scaling factor., The importance of the time variations

in B is of experimental interest because of the oft reported
Mpupil noise" accompanying measurements of pupll area, One

could conjecture that this nodise is intentional so as to bring in
retinal velocity receptors in order to focus oﬁ an otherwise

stationary object.
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In any case, the block diagram type analysis brings

$0 light the dominant role the eye parameters play in the

. "~ yetinal light distribution of a focussed object and will
hopefully reveal the actual error signal transmitted by the
retinal fibres to the centrel nervous system controller.
Computef analyses of the eye-~block diagram (Fig. 5.2) are
presently being undertaken using documented average eye

paraneters from the medical literature.




SECTION 6

6. CONTROL ASPECTS OF THE ACCOMMODATIVE SYSTEM.

< . in this section the accommodative system is

considered as an automatic control system, A plant
mathematical model ig proposed to illustrate a quantitative
approach applicable to a known physiological systen. The.
model is necessarily incomplete due to a lack of pexrtinent
elastic parameters ‘

a, System Definition. For monocular vision the

accommodation system can be considered as a control system
whose conbtrolled object or plant is the lens, The controlled
variable is the dloptic strength of the lens and the controller

is the central nervous system wlth its appropriate transducers,

. Figure 6.1 illustrates a functional block diagram of the
sysiam,
Controller
Plant and error : (Central nervous system)
modulator Error detector : .
(lens and iris) (Retina) IT cranisll Visual area of
Attenuator s nerxe c csrebral cortex
rmen
(co e Lo AT Lo , /! . hypothalmus
sans &-(§; —t ( & Uptic o ol i>
S i )\ Nerve n“"'”"'# Edinger~
input yﬁqwmmgj : \'Eiestnhrl'“
position LAGAWENTS ' h “Nucleus
’ 4 qiopters ;
Controlier transducer

(ciliary muscle) A \“ »
. superior{y €%§}~ e
: _ //,4 corv1cqrﬁﬁ o ?i?la%ﬂv
. \// oang '} ] On g,&ngllel
. &
I S— '
l{/

. -7 /!
. | muscle \\K 7
| msele. N

tension N

\\
LIIrd cranial nerve

Figure 6.1
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It appears that the only error detector for the‘
system is the retina since the ciliary body has no known .
proprioceptors, l.e. sense organs stlmulated by movement or
relative position., This does not mean however that ciliary
muscle can be imnervated only when the retina detects an
error in the object image, The CN.3. can produce other_inputs
capable of accomplishing accommodation. The command for such

inputs are counsidered in Section 7.

b, System Function, The flow of signals through the
accommodation system begins with the input position of the
object to be focused on thé foveai area of the retina, The
light rays eare initially refracted by the cornea (approximgtely
b3 diopters) and then by the lens. The lens has a spatially
variable index of refraction (1.386 cortex; 1.006 core) which
in fact determines its high dioptic strength since the agueous
humor bathing its anterior surface has a refractive index of
1,336, A calculation of its dioptic strength with its anterior
surfece at maximum accommodation (minimum radius of curvature)
using the cortex and aqueous humor indices does not yield the
diopters observed experimentally. The equivalent power of
the lens ranges froﬁ 20,78 diopters unaccomm&dated té 30.13
_dlopy :rs fully accommodated, |

After refraction by the 1ensvﬁhe rays fall on the
retina, If the image is blurred an error slgral.ls developed
. by the retina and transmittéd to the C.N.S. by the optic nerve,
Some doubt exists as to whefher or not the sign of the blur can

be detected in monoculer vision if the only error signal is the
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blur itself, If the retlnal error signal doeg conbaln the
information that the image ls falling in front of the retina
or behind it, then this retinal error signal is sufficlent
for the C.N.S. to send the proper impulses to the ciliary
muscle, The retinal error detector is treated in more detail
in Section 8, |

The circular cillary muscle ig relaxed when the
eye 1is unaocomﬁodated and contracts.when accommodation is
called for by the C,N°$¢ signals. This contraction reduces
the tension on the suspensory ligaments allowing the elastic
capsule of the lens to shape the lens-into a more convex body,
The posterior side of the lens moves little if at-all in
accomnodation with most of the dioptic strength coming from
the decreased radius ofcurvature and forward motion of the
anterior side of the lens. By varying the ligament tension
the whole range of 10 diopters aoooﬁﬁodatioﬁ can be achieved,

¢, System Dynanics,

A, Present lodels,

The dynamics of the human visval accommodation
system have been studied intensively in the past and will be
a continued subject of research for the futureo The past
studies have been exclusively "black boi“ identification
'scheﬁes almed at arriving et a mathematical model to fit the
response data., A basic difficulty has been the lack of a high
quality optometer to directly measure the lens dloptic power,
A second and perhaps more important criticlism is the lack of
any physiological basis for the parameters of the models derived

by the *"black box" techniques.
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The most curvent model of the sccommodation systen

. 31,
18 that of Stark, et al.(b ) Figure 6,2 indicates this modelts
block disgram,
non«ltinear linear
pari part
m A ~0.15 :

/f“‘\ B{1+0,158)e !
B R

D ) e
. . e 5((0,08s) -+, 0048s+1)
\dn

T
o
7

DA
LN

Figure 6,2

Some of the discrepancies between the model response
and the system response are:

1, The model dead time is 100 ms while experimental
dead time is 360 ms,

2, The phase of the wnodel approaches 90° lag for
. increasing frequency while the experimental phase dats
approaches Zero degrees, -

. 3. No even=-error signal prooessof is present in the
model while experiments have indicated monoculaxr vislon
requires éuoh a device,

Aﬁother servoanalytic treatmer. of the acqpmmodation

(6)

system was mede by Garter using e Badal infra-red optomeber,
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The resulting cloged loop transfer function obtalned was

Glw) = (06 e K Mw)ﬁ 0.4 Cp0 300 i (0.2700 10,3412 303) }Tl
Such a transfer function describes an unstable system even though
1t was derived from curve fitting the Nyquist plot of the
experimental data, The end oonclusion}of~the guthor is that
the model wasg useful as a point of speculation concerning
possible means of obtalning & stable transfewr function to fit
the empirical dats,

Conpbell and Westheimer do not put forth a transfer
function per se but do plot a Nyquist diagram of thelr data, 9)
This plot is very close to Carter's in all of its esseﬁtial
- features,

These models represent the "black box identifiéation
échemes and s such their parameters lack physlological
significance, This is typical of input-output data curve
fitting.

d. A Partisl Distvibuted Parsmeter Model, An

alternative identification scheme is to treat isolated elements
of the block disgram of Figure 6,1 from a physics and
physiological viewpoint, This leads to a theoretical
mathgmatical model which later must be subject to actual
experiment for verification. The advantages of such an attack
is the knowledge of the physiological significance of the

s&stem paremeters and an apriori knowledge of what type of input

signals to use to identify those parameters,
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Ag an example the plant of Figure 6.1 is chosen,

Obviously, the cornesl effect is easlly computable so that the

system under consideration is shown in Figuve 6.3 where the

irlis effect 1s temporarlly neglected,

\ 1 ens
#’ X

Xs o

J

-..-_.‘..,m_....,._....'\“':»,‘
2

(dioptors)

omereaas §77

(diopters)

J \d S IPGl‘luo.{‘y
: 1 1smmezz{,f‘

'P
(ciliary muscle
tension)

FIGURE 6.3

As explained in previous sections the lens is
composed of an elagtic capsule encloging & highly viscous,
plastic~like core, The lens capsule varles in thickness

from 2.3 to 23 microns, the thinnest locale being at the

. posterior pole., The unaccommodated lens is approximately
3,6 mm thick (pole to pole) and 8.3 mm disgonally. It ocan
be assumed that the capsule acts as a thin elastic menbrane
shaping the lens substance since the mombcane thickness-to-

diameter~ratio is, in the worst case,

2210 fm = 0,265 (1072
83(1077)

i.e., the nmembrane is ahout 3Y80 times wider than it is thin,

Additional simplifications can be msede upon physiological

evidence, In accommodation the posterior capsvle moves
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little if at all because of the support of the gel«like

vitreous humor. This means that the gignificant dynamics of

the lens occurs only to the anterior capsule, This is evidenced
by the fact that the fully accommodated lens moves Ats anterior
pole about 0,44 mm from the unaccommodated state while the
posterior pole moves 0,02 wum, This represents a percentage
change (anteriorly) of

W e 21,6%

3679
and only
11.6 = 0,527%
22
posterliorly.

The enterior capsule dynamics induce dynamics to
the lens plastic-like core or substence by 1lts shaping abllity,

Tt seemg then that & plausible model takes the form of & thin,

elastic membrane acted upon by forces from two directions,
Anteriorly the viscous damping 5f the aqueous humor and
posterioriy from the viscous and static force of the plastic
lens substence, It is assumed that the membrane tension T is

uniform throvghout the anterlor ares of the capsule, Since

the membrane is thin the units of T are newtons per meter,
A section of the lens capsule, dA, ig isolated in Figure 6,4 in

ordey to derive the dynamic equations governing its motlion,
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TIGURE 6,4

The forces TdX and Tdy make angles 09, 0Oy, 03, and 0Oy
with the x-y plene, The other forces are P1ds and PodA
representing respectively the visdous influeﬁce of the agueous
humor and the viscous and static influence of the lens
interior substance, To derive the equations of motion of a

point #Z (x,y) on the leng capsule we note that

P A
7 )9 Eq. (6.1)
2 /;Z:x' m /2,7’ 4‘8 ﬁ .%; ‘ ? &’ a{ ':& -

,whe:c'eﬂi is the masgs density of the lens capsule
in kilograms per square meter. Feom Figure 6.4
27’/% P 7’22:’5’/)4 4 .»Sl»‘p@-'a)a/x' o (/.f/‘:; é,a "S'I.V'; 6’9[)04/ :] s .
() €08 B o Po.Cr 8 )l Eq, (6.2)
"'-”/{4 o’ A d?'x?/dé”.
But if O3, ,,, Oy ore small, it is approximetely true that¥

# These approximations are within 10% if /6 [4.75.0°
In the case of the lens capsule, G ppan = 254"
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A Bo = /:%?.
* /L.
e O = Swmly = K ).5

: /"CJ ' Eq '3 ( 6 '] 3 )
P @4‘/ = ‘7(%"&4 ﬂ}/ = éyx 3

Using Taylor series expansions

- () (57 )ty # 0

and
Az 7
()= (R w52y # 0

in By, (6.2) and Bq,(6.3) gives

y
\

17
PSS, e ‘z
_7“‘7/""/“//77. /72{“:/%“ ~(Brp ) - /')’76//4 ,,,,, . (6.)
Eguation (6,4) further simplifies to |
2 ol
V '(f ,,;-ﬁ ‘;;-—"" ':“‘///‘/'%/ / Eq . (605)

where

7T &
)// Py 7L¢;;‘"
Recall that P, repeesents & pure viscous force dependent only
a’ﬁy becabise of the relatlvely low vxscosxty of the |
aqueovs humor, On the other hand P2 repreoents static and
dynemic forces attributable to the vexry viscoue and incompressible,
plesgtic lens substence, It is easy to show that Pp must

IR satisfy the equation

s

Bq., (6,6)
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) _wheré fr is the mass density of the lens substance in %
Kg perroubio meter., Thus Eq, (6.5) and Eq.(6.6) cdmoine ij
o give the equations of motion of the lens capsule in i
.,the}Z'direction. ‘These equations, repeated as;Eq.(é.?);bélow,i ;ﬁ
z : ’ S _ g
e et ebper) |
L e (6
O){zv'./fagf; S A q.(r.?)_» ;
-niindiCatebthat the forcing funofion of:these equationé‘is the :%
..,capsuie:tension T.__This.tension with;the given boundary and ;;
~initial oOnditions-determines z~as‘a‘functionjof‘x,aykand te %é
7 KnoWiﬁg Z allows onekto‘oéloﬁlate;the,diopticFStreﬁgoHVOf the )
o | 1eﬁs and fhﬁs oom£1étesTthé'ihpuﬁ/ouﬁput determination'ofTXF7
R f ': CL and‘X  ofrFigﬁieré"B. Solutions of Eq. (6.7) are pfesently
| being sought by means of hybr14 Q1mv1at10ns. A magor problem{~
has been getting realistlc values of the paramcters since
‘,'  most of them‘have nevexr been~measured ~Thus a smsll program
_has been undeftakén to'perfofm physiologloal experlments.that
will measure‘tﬁ;'pertinént parametefs.‘ A subsequent section |
.considers conclus1ons that may be derived from eqvatlon (6 7)
Ain thelr unsolvcd form._’_ |
e. The Accommodative System as a Tlme ;g
Optlmal Controller , L j§
Equatlons (6 7) of the previous seotion ore of - é
’ intereot in their unsolvcd form since they can be studled in = | ‘é

» : the light of optimal control theory thhout knowledge of an
"7'explicit solution, They allownone;to dotermlno the-optimal

control function for the system for a'oarietylof'performancel?'_'
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criteria; in particuler, for a minimum time criterion,

that is, a time optimal control regime, This criterion

allows one to formulate a theoretical explanation,df the

oft veported lens oscillations that occur in steady state

- viewing.

T o

If we let Ax =AY = h on-a finite dif’ference grid

}formulated to solve Eq. (6.7) it is -easy to show that the

finite difference equations-resulting from (6,7) are

Az + B o i fﬂ)

r‘u“"v" L

o Jf v/ L o > , L e
where 1 and j are the x and y indlces rcspectlvely, n the 3
- , v R E
T number of grid p01nts, and t the tlme. ;§
v Equatlons (6. 8) clearly 1nd1cate that the resulting 3
'ordlnary dlfferentlal equatlons have T (t), the spatla 1y
uniform membrane tension per vnit 1ength, as their forcing
 function. 1t is physiologjcally obviovs that T (t) must
‘have an’ upper and 1ower bound as shown in an arbltrary Lime :Ef
plot in Figure 6.5, ?%
- ° ) :'§
) 1

v suspensory ]igament
at meximuin tension
vzﬂ“(eye focussed at =
optical infinity) -

“suspenscry T T — v 3%
ligaments limp ’ ' o

- (eye focussed at
near point)




From Eq. (6.8) we note'thét the equations are
n® in number and second order.~ This:imp1ies a state space
vector of 2n? components. If Eq. (6 8) is solved for é%;
the result is Eq. (6.9).

L . (6.9
/Aqf/ 'r’zi//-upj.}j)?;&/z'/‘/z) - q ,

Lé%'
2y =Xy Be ) © B
ch = Keas . 62.::,/'&) = 77&4/ '
PP 7/‘ . " o _—:7 0 b o
(22/) Nt 2—(17"2— ; zc.,)'-) ’Z.&&fr
é:{&ﬂglnb

This ‘gives the transfovmcd eovatlono the form K

/” e

To Eq. (6 10) we can apply the Naxvmum Prlnciple
to ascertain the form of T(t) to maximize or mjnimlze some
criterion of performance.: An obv1ous one is the tlme optional
jcritemon where it is required to move the lens from one
'positlon Z, to another under the constraint that T(t), the
input must satlsfy the inequality “

? _22; 7“"/k¢

| From Eq. (6 10) if ﬁiis the costate vector then the
| 'VHamiltonian for the systom is

fiahi i i i ¢ ' g

i i

R
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Where (T) denotes'tranSpOse and the bar denbtes“a,an vector,

Equation (6,11) is merely a sum of‘terms of the form

’é‘" {‘é«)[ Kez: 4‘/«) ;r[i__/

and thus/éyis a 1inear function of T(t) for fixed values of

‘; and x, This’ implies that the time optional control for the

system'is "bang-bang® i.e. T(t) always resides at either its
maximunm Ty or minimum Ty, tens:on per unit length if the

plant is to minimize the time to focus.. 1t should be pointed

out that a "bang-bang® typevcontrol.function can also exist for

other performance criteria than time.

As ofvyet'the above theory does not eXplain the oft

,observed 2 cps accommodative oscillations thdt occur du*in$

steady,siate v1ewing or gaze. It is 1mportant to note that ‘

27cpé'is’about‘the makimum_frequency the,accommodative plant o

can respond so that experimental-evideﬁce'indicates & steady
state oscillation at about the maiimum frequency rosponse of
the system, | -

Consider now that the system has focused on a target;

the control lunotion T (t) must be such that this va]ue of

_accommodation is maintained in the presence of disturbances.

The disburbanocs tend to change the steady accommodative ‘

value and the control reoponds 1n such a magnitude as to restore
v:the desired value of accommodation.
It is reasonable to assume that 11 the control 19 time

°'optimal then the plant WLll-reSpond as rabidly as possible to

any disturbaacos and thus w111 operate at its maximum frequenoy

limit' Thjs limit haw been experimentally detcrmined as 2 cps, .

,Thus, on assumpuion of time optimality yields axeabonable

sned b havior

s e R R LT s .
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The above analysis 1is typicdl of the methods

avai]ablo from concwol thoory as applicable to any sy Lem‘

describable by ordinary or part1a1 dlfforentlal equatlon

e

The_advantage acceruing from such analysis is considerable o
v&npﬁledge about'syste& beh&ﬁibur W1thout éxplicit knbwiédge.
of~éoiution béhavior, 'Anothéf typiéal éxampie”of:a felated'
analysis is Lyapunov st%bllity theory where the stabi]ity of

 the system is debermlnable without knowxng 8 systen traaectory.'

o A A._..x‘ .

: Due to the complexity of bioloyical systems,‘such methods are
Vof utmost utility, It should be remembered hoviever that most
of the prLV1ous analysis is based on conaec»urc and as suoh

'must be verlfled to be of vltimate vaJue. To this end the

e S

kexperimental equipment mist be made available in’ ovder to
allow rlgorous experiments to be performed on the physxological,
- system so that the latest tcchniques of syetems theory can

be applled to the resultant model.

=

3
3
i
5
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SECTION 7

7. UTILIZATION OF IMAGE ERHéRS POR_ACCOMMODATIVE CONTROL

We will outline briefly what the main variables are

that contrlbute to the Sproad funotion of the retinal image of

a8 poinc source. Also we wjll invebtigate which variables may

contain odd«error information for the accommodativc control
systenm,

but rather some estimates of orders of magnitude will be made

and results from the 1iterature will be mentloned ~ One should

koep in mind that all quantitative rosults are usually derived

under rather crude assumptions and only represent an. approximatlon

of reallty

An 1dea1 optlcal sysuem, where the objecuuimage
re]atlonships are ccmpletely governed by the laws of geometrica)

optios for parqx;alfrays (rays making small angles with the

optical axis) does not exist, The human eye 1s a good example

since the refractive sﬁrfacesvare not sphérical “the 1ndex of:

refraotion 1s not conutant in each separate medium. and it J

shows all the other defects of optical systems in general, such |
. as spherical aberrat;on, chromatio abcuration,~_spigmatipm,
1ight scattering, ete, Also the physical'Wéve;prOpérties;of'
11ght'that give-:iée t6 d1ffraction effects have to be.takén'.
into account;' The‘erfect of 211 these facﬁdrs is that ﬁhe”
Optical 1mage of a’ point source is not a point but a light

: distribution centered around the point image."_This;lighti,'

}'distribution, cqntrary Lo.the pure geometrical blur;awiil i
“in geﬁeral_change asymmetricaliyvif the image‘gpes butrbf ;

focus in differént‘direotionS”

Hence, we have & pdééible;"
~ source here that 80verns the odd ercvor for the operation of’ |

the acoommodative control system.

No- attempu will be,made.to &0 into detalled calculatibhs;

ST T e B
e R L e N B
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a. Spherical Aberration, This type‘of'aberration

refers to the fact that peripheral light rays are deviated

more qtrongly Lhan central rays close to the opticél axiv

The phenomenon is not restricted to upherlcal surfaceu but
ccurs, in general, for every curved surface that separatesv
two media of differentvindek refraction.- Figure 7 1 111ustrates
the effect for 1ncoming ryS parallel to the optica3 axis. |
M is the image formed by Lhc most peripheral rays and P is the
imagc formed by the most central rays. H i° Lhe oecond
principle point and nris the 1ndcx or refraction‘of the 1mage

VSpace. The amount of‘sphcricél aberration ié»usuéliy expressed :

H

. Fi@. 7 1.
in dLopters ag the quantity (HV - ﬁf5 Thc distances HM
and HF are empres ed in mcters. ’IL is obvlous that the
 amount of spherical aberration will depend on the’ diameter
of the entrdnce pupil, the shape of the refracting surfaces,'
the 1ocatlon of the obJect point -source, and the refractive
1ndioes of the varjous nedls, 1van01f-33)mcasured the valuos
of spherical aberration for ten subjects and for several

1eve1w of accommodation. “Hls mean valuea-are‘uhown an
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Fig. 7.2."As,can be seen, the verlation in aberration is
strongest in the neighborhood of the axisrup to 0.5 mm

- eccentricity. The theorotical curve (qhown es a dotted

L LR s

1ine) was caloulated by fvanoff for thc unaccommodated .
schematic eye. This. cuvve is con&iderab]y different from
the measured one, probably‘because-of the flattening of the
N e e ey It R l,a ,
.. g
. Unacc, Schom, ¢ é
) ¥y 3
— "I - . 5
[} :
. o ¢ - ;
% +10 ‘L : /' »
'-§ Unace, /-7 3
. - .
8 S ;
E} /s - ;
4 =
2 T - 2
o “ ActD |
3 = 2
g+ iF
ot A 32
| A 2D
’ ) - ! \ ,J@k-
| AeedD 1
i IEO VI TSI SO %
10 20 2
Distance in mm, from pupil centre é‘
: 2
6phomcnl aborration of the eyo, ploMod in dlophc against hoight of incidunco S
in mm, from the pupil eontro, The unbroken curves, cach may l\(ld with the stimulus to 3
accommodation, show Xvanofi’s moan rosults for 10 subjeets. Tho dotted lino shows the

theoroticul sphotical aborration, computed by ray-tracing mothods, of the unaccommo.
dated schematic eyo,

Fig; 7.2

AR i

ocular refracting surfaces in the periphery‘and beoause;of

the refractive 1ndex aradient in the crystalline dens,

In order 4o cbtain a very rough order of magnitudo
for the contribution of spherical aberratlon to the pread

_funotion in the unaocommodated cye, we assume the followjng ,_'

numerioal values in Fig. 7 1
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Exit pupid = 4 mm HF m‘22.5 nm n.= 1,336,

“For & 2 mm eccentricity and relaxed accommodation the emount

of spherical aberration 10,9 diopters. This means that

the distance HM cain be found from the equahion' 1336 « l336 = 0 9._

{b» 2245
And HM = ?? Zl? mm,
Furthermove, the "spread“ x in the paraxlal focal plane can o ‘;
e 22,5 «22,17
be found from the equabion: iy 17

or X s 0,06 mm =2 60 M. The smallest "sprcad" y 6orrespondq to
. the diameter of the circle of 1east‘confusion, and for this
plane the spread fuﬁ%ion is usually determined experimentally,

| It is difficu]t to calculato y exaotly, but the order
“of magnitude is given by y = % . This results in a value for

yaﬁlz)n.  Often=ﬁhe retinal diétanoé-is'ekpressed in degrees

R R A o gy Ve G

or minutes of arc, measured with respect to the second nodal

point. The re1ationsh1p iq y (measured in mm)mrzso'f (measured
lin minutep,of arc), In other words the %apread would amount '
tO’épproXimately 12 % 10 -3 x 200 = 2,4 minutes of arc, , 7%
Flgure 7.3 ‘shows the e?perimontal sproad functions as determ&ned ?
by Krauskopf 37}br thc unaccommodatcd eye and varicus rupll

- diameters, Compering hiz results for the 4 my pupll with our

‘caleulation shows that probably 24% of the spresd function is

caused by spherical aberration,
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Under certain assumptions Fry 2¥)calouleted from Ivanoffi's

»

data the light disbribut;on of the retinal image. In thesé’
calculations. which are‘raﬁhervcomplicated, he tookAthe wave
properties of light into account, The feaults afe‘summariéed
in Mg, 7.4, - | | |
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. SUBJECT TO SPHERICAL ABERRATION AND THUROWN OUT OF FOCUS
g TO VARIOUS DEGREES.

'lhe eye hag becn throun out of focus by changing . the
.~ di'stance from 0 to R .- Each curve shows the dxstnbut:on
. of :llumxnancc E along t.hc radius of the inage.

Fig. 7. () |
As can be seen, for the “1n focus" condition ,
(O‘R“’ 18 35 mm) and a pupil diameter of 3 7 mm, the blur
' ~circle has a diamete’r of approximately 7,q . This compares

satisfactorily with our earlier rough estimation of the order

~of mag;ni’cude» of 12 p o
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Interecsting is the change in light distribution
 depending on'ﬁhich direction the image is out of focus. It is
almost certain that most of thc image evaluation for Lhe

accommodative system ocours in the fovea. The fovea consists

.of some 3%,000 densely packed cones, which héVe‘én average
diameter~of~approximate1yv1.5}1. -Individua1 conesvcou1d very
well detéctlthe_chénge'in~1ight distribﬁtion»as showmn in

Fig. 7;4, and obtain odd error 1nformation about the‘outuofu
-fdcus direcﬁion, Howevei, up to‘how there is»no experimental
evldence for this. ; | | ,

It hes beer suggested zz)that ‘the use of annular ,
,pupils,would millify the_contzibutlon of spherical aberration o
L0 ",} ; to’the blur in ‘the retinéi image; ThlS woula make eXperlmentatlon

p0351ble to detexnine the role of spherical aberratlon in the -

accommodatlve error. However,,the,spherical aberratlon in the
“human eye is not-rad1a11y symmétr1c with respect to fhé optical
axls, but varies in o nonnregular fashion aependlng on the |
Vsubgect and the accommodatlve state of the eye. This ‘makes

a quantltatlve approach to the prob1em rather impossible,

b, Chromatic Aberration. Chromatic aberrauion is g§‘
caused b&“therfact that the index of refractibn is not constanfrf— '%
but'dependS‘on the wavelength The result is that when- the eye .?%
is. in foous for yellow llght the foci for blue and red 1ight g’
‘are in front of and behind the retina, respective]y." Thvs i

is shown sohematloally 1n Flg. 7.5 The spread function

T
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exlt pupil

.]7 ;i ’ “white‘lightﬁ'

P(blue)

Fig. 7.5.

'due‘to chromatic aberration de?énds on the'spectral compositicﬁ
'Aof the incident 1ight beam, the dlameter of the exit ﬂupil and
the optlcal properties of the eye.k Ivanoff BBLMﬁsured also_

>-cf ' . the amount of chromatic eborration of the human eye as &

-functicn of the wavelength. HlS results are shown in Fig. 7 6

$20 1~ 'l T | S Sl Tan S S vlr ' i : ) v ’ ﬁ
A . |
E}_ I Exp. . i
X 4l LN : 2
e R : ' )
s 5 N R . e
N .
R SN ; L B
5;’ i . “-\\ -
o J = '
g , o .
4 0 - -
& . o
5 .
. . B o o ..l.o" ) ,' [ LIS T | O |
R v . o T - 400 - 800 600 700

+ Wavelength (mg)

. ; Chrommc aberration of the eye, plotted in (hophc., d«mnst wavelength, Tho
e : ‘unbroken curvo represents the mean of Ivauoff’s rezults, the dotted curve bIlO\\lllf" the
_theoretical values found from ealeulstion on the schematic oye..

Fig, 7.6
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for which the eye is 1n'focus fo: different colovs (in diopters),

using Equation (4,3)

middle of the visgible speotrum (e.g° 550 m/4), then,»for white

-

There is some ambigulity as to how the anount of

chromatic aberration is défiﬁed; If we assume that it is éqﬁal

to the distance in the object space between the two points;. " i
the dismeter of the blur circle can be calculated simply by

B

1

0,018 Ply - xl mn - * ;
B = dismeter blur cirtle ‘ 7

P = pupil diameter

{y - x’ = chromatic aberration in diopters

Asauming the eye is focuqed for a wavelength in the

light fy - x, will be of the order of O 5 dlopters ’:,
according to Fig. 7.6. o |

For a pupil dlameter of 4 mm, the diameter of the ;

blur circle will be equal to: ‘ | ' |

o B~0018x4x05==oo36mmu-'36'/;

The light distrlbution in the blvr:ed 1mage w111

in general, be maximal in the center and decrease rather

rapidly toward the_periphery, especially if we take into

~account the'effeCtivehess of 1ight,of different wavelengths to

stimulate the photoreceptors. This will result in a much

. smaller neffective" blur:circle. Other ways of measuring.

,the chronatic aberration lead to a same ordexr of magnltude for

the radius of the blur circle. The chromdtlc aberration wlll

of course, contain information rcgarding the direction in which

"an ob;eot is out of focus under "whiue",illumination conditions.
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When the eye is under-accommodated the blur will contaih
more blue in the periphery and more red in the center, When .

the eye is overmaccommodatéd these ¢olors will be Just reversed,

S T S

The use of,monochromatic>light wlll nullify this contribution
to a possible odd error detector mechenism in the accommodative

control system, Fincham,zzkerfbrmed experiments along these

lines, in order to find'out how important color is fox the
achievement of correct accommodative control, His experiments
show that in 60% of a large group ostﬁbjects the chromatic
aberration is possibly an important stimulus to acoommodation.
In,LO of hisvsubgects the chromatic aberratlon did got seenm B

toihave any effect, and these subjects could control their

acoommodétion quite.weil under-monochromatic illuminatingj
cOnditions. This was also found,by other 1nvestigators.‘55)rf'
The.conclusion is ﬁhat at ieaSt in some sﬁbjects another factbr |
must exist to provide.odd erroxr infofmation about the blurred
iﬁége. ' | |

c. Astigmatism, This optical aberration i. rused

by the fact that often the radius of curvature of the
refracting surfaces is not.constant but veries if measured in‘
‘different méridians.}'USually major-ahd ninor meridians can
~be distinguished, where the'radiﬁs,of curvature changes
gradually from oneymeridién to the other;. When~the meridien

having the greatest radius of curvature is at right angles to

" ‘the one: having the least the astigmatlsm is called regular
astigmatism; otherwise it is irregular, Astigmatism is generally
regular, Its effect on the image formation process is illustrated i

11'1 Fie;. ?u?c :
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~—~Diagram {lustrating astigmatism.

Fig. ?.7

o The main cause for:astigmatism is the cornea.
.The difference ln power (in diopcers) between the ma jor and

;r’minor meridian plane is usually called the amount of R
rastigmatism (dlopters) A slight dmount of astigmatism

~ (up to 0 25 diopters) is quite normal in every person and

is called physiological astigmatism. Higher amounts of

-

astlgmatism (genewa]ly 1ess than 1,25 diopters) need
'oorrection with glasses. In about 90a of the cases the meridtenj'
plane of greatest,curvature is thefvertical'plane ("with the )
~rule" or "direct" astigmatism).- The opp081te condition is. |
called "again t the rule" or- “1nvevSe" astigmatﬁsm.

When the astigmntic optical system has oircular
apertures (as the human cye) fhe image of a point source
varies consldevably, denendlng on the po&itton of the image
:plane. In case of regu]ar astigmathm this image varies from.

a horizontai Jine corregponding to the pOWer in one principle

mgridlan plane, via‘a horizontal e;lipse. a circle, a vertlcali
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ellipse, to a vertical line in the other principle meridian

piane (cf; Fig, 7.7). In case of irrégular astigmatism the
ellipses and lines are, in general, tilted.'¢If‘thé»distance--'
between the plenme DECF in Fig, 7.7, and the polnt B is |
assumed to beizz mmn énd the ihdex'of,refractibn of the image”‘ |
space is 1,336, then the dlstance GB is approkiﬁately‘O.BS mm

for an astigmatism of 1 dlopter, and approximatelylo.l mm for

an astigmatism of 0,25 diopter,

"Consequently, the dimensions‘of the lines aat' or

'bc are approximately 60}xand ZO/lfor an amount of astinmabism’

of 1 diopter and 0,25 diopter respectxvely, and a pupil

dlameter of 4 nm,

In a normal person (4.0 25 dioptcr astigmatism)

'the radius of the circle aba'c will be smaller than ?Qﬁ<
if we es tlmate this redius ab about 104 , then the astigmatism,:
can contribvte something of the order of 207 to the point

- spread function.

- It is obvious that astipmatism would provide an-

‘excellent clue concerninv Lhe out~of=-focus directlon and could

serve as an odd error for the accommodative control syutem.

‘Even slight amounts of astiwmatlsm result in changes in

shape of the error-function (retlnal blur) that could. be
detected-by*single récéptors., However, no experimental

evidence exists 1f, and to what emtent, aqtigmatism plays a

~ role as a stimulus for the human accommodatlve sysbem.
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4. Light Scatbering. It is estimated that of the
amount of Llight originally incident at the cornea only 50%°
reaches the retina, due to absorption and scatteriﬁg in the
ocular media in front of the retina, Of thie 500, probadbly
only 207 is cffective in stimulating the photoxeceptors
due to scattering w;thin the retina and absorption>by

nonphotosensitive retinal substances,

This light scettering will prodvce a spread function

around the geometrical point image at the retina, According

56)

to Vos the main sources of stray 1ighﬁ are: the cornea, the

lens and the fundus, which contribute with equal shares (order
of magnitude) to the total amount of stray light, VThepretical
predictions about the total amount of'strayflight“are»very |
difficult because pfithe strong.dependenoe'on the ang1é¥ofv
’1noidenCe 6f the light and the natﬁre‘of the séattering 
particles, _However;'ﬁé_cah say that, in ggneral, the blur
caused by stray 1ight'w111 not contain any’odd error‘infbrmation

for the aocommodative oonbrol system.

e, Diffraction. This effect 1s caused by the

presence of a finiue aperture in every optical syqtem end can
" be explained readily by‘the wave properties of‘light. The
result is that the‘edge:df the'“geometricalléhadqw“ is not
sharp, but oohsists of alternating‘dark;and light:bénds.
Contrary to the optiCal érroré discuésed before, thé,
1mportance of which décréaséé‘ﬁith smallor pupils; the effect
of diffraction increa°es wiih smal]er pupils. The light

vdistrlbut1on in the image can be calculated using the formulas

‘derived in Section 5 However, this 1s very complicated and

N hot'straightforward The 1ight distribution in 2 point

s

g R S

SR

T




ORIGINAL PAGE IS POOR:"
m14;

i

imsge is shown schematically in Pig, 7.8,

Fig. 7 8 ’
Under certain sxmplifying assumption% it can be

‘shown that the angular radiuso< of the flrst dark ring is

*  appr0X1mate1y equal to: cK\“ m§3~45w whore)\ is the wavelen&oh
. ‘of the light and P is the dJameter of the aperture The

angular distance is measured with rcspect to the center of
~the aperture, For the human eye we . find approximately;

N tgo’\%fg‘-o, whe:t‘e r is Lhe radial di.stemce at | |

the retina from the center of the point image (in mm), This
  means that for a 4 nm pupll and o wavelength or)\.=55;%/&:the 

'*central dl&b in bhe diffraction image has a dlameter of
mo

3ol 40}:15? x 555 %3070 _ 6.ex,

v 4 =2r =
2l L :

Fry caleulated diffraction image for various degrees of
out-of-~focus, As can ‘be seen, in the'idealrsituatidn where

‘diffraction is the only SOurce of error, the d;ffraction

.?pattern changes quite draqtjcally, but it changes symmetrically

for equal amounts of undermaccommoddtion or over»aooommodation

in dlopters), (cf Fig. 7 9).
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Distrxbutxons of Allumxnuncc reprcscut:ng setinal imuges of a monochromatic (589) ML) point source

with the eye thrown out of focus to vnrxous degrees, The illuminance Eo' at the center of ‘the exit pupil is

- 3,947 lumens/un?, The diamoter (2 F ‘) is 2,624 wm, The distance (O R) from the plane of the exit pupil to
’tho reting is-equal to 18,66 mm, and the cyo is thrown out of focus by ‘placing lenses in the primary focal
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The various curves are based on calculatxons made by Lommel and Epstein. The ‘dotted curves represent geoe
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Fig, . 7.9
Concluding we can say that diffraction gives a
sizable contribution to the spféad function but does not

provide any odd eryor information.~
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 f, Other Poéaiblé‘Error Mechénisms to Operate the
Accommodative Control System, .

So far we only mentloned the most important errors
in the retinal imagé.fbrmation and we will not consider less
important aberrations like coma, curvature of the image, etc,

| However, there may be other phenomena'that are uséd_

Tor error detecting-pﬁfposes. Fincham 22)

mentions the fact
that his subjécts'who‘do not utilize chromatio aberration,
probebly derive information from small movements of the

image acrcsé,the retina, ,TheSe movements would come from

small scanning type fixation}movements of the eye of the ordew
'of 6 minutes of érc. Pig, ?.lovshows the hypermetropic
g(undermaccoﬁmodated) and myopic (overadccommodated) conditions;

In both situations the eye has turned to the right from the

‘point of fixation, so that the blurred imege falls somewhat

to the right of the center of the fovea M, As cen be seen from :

Fig,. ?.10.'in the hypéfmetropio situation the light rays closer

to 11 become mdre normal tq the}reﬁina,‘while in the nmyopic
| IAV;EA, o S VA ‘

I ;

N

(a) Hypermetfopia ~ (b) Myopia |
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situatidn the light rays farther away from M become more
notmai.v In its simplest fomm, the StileﬁmCrawford effect is
the property of the cone to be moreiefficiént in "‘rapplng"
- of 1ighﬁ that is incident parallei'ta‘its axiS’than of light’
that is incident at & certain angle, This means that light
rays normal to the‘retiné have & higher épparent,brightness

than light rays makling an angle with the retina, In this way

e L B D

‘the hypermeﬁropic state could be distinguished from the myopic

state by making small eye movéments,. However, the dlfference
in light intenslty is quite small for these small eye ‘
movements, although Fincham notes that this mey still be .
sufficient, since only the operation of & reflex of the lower

centers is involved.

A second possibility for odd error informetion are

= the lens oscillations fOuhd*by Campbell, et,al. 9) The lens

power turns out to be fluctuating irregulariy with amplitudeu :

ranging between 0 and 0,3 dioptexrs, HoweVer. a slgnificant
anount of power seems to be present in ‘the frequency range
around 2 eps, If for instance, the change in blur diameter.,Ar‘
~ was conpared with the phage of the lens oscillation that‘dauses | 'é
the change in‘bludeiameter “the necessary odd evror information'
could be extracted, There 1s no experlmenbal cvidence that the

' lens oscillations awve ;ndecd used for this purpose, 55,53, 54)

In the model for acoommodation proposed by Crane 5)they R

appenr to be no more than normal accommodation correction cyoies."
Finally, when an objeot moves in. the spacenin front
- of Our éye Sy there are numerous clue that will tell uu if the

objeot is moving farther eway or coning closer, For instance,wv
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if 1t comes closer its size and its brightnesévusualiy

' , ~ increase, Also, if we view the object with bokth eyes, §
] the movements of the retinal 1mage° will tell us qOmething %
' “about the chﬂnge in distance of the obaect to our eyes. é

'This is shown schematically in Flg. ? 11, ;
. 2
3
8 f§
|
2
|
:Fig;.?;ll
"Concluding ﬁé can ay that stlll an’ enormous ‘amount
e . of research has to be done to determine the role of these

"varlable in the control of»accommodatlon.‘ Table 7.1

“summariZes'the resu1tsroffthis;séction.




IMAGE ERROR OR VARIABLE

ERROR SIGNAIL

. for

CONTRIBUTION TO
MONQCHRONATIC

POINTSPREAD FUNCTION

SPh?r10a1 abberration
,Chromatjc aberration
~Aétiématism‘-
: Light séattéring
,biffféctioﬁf

Image movement
(monocular) -

Tmage movement ‘
: (binOCular) _

,Lens‘osc;llétionsb

possible

possible

possible

";no’

no

- possible

possible

possible
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“SECTION 8

8. MICROSCOPIC ANATONMY OF THE RETINA. v

In this section we will briefly sumarize the
anatomical structure of the retina, The retina is the
innermost of three 1ayers that comprise the wall of the-

eyeball the retina, the chovoid and the sclera (cf, Fig. 8, 1).

Cornhﬁ
Iris

Conjunctiva
) / Canal of Schlemm:

S

" Posterior chamber 0 e
‘ Limbal 20ne X ‘ LQK
. | .
. . : /4 Anteriori jchambzr
. % t
R4 L e
Y .‘w)’

7 Ciliaty epithelium

%
U

: : Ora serrata.-
‘ .

1

|

/~V¢sual axis

Vitreous humor

enlarged\;ﬁ/

FiG. 8., Yorizontal section of the right human cye. (From Walls, 1942, as .
. -modilicd from Salzmaun, 1912.)

~As can be seen, the retina covers. about half of the
eyeball resultlng in a visual field_of”approx1mately 180..
However, the v1sva1 accuity diminishes rapldly toward the
periphery. The region of highest visual accuity is found at

the fovea and comprises an area of approximately lq. This is

' the region where an object is imaged under fixating conditions.
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Also this is thevregion where most‘probably thé blur of the
imege is evaluated in order}to get a meaningful error}signal
for the accommodative conbrol systen,
According to Polyak, m")t:en layers can be d1stinguished
in the retina (cf, Fig. 8.2). ' | |

HISTOLOGICAL LAYERS OF THE RETINA
AND-ITS INTERNEURGNAL COMNECTIONS

Peripheral rays of light

' imiting entral rays of iig!
Internal limiting membrane . ‘, ‘ Central rays of iight

Ganglion cell — —

3
-ty
2

Amacrine cell <. __

~ Macular zone

-~

Bipolar cell ~-— —— (Y-

* Morizontal cell ~— .. K)\ »
Rod cell [f_l' - ' 'ﬁif'"’;
{photoreceptor) -

S Qonzedtilt
o (photorec‘gzptor_)

External limiting
membrana

Pigment
epithelium-— —" "

. 3 ) 1
Dendritic processes of the photoreceplors _ . Mervous imipulee

Fig, 8,2
They.are:' o =
l, Pigment epitheliﬁm n'heavily ebsorbing mediun, :
2, Rod & cone layer - ﬁhése are the éctualv. |

photoreceptors,

3. Externalflimiting membrahe.
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4, Outer nmuclear layer = cell bodies and
nuclel of the receptors,

5. Outer plexiform layer «~ conbtains fibers from

primary receptors and thelr synapses with
dendrites of bipolar and,horizontalAcells.
6., Inner nuclear layer - c.atéins the bipolar celis;
7. Inner plexiform layer - includes €ibers from
bipolar cells and their synapses with dendritesv
of ganglion cells,
8. Ganglion cell layer,
9, Layer of optic nerve fibers;'
10, Internal limiting membrane,
There are somewhere betweeh 75150 million rods

: distributed over the retinal surface, There are about 67

'million cones, most densely paoked in the fovee centralis.
-The thickness of the rods varies from the fovea toward the
periphery fron %/( to 2»5/4 Their avc“age length is 60fa . .k

The outer segments penetrate in the pigment epithellun, the'

inner fibers extend into the outer nuclear layer and connect = ?
the rods to their cell bodies, From the cell bodies fibers
extend into the outer plexiform léyef where synaptic.contact

is made with dendritic filaments of bipolar cells, The cones

are found in a wider varliety of sizes. The fdveal 6ones are
similaf ih shape to rods.ilThey have & thickness of approximately
1 ng and may reach a length of aboub ?ka.

” Figure 8 3 shows the distribution of rods and cones.

'along a hO?tZOntal merlaian of Lhe revnna.‘ Bofore the 11ght

veaches the photoreceptors, 1t has to go through several layers

‘pontainlng nerve cells and nerve gibewu. This will certainly,5




A.’L" -

give rise to stray 1ight and absorption (in Section 7 d this ' i

was called the fundus contribubion) The fdvea is & depression'in g
i

th%éetlna (ef, Fl& 8.1 and Plg, 8 2) at the expense of ]ayeru 6-9,

2400 —— : : S — 12
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2 2000 fo ——— Relative visual  1y1.0 : :
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by /] o2
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Fovea -
“Degrees from the fovea

Fic. 8 o 3 Distribution of rods and cones along a horizontal meridian, - Paralle! vertical
lines represent the blind spot. - Visual acuity for a high luminance as a function of retinal
location is included for compaui 1son (From Woodson, 1954; data from Osterberg, 1935,
and Wcrthclm 1894.) ’

fThls means that an. important source of image distortlon has

been diminished, namely the_nerve fibers and blood vessels
‘in these particular layefs. It‘makes the foveal region very
suiﬁable'for sharp vislon ahd'detection of'the mnicrostructure ’ | %
' bf the visval image, The fdveal gegion‘is approximately -v .
1500f( wide, ,Its‘centrél area.(centr&l fovea) is SOngkwide,~
krod free, and contalns approximately 34 000 cones, v

For the middle and far periphery of the retlna it

. was fdund that approximately 100 rods converge onto 17 bipolar
cells, whioh, in_turn;fconVérge onﬁo 1)ganglion céil,v

Partjcular3y in tﬁe centra1 région of the retina there can'

be found monosynapt:c bipolar& and monosynaptic gangllon cells

e ;mm}y =(mmmulﬂ“\:ﬂﬁ‘“~ e A0

whloh m&y provide dlreot links betwuen single cone receptova and

more contral regions of the brain.«
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The rod receptors are supposed to mediate vision
under low illuminating conditions (scqtopic'vision) wiﬁh no
color djétinguishing capebllities, The cone receptors mediaté
vision under normal and high 11luminating conditions (photop;c
vis;on), and have color distinguishino capabjlitleq.

The axons of the ganglion cells run together in the
nerve fiber layers and const:tuﬁe the beginning of tne optic
nerve, which leaves the eyeball at the ‘blind spot or optic
disc (cf. Fig., 8.1)., The region of the blind spot does not
contain any photorcceptors &8s can be seen from Flg. 8.3,

On the ba31s of light microscopy it is estlmated that the
optlc nerve consists of appxox1mately 106 fibers. Howeﬁer.
this number may be found to be higher 1f more sophlotlcated
'technnques are used Little 1s‘known about the processing of
visual information by the various elements in the human retina,
‘The work by Lettvin, MoCulloch, Maturana and Pitbs > on the
frog's “retina and ﬁhé'work’by HuBel’aﬁd.Wiesel 323n the cat's
visual'field.are important steps in the direction of und.er-
’ ,standlng thls compllcated proccs | _
Summar121ng, wc can say that the retlnal anatomy ls
fairly WGll'known. However, the funovion of the various .
elements in image eva]uatlon, recown1t10n, and interpretation |
ﬁstlll rather obsouve and during the past few years,
research has just started to learn nore about these processes.-

The exact role of any of the retinal IQCeptors, in providing

inputs,to-the'aCGQmmodative system, is Still uhknown.
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9. ACCOMMODATIVL Y ThN NEUROIOGTCAL PATHUAYS

The’signal~pathways from the retina to higher brain
2

centers and from these oonoews baok to the 013iary muscles

phat control the shape of the 1ens, are part of the so~ca11ed
t‘"mea:cv:r'efle?ac.".’ Flgure 9.1 shows schematically the nerve

paths and relay stations, This is a highly simplified

short = eye
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nerve
cilianry - A | o
sanglion ’ f optic nerve: - | g
, chiasms . 3
TITrd T .
nerve .
3
:Hexternal ' ?
¢ /meniculate body 5.

Perliats [, \)
nucleus o
Edinger- 7\ f

Jcstpnul ' & ,
‘nucleus v .

s

peristriate
ares

e e e e e e R

striate !
corbex

I e R Flg. 9.1
séhematic some of . the pathways are not too well establlsned

and there may be additlonal connoctions that are unknown as yet
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When~an object comes near and a peréon.is'requested
to fixate this objedt,.thrée main events cﬁnvbe diétinguished.
First, the mediél”or”iﬁternalrrectué muscles aré

“imnervated so that’both eyes turn in, and the objeqt is
imaged on both foveas, This resuits in the peroeption of_qne
single fused imege, ‘_ | | A

| Seoond,'the pupil‘contracts; This résults. in
general; in & reduction of the'imagé errors and increasesrthe'
- depth of foous, -

| Third, the ciliary muscles are imnervated. This
increases-the'powerVOf the eye lens so_that'the :etinal
Image will be in fécus., |
| " The medial reéti}muscles, the ciliary muscles,‘ahd'
the sphincter muscle of thé pupi1, are»ail inhérvatedfby 
branches of the IIIrd (craﬁial)’nerve.> There is a high
'dégree bf cbordinatibn betweeﬁithese aqtions, but very 1itt1§}
is known about the quantitaﬁiﬁe relationships. |

Asvmentidned befére,hthé accommodation reflex 4s j‘

éctivéted in the retina, probably exclusively‘in,the'fovea;:
The'afférent fiberé travel~ﬁp the.bptio'nerve, and pass the
6ptic chiasma (where'fibers from thewtwoinasal partsbof the.
fetina'crcss over). vThen_the fibefs tfavel via.thé optic
tract ond afe’reiayedvih the extérnalméenioulate body, From
there & further neuron travels to the striate ares of the | é
calcarine cortex (area 175, which is the primary viéﬁal,area ,
- . of the cortex, From hére the_féfléx path is.reléyedrtO'the |

; péristr1ate area (area 19), which is the secondary visual

 area of the cértex; 1Théefferéﬁt'paﬁh travels’to Pprliafs"
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nucleus via the occipito-mesencephalic tract, ,After'this 8

connection is made with the Edinger-Westphal nucleus, From

¥

this nucleuns the efferent path travels down the IIIrd'nervea
Fibers for the aéoommodation reflek relay in the ciliary
gangiion from which postugangliohic'fibers innervate the
ciliary muscles, . = |

Very little is known about the character of the
signals, the properties of the reiay stations, and the
'dynamicé of the signal transmission'from one part of the
system'to:another. Again‘wg atress thé.faCt thét some
parts of the'signalufloﬁ in Pig, 9.1 are rathér.
speculative and‘may 50 subject to changes as more

experimental evidence becomes avallable,

S
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SECTION 10

10, INSTRUMFNTATTON RFVIWN O DYNANTC‘OPTOUETFRS

In thio SGGLLOH WP will glive a brief raview of the
basic principles undorlying the Opvratlon or dynamio optometeza.

By a dynamic optometer, we mean an instrument that s capable

o B 55303555

of measurihg iﬁStantaneously and'objeotiVGly the refractive
state of the eye, In that way, the dynamics of the‘accommodative B

’résponse can be 1nvestigated.' Aléo a detailed inputMOutput

it ki

: 1ana1ysis of the asccommodative control system under various
' mbdés of operation (open loop, closéd,loop.;even or odd eryor
operation, etc,) cen be performed.'

e, The ucheinov Method

25)

Figure 10,1 shows the Om08110d Schcjner prxnoxple,
that in one way or anothexr. serves as thc basis for most of the :
dynamic optometers which are up to now doscrlbed in the

11texatpre._' light source S is imaged with tho lens L on:a

plane A #ia two entrance pupils., The entrance pupi]s are
separated by a discanco d and “located closely to the lens L.
If the 1light ¢ ouroe and tho pJane A are conjugate, we will see
& single, sharp inege of 8 on A (see Fig.,lo.l)y If however,
; theylight sOurce'and the plaﬁe At ave not cbnjugate, we will
see an unsharp, double image of S én At,
| ‘Twé important factors concerning this double image

should be taken into aocounto"First; the unsharpness of each .

0000 00 00 5 s i

Separatevimage‘is dixeétly proportioﬁal to the width of each
entrance pupil, Consequently. the'smaller»the entrance pupil
is, the beutnr iS the dufinitlon of the locatlion of the retinal
double images., On the o»her hand, in that sit uation the toLal
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amount of light conbained in the retinal image becomes

smaller too, which leads to detection problems, Obviously,

a compromise has to be found depending on the particular

 experimental conditions, Second, the separation of the two
images in the double image depends on several factors, Let us
assume that in Pig. 10,1 the plane At is fixed. From the

‘geometry of the figure we find easily:

-,d R

z - ?Mgw S (10.1)
Expressing thc distances T end l' in dioptexs
- R and L',reSpecLively, and using the image condltion
LY =L 4+ F we flna: | »
| =i-p:r . Fa.(10.2)

In Eq. (10 2) F 13 the focal lengoh of the 1ens in |
diopters and L 1s the - dlstance between the light source S and B
: ‘the lens, measvred in diopters‘; Equations: (10 1) and (20.2)
hold under the assumption that the 1ens is 1nfinitely thin and '
that the double«aperture coincides with the lens.
From Eq. (10 2) we can find how the distanoe X changes
with a change of the power F of the lens, by dlfferentiatlon L
of x with respect to F | o |
| ax=-d . ELo(10.3)

e

aF R
This mesns that if the distance x 15 used as én
indication of the power of th@ﬁens, the highest sensitivity~ ;:_~ %

}1s aohieved by ohoosing d es 1arge as possible and R as sma]l

eas possible.:
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In the case of the human eye lens we are dealing,

. of course, with a thick leus andvthe_éperture will not exactly
coincide with the lens. But still Eq.*(lO,B) provides the
basic parameters thaﬁ determine the sensitiviﬁy of the nethod,
Furthermore, the plene A% is the retina whieh'means'thét the'.
distence R is fixed, The maximum distence a isylimited*byvthe
pupil size and an additional complicatlion ig that the pupll
diameter varies both with acconmodation and retinal illumination,
We have to make‘sure that the distancg'd falls within the limits
of the smallest pupll that occurs under the particular
experimental conditions. ’ ' - T

| In a practical sitvation 4@ = 4 pym and R = 50 D
whichmakes.%% = - O.@me/ﬁlopter.

_ The‘Wavelengﬁh of thé 1ight is vsually Chouén in the
. 1nfrawred or neer 1nfra~red to avoid pupillary reaotions and
1nterferen0e with the normel visual function of the- c'ub;ject

| " The next problem is to evaluate the dlstxnce x of
the . retlnal double- -inage: in an objective way. 'Since it is
impossible to place light sensitive transducers at the plane
2of the retina.'this retinai doublewimage has to be re—imaged
"~ via the eyewopticg and if nece sary, via some additional lenses,
in order to obtain a real 1mage of the retinal plane in the
"outside-world" In the seoond part of Flg. 10 1 the situation
is shouwun where the retinal plene At is renimaged via. the
' eye~optics only (for simplicity represented by o 51ngle~1ens)
| Usually, the detectjon plsne. where thé'photosen>itjvo tran
’ducers are 1ocated, will not 001ncide with the conjugate p]ane

'of the retina.; This is simply because the position of this

-conjugate p]sne 1s not constant but depends on the Mccommod?tive _7 

R

e
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state of the eye,
The refleCted light rays, coming from one of the

retinal doublemimages, are shdwn in Plg., 10,1, PFrom the

geometry df this figure, 1t can be derived easily, that for the
distance y between the centers of the blurred images in the
detection plane the following formula holds as a very good

approximation:

%atm%{z%‘_ . m. (10.4)

Usiﬁg Fq.(10,2) we find for the disténce‘y: |
y = « 8d(L -,R + ) . Ea. (10.5)
the that the quantities L, R and F are defined in connection
with Eq. (10.2) o
From Eq. (10.5) it folloWé that egain y’is &
'iinear fuﬁction-of the 1ens@pbWer F (in diopters), A neasure
of the sénsitivity is the magnitude of the derivative | |
A = . osa ] . Bq. (10.6)
aF o |
If in Eq, (10.6) d = y mm and S = 100 mm; then,

diopter

9y w . 4 x 100 meter = 0,4 mm/
af 1660 - 1000 ®*/atopter = O

The highest sensitivity is achieved again if d.is

‘as large as possible and s is as large as possible. ,HoWever,
with this latter condition we have to_bé carefui., As the

distance between the'conjugaté plane and the detéction plane |

 increases, the definitibn of the image déoreases (it becomes
~more and more blurred) and also the iliumination of the image
per unit area decreases, Here again one has to be cautlous

,with'imposing general deslgn criteria'on‘the construction of
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an optometer using the Scheiner principle. Often a
compronise has to be found depending on specific experimeﬁtal
conditions, such as, for ezample, the minlwmunm pupil dlameter,

the area of linear operation of the photosensitive transducer

s

in the detection plahe; the light sensitivity of the trans;
ducer, etc. Judging from the literature, the following
criteria seem to be generally accepted:

1.) Choose the distance d as large as possible

under the experimehtal.oonditions.
2.) Use a differentisl method to debermine - .
the distance y in the detection blane,
The determination of y is not so much
affected by the defocussing of the image in
the detection plane.
3.) Use near-infra~red or infra-red light,
h,) Interrupt thévincomihg light beam

periodicaliy. 'This involves the use of a

phase and frequency sensitive AC detection %
method instead of a DC detestlon method, The
obvioué advantage ié that diéturﬁing'signals
f’(light refleotions).which‘are not synchronous
with the incoming beam, will not affect the

measurement, -

~In the following:paragraphs;‘the various dynamic

S

e

| optometers based on the Scheiner princible will be

discussed briefly,




1, Campbell-Robsion Optometer}o) The optical

:details of the incoming light paths are shown in the uppér
part of Pig, 10,2, |
: ~ Light source, wa parallel coiled~coil
filaments 6 mm long and 3 mm apart, rated
cach ot 36 watt, 24 volt, |
- Lens L1. Produces a double image of the
filament at the double aperture (8 cm focal
length),v An infra~red filter is placed
between Li and,the doﬁb1e aperture, in order
to make'thé’measuring light beam invisible
for the subjeot. '
- Double aperture. Two rectangular apertures
separated by 4 mm fit~the'shape of the imageé
of the filament, A séotor wheel is placed
betweenkthe‘dohble aperture and sz( as close
to the double aperture as‘bossibie) to obtsin
AC ﬁodulation of the two light beanms, Thé
double aperture is blacéd in the focal point'of‘
the lens Ly, |
- Lens L,. This lens has a focal length of
12 cm. The light beams emerging from the two
IOpenings in the dbuble aﬁertur@ are transformed
in two nearly parallel beams aﬁd directed»on'to
the slit disphragm, R
- The s11t diaphragm, This is a horizontal élit,;»b

2 em  long and apprqximatelva mm wide, placed

approximately in thérfocal point of 3.
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Supposc now that the eyo is accommodatcd at
infinity. %hls mesns ohat we have at the retina a singlu

sharp image of the slit diaphregm, This imoge has a i

homogeneous illumination, coming from two spatially
different light sources, il.e., the two openings in the

double aperture, . Suppose next that the eye accommodates,

The retinal image of the slit diaphragm will become unsharp,
But because of the dual illumination a separation of two
retinal light distributions can be'séen, a8 shomm in Pig., 10,3,
The retinal light distribution is reimeged via the eye optles

- and the lens Lu,'and evaluated by two adjacent photosensitive
‘surfacesh as shown in the lower part of Fig, 10.2, After this,

8. transletion of the photocell readings into changes in

dioptric power of the eye lens is strawghtforward
The humen pupil will, of course, limit the maximunm
separatlon of the two points where the light beams enber the

eye after passing through J;. Also, the pupil area will
3

.determlne Lho amount of light energy falllng on the photocell,




G UNASCOMMODATED BYH,

‘ [ ' INCREASING ACCOMMODARION

\/

Mg, 10,3

To incresse the sensitivity 6f tﬁe instrunent,
Campbell recommends the use of 1% p»hydroxyamphetamine
'hydrobromide. This drug takes'about 20 to 40 minutes
to produce pupil dilation, Aftér this, a periocd of fixed
dilated pupil occurs without noticeable effect on the
ciliéry musclef '
The equivalent noisé&of the instrument is about
0.05 diopters for a band-width of 0-5 cps (changes inv - -
'aooommodation); The minimum detecbtable éhange in »
refractive poﬁer is about 0}1 diopter, and‘fﬁxationbeye

movements of up to + 2° do not affect the slgnal,

7 2, Allen~Carter Optometer.6) The incoming llght
path ig shown schematically in the upper part of Flg. 10.4.;‘
The light source is imaged in_the plane of the;pupil by

the lens Li. A diaphragm B is placed between the light
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~source and L1 in the focal point of Iy, If the eye is

s

unaccommodated, this disphragm will be imaged in focus on

,l -

the retina,

| An iﬁframred filter is piaced between Ly and the
eye, to make the measdring lighﬁ/beam invisible for the subject,
The retingl image ié in turn imaged approximately at'infinityi

‘by the optical system of the eye, 1t is then brbugh'b into
focus by the lens Lo approiimately in the plane of the |
knife edge, as shown in the lower part of Fig. 10,4,

:A diaphragm A in front of the photomultiplier'tube is imaged
in the plane of the pupil at A% by the lens L,. This means
that light which leaves the eye by wéy of érea‘A"will pass
through the diaphragm A end enterythe photémultiplier tube,

Inoreased acCommodationVWili briﬁg the retinal
image of thé diaphragm B out of focus, but élso wili cause é
shift déwnward of the image due to the eXceﬁtrio entrance of
the light beam at the plane of the pupil. This will in turn
cause a shift upward of'the'image on the sﬁrface of the

knifé edge and less light will enter the photomultiplier‘tube;
The arrangement'of the entering light beam through one point
of the pupll and the ouvtgoing light beam throvgh the
diametrically opposite part of the pupil eliminates the
possibility that light reflected from the cornea wili»enter
the photomultiplier tube, S |

Agéin.in this optometer a roﬁating disc has been
placed in the eﬁterihg 1ight bean betweeniﬁhe light SOQroe and.

the diaphragn B, in order to obtain AC modulation of the

TR o B o

neasuring light beam, The basic difference betﬁeeh thié

optomete - and the Campbell?nobson modelyéan be summarIZQd




as follows,

Instead of a dvwal light beam entering through two
small apertures in the piane of the pupil combined with the
use of the entire pupll for the outgoing light beam and a

“balanced symmetrlcal detection method, the Allen~Carter

model ﬁses one ingoing 1ight beam through a small aperture
in-the plane of the pupll and one outgoing light bean througﬁ
another smali aperture combined with an ésymmetrioal detection
method, | _

Althougn it is impossible to compare the two
instruments on a rationsl basis from_the rather éuperfiéial
data in the literature, it looks &s if the light yield and the
sensitivity in the Campbell~Robson model will be somewhat
hiéher. Also the balanced detectlion method looks intultively

- moxe ottractive,

3. Both Optometexuu8) A schematic diagrem of the 4

principle underlyiﬁg this optometer is shownrin Fig.ﬁlo.s.

‘The upper part of Fig, 10,5 shows a side view of the incoming

light beams, Two narrow, parallel light beams form a singlé

i

inage on the retina of an unaceommodated eye, A prism is 5
placed in the upperllight beam, so that instead of having |

| two images that fall on tbp of each other, the.eyeusees two
horizontally displaced imagee, If.the eye 1s'accommodated it E
will see two blurred 1mage¢ that dreiverticallyrdisplaoed }E%
as well,  The amoﬁnt of vertica1 d1sp1aoement ls an indication 2

(i

of the accommodative state of the eye, This displacement is

measured by-making a real Jmege of the ret&nal'plane outside
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the eye with the lenses Lp and Lge ‘LB is a rotating 1ensg
which makes the retinal images nove across a photocell array,
Displacement is measured és'a phase difference in two |
eleotiioal signals, - o

Again, it is impossible to compare this dptometer
quantit&tively with'other}instruments based on the amailable 
data, 1In én improved version of this instrument,49)~the

author claims high resolution without artificial pupil

‘dilation and insensitivity for artifacts such as eye

movements, variation in light intensity of the test source,

variations in pupilsize, and photodetector and emplifier

~instabilities,

20 ‘
k, Elul Optometer. )v This optometer does not

| differ essentislly from the optometers desoribed before, The

incomlng and outgoing light paths sre shown in the upper and
lower part of Flg, 10.6. reupectiVe ¥. No modulation of the
1nfra»red bean has_been'used.' The'author‘stateé that-thé
threshold of‘ﬁhe gsystenm is about 0.61 diopters, Hoﬁever, |
this figure holds for the.eye of the cat where‘tﬁe parameters
that determine the sensibivity can be chosen rather favorably,
The use of two bélanced photocells reduces the éffecﬁs of
fluctuations in soﬁrce intensity, and of*eléctrical piCKupv

of noise, |

5. Harohawskv OpLometer.s?)Thls optometer’is a

| modlficatlon of the Campbell»Robson instrumont Photodetectors

- are placed directly on opposite sides of the ex:t slit

.diaphragm (cf Flg. 10 2)
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Whenever the retins end the glit are not optically
conjugate, the photocells are illﬁminated and shqw a voltage
whose megnitude and polarity indicate the degree and .direction
of the deviation ffom conjugacy. The slit and photocelis are
mounted on a'carriagé which position is moved by a servomotor,
The servomotor is controlled by the photodetector signals in
such a way-that the conjugate position is restored by moving
the slit away from or toward the retina.\ The method is a
‘nu11~ba1ance method by which the sensitivity and linear
operating range are increased, In this mode, the carriage
position corresponds to the instantaneous refractivé power
of the eye,v The 1inéar operating‘range, as quoted by the
~author, is + 3 dlopters, Static measurements are accurate
~to about 0.05 diopters, | |

b. Non-Schelner Principle Optometers,

vThe previous sections héve described presently
known dynamic optOmeﬁers using the Scheiner principle.
Other optometers have been‘proposed and constructed that do
not employ the Scheiner prihciple. These devices are,
by définition,used to méasure the.accommodative state and

1t will be made clear in the text whether or not the

optometers are dynamic,
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principle of directing & nairow rectanzular besm (slit beam)

of 1ight throvugh the lens, The slit beam (Fig, 10,7) is

. , , 50 DU SO = B
eimed at the subject at about 307 horizentally frem the

visual axis, The magnified image of the dark fileld (from
the front camera) is lighted by the dispercsed light of the

eye lens end focused on the cathode of the photo-multiplier,

Figure 10.7: Glezer Optometer in Operation,
k, photomultiplier; r, slit beam source;

mc, target lenses; w, condensing lens;
m, microscope,

Figure 10,7
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Durim@ inoreased accommodation the front surface of the lens
bulges forward and the lighted area on the photo-multiplier

increases, With decremsed accommodation, the opposite effect

is noted, On the flat surface of the image plane of the
photo»multipliér cathode there is a screen containing a slit
that is 1/3 the height of the optilcal system image, The lens
Co motion in the slit is magnified five times so that the
proportional changes of the light beam from the lens durlna
accommodation can be detected,
A binoculér; microscope is used having a working
distance of 6.4 mm, One of thée eye piesces is used for
visual obsérvation and the other transmits the eye lens
imege to the photo~multiplier.  The illuminating lamp
consists of a light condenser, disphragm and moveable slit.
‘The subjectts head is fixed with the help of a tooth mold,
| Figure 10.7‘is a photograph of -the optometer in operation,
Figure 10,8 is a typlcal respounse (upper trace) to a 4 diopter
change in acoommodatlon (midd]e trace) and the lower traoe

represents a 10 H/ sine wave time mark:ng signal,

ir\‘v ‘l:\‘h')"'!-\.k'}.‘ Lk.

o " Figure 10.8: Response of Clozer Optometer, Upper trace--Lens
: Accommodative Response; Cenbter trace~-Four Diopter Acoommodative
Stimulus; - Lower trace--10 HZ Sine Wave Time Reference
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"No mention is made in the paper of the following points:'

8) sénsitivity or calibrationt

b) noisé levels o dynamic respénse

¢) relationship between output and lens power

in dibptérs.

In view of thé sketchy veport, it is difficult to compare . 7
this optometer, except qualitatively; with the others constructed,
In particular, no mentign'is made of eliminating iris artifacts
- or the necessity of drugging the Subjbot'é pupil reflex system,

2, Haynes, White and Held Method of Dynamic
Betxnoacopva

Retinoscopy refers to viewing the retina with an
ophthalmoscope, Dynamic retinoscopy is a means of measuring
accommodative re3ponses without immobilizing the 1entiou1¢r
system, A sharply focussed spot of light is projected into
the subjectts eye through the pupil, Modifioations‘in the
reflected retina image are used as an index of the refractive
state of the eye. These modifiCationsVarerquantitatively
assessed by means of lenses of knbwn power, Refraction is
measured while the subject fixates nearby objects énd also
_ while he tracks an object moving toward and aﬁay from his éyé.
:Tﬁe accommodative response is measured by briefly introducing
1enses of known power in front of the fixating eye., - By o
mov1ng the retinoscope in depth thereby inducing accommodaL1Ve

tracking, it is then determined what diopter range the subjeot

can maintain accommodation on the targeu within 0.5 diopters.
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Even though thls process is called dynamioc
retinoscopy the response is not the dynamic responsa'of
the lens gystem but merely the‘lens power at a fixed value
of lens accommedation, Additionally, the recording device
is the operator's eye so that the measurements are

subjective and sre not read out on a recording device,

129

3. Chin and Horn Infra-red Skiascopic Meassurements,

The infra-red skisscope is best described with
reference to Figure 10.9. The infra-red source A provides

infra~red radiation which is rveflected by mirror B into the

@ .
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Figure 10.9
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“the subjectts wight eyé C., The retina acts ag a secondary
source and reflects these rays out through the optical

system of the eye forming ; focus whose location is

dependent upon the refractive state of the eye., The invisible

rays are converted by the infrawred recelving set to visgible

1ight which is presented to the examiner through the telescope

eyeplece, An infraw-red filter H 1is placed over the objective
to prevent light leakage from the converter so that no light
- from the measuring apparstus is seen by the subject. This
mékes méasurementﬁ possible at any controlled level of
11lumination, |

| If the outcoming focus lies in front on the
pinhole E (on the side towards the subject), movement of the
mirror, B, will elicit a movement of the vetinal image
projeoted ét‘therpupil (skiascopic pupil reflex) opposite
’to that of the mirror; if behind the'pinholég the pupil
reflex moves in the same relative direction; Aif the foocus
e is at the pinhole there‘is neither of the above motions.
Measurements are made in the horizontal meridian‘only.”Various
Ienses,vset on a wheel, are Interposed before the right eye,
'C, to determine‘which will set the focus of the outcoming rays
exactly ét the-i)inhole° This is the neutraliéing lené. The

pinhole is_33lcm. from the lens wheel so that 3 diopters is

subtracted'from'the neutralizing lehs to obtain the value for

correcting the refractive error of the eye., Thils lens power,

called the sklascopic corredting.lens.'is the value which will

g
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theoretlically focus rays from a distant object on the retlna,

The distance between lens wheel and ecye ls Z2 but is a constant

factor when refractive changes under varlous levels are compared,

The image of the retina seen projectéd at the pupil.
(skiascopic pupll reflex) is compbsed_of rays which pass
through the pupillary opening and whose vergence can be
changed by acoobmodation. The skiésoopio pupll reflex can
thus be used to determine refractive changes of the eye, as
defined,

As can be dedvced fyom the above.description, the
skiascope is a retinoscope using infra-red light and does not
measure dynamic lens motion., The accommodative state is

determined subjectively by the observer by hanually noving a

lens wheel to a nulling lens position, No readout device
is employed and the measurements are indirect since the pupil
reflex is used as a measure of accommodation,

b, Fincham's S1it Lemp Pho%ﬁgraphy'and
Coincidence Opbometer 2

In 1937, Edgar Fincham uvsed a‘prototype s1lit lamp

to photograph the humen lens in cross-section, Figure 10,10

111ustrates the method he used,
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Figure 10,10: S1it Lamp Photography Technique of PFinchan,

Figure 10.10

Because ﬁhe greater horizontal diameter of the cornca exposed
more of the interior of the eye in that meridian and also to
avoid the eyelids, the photographs were made with a-horizéntal
section of the eye illuminatéd instead of the usual veftical‘one.
. T1lumination was made along the visual axls and the}camera 
plaoed»immediately below this exis directed upward to it at

an angle of 359, To have convenient space for the camera, the

‘811t lamp was mounted in & verbtical position and the light




reflected into the eye by a prism, B, The slit width
was 0,2 mm,, its length sufficlent to cover the dlameter
of the correz, To avold uncertainty in focusing, the
principle of conbined focusing was employed, The camera
length was fixed and the positions of the slit lanp and
camera adjusted end fixed sc thelr axes met at the common
focus of the two systems, Exposures of 0.5 seconds were
used with redvced camera apertures for sufficicnt depth
of focus,

The photographs (Figure 10,11) typically ottained

show the section of the cornez and lens and in the accommodated

state, the ciliary processecs,
’

Figure 10,11: S1it lamp photographs of Figure 10.12: Photograph
lens at 0 diopters (unaccommodated) and of image seen through

10 diopters (accommodated),

Coincidence Optometer.

Although the results were very helpful in primitive studies of
the accommodative system, photographic techniques are limited
to static accommodation levels, High speed photography of

the refractive lens surfaces has not met with much success,
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In addition to slit lamp photography,“Finoham
alao developed a coincidence optometer to’méaSure the lens
refraction, By thls instrument, the retinal image of a
vertical line target is watched throughout an experiment
and ohénges in the wefraction of the eye axre indlcated by
é breﬁk in the colncldence of the upper and_iower halves of
the line image (Figure 10,12), When the target is not in a
position conjugate ﬁo thé subjectts retina, the retinal image
ig digplaced from the axis,  The image is viewed through a
system of prisms which divides the {ield into two and
reverses one half, so that when the image is out of alignmeht
the halves of the line image move in opposite directions, and
the setting is obrreot dnly when an unbroken line is formed,
In this system the accuracy of the instrument is doubled,
and the most criticsl method of adjustment is used-~that of the
. élignment of a vernler, An optical fixstlon target is also
incorporated in the instrument for the relaxation and control
of accommodation, The_photograph shows the appearance of the .
retinal image when the lens vefraction differs from the
instrument setting by 0,5 diopter, A difference of_“
0,1 diopter is discernable and the rate of changé as .the
eye accommodates can be observed, Thé érr&ngement of}the
epparatvs ig shown in Figure 10,13, The tést.bbjeot 0,

L%, S

Awhich is at a distence of 4m, is prescnted to the eye by

reflection at the transparent mirvor M'éttached~to~the optoneter,
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Figure 10,13: Experimental Arrangemeént of Coincidence Optometer.k

The optometer axis is fixed 49 from the subject's visuval
axis, The object is a diffusely illuminated plate with a
series of black dots upon which the subject's eye can focus,
The lens refraction is messured about 4° rrom the visual axis,
""-'v, » " The 1ightmﬁergenoe fromfthe object is by means of a

| lens L interposed between'objéct.and mirror., The change
could be brought about very rapidly, and the lens, being
centefed on the visuval axis, produces no appareﬁt 1at§ra1

dlsplacement of the obJect

o

No mention is made of the ultinmate scqsitlvity or
of f axis noice produced by head or eye motion, However, it
Would appear_poss1ble to use thewoptometer output és a'signa1 
to light detection diodes in order to translate the dispérity
in coincidence intoylens diopters.-_ln this,way;vthe
coincidence optometer foould,be adapted to bé a dynamic .

reading optometer, Short of building the instrument 1t is

difficult to say how flexible it would be as éﬁlaboratofy device,
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5. Coleran end Cordin Ultra Soond Technigue ')
U

ltraconic measurements in the occular sycstem have
been reported at least since the early '60's, The work

h

—

ultrasonic devices, The method will be explained wi

\

reference to Figure 10,14, The system consists of a fluid
stand-off column through which both light (for alignment) and
sonic waves (for measurement) pass. The optical systen is
aligned jointly with the sonic system by mezne of a front
surfaced mirror. The center of the optical path is pierced
with a 2 mm, hole to ellow sonic passage from the 10 mhz,
generator and receiver., Alighment can also be checked by
substituting a light source for the scnic generator, to

assure the 2 mm hole is directly on the optica2l path,

2mm —
diomet r

25
2 1
7
10 megocytie AR
tronsducer

Figure 10,15: Readout trace
Figure 10,14: Schematic of ultra- from ultra-sonic receiver,
sonic intra-ocular measurement C, cornea; AL, anterior lens
SXPPTImEn T, capsule; PL, posterior lens
capsule; R, retina,
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In operation, the generator is pulsed for 0,143
and the reflected pulses (echos)_deteotgd by the matehed |
receiver, The echos aré most pronounced at'boundaries
having the greatest difference in sonic propagation
velocities, viZg the wateréccrnea and the,vitreouéwretina
interfaces., A notable exception to this (Figure 10.15)
is the équeouswanterior lens surface boundary where the
considerable lens capsule elasticity accounts for the high
réflection coefficient, The posterior lens surface-vitreous
bouhdary does nét enjoy such excellent reflection, its
capsule thickness being only ,1/?0 versus /(/9 for the
anterior surface, The wavelength }\ is 0,15 mm, at 10 mhz,
| The display system consists of a commercial atress
S transducer~CRT unit with electronic clocking and gating to
triggér'the CRT, ¥nouwing sohic velocities in the various
ocular media allows one fo calculate the intraocular
‘distances from the velociﬁyutime display, The sonic measure-
ments are accurate to within 0.1 mm- or 2!3)\{
| As a dynamic optometer uvltra-sonic devices suffer
from two serious deficiencies: i. Necessity of a dense (water
or ©il) media directly_in contact with cornea, This minimizes
'fléxibility‘and introdvces serious errors thrcugh orbitél
deformationso~ 2, ,The‘media in contact with the cornea
- almost eliminates the 43 diopter refraction of the cornea so
| fhat,targéts are seen by the subject as‘if they were "under‘watér.",
in éddition, eye motions of any kind:almostlcompleteiy'obiitératev

the return signal,
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Presently, the ultrawsonic devices seem to be more
valuable in identifylng intra-ocular materlal parameters than
detecting dynamic accommodation,

6, laser Opbometers.

With'thé advent of low .power, Iinexpensive C.W,
lasers, there have been recent attempts to use coherent light
as a means of measuring accomnodation, As outlined in ‘
Secticn 4,ug?e on}y described modus operandi to date is that
of Rigden., However, there seems to be no evident way of
making optometry objective., Knoll BF)uSed the C, W, laser much
the same way ofdinaryvretinoséopy is utilized, This means
the subject is asked when the reflected light pattérn stops'
moving as various pover lenses éré.interposed'between him and
an illuminated revolving drum. Cénseqﬁently §hé laser

optometer is non-dynamic and subjective,

e i T
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Table 10,) summarizZes

non«Scheiner optometric methods dlscussed,

the cornclusions derived concerning the

‘ BANGE _ ,

METHOD (DIOPTERS ) DYNAKIC ‘READQUT CALTBRATION

Slit Lamp g Iy Yes Osoillograph None
Optometers | S - | Performed
(Glezer) : =
Dynamic b0 No None Known Power
Retinoscopy j ‘ Lens Comparison
(Haynes et al)

Skilascopy 10 No None Known Power
(Chin and Lens Comparison
Horn)

Coincidence 10 Yes None Knouwn Power
Optometer Lens Comparison
(Finchan)

, Wltrasonics 10 No CRT Caleculation
(Colemen and ' Based on Known
Carlin) Propagation

. Velocitles

‘Maser 2 No None Subjective
Optometer
{(Knoll)

TABLE 10,1

omparison of Optometrio Methods
Discugsed in the'Text,
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n summary; the total numbér-of-instruments in
the U.S.A, to measure dynamic‘changes in scoommodation is of
the order of five. ‘Host of" these use the Schelner principle
to measure accommodation and are highly specialized laboratory
models, This is probably one of the reasons that useful

data for analysls of the control aspect of the accommodative

system are scarce or not available,




SECTION 11 , |

11, THE MULTIVARIABLE NATURE OF ACCOMMODATIVE TRAGKING.

The preceding literature reviews concerning optometers
have dealt only with one variable of aoéommodative tracking viz;
changing of the power of the:lens, In reallity the so-called
mhean reflex" inVOlves the changing of at least three important
enalog variables, These are the lens power, the pupil diameter
and the vergence rovation of the eye, This sectlon will derive
a systems~theoretic model of the eye in accommodative trecking
and present the interactions of the three above varlables in
determining the seeling state. The systemskmodel will show,how.

the previous discussions on ocular physiology,"retinal sensitivity,

physiological and physical optics ehter into controlling the
seeing state of the eye.

2, Physical Basis for a Systems Model - The Lens Loop.

The physiological fragmentation of the system has
already’been préSented (see FPig, 5.1 of Sectioh 5). Also, |
most of the équations and the rationalé for a systems model haﬁe
already been-pfesented, Consequgntly. in the sequel,’detailed ‘ .
derivationé'will be excludéd when they havebbeenvpreviously‘— |
performedvand only the eppropriate referenCQS made°

As already described, when an object ©o be kept in '
focus changes position, threeldbsefvable analog variables
(éxcluding gross head and bbdy motions)'chéﬁge in order to
maintalh & sharp 1magekon the most sansitive,part of the retiha.ib
If the object comes nearer to‘the persbn thé'éyes oonvérge
nésally, the pupii becomes smalier‘(contractS) and the lens

changes shape to increase its focusing power. The opposite

state portainé'wh@n an objeét recedes, For simpliolty in the
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following discussion on?y torget (the object to be focused)

“position changes on the optical axls (a 1ine perpendiou]qr to.. D

the cornea and concentrle with the pupil) wlll be cons ldoxed v
This»meanu the accommodatively utimulatedeye_ma;ntaina a fixed £
position. Therefore the model will describe the pupil,ahd

accommodative state in one éye; that being the one on whose ?f'
optical axis the target is changlng position, and the vérgence | i
of the opposite}eye, Let DT'be the distence (in diopters) ‘ %
meésured from the cornea . of the stimulated eye to the target.
Drp can'take,on values from O3 target infinitely far from the
eye, to infinity: target right at the cornes. Let D be the 3

instantaneous value of the dioptric power of the lens, It has

already been shown (Séction 5) that approximately 20 £DZ30 diopters

so that the dynamic'range of D is + lo.diopters, If B representé

<3
3
i
o4
i3
e

the diametor in mm. of a uniformly intense b]ur circle on the . ;m

retina and P is tbe diemeter of the pupil in mm., then it has
been shown (Eq.-&.3v Section 4) that

B = 0,018P (Dp ~ D) | : vK.v (11.1) |

Where D and Dp are in diopters. B is defined as positive when

, DT:>D,‘i.e°, the eye 1s under accommodated and the image 1s

focuéed behind the retinal plane and négative for the obvious

»opposite condition, Equation (11,1) is based on geometricgl
optics and predicts zZero blur when DT =D, 1In rea11£y.‘

' experimenta! evidence shows thab B 4 0 when D »-DT but that

finite blur occu'ru from the non«gcometrionl effeots of

dlffyactJon and light scattering (%ae Fig. 7.3, §ection 7).



Therefore, Hquation.1l.,l must be modified to account for ;

actval blur in regions of small Dy « D, The amount of nonw

geometrical blur depends on the pupll size (see Pig. 7.3).
it will be assumed that the half power points Qf the blur
distributions in Figure 7.3 serve as an adequate measure of
non-geometrical blur., Since 11.1 is a linear equation in

Dp « D the non~geometrical blur enters this equation as a.

dead band,(dependent‘on P) of blur, By considering all of

the distributions of Figure 7.3, it can be shown that this
dead band, a, depends on P aocording.to

a = 0,00 P -+ 0, U4 : Eq, (11.2)

where a is in diopters for P in mm;B%It is now possidble to

construct the first stages of the system. If ey is the dioptric

error with deadband accounted for then By: the blur with dead
band, will be the output of the block diagram of Figure 11,1,

Dp E)° s T pD
w{*\‘:t:m! fovmasetigs jh._z mm,»f() gq{;}.__ L->—<-L Ps R

Figure 11,1 Block Diagram Representation of
Human Accommodative Trzcking System
Error Detector,

It was also shown that the retina without additionsal olueu s
cannot distinguish between poqitive or ncgative blur. (c.f. even

error erzperiment, ref. 53) so that the multiplier of Figure 10,1
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ig followed by an absgolute value device, (See Figure 11.2),
However, because of the multivariable input nature of
accommodation, it hag been 'shown (c,.f. page 1, section 7)

that there are many possible clues the subject may detect, e.g.,

motion, parallax, aberrvation, ete. (See Table 7,1, Seotion 7)
that will glve him the éign of the blur., These oclues vsually
depend on memory to be effective and are of a reflex nature
more than voluntary., In the systéms nodel, any'one of these
clues can restore the sign to the blur or, equivalently,
bympasSthe absblute value box in the block di.aggre‘am° The overw
all effect of these memory processed clues can be represented

functionsally in the block diasgram as an Yor! gate controlling

& bypass gate around the absolute value box, An Yor' gate

is an appropriate reprementation since astigmatiovm or motion

or any of the clucs in Table 7.1 can restore the sign of‘the

blur to the lens controller, - e
Up to this point, nothing has been sald about the |

predictability of the target mdtion, Whether or not the

subject can gather enough information from past experience to

enable him to draw concluslons about the future time course

of the target &s e very importaﬁt point ih'deriVing the syétems
model., If the target motion is a step whose?ohéét ls random
‘then experiments show & pure transport delay in the sccommodative
response, If, on the other hand, the téfget metion 1is,

for example, a fiked ffequency gquare wave, theh experiments

‘show the subject caen easily, often in three or four cycles,

predict what the Puture motion will probably be and responds
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with zero (or even) negative transport delay, j)', Consequently, |

the main feedforward path transport delay times are varliable

depending at least on the past time course of the input

signal DT' Functionally, this feature of the delays can be
represented 88 & memory and input signal contirolled transport
delay whose numerical delay time is a functlon of the past input
signal time course ahd memory. Memory as used here denoteé“

any time t'< ¢ where t 1s the present value 6f the system
independent variable, After passing through the feed forward
traﬁéport délays, ™4 and TDy, the fecdforwerd signals act

upon the lens system aotuator Which<isvanatomically referved

to as the ciliary muscle (See Mg, 11.2), At thils point,

it is agsumed the signals have already been converted from an
analog blur clrcle diameter on the relina to a nerve}ﬁulse

train whose fépetition rate is relatéd to the blur}oircle
diameter.‘_Such,an_aSSumption ééems}reasonablé but as yet'is‘
not experimentally verified, This conversioh'prooess takes
place after the absolute value block‘in the=systém& model and i
~anatomica11y is prbbably performed by the photoreceptors of ‘
~the retina, Of coursé, the pulse trains ieaving the:retina
will have been extensively processed by the retvina and high
‘visual centefs sé that the pulses reaching the ciliary muscle
are not precisely those leaving the'retina, Without going

inté mimite detall, let it be saidAthe cillary muscle can be
consldered to be:a digital (pulse trains) to analog (muscle |

' . 4
tenslon) converter of a highly nonlinear nature. B%he none

linearity manifests itsell primérily In cillary muscle dampingf




EPRODUCIBILITY OF THE ORIGIN , 1

, -

2
S

L e T e
s ko AT -

:}1
At N

.

cE
&3

AR e ot 8 ) 3 J
~, g‘; s ¥ \ L))
" . A
. ~mmmﬂ‘wg‘£¥t\§:ﬁr C‘§ a ‘s‘

AT e s werz v s

;’r‘.:’}?
AP s S
7

Y
7,
getordy

ATL 0 R avtainny '

- “Wr”
- AP ATRIT X

T PR
Q‘h ¢ .,i: ) ’
e o
? ol
. 1.
el i
LT NAURION 2o (X\) . . b

N
tebrcrrrommes suvemiran 1] (\Q

\

Y

pppppp

et

7S
5
v
i
e
Jt/,f.é’fﬂ/z:’:
L
£

“)‘é

A
g S Y AR N
TN TN Y

s ' Ty -
\\3/ o Prariavoy . ’ . = » ;
; 4 \ o . , _, :

g. 11.2

SIS IR AR e swean e .o

Q’ . b

gt

b4

#
7 /
MPYYl

Pa

Vi7 ey
7

o

el

T
‘.

2P 22T ol

280 EIT ¥
o
A fPOVF

2

S
e

r
o
2
Fi3
Ry

i3

b ST 77
822

8
o
&=
-
o
P
&ﬂ
"
p—

e
>
s =
72 1
" ""i %
N
H

el

e/t es {
i

PR TR !
’ .

. te

} BHXISITT




l\:?v-n

and elasticity. For present purposes the muscle dynamics
wlll be represcated as & box with a pulse train input followed
by a pulse repétition-rate to muscle tension converter, The
" muscle dynamics are nonlinear, approximately first order and
driven by the converter output tension, The mugcle tension
acts upon the next block which is the lens dynamics., Lens
dynamics can also be shown to be approximately first order
and nonlinear with the nonlinearity resting primarily in the
lens damping. 43‘I‘he purpose of the méchanical aption of the
ciliary muscles on the lens is to change its shape. The
 relationships between the lens geometrical dimensions and its
subjective diobter power is easily~measured with a slit lamp
optoneter. Using the optometer‘and the theory presented in
(#2) it cen be shown thatllens diopters, D, is related to the
position of the front surface of the iens w; by

D =166V +20 ’
when v is measured from the lens anterior surface at 0 diopters
and where D is in diopters for w in mﬁ. This relation completes
'the lens loop begun in Figure 11.1, | |

b. The Pupil Loop and Variable Interactions, -

One of the input Variables to thevaccommodative loop -
is the pubil diemeter P which enters through Equation ﬂl.i). |
Physically the pupil conbtracts when one‘focuses on near bbjécts
and dilates forvobjects,more distant. It does this with a

transport delay between accommodative stimulus and pupil.

response which 1s 100 ms. longer than the accommodative tfansport




:jg L ' delay, This additidn@l 100 ms. transport time is not changed
% | by other aocommodative clues brvmemdry béCaﬁse it répresents’
the pupiL actlng as a pun,rcflex systenm 1, e., 1t cannot be
"activated volunterlly. Theverore, it is reascneble to take -
_'its error signal after. the second feedforward tra nsport delav

The pupil dlameter also reSpond< to chongea in 11]umlnat10n ,

in additlon to its accommodqtlvely generated 1nputs. It does

" so with a constant transport delay of 280 ms, The illuminaiioh
induced pupiilary'respbnse represents a closed control 100@ .
Within a control lobp with~pupil diémeter, P, aSIOutput énd;»“
 111umination 1ével>1,as one of the.controlling inputé, Thus,

. an additional‘Eggi;;feedforward'trénspoit delay:precedeé_thé A
bpupii‘dynamics; The ﬁupil'dynamics srise from the muscles o
kﬂconcrolling its dlametor, Lhe d11ator aﬂd bpnlncter puplllae.
"Belng smooth mascle 11Pe the clliary musc]e, theue puplllae
Ahave nonllnear dynamlcs uomethau Q1n11ar to the ciliary muscle.uB):
’ The detalled dynam:cs w11] not be dcrlved here but suffice it
kto say theyexhlbwt nonlinear damping end are second ovder.

The pupil also eXhibltu a saturating nonlinearlty,as a functibn

o of_111uminati05kintensity. ‘This saturation arises because the
-pﬁpilkdiameterkoannot eXCeed fhe rahgé‘of 2 to 8 mm,

c. Acoommodative Converﬁence o An Open Loog.

‘ When. focu81ng a ‘near obgect the. eyes move nasal]y in  ’
: order to keep the target fie‘d of intere t pObltioned on the =~

 fovoa. In the cag e being ¢ on»idered the target is always

.on the opticu[ azlm of the vibvin »eye g0 that this eye need




)

not converge. The oppos 1te eye does converge, however, and

its angle of rotation € is measured positive nasally from
Strdlghu ahesd gaze, Experimentally, convergence is seén tb.

- proceed afber a maximum,tranépoft delay of 180 ms, Being a
volunuary systen, the oonvergﬁnCe trans pdrt délay, 1ikerthe
acoommodan:ve delay, is input time hlSuory and memory variable.

- Therefore, its feedfornard transport delay is less than that

for D and is:variable. The muscle dynamics of the conVergencé
sysxem are Lhe same as Lnose usod in ordlnary uOTl?Onb81 traokvng
movements Sane tae»same musc]ea are employed ’These dynamics |

k)

have baen shown to be nonlancar and Iourth order‘ Unlikér
‘the pupil and achmmodative systéms; however, a definite,féedﬁack
~meohaniSm has not beén firmly established anatomlcallj ov"
functlonally for the conVergence sySLen. Thls means the outputj
angle 0 of this system,has 11tcle if any feedback ground it

v'for stabilizatidn. Experimehtally,:it is obsefvedfthat
aCOommodative'convérgence;vaskevidencéd‘by'é,‘is'Quite‘erraticA
~and drift prone almost as Lhougn the feedback, if 1L ez1stg,

‘is intermittant, )t should bp emphaq1zed honever that most‘:
of’the‘experimental evidence lOT an open loop conve“genoe Z,} ,-o
s&stem'ariées from monooular Ckpcilmbﬂts where only one eye is
-conVérging,~ In Lnese experiments, it appears that any 9ystemm_ -
‘feedbaok available is A, c. coupled. For systems analysis »7’.‘
purposes, the ekperlmental evidonce of eye Lrackinv expcriments :‘

and exnerlments de, nod to stlmulate the convergcncn system

aocommodatlvely point to an open 1oop sy tem thaL isg rapid 1n

"  response, dArift Drone and very dynamxcal]y unilateral.‘-
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d, The Block Dlagram Representation of the
Accommodative, Pupillary and Convergence
&ysbcms for On-Axis Stimulation,

Ve are now propa?ed to complete the block dﬂavram
initiated in Plgure 11 1 for the th:ee systenq oonSLdered Thé
block diagram 111ustrates very well the mu1t1Vdriable input |
“and output nature of the overall systens, Figure 11.2 is the
block diagram illuéﬁrating the systéﬁs intérconnecﬁions and
Table 11,1 servca as a }evbnd for in mrpretlnﬂ the varlablee
!,and blocks ana gives the probablp anutomlcal 1ocatlon of the b]ooks
The 81yna1 processing done by Lhe variouv varts of the systems
model are relatively stralghtforward except for the memory and
’traneport de]ay conbrol and Lhc proceqsxng performed on the
‘acoommodatlve c]ue neCessary to restore the sign to the blvrr
'Slgnal The mexory and trdnsport delay control can’ be represented
functionally as a dev1ce capable of extracblng from the 1nput
signal any 1ow 1eve1 repe 1t1ve behav1or and acting upon thio
Ainformatlon to ohange-the system transport delays.  Low 1eve1
'implies the device is limited to reoognJ7Jng fundamental
frequenclesvln the input 31gnal'and uging this knowledge to
j,pfediCt fuﬁurevinpuﬁ time behaviour. AS~an experimental ";';

fexample, subgects have been able to begln traoklng a flxed
-frcquencj square wave with a tranSport de]av of 280 ns and
_roduoe this delay to zero in 3 or U cches.uB) HOWever  when
prcsented w1th a frequency modulated square Wave no dolay

reductlon is noted
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TIlluminetion: Error

[ TAPITE % VETIEBIE 07 TProBabie”
Block: Output Block Anatomical
5 Variables Definition Location
Memdry & | DT’ Target Positiohiv :
Transport Nérve Firing in Diopters . [Brain and
Delay - lates - o RBetina
Control ' o
ot ‘Auxiliary'. Déécribedfin . Brain and
Gate Clues Fig. 11.2 {Retina
o ) llo" o 1 . . . .
Cate "o or W1V, "on® implies blur sign ' Brain'
' g Yon' or MoffM  |Yoff!" jmplies no blur sisn ° |Retina
- lconvergence | Nexrve Piring Angle or Rotation Consensval
PDynamics Bates, O Heasured "+" nosally, Eve
TDu‘ Pulée,Trains_ Transport De]ay Constant Retina &
as. Inputs and = 180 nms, - Pupil Muscles
Outputs. £y : . ‘
TD3? Pulse Trains Transport Delay Constent Ciliary
1 as Inputs = 100 ns, - , Ganglion &
and Ontputs ‘ ‘ 1Pupil Muscles
“fPupil Nerve Firing 1P = non-limited pup:l : Dilatoxr and |
Dyrnemics Bates, P ‘ dlametnf Sphincter
o ; Pupillee
Pupil . lp, P Non~1imited and Pupll
Limitexr » . Limited Pupil Diameter
o P, I, Pupil Diameter and Pupil
Constant - ‘

TABLE 11,1
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Variabie or

FInput and v Probable
: ' Output Block Anatomical
Block Variables Definition Location
‘ Deadw From Fig, 11,1 ' Diopter Brror, Rétina_
Rand eq g Diopter Error ‘
‘ e With Deadband -
1¥D
:5‘Mu1tiplier 018 e Diopter Error with |Retina
e Cen® = B Deadband, Pupll '
| + 018 ept D | Diameter .
Absolute  |Bp Deadband Blur Retina
Value |/Bp/ {Absolute Value of -
: ' Deadband RBlur
D¢ | Pulse Trains Trangport Delay: Higher Brain
as Input (Varisble) Centers
and Output : N o 1 :
'fPDz' - {Pulse Train | Transport Delay . : Ciliary
‘ Input, Ciliary |@Wariable) - Coe lMuscle
Muscle : ) : S SRR o
Ennervation
Rate Output
| m
© Ciliary = fm Ciliary Muscle Mullerts
- fluscle T Ennervation Rate. : Muscle, radial
Dynamics . - | HMuscle Tension per and meridional
: - Unit Length .. " fibers,
Lens - T, Muscle Tension Per - Lens
Pynamics - W Unit Length, Anterior
' i ‘ Lens Surface :
‘ Displacement
Lens ‘ W, Lens Displaoémeht; | Lens
Limiter D ,

Lens Dioptric Power

TABLE 11,1 Continued
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The gate bypa@qlng Lhe absolute value Block cen be
éCtiﬁated'by any oneior_all of the,vafinnsyaooommbdative clues
shown on the memory‘control; The'most‘dominaht guxiliary |
acoommédatiVe clué seems to be change‘in'targcﬁ»size,-}If the

:néturallblur ls accompanied with an,indreaée in~siZé the subject
'will inéréaée his lens diopteru and vice versa, Chango in -
target size alonc wm]l not stlmulate accommodation,

ir any ono of the auxilianry clucs are preucnt tbe abuolutc
value is bypa ised and the bluv slgn restored

A detailed ana1y81 of tho sy&tems modo] repvbuonted
‘by Plgure 11, 2 goe beyoﬁd‘the soope‘of this report'.however,
its derlvatton is considcrod to ombody most of the preaont
“knowledge conoerning the phys:ologian systems iuvolved In
Aorder Lo test the model, experlmental responses from human
'subjeots.must be théined and,compared‘with é éomputer

. simulation of‘the’modei* ‘Such a proccdure would cnable one to |
identlfy more precisely the various pqrameters of the inueraoting
loops, In this regard, w1th an experlmenual means of measurlng

-0, P and D experxments could be devised to interrupt certa1n
'1oops ‘in the syutcm in order to dctermine eccurately indlvidual

_responses deprxved of certa;n variable 1nteraotlons. As an
'examble, en artifiqial pupii could be placed in front of tﬁe “

'subjegt's'eye, theréby'clémping‘? at\the arﬁificial pupil

diameter, and experiments conducted to compare dynamic

respbnsés with and’Without interaoting pupil dynamies,




A o M TS B O S R S ) A e £ R A L ST R T R R L e T B N R A A s e e e et

SECTION 12

12, THE NEED FOR AN OFLIGAL, STATUS TP“”FR

Throughout the IFPVJOU& pres entation, es pecially'as
o regérds guantitative exyerimental duta; a glaring lack of
urxtcient 1nstrumcnfatJon ncoebmqry for develop%ng 8 Vbuli”tic
model of LhO System cons idered iS apparent, This is probably
beoause of the aS&IVL interest of the engineering soolety in
biomedical englneerlng until the later half of this decade.
The instrﬁmentation'answer'fér the aboommodatiVe systém‘ wve - pe
feel, is embodied in an Optmcal Status Tester which would s
"fulfil1 the needs outlined below,

8. Immodiat  Need,

" The systems deve]opmcnt embodlcd in Section 1l is
perhaps the most sophlsuicated and realisLLc model of the
accommodative traoking sy s Lem pre,cnted to date, It illustratemv
well »he multivariable nature of" thxs process and how experimenial

mne fnu‘:c'em(,nts on only one variable at a time will only suffioe

to give information about one component of the interacting

ocvlar tried of D,8, and P, Such experimental knowledge is
,of‘limited‘practical«importanae because any‘conClusions derived

SO A Lt A Bt

components., Ir this gquantitative knowledge,'such as displayed

by the systems block diegram of Figure 11.2 is to be Verified

- while accounting for the known interac Lvﬁ&, it is Anperative
that a device such as an Optical 6Latus Tester be made avallable,
‘.An Optical Status Tester would be a device capable of moasuring '
at 1eaxt the ooulmr triad of acoommodation, vergence and

pupll diameter.v Poncisely, uhe 1mmed1ate needv for an 0pt1083

‘;Astatus Pester ares
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1) to pprform experinents necessary to verif? and
idcnt¢ﬁy a systems model dez¢Vod fvom phys Jologﬁc 1,
} ‘ H7  . - optical and past eyperimentdl considerations,
E 2) “to pecform;experlments onihumdn subjects and compare
these résﬁlts,ﬂith those'o£ a systems simulation"
'  ,revlsed oh the basis of the experimenbs in 1),
3) to prepare the way Tor a nore sophigticated Opﬁical :
Statué‘TeStér that would be cépable of monitbring'the
ocular triad for both éyes éimﬁltaneouﬂly; 'This would

be a siganicant step toward in»flight Optxoal Status

Monitoring.

b, Egture Need, , »
Presently, there does not exist a commercial supply
for one component (the optometer) of an Optical Status TeSter;.

let alone a complete OST itself, although svuch a device is

within the technological abilities of our society, In the

E——t

future, if sbme practicai*engineering knowledge about human
, Opt1081 status is to be &ained at least two point must be
cons;dered- , _ -
1) as outlined in 3) sbove; ideally the ocular state .
vector of D, Q~and P would be extended in scope to
: , : ihclude both eyes in a normel binocular mode of

operation, Even more realistically the 087 could

be used to extend the ocﬁlarvtriad itself, This means

the ocular triads would be expanded to include position

e

components that fix the eyes relative to some spatial

: reference. With a tried and tested monocular OST as ai'

start:ng point, such extcnsion cou1d be realistically

=
3

undertaken,
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2) TIn all of the preceding disoussion, it haﬁrbeeﬁv
tacitly sssumed that the experimenter would hévé R
explicit: control of the envivommental candibidnﬁ'thé*'ﬁ?ff
subjeot is placed in, o the present time: atandard |
opéraﬁing procedures call for testing a wollutvained

subaocb in normal room oonditionu. The onlv significant

stimilations are thove shown &8 ¢nputs in Flgure 1%, 2
Reaﬁﬁmtioally, however. the optical sbatus is most i
inportant when the subjeot's present and future
environment depénds in part on his opﬁical status  ;'5 7'H:
itself, It is not too unreasonable ﬁherefoie to
envisﬁon other inputs than those of Figure 1.2, | s
Considering the system of Figure 11,2 momontari)y, W
gseems quite reasonable to ask how the pareneters of
this system véry with environmental température, G
loadings, Spin raﬁes, etc, Such questions havé not _ :
as yet been answered, not beoaﬁse théy are ﬁotv |
‘Amportent or have nevar‘been'ésked, but due to a

lack of the pertinent instrumentatlion,




SECTION 13

13, MISSION CRIENTED APPLICATIONS |
. Nission oriented applications are to be.consideréd
»ﬁn&er two'categories. ‘The ;1rst concerns soreeﬁing and }.l
lseleotion procedurcs of fllgnt personnel under normal test N
procedure conditions and the~8econd-under‘simulated andv
v’actual in=flight éonditions; B L '

a, Normal Conditions

- Normel, conditions imply one g acceleratibn; rbom'
 temperature, undru«ged subject, zero v1brations and 1n meneral -
the person to be- tmsted is subaecteg to no extraordnn&ry _
‘environmentsl condltlons. Under tnebn condltionu the 10110w1ng?
,testinﬁ procbdures could be performed with an opilcal stabus S

tester (OST)

1, Amplifude Predictable AcComho&étidn Perfofmané;‘ﬂ'
In this test the subject is presented ULLh a taxget
"movino ranaomly on the opticaT axis of the test eye While the
other eye 1is occluded The random tarret motion would be in
1 the form of sneps of Larget pooitlon for which the subject
would know beforehand.the amplitude‘but not the-tlme Qf step 
6nSeﬁ.,-in this wéy;thé subject woula_not‘be able to pfedict |
~when the target was gding ﬁo move 36 £hat the full 1atehcyb’
.. of his accommodation mechanism woqu be revcaled in the (OST)
.acconmodation channel record It woulg obv1ously be neceosary ﬁ"-"
to have some standard of labency to Which a given subaeot's f';;  =

B performance is to be compared It would be neoessavy therefore}fjf'

'Vv:to test a large group of norn al flight personnel to establish

- this utandard wlth the OST such a stpndard oou]d be obtalned ;'5f

B quite simply. Prespnt standards are found only in reoearch

'°g§?0fiented ]3terature COVLTinU a very °ma11 number of subgects 9 51)




The immediate value of knowling accommodation
latency for pdssible flight'personnel is obvious, This number

“is the minimum amount of time the subject can possibly bring

to focus an object that moves in an unpredictable manner. For

" example, if a pilot is suddenly made aware of another aircraft
in his immediate vicinity then we know from the above test

pr00edure the minimum time he Qould;be expected to be able to

‘ bring'the craft into foous,. Apparently it would be desirable

to have personncl with m:nimal accommodablve 1a*encne&

2. SlgnaUnpredlctable Accommodatnve PCTLOTWQHCG

It ‘has been shown by several Vovkers that the

~ accomnodative system when. presented only amplitude changes
bof aoéommodétive stimulaplons cannot distinguish in wh;cn
diregtion the'aﬁplitude has.changéd,SZ) However,‘there"
 appears to.6¢ évtendency_for Subjects, vwhen deprived of the},
amplitﬁde_sigh information,‘to,favdr one accommedative level
o others, 15:58) R

In the pvoposed test procoduve the dlrection (sign)'

'of the target position ch inge and the time the targef POSlulonif-'

changes will noc be knowa to the subject All other test
condltlons are as in 1 above, The targe% will move in a
’Vstep~wlse fashion but tne direction, amplltude and time ofk
_movement will be made random."Itjis;immed;ately-obvmous
from the acconmodative réoOrdFFWHen:ﬁhe sﬁbjectfmakéqvéf

'direotwonmincorrect accommodaiion movemeot o” his 1ens.

'.Based on thesc recordo_a stat1stica1 an&lysjs can produoe a ,‘

probabillty dlstribution relating the probellntJ of correct
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acoommodatlve movement relqtlve to the amplitude of 1 bhe

stimulus presented Additlonally the most probable aooommodntive

status during a time of subject ccnfusion w111 be obtalined.

This test prooedure‘oould,also very'possibly re#eal a
» correlation to the accommodative level aséuméd by~thefsubjeot ‘
when presented embty visual fields, 11)

3 Accommodat1Ve Clue Sensitlvity

It has been known for several decade that “ubgects
can use clues other than 1mage blur au Jndlcationq of

21) How sensitive a SUbJGCb‘iS to

' accommodative stimulationo
these various clues is a,meaSure,of'his ability to focus

objects that move randomly and present no sign information

',ih"their blurred images} It wbuld be advantageous’to have
N ~f ‘A flight~persénhel'who couid réStore the sign information‘in 
.the blur signal utlllznng the m&nimal anount of aux1liary
, clues., ' | _” | |
| To make‘sﬁch a sensitivity}test the'target stimulus\
would be varied'in fhé’fOITOWiﬁﬁ ways?
1.) Differcnt wavelengbhs of tavget 11]um1nation»-
monochromabic clulng.' v |
’ '2.)£‘Offaamjs tdrget motionnnhorlzontal
| notion cluing,‘ ' B i v
3.) VOffmax1s target motion~~vertica1
vmotxon qluing, | »
14;) VTargetisi?e chanves~eapparenteéi7e biuiné.
'5;) ,Variable target 1lluminat10n intensltlesmnt'

’ 1um5no 1ty c]ulng.

f6,)  Variable Larget abevrationwaaborration cluing.
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Each of“thé abové'variafjons vovld be tésted on
' the subaeot to determlne how long (number of frlals) it takes
'him ég-utlliZe the clue (if at 2ll) as a key to correct
accommodative efforb. In all other respects the tcst
procedures would be as 1,) and 2.) aboVe, In this way one
could determine whichﬁsubjectAisrthe most sensitive to the
amourt of information presented. 'Presumably the best subject
‘could correctly aocommodate'with-tﬁe miniﬁaifamoﬁnt,of'
 ihformation concerning the target preéentéd. o

k., Relative Pupillary Response Test

In this tést bbth'accommodation andipupil diameter

of thersubjecﬁ'are recorded in respbnse to stimuli'df the
- form preééﬁted ih‘test 1-)‘abOVG; The pupil éer?es as an
‘ accommodative error modulator and can orltlcally altar the

rlse twme of aocommodatlon aud even the 5teady state

aocommodative amplitude, M} b7y »

As has been shown previovsly (see Sect ion 11) the,
dead band in sccommodation dependsvcrltlcally on the pupil
diameter and in‘géneral a 1arger.deadmband glves rise to
accommbdéﬁi#é énd pupillary oscillations, These»in turn can

"deteriorateuﬁisuallacﬁity.eépeoially as pertains visual‘field
Cdetails. . | | |

';5" NearwReflex Perfovmpnce Test

This performance tes t 1s a relﬂtlvely routine test
to determxnc the dynamlc responue of the three ocu]ar varlables"
| vergonce accommodation and pupil diametcr. The dynam%c '

responueo of a normal test group should bo determ:ned a priori'”
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as a standard for latencles, rigse-times ete, With this
stendard the many important varlables of the dynanic ocular
roflex oould be otudled quontit tively,

1

b, Simnloted snd Actwal Tn-Flight Conditi ons

The normal condltlonSNLestwngvproceduves produce
valuab]e information concerning the dynamic response of
personnel in a normal envirbnment As such these tests
could be used to se]ecu personnel for a varjoty of duties
that would not require of them any above average seeing
ablllty. Of'more 1mportanoe hQWGver are quantltative
test procedures on personnelyof Whomyit is reQuired to
'mainﬁain a cerfain minimal optical status under abnormal
conditionﬂ- specifically, 1nmf11ght cond:tlons.

1) Veriable g Conditions Tests

In these tests the accelera ion of the subject is
varied to simulate the range of g loadings enOOuntereq»during"
a particular nls sion, Typically, this rangg‘might'be from |
zero to three or four times. g with the direction of the |
accelerétionvvector also ﬁadé variable. Ofvparticﬁlar-¢_ﬁeres£
is the response of the accommodative syqtem vnder such |
"cbnditibns. Quancitatlve test‘prooedures of this system'undérf
‘variéble‘aocelerations are élmost non%existent ahd yet there‘
ﬁis émple evidence to expectia significent Changelinv |
performance with variable 1oading.  ThisMis because thevleﬁs‘;
iB én elastic body suspended by an elastic sys Lem. vThe» 
suspeusory forccs are known- to vary from zero to 1.5 grams

per mm. oircumference during the normal accommodatlve‘range.&z)*
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when the:]ené is fu]ly accommodated itniu Lmo)t a freely
float;ng body and it would be expoctod to be most susceptlb]e.
to ektcrnal loading 1n this conditlon,
| | Ideally the,aocomquative system shdu1d be tesﬁe@
with abceleratidn,én 6pératorocontrolled variable bbth‘in
magnitude and direction. Slnce Lhe vorglng oonsensual cyo
would 9]00 oxperionce the various loddings, it would be
posqible to 31multaneously record lts performanoe under
varlabWe acco]ecation. v .
| The variable acceleration could pos%ib]y be obtained
both from cen rquge ‘and arcing aircraft which would alsq
necessitate using the’OST undef these coﬁdibions.

2) - Vibration Condition and Angular Velocity Tosts

If the subject's head and/or body are subject to
vibratlonal movement then the 1ens and its controlllng
‘mechanlsms are also, The g 1oading.tests ab0ve are en
imbortant speclal case df'vibratiOns.-‘infﬁhe‘vibrétions
conditions test 1t would bévpossiblé,tO'ascertain'the effects
of'vibrétion on the suspended lens and also determiné the

use:ul functlon of tho systems durlng external v1brationa]
' influences. Just as in the g loading tests, there is suffioicnt

reason to expoot signlfloant performance chdnge in accommodation

when eyterndl vlbrdtions are applied, 1In particular, experiméntal

scudies‘have shown'the 1ens dynamics of certain persons to
have a.reSonant'frequency of vibration from 1‘57tb b hertz;Sl)' '
FWhen eycited at these frequenoleq the 1ens can be seen to

,osoiléte with an amplituvde Lhat i as much 88 3"“ grcator Lhan

1ts excur lons at lower frequcnoie

Y e e A

‘iﬁ?-
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Another series of tests of intereét WOuldrbé'
}performed wiﬁhwthe ubgeot CYPQTiLhCLn& angular rotations
about:his three axes of rotatlon. Tt has been‘known %or. |

many years that angular veloo:ties other than 2610 affect'the
acoommodativersyétem through its int eraotlon w1th the
“vestibular control systen, 19) The ves twbu]er syvtem

' maﬁnta\ns the spatial refcrcnoe of the human being and in
fvoo doing probably generates thc rororence for the ooommodatmve}
.oontrol system, The tests to be unaertaken wou]d uubgcci the

person under test‘tq constant angunlar velocitles while
‘monitoring theblens;~pup11 and verg¢nde variables in response
to accommodﬂtlve st1mu1:or The target to be focused would be ,'11
moving with Lhe same angular velocity és»the Subjéct éo that'
;it would always*aﬁpear to. be on.his'optical axis. Sudh'test
: cohditidns simulate to & good approximation the conditionor
| feund in a rotating spacemcraft or aicplane w1th the on»board

‘instrumcnt bewng r@pre sented by the targot to be focus@d

3) Illumlnatjon Tes L Procedures

The accommodative syqtem has bcen shown to be of the
binteracting_type,}43) Specificaljy Lhe :ris act as sn exrror ‘-”
'élgnal mpdulatOr where the‘error slgnel is the retinal image
“blur. The iris (br'pupil) diameter respdndé dynamically both'
tbkadcommodatiVe stinulation and illumination level o |
chanoeu.‘55) ‘Therefbre the pupil haa twb dominantninputs_in
: any dooommodaLiVe ererlmenta] situetlon.
| This xmplie Lhat aooommodatlvc pcrformanoc can be

' inf1uoﬁocd ihrough the, pupll »ystem by L]luminatﬂon change

in the envlronmont To determine a quantitatave way. thoac




O

acconmodative influences the subject focuses on a target

that is situated on the optical axis‘of one eye while the other

(consenﬁual eye) is sﬁimulated,with Llight of various wavelengﬁhs
~and intqhﬁities, :Since both}pupils vespond when elther is
“photically stimulated'thé pupll of the eye from~whi¢h the

lens is being monitored will dilate or contract in response

to the illumination changeuo»‘In,this way the effect of

illumination level on accommodativé response can be studied,

Such 1nformot10n would be valuable in determining the beso
‘accommodative»performance.illumination 1evel for inéflight ‘
~cabins, cockpilts or even 6nmground work environments requiring

gdod aocommodative'stsﬁus. anoe the controlling muscles of

'the lens system are easily fatlgucd it is importano to make |

the env1fonmeni (here practwcal) as conduo;ve es possible to

good optical porf‘ormanoe° One of the easleqt controlled and.
yet often the most neglected ‘environmental condltlpn»ls
illumination, If the-illuminatioh tests show & definite

quantﬁtat:ve imp;ovcmont in aocommodatlve performance, the

results certalnly vould have wide app]ﬁcatlon.




 SECTION 14

W, CLINICAL LMPORTANGE OF.NEAR'REFLEX VARIABLES;
| In this seotion:?he'clinical:implioapions and |
~applications of the ocular reflex variabies are,out1ined in the
bontext of preqent'medical 1iﬁeratuve, As will be¢ome obvious
in the Loxt dCVbJOmeHL of adpquqte instrumentation for
measuring the dynamic_near reflex is paramount'fpr utilizing

" these variables:diagnostioally.

- The three ocular Variabies of the'neér reflex are
a) Lens accommodations Dynaﬁic deformetion of the
lens a5 it Qhangesvdioptric power to‘follow target stimﬁli,
"~ b) Pupil diameter{ Dynemic diameter changes of the
pupil to either luminancé.or accommodative stimvli,
¢) Consensual vergence: Dyﬁamig anggiar.rétations
~ of the consensual eye to accommodative sﬁimulations;
: These variables are strongly deﬁendent on;ea¢h other,
'although very little is known about the systen relations between
the. various interactions. Also, the varlables depend on other
1nputp such as 111um3nance, fused b;nocular image, ete, The
genoral tendency of these near rcflox responses is to othmife
n the image guality and position on each retina for afwide variecyA,
of target pos1tions, S0 that the subject peroelvea binocular]y

a single fused image of minlmal blur and harpost detail,

Clinloally, the near refJeT varlableq are of importance
because they are 1dea11y suilted to serve as performdnce
- eriteria in testing and‘monltoring procedures. :Numerous_',.‘

" defects exist or develop in'many'peréons, and thé-ophthalmologist

o  _or heurologiét vtilises some of the mosﬁ advan¢ed physical. and

engineering principles o establish the exact nature of these“
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defects, On the other hand, the development and instrumentatiOn
of corrective mechanﬁ SMS hm, advqnccd Lowarﬁs new LochnLcal

3

aohievcmentu.

Ve w:Wl now glve gome examples of the:clinical:f‘
importance oryutilization'of certain,aépeots.of the near
reflex variables, | | |

Lens Acoommodation

a) Pres sbyople is known as the condition in whloh
persons are vhable to focus suffio1\nt1y to perﬁovm HOTMu1
thear! work, This défeot,is Strongly dependent on’ the age,'
of a peraon and becomes lncreaatngly frequent for the older

16)

age g groups., Some data obcainod by Duanse. , Ueing a

subjectlive blur‘criterion,fare'shown ianigoAlu.lv'

— >
~ > [=3
o T T

<

Amolisude of cccommaodation {didpires)

l
*u. u' il

0 1 | t
0 20 40 60 60

" Age (years)

Mean and upper and lower Jimits of the rociprocal of the near point of accom.
modntmn at vavious ages, according to the mc‘usummm\ts of Duano (1912),

Figure 14,1

Slnce in any subjective bluy criterion the depth
6f‘foous asg eXperLanced by the uubject plays an importnnt ron

“the ordinate of Fig, 14,1 is ditfioult o relate to anplitude B
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of accommodation. Therefore, an objective determination of

29) TS
, showing that -

gimllar data was given by Hamasakl et al,
the anplitude of .accommodation for any age group g 1.5-2
diopters smaller than similar values obtained with subjective

measurenents,

Moxinum difference
accommodotion stimulys

-

Amplitude of czcommsdotion (dicptres)

3 :
Data of Homasehi ét ol (1956)
NE 600
\ : 2
i ‘.*0 . o °° - B e
B Mclxjmmu difference occotamodotion response
‘ ) L TR
ol . Rl I PR N
i) L ]
40 4 50 -85 60
Age (years)

; Mean values for the maximum amount-the diopteje power of ihe oyo can in-
crease (hllo.d civeles) for various - “es according Lo the dita of Hamasaki et al, (1956),
The open civeles represent near-point determinations by the push-up method in the seme
population sample, . Lo

Figure b,2

It is important to note here that what is

measured objectively is the gtatic accommodation only;‘jUp to

now there is no data avallable to show how the dynemic
accbmmodatién Varies,withsage., one generally quumes that  17
1entiou1af(sclerosié'is the mainrcause-fo@_presbyOﬁié. By
this is neant the~indrease_inyheigﬁt,'v01um¢,}specificvgravity,_
thickness, and rigidity of'tﬁejlénéyfibérs, ahd aideCTeésé in

elagtlcity of thé lens cépéule,
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Obvious Iv, pret byopin W111 chanyo tho dynnmLc

equation governing the motion of the lonm._

1

:b) Myopla referS‘to the inabijity of & pepson to

reléx‘his accomnodation enough to foous © sharply for "rar

distance" objeéts; It can have verious canses, like abnorma1

length of eye ax1s, thh convexity of oovnea or Jons surface
. or abnormal index of refraction of some of the eye medla.

Typlcally, wnyopia amount& to 1 diopter but can be as hligh o8

?0 diopters in some cases, There'again9 little 1s known about. -

assooiated-dynamic'defeats.
An interesting form of myOpia is found undcr
Spec;al v;ewing conditlions that may oocur IT@QUOH 1y durinv‘

spacé and {light missions, One form‘i‘ the emth fio]d myopia

~ which means that persons'exert on‘the average 0.5 diopterS»ofvf'

aocommodation when viewing sn empty visusl space; in other
words, objects at ) dLstﬂnoe of 2 meteré will be in focus

on their retinss (Whiteside 8%. A very«similar‘form of“
myopia is night myopia, in which case the empfy fiéld;is-
produced eitherzby'the abSence}of light or the reducﬁion~of‘
the 1ight level to prevent any detall in the visual field to
aét as an éocomﬁodative stimulus. A feviqw of night"myopié

is given by Knoll 36). | R el

Besides the two deficlencies in sccomnodation just

mentioned, there are numerous other difficulties a person can

haVG(and often has) to obtain a clear and undistorted’imaﬁé'm

on the retina for»an appreoiab]c range of objeot distance

(hyperopia, tigmati 31, ete, ) A vast amount of instrument B
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have been deslegned to measure and distinguish the variouvs

types of deficiencies, and to correct and restore. image
quality.

Pupﬂ Diamete“r'

The pupil is an 1mportant Tactor in esbabllshinv a
certain deuth of focus and in maints:aﬁng a comfortaoTe retinal
111um1nat19n. If blur is the error slgnal to the ’accommodatlva
control system, the pupil diameter plays a sign:ficant role
in the determiﬁation of the final value of this error signal

(cf. Eg. 4.3, Seétion LY. However, nost ophthéimologists;andrr
"neurologists’are satisflied when the pupils are round ghd,equal,
of average size, and show é normal,regction to,light.and near‘
“Vvision. | | |
7 The folloﬁinr quobatlon from a renowt by Lorenstelnlo)
'illustratés the clinlcal 1mnortance and usbfulness of the dynamwc
_pupnl reJction to light:

YPupillary dlSuUrbBﬂbeu as found in syph111t10 snab-b
other infections of the central nervous 8YyS tem, in multiple
sclerosis, tumors oy traumatism to Lhe brain, 1nudegenerat1vé>”
diseases of the brain, in pr:marr s1mple glaucoms or infdamagev -
to pbrlpne?al pulelary pathwaju, lead to a large vériety 6f v»H
~dev1at10ns from the normal reflex pattern. The& escape |
observation with the unalded eye but are dist 1nct1y oharactormvv

  ist1c in pup1110g1aphic reCOde. Fach of the pdthologioal o
3 pubi]]ary reflex shapbs js the expression of dqmage aL a

~»Sp001f10 site. Wltlln the conters ow psthwayo of puplllary

“Tﬁ; conuro1, Therein 1ies Lhclr value for toplcal diagn031s,
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‘Because the nexrvous centers and pathways involved
in ‘the control of the pupil diameter are falrly well known,

abnormalities in the pupillary resctlon can often be

identified and localized in relation to Speoific pathological
 }processés,' Asvanothev practical app]ic&tibn,vthe behévior ofﬂ
- the pupil as an aid jn determsnimg the depuh of naroools can |
behmenuloned. Also, the pupil dlameter dependb on ps ycho1ogica1v'
'{influences aqd'can_be an indication of fétigue, attention,
exoitemeht, mental load,ietc‘ At the'momént only qualitatiVe_,_f
data is availablé on these influences, but increasing research
effoxr t:.attempt to relate the date. to in"celllgenceg problem -
difficulty;'interest, ete, | |

The pupil is knoud to resct on accommodation
 stimuli (Cf. FJg. 1] ?) and pfesently experiments are belng
cerried on to determine the dyn mic relation between 1ens
Adiopters on one side (measured WJnh dynamlc optometer) and
pup1] dismeter on Lh° other side..

Consensual Vergenoe

In its'most obvious.form,‘consensual Veﬁgenée
response occurs when a targo 8 moved on the optical axis of
one eye, while the other eye is ogcluded. The occluded eye will
.rotate inwards or Outwafds, depending on'whether the accommodation
is increased or decreased This rotahlon 1s s ually referred -
to as accommodotlve vcrgcnce, and espeOLally the aocommodabive 

‘bconvergence to accommoddtlon rdtJO (AC/A) has gained c11n1oa1;

Jnterest and. iv consjdcved k) valuable aiagnosi1c mea urement
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One would 11kc to measure eyactLy the rﬁtio between the
innervatlon to acoommodatiVL convergence and aooommodauion.
'At the pfe“ent timc th*s ‘is not poss 1ble with the avallable
techniques, HOcher, Alpern et. al. 7)  heve shown that under
certain conditlons a lmnear relablonsth exists between accomm'
modaflonnstlmulus, acoommooﬁtjon‘re ponse, and qcoommodation v
vorgence, The AC/A ratio is quanuifled ir, for exs mple; the
o amount of acoommodaulve convergence a80001atcd with & wnit
changc in the refraotion of the eye has been determlned This
is What.is called the response AC/A'ratiog Clinically, it is
difficulﬁ to messure the response AC/A caoio for it néedsv
meavurnng of the refraction of the eye when uhe accommodauion» _
stlmuJus is changed, Therefore, often the'emount of change |
in aooommodatlve convergence per- unib chengo Jn the accommodatlonm
stlmulus is measured, and iu refer;ea to as Lho otimutus AC/h |
ratio, | |
| Figure 14,3 shOWS'the disfribution of the stimulus
AC/A ratio in thc populatjon, whilc Flgure 1@ 4 shows that

the*Stimulus AC/A ratio>is rather independent of age.
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. : an(ubutxon of stimulus AC/A in the populntmn a8 m(asmcd Dy ll\nhon
© disparity methods, (Data ﬁom Ogle and \Imtuls, 3057 ) S
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Figure 14,4

* A number of studies have been déVotedtto the effect
; of drugs on the AC/A ratio. Pigure 14, 5 shows an oxample of
the effect of alcohol on the st Jmu]us AC/A xatio.
Mean AC/A-
Q 4 SulERPE I, N S L et
3
< :
< :
3t~ . .
4 ;
LA
2.1
g 2 '
X N=T
o after Powell, WH,
§ R Av.Med. 9, 1938, 97,
B C 1 L U
. 0 [ TR R
Lo Nummbar of doses (45 ¢cm?) ethdnol )
R Biteet of aleohol on s(mmlus \(,/\ (Data’computed from thc c\pm'nnans of
PR i 1’0\\c)\ I!'o\) ‘ : :

Figureu14}5:




Sumnarizing, we can say that the dynemic relation
“between the varlous variables in the block disgram of
Figure 11,2, are all clinlcally significant, but only in a

limited nvmber of ceses do We know anything quantitetive about

these relationships., This is summerized in Table 14,1,
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