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EVALUATION OF OPTICAL METHODS IN BIOM
) Raymond Jonaard

The Prudential Insurance Company of America, Newark, N. J.

Introduction

r was to survey recent developments
n,t with the intention of clarifying
y who possess @ necessarily
a review of the material
devices and advances that

) The_otiginal purpose of this pape
in the field of optical instrumentatio
them for workers in medicine and biolog
limited acquaintance with physics. However,
showed that, while there is 2 plethora of new
are worthy of comment, these actually involve no really new principles or
_ methods that have not been already described by greater authorities. '
The following is a simplified exposition of the contemporary methods
of optical design and evaluation. It will be seen that several concepts of
a the field of electronics have been successfully transposed to ;
' it is desirable that prac-
thout retain-

value i
optics. For an understanding of this discussion,
usions for the biomedical researcher be derived wi
odern, advanced optical computation. - .
gies that exist petween optical

nd by applying an elementary -

tical c_oncl
ing the mathematical complexity of m
I have attempted this by drawing the analo

and electronic _‘com_munication channels a
method of frequency analysis to their respective performances. Con-

|

|

|

|

versely, it is expected that, in conformity with the initial aim, someé . ‘

contemporary criteria for _instrumental design, for performance evaluation, RS o : |
-and <f_or~a more completé interpretation of the experimental data will be- S

come readily intelligible to the experinien_ter as a result of this analysis.

pretatioh of the most elementary principles

tandpoint of the communication theory is |

outlined the historical development -of |

Babylonian, Chinese, Hindustani, and ‘

|

|

|

|

|

\

|

|

For these purposes a brief inter
of instrumental optics from the s
offered first. 1 have previously
optics as a science in Sumerian,

*This paper, {liustrated with jantern slides, was delivered at the first meeting of the
Instrumentation Section of The New York Academy of Sciences oo January 20, 1959, The
experimental work to which reference is made herein was supported entirely by the Physics
and Physiology Branches of the Office of Naval Research, Department of the Navy,
Washington,. D. C., under contracts granted <0 the Paterson General Hospital, Paterson,

N¢ Jop and to the Columbia University College of Physicians and Surgeons, Department of
{ a continuous recording interferometer.

N T KR g

Anesthesiology, for the construction o

strumental and conceptual fields into the new science
of instrumentation originated in the pioneering work of the late M. F. Behar1)2 and has
been summarized by Condon,3 Thus, there resulted a erystallization of certain general
data, mental constructs, and principles common to ail instruments and methods regardless
of the nature of the quantities measured and the probes used.? Consequently, it now bee
comes possible to transpose the disciplines of the new science, as was done earlier with
those of physics and chemistry, into the fiscientific frontier tenitoties"5-5 or fields of
investigations where tsundamental knowledge- and basic understanding are still wanting’’

(Weiss?).

TT‘he consolidation of various in
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Greek antiquity . to'modern times and have demonsfrat ds
upon the philosophical thought of all ages.® Its major ed '

a trué Greco-Latin miracle without parallél in other r:ivilize‘;?lopment Has

It 1s; convenient .to, consider an .observation as the ulti‘a fons.?
tsome kind of interaction** between the object, the subject 1::‘
:ernt;z:;:\lts,i and fsome kinq of‘diSCtete energy probe, all three worl;
(ompos t_OAyFn“frer ect co,orcjma;tlgn. The subject’s contribution is us llnE:
in the tl"ansf.el- (-)fBe(sise.l? ‘person’al equation.”” This interaction re::l[ly
i : a definite amc.)uqt' of_information in the direction of :

rver. Formally, to effect this transfer by optical means has no C;)a:l'e
i-

cular virtue except i i
n exceptional cases, and i |
. ; i
ot , t could be done as w

its influence

te result of
med with hig

] il ell
acoustical, or electric (electronid) means. In all cases t:y
e

Sa - - . N - - :
iﬂcme dlfferenplal equation, with suitable units, governs each system
fumc;:r.porates the same terms (inertial, resistive, restoring function driv’fmd
o tx.on,.response function, and response rate). The equation is, th tmi
ransient and steady-state solutio Lo
_ n for a dampened h i i
g £ : ‘ p armonic oscilla-
Cor De~nr]lerr femaxks tha; in most instances the choice is a matt;xlaf
po?':/tencl:nc:, dxctate.dlby the applications considered. However, a stro:
point r:' 3 gr;z}:lde in favor of optical methods in biomedical investigag
- Indeed, the optical information transfer i i
er is effected by ‘st
photons or quanta of action, whi i »  rablo w1
, ich are the finest prob i i
something smaller than a oy, < o
quantum becomes known. F
dhaerete orte i o : n. Furthermore, such a
ndowed with periodic properti i
: ties: it has
tached to it, and this off ini ntopes 1 resoanch
, ers definite advantages. Th i
becomes a search for ) e nformation ot et
I means of effecting the informati i
nece e ] ' ion transfer with
ximum efficiency through instrumental channels designed in view of

defini L .
efinite applications. Today optical engineering emerges as a complex

science encompassing : . . : ‘
all devices i i .
energy. o -S nvolving the use of elect;omagnetnc

bi::,;;:nirk::le ntecessuy of providing an energy probe external to the
tems and hPs. slys t:a-.ms lead§ to a .formal distinction between these sys-
such ¢ pl.y real o jects of investigation. !* This requirement results in

omplications as: (1) the impossibility of using primary effects for

iFor a br : . .
refraction of li‘gel:t Dt:l:lne :I t!le historical development of the concepts of reflection and
tributions of Thales l;e? er 1a referred to two of my previous publications.9, 10 The con-
for the Ionian philo.sopl}),;-:ms;; !;:u.cippl:s. Democritus, and Plato are pursuing us today,
. ers, eir optical studies, h
metmhyslcs. even before acquiring sufficient p?xysics‘ had‘. already attalned the pesks of

**The idea y ter bor y he
Night relreetins :;:j::eralizedblnteracuon origlnatred'eimu!tmeously with the discovery of
goros (5 B.C,) taught correctly that subject and object are alway$

inextricably- : i ific’ ! T arr
y lnterwoven_lpg:cnenuﬁc observations, This original idea apparently carried
: i : ntly N

sorn.e.ter?aclous parcels of truﬁl. for 1
decisive tum, It iz found'in the w.
Leibniéz, Hamilton,
is always an interaction, 11 A’

: m.? 21 A generali i
systems has been attempted by Stem, 12 med nter

orks of Democritus, St. Augustine, Descartes, Kant,

action. theory” applicable to biologics!l

lt gontinually Teoccurred each time science took & °

and Mach, Schroedinger’.claims that “in final analysis; physical action -

t']oﬁﬁfétd: 'Optigal:'IYléthodé' in Research e

h e"a'i;ureménts’,-' as -done in 'physvics; (2) the existence of speculative rela-
{ionships™ between the . usable most-reliable secondary effects and the
ph'éﬁorhe'na sought; (3) very weak signals requiring high amplification (or
'égniﬁcation), w‘ith an inherently noisy channel drowning the useful
"infbrm‘ation;'(‘l) the incompatibility of both probes and transducers with an
undishi_rbed_-i steady . state of the biomatter investigated; and others.
These difficulties cloud the meaning of the results, which may remain
pehind the uncertainties created. The last circumstance, in particular,
* results always in chains of events or disturbances lasting long after the
. 'measuring paraphermnalia are removed from the object, so that some of the
“ results of the observation or measurement never reach the instrument and
- thereby the observer.1T In this field, one never can reach fully predica-

tive conclusions.

Geometric Optics

Thé geo'metfic treatment of optical image formation is a subject for con-
tinuous meditation, for very seldom do the final results exactly meet the

_ expectations. The principal reason for this state of affairs is an incom-
plete understanding of the postulate. of rectilinear propagation of light in

" homogeneous media. This postulate, at best, indicates the direction in
which the image is found. It defines only ‘the outside envelope of all the

' possible trajectories of radiant energy cdnttib'uting to a given phenomenon.
“In this connection, de Broglie!? remarks that, as long as the refractive
index does n_ot'v‘ary suddenly, the 'geOmefric treatment remains compatible
with both’ the contemporary undulatory theory and Newton’s strangely

‘ can never fully acéount for the actual structure of the image. _
..From a practical standpoint, the limitations of geometric optics often
o lead to deliberate abuse of openings, apertures, diaphragms, and the like

" which more often than not, further detetiorate the image.

) A second difficulty: stems f'rb_lh,_‘akiiuhwavrran‘tgd assimilation of the real
- diopters. of finite thic’:'kﬁess wnth t_l‘\éir: t’gebinetric idealizations, which are

_ ygsult in a _h'egléc:_f of the real p_ath: lengths,’ S0 that unexpected artifacts
o ap;}eat_'ii}'the images. . .n S N S

P TT“' may be for this réason“,‘that.-voné,4never.¥niaken anything but variatlon-of-tension
_measurements in biological systems, which-are thus characterized by a perpetual ‘‘state of

ably the cause’ of .the notorious Jack of reproducibility of such measurements .in irrevessible

systems in s_tegdx state, 2 st
. dynamic isystems in the "steqdy‘:tatqls that do'not obey Camot’s principle 16 (that is, most
. biological -nystems) was the theme' of my Introductory Addrees to the Instrument Society of

‘The subject was dev'elope'd in a-%“Course on the Nature of Biological Information,”’
“fcole. Libre des Hautes Etudes, New York, N. Y., in December 1954, .

3, 1954,
ven at the

‘" modemn cotpuscular conception of light. However, the geometric treatment

devoid of physical body and of real thickness. Such simplified concepts -

becoming.’”” Regardiess of the philosophical ‘interpretation, the difficulty mentioned is prob- -

14 The projection of these ideas into the study of open thermo- v

America Conference on Blomedical Instrumentation, held at New York, N. Y., on February -.
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The experimental demonstration of these pbints is do i
a punctual source, that is, a few pieces of cardboard pi oo
apertures and a viewing screen, in the order given. Tt[:izr:;zd
-room demonstration illustrates such factors as the classe‘
tr;agns, t:li vs;odust%oni'of shadow a_nd penﬁmbra, and Ptolemy'slclac\:r:;er}:fsl; o
Stra;es e ::, it -15' 'seldom pox_nted out that it simultaneously d o
: _ ' possibility of physically isolating a parallel r .emon-
fnear.ls of diaphragms alone. Due to diffraction, some light 'sayl o light b
in dm?cti.on.s not defined by the apertures.b Therefore dgia }lu-aal Wa)(S found
rated in instruments cannot be used to determine th(-‘:- sha‘:)e agn":isd"ncor'po-
:lt;";h: r::l));ss...b'}‘heir real functions are quite different. Conversel;re(;:“;:
o —ya ;mctx at: to form a bundle of parallel rays by means of a cc;llima-
tor ~ a b Co;:lta.source at the focmfs of nondiaphragmed diopter. This last
: : ins a good practical criterion of quality f i
evaluation of simple instruments. ' v for the rapid
Wh"l;:neh::l‘l;nn;attor t:ls :fi cor}venient_ instrument with which to demonstrate
i p. .o e‘ rac‘tnon of light that is not transmitted linearly, If
'emergmg_ light illuminates a small aperture, the latter transmits
;nsa):lr::n; of hg_zt inb:he direction predicted by geometric optics, but thir:
considerable amount of radiant e i ' di
from the center. This last fraction is disr:‘:irt?:t:c: Tx(r)xzsqlud;rlablii ‘:‘:ta"ces
kno“.rn diffraction fringes. The intensity distribution is giv:n b the s
vejnhonal F're‘snel vectorial construction and M. A, Cornu’s spira{ di: ::"‘
Zflthrcare, 1't is poss.ible to observe light at 180° of the principal dire%:ti:r;
> ;;:;:i:;x:m,mascdxd Gouy originally, However, nothing happens if there
o d .ag . Consequently, one concludes that diffraction is due to
» thn raction betvz.leen the. electromagnetic waves of light and the edges
o :hz:ii:lusre;At:;;:f:al d.evxces are always diffraction-limited communica-
o di“ractio;‘ o is point another criterion of quality becomes apparent:
he gL Ciion ‘nntges of order.greater than 1 should not be reflected by
o thexgs _r_ument }}o%ls.mg. This can be accomplished by giving
auentt esign of hmlt_mg apertures and lens or mirror mounts and
by use of blackened coaxial tubes of various lengths and diameters
m?\:ad of t.he usual internal flat shields found in many instruments
de,iv: fé::::tsigitifem. hThe simple ex.periment described can be used to
oo oo St n:hg theorem of physnc‘:al optics, which unfortunately is
asmenl? : e ‘so-c'arllleﬂzd. .Bafxbu'ie_t '<th§o;em of complementary

with differen
mentary class.

O

th:}fxscj:pjfn;:znts is d:)ine with.tw_o c.oll'im:a_to'rs; theAvviewing screen is at
e poous of the h»ec_qn - The diffraction image is essentially unchanged,
ninod “sgain b 18 opadue or bears 3 small aperture, This is ex-
e o -by the Cofl_t?nt_;(?{l.,_vthat,v the pheriomenon 'is due only to the
edges of the aperture, and not its contmt‘(opaqde-br transparer'nt).'r"-l:hu's.

| S T s B
AT TR FRINRCID

-
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]og}lé_rd:v__obtic.al' Mgtﬁod# in Research ) 163

‘many ,_:'cz-\xs.;es> when"'the _aspeci of the conjugate focus is unimportant or
even. disturbing, axial opaque operculi are often more advantageous than
diaphragms. Examples of such applications will be reported. _
~“The importance of diffraction in the design of specialized instruments
was emphasized in a previous publication. 182+ 18® For instance, it was
t* with a Shuster factor (¢) mm = 1. f A/4D]T so

. ghown that the ideal sl
‘desira'ble in spectrophotometry, can preferably' be made 50 times larger in
- an interferometer, provided that (1) the lens diameter D is kept small,

(@) all extreme rays have an incidence smaller than 10°, and (3) the focal

- ‘length f is longer than 5 D.
A direct application of Ba

binet’s theorem is found in the microscope
interferometer previously described. 12 In this instrument it is possible to
gain enormously in luminosity by opening the diffracting twin slits far
. more than is obviously reasonable for, in reality, only the extemnal edges
of these slits do not serve any useful purpose beyond cutting off the
excess of diffused light, and this can be best achieved by other means.
Principle of de Fermat and the wave front surface. In solving design
problems it is seldom sufficient to consider ideal elements devoid of
volume or to limit, the reasoning to the homofocal conical meridians of the
| reflecting or refracting surfaces. Even with stigmatic surfaces by reflec-
i ~ tion it is important in some cases to account for the short penetration of
the radiations into the material of the reflector as well as into that of the
receptor or the transducer. o
] One demonstrates that in simple cases with parallel light the algebraic
sum of all the partial path lengths of incident plus reflected rays re-
mains constant regardless of the incidence for a given surface, be it an
ellipse, an hyperboloid, or a parabola.  One -shows also that the ideal
stigmatic surface may be different from the actual physical surface of the
diopter, The same conclusions apply to diopters acting by refraction. The
optical path' length from the object to its image is defined by the product
of the geometric distance by the refractive. index. Such considerations are
_at the foundation of the principle of Pierre de Fermat;} the interpretation
of this principle, however, requires some care. The principle states only
that the sum of all optical path lengths followed by the light rays through

¢Such & slit produces a retardation befween its two edges rpaﬁectlvv:'ly' and one edge of
- the conjugated collimator lens of only Ads. A condensed table of spectral purity and slit

luminosity versus o is contained in the publication listed. . . ... .

R YLens diameter, - L
. i‘»i’l‘hhf"prlnciplefof'-tntlonary time*! 1s usually expr wsed in the form: & fndsc«= 0, 0% .-

8 fds/dkﬂ =@, For a short discusslion of its historical role in correcting Renee Descartes’ .
" original tlaw of refraction, the reader is referred to a previous publlcauon.s It is worth .-
oting that a very simliar principle had been formulated in the Third Century B.C., by Hero ,
f Alexandria who implicitly admitted a finite Light velocity, <l R .
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any succession’ of stxgmatxc surfaces is statlonary, that is, two such ad-
jacent rays differ in optical length only by an mfmlteSImal quantity, a
least of second order. The principle does not state whether this lengt)') is
a maximum, a minimum, or an inflexional quantity, but only that it is con-
stant. In fact, it can have any one of these three characters according to
the circumstances (or whether the actual refracting surface is tangent
external, intemnal, or secant to the calculated stigmatic surface, respec-
tively, in the order given above).

The implications of this principle pervade much of physical chemistry,
Almost simultaneously with its formulatxon, Pierre Maupertuis demop.
strated that, when a material point in action is analyzed, the sum of all
the energies involved is always stationary, and the representative equa-
‘tion is § f\/TU_+ETF The analogy with the stationary time equation
is now evident. However, it required the genius of Sir William Hamilton to
discover it, by postulating that / (U + E) =n. Thus, the refractive index
n expresses the force function or field existing in matter, which results in
slowing down the velocity of light and determines the trajectory of rays or
streams of information, to use modern terminology. In this sense, n is a
measure of interaction between matter and light, and its determination
contributes to a knowledge of the structure of matter. The abstract con.
cept of a field of forces remains only a convenient but arbitrary form of
language to explain the properties of space and to predict the future
behavior of the material particles, the local sources of the physicists, or
" points of particular chemical interest contained in space. Thus, field of
forces, space properties, and the chemical properties of the elements are
theoretical views of the mind that become real, like the shadow of a tree,
only when some interaction takes place. One sees that the concept of
generalized interaction is contained in that of field, as was perceived by
Paul Langevin when he wrote in 1903: “It is always matter which con-
tains the charges whose field divergence becomes different from Zero."
In the absence of matter, indeed, \/ (U + E) = I, and it is the nature of
the sources that determines the properties of the field: if there is no
matter, there are no charges, no sources, no force, and no field in space.

The application of the principle to optical research is simplified by the
introduction of the Malus theorem, which states that the rays emerging
from a stigmatic sutface constitute a congruence of normals. In ordinary
language, this means that all the rays contnbutmg to the image fall per-

pendicularly upon a surface 3, each point of which is equally distant.

optically from the eonjugate ob;ect. _such a distance being given by
‘ de Fermat’s principle. From- the -practical standpoint, such a surface of

CaCiien

constant optical phase is the wave-front surface. This surface for a per- ... '

T U = potential eneréy,‘ E= kh\otlc ‘©

Jonnard. Opticel' Metho-ds_ in,Reseeich ST 1es

fect colhmator, for mstance is a plane. The existence ot a congruence of

otmals is due to the fact, now evident, that the direction of propagation

‘of radxant energy is defined by a series of parameters, x, y, and z, which

depend upon at least two independent variables (v, u, and others). If only’

>one independent variable is considered, one has a family of curves. This

is the case of geometric representation: if n is constant, all the rays of

‘wave propagation considered in geometric optics form a totality of curves
©. orthogonal to a family of wave surfaces. The theorem is useful in calcu-
.+ - lating the results expected from real systems and for establishing correc-
tions for the various aberrations. In general, it is possible to derive
. formulae that describe the image pattern in terms of the deviations of the

actual wave front surface S’ from an ideal reference sphere S. This method
encompasses at once all aberrations of the first order (transverse and
longitudinal focal shift or errors of adjustment) and of the third-order
(spherical aberration, astigmatism and caustics, coma, distortions, and
field curvature). It is obviously unnecessary to include a complete deriva-
tion of the aberrations in this discussion. I shall try to show that intelli-
gible and simple criteria of instrumental quality and performance can be

formulated without going into the mathematical details of the aberrations,

provided the criteria are chosen eachtime in view of specific applications.
The easiest approach to the problem is through a method of frequency

analysxs common to process engineering, optical engineering, and data

processing, as well as to the unraveling of the information content of
complete laboratory data. The only initial postulate made to simplify the
reasoning is that any optxcal system can be compared, for the purpose of

: frequency analysxs, to the black box of the electrical engineer. Here, the
- black box is limited by the posmon of the two omnipresent entrance and
o exxt pupils defined by Nijboer. 2

Frequency analysis of optxcal systems. The deflmtxon of object-image

relauonshxps in terms of frequencies is not new, It was attempted as soon
as it was realized that the microscope image was in reality a diffraction
" image more readily explamable in terms of the wave theory of light than
* by means of geometric optics. The practlcal application of the concept of
: spacxal frequency distribution in thé.object space, however, dates from
" ‘about~ 1940. "“To illustrate it in smple terms, one considers an object
exhlbxtmg a sinusoidal mtensxty variation in a du'ectlon formmg an angle

-0 with the x axis, this angle thus deﬁmng another direction x* The object

is “seen” along the z axis. The angle 6 is introduced for purposes of

- generahzatxon. Supposmg ‘that . the’ mtensxty peaks .are repeated every P/ S
mm., for mstance, .and consndenng the ‘one-dimensional problem for the
moment the xntensxty d15tnbut10n on the extended ob]ect plane O can be.k.:.s.'-'

o U .
LR
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T0(x) y') cetter ‘ 1)
where one postulate w, =2a/P.

The spacing P appears as the reciprocal of the frequency: 1/p (the
object contains y peaks per millimeter spaced P mm. apart). Thus, the
quantity w, ‘and its cartesian coordinates, w, and w,, have the dimen-
sions of reciprocal lengths, This spacial frequency has for trigonometric
coordinates, respectively: :

x“=xcos 0+ ysin 6 (25
y’=xsin 6+ ycos 0 (3)

Consequently, the intensity distribution in the object space can be
rearranged according to the following equation:

Oy =ce Vo™ co'efy“na) : @)

where

Wo,x =W, cos 0, and w,  =w,sin 0 5)

Neglecting the effect of magnification, if present, a linear optical sys-
tem illuminated with incoherent light is characterized by the formation of
an image whose intensity distribution i(x,y) is also given by the above
equation. The complete mathematical development demonstrates that,
while the image exhibits the same spatial frequency distribution, it is
shifted in space by an amount ¢. It also shows that the amplitudes are
modulated by a factor |r|. This factor is related to the transfer function of

i the system or its frequency response characteristic r by a simple relation:

r=|r e'®" ' (6)

The net effect of the factors ¢ and |r| is a reduction of the contrasts
| in the image space as compared to the ob]ect and it is a measure of this
| reduction.

The practical aspect of the'niethod‘ becomes apparent if one observes
that the transfer function is the’ same for a periodic object and for a non-
periodic object scanned by 'a small aperture (either unidimensionally or
bidimensionally). vadently. very important applications comrespond to the

last case (for example, teletypmg and telephotography, television, and

several kinds of scanning microscopic methods). One particular case
involves the continuous scanning of a freld of fnnges of mterference and
is discussed elsewhere 180,185 - :

) 1ty of light, at least in this elementary form. However, some kind of rela-
uOnshxp must be found if conclusions of a practical value in instrument’
* design are to be formulated. One important problem is the effect of the
" mechanical limitations of instruments, such as limited aperture, supporting
frames, and the finite size of lenses, upon the resolution limit.
" Spatial irequency at the first resolution limit. In the most general case,
an object characterized by a spatial period P is scanned with a small
" aperture of diameter 2r. One finds experimentally that the periodicity of
the object disappears in its image for a finite ratio 2r/P. The mathemati-
cal theory indicates that this ratio is numerically equal to that of the first
root of the first-order Bessel function (when J 3.83 = 0) over #. This value
- "of 1.22 corresponds to a sine-wave resolution w, (in rad./length) given by
A»‘: QuATION 7.

=2 a/P = 3 83/2r @)
from which one fmds that
’ . - 2r/P =,1‘22 (8)

Marechal?? remarks that the quantity 2#/P is in reality the modulus of
the wave-vector K~ defining the. direction and the phase of the sinusoidal
_structure. One may note also that the quantity 3.83/2r corresponds to the
Rayleigh resolution limit for two independent points, so that EQuaTION 8
{1 - can be rearranged to give the corresponding angular separation a:

a=3.83 Mu 26 =1.22 \/2r | (84)
" These relations show that the scanmng aperture must be at least 1.22

image. Indeed, when scanning interference fringes localized at the focus
of a decollimating lens, it is found that the periodicity of the energy dis-
tribution disappears when this relationship between scannmg slit width
and fringe spacing is approached.

‘L is placed behind ‘the aperture..To simplify matters, let us suppose.it
perfect and mfxmtely thin. Thus, the edges ‘are xmaged in air of refractive

Spectrum. By virtue of Babmet s theorem, the pattern is identical with that

]onnard Optrcal Methods in Research _ ;. 167 -

he above general theoty does not take mto consxderatron the periodic- -

‘times larger than P if the perxodrcrty of the object is to be detected in its -

_One may consider next the role of the aperture alone. The reasoning is .
easier with a narrow slit whose two edges, of spacing ‘4, form two inde-
pendent diffraction patterns when illuminated with incoherent light. A lens

“: index n.=.1, at the focal distance f. Each image is a Fresnel diffraction”. ' ..

produced by.a. umque wire of diameter. A in the plan of the slit.In the case . v
of- two _small pmholes, one would observe two Auy dxscs.; As the wxdth e
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of the slit is reduced further, the fxrst dark lme of each pattern eventuallv
becomes’ contrguous. The position of the successive minima in each specy.

trum can be calculated by the Axry method (integration by a convergent
series), or by means of Bessel functions.* It can also-be determined

. graphxcally, as did Schwerd in the last century, by mechanically resolving
a circle of radr_us A into a large number (several hundreds, if possible) of
equal trapezes. 22 One finds that the patterns become contiguous when the

" product A. sine a is equal to a finite fraction of the wave length ), so that

A/2 =B, )t/Sma : V )

the calculation giving for B: 0.61. When this is attained, the angular diam-
eter of each flrst-order_mmrmum, sine a, is equal to the spacing of the two
contiguous patterns, and the edges of the slit ate fully resolved.Since the

angle ais very small, its value can be ‘equated to its sine value (aand A

being then expressed in mm.).** [t must be observed that the example
giyen is identical with the formation of the diffraction image by the first
lens of a microscope immersion objective; only the ravs are traced in
reverse direction (that is, a medium of refractive index n larger than unity
would be interposed between the slit object and the lens). The conclusion
" remains valid, by virtue of Ibn-al-Haitham principle of the inverse return
path of spherical wave- disturbances (7 A.D.). Consequently, the quanti-
ties 2a (first minima spacing) and A are interchangeable, and the con-

verted product, n. sin A, becomes the familiar Abbe numerical aperture of '

the system of focal length f limited by the entrance slit of half-width A/2.
This transformed equation, a = 1.22 A/n. sin A, gives the angular separa-
tion (a) of the points at the Rayleigh resolution limit. It is not the ulti-
mate resolution of the system. : -

As A is further reduced, eventually the trrst order minimum of one pat-

tern will overlap with the central maximum of the other, and the periodicity .

of the image will no longer resemble that of the object. In practice, the
double image disappears almost completely, This is achieved when

A=061)n sina . %)

*The fundamental assumption of geometric optlc- is really that the wave length be
small compared to the dimensions of any other change in the media trangversed by light.

ered in de Fermat'n principle deﬂno. agmn, the wave front,

As the wave lc:ng'.h2 tendn toward zero, one arrives at' the elkonal equation of geometric .
optica: (gradient )¢ p » which expresses that the surfaces of constant s value constd- ..

3 the
3 {,spacmg) Somewhere between these. extremes comes the effective slit
‘ width :x = 0.886 A .f/ds, ‘which is so important in spectroscopy. In this
4 xpressxon fis the focal length and ds is the distance between two points
: on opposed sides of the central diffraction frmge where the energy is 50
*+'per cent of the central maximum," -
% - It is now possible to find the first resolutron limit P in the ob]ect-
" space of a system limited by a slit of spacing A. From EQuATION 8 it is
_ found that P = A/1.22 when the perodicity vanishes. Replacing A by its
value found in EQUATION 9a when the periodicity also vanishes, one
frnds that »

P = 0.61 A/1.22 n. sin a= ),/2‘ n sina 0

The spatral sine-wave resolutron w, of the system is again grven by

K =w, —211/P 217 2n.srna/A o - (11)

: and the hnear resolutron R (in lmes per millimeter) is, as before

: !

- the quantxty 1/A being the wave number of the spectroscoprsts.
. One may now remark that the quantity 2n. sin a is equal to the dimen-
"sionless term 1/F, F being the familiar f-number of the lens, so that
‘1/F = A/f, Two important practrcal conclusions follow immediately: first,
1. . the ultimate resolution of the system forming an image at a finite distance
3 . with incoherent light is fixed solely by the wave length and the f-number.

-4 .Second, it IS possible to characterize any linear incoherent optical com-:
. ‘munication channel behaving as a low-pass frequency filter by its cut-off »

'.frequency R m lmes per mrllrmeter ngen by

N

S EQUAT!ON 8a) SN "':» S :
-’ Referring to’ E QU ATION 9a, one concludes in addltron that if the limit-

pomts that can be completely resolved in the image.: . ;- _-;

when the mxnrmal spacmg is’ equal to one-half the object pattem :

s =1/P= w/217 _A o '-(12.)'-;

; .A } _ "V Ry = 2n. sm a/)t = 1/)\ £ '_ - (13)(

From the above drscussron, 1t is now evrdent that the sine-wave resolu— .
"“tion - ‘of suchia system is bettet than Raylergh s resolutron (compareb«'

mg_ angle of rays. that can- -enter the apparatus is approximately the same’
as: the angle of diffraction.of a lrght wave from the periodic object, then ot
‘the "spacing ‘in"the ob]ect space .is just about the same- as that of two -

It must be kept in mind that the term resolution does not 1mply a knowl— e
dge of the structure of the object but merely an rnference of its discon-:"
i quantltattve evaluatmn of the smusordal mtens:ty peaks*
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gonesponding to these discontinuities. ‘A more complete restitution of
object is obtained when the-instrument admits rays correspond'0 the
greater'diffraction angles (larger N.A4.), as is well known. 'I‘helng o
device _p_erforms'r_eally a harmonic reconstruction of the object s :, ﬂ;ei*
Detailed developments will be found in the works concerned in a‘:t'ce.
- with the generalized theory of microscope images and in thosi dICu.lar
with phase microscopy.?* L cenling
The f_oregoing considerations hold when the adjacent elements i
f)bject space are independently illuminated (that is, when com lththle
incoherent light is found in the entire system). It is easy to show tgat fhy
- resolution R, falls off sharply when the above condition is not realized ;

\'.vhen coherent li_ght is deliberatély used. In this case the resolution }i ‘?'

is hardly larger than A 0.21/N.A., but it may be raised to a little blmlt

Q.SO A/N.A. if oblique illumination is employed. ove
_ -.-The cases of spurious resolution fall outside the scope of this discus

sion. They are, however, fully explained by the same frequency-anal sis-
pxoged:\xge. The simplified exposition of this method points to relati{rely
| :z;ssytr ‘i::f::cgsf. rating qptlcal instruments with fairly accurate results in

% . Quality criteria. 1t is perhaps evident from the foregoing that several of

the parameters eatering into the evaluation of optical images are mutuall

_exclusive, like canonically related variables. Thus, the quality criteri)::
required of a given instrument depend upon a proper weighing of these
parar.neters, and this can be done only by considering each particular
application. The method of frequency analysis permits the separation of
several such criteria of a statistical nature, which are easily accessible
. experimentally.*. :

The .telative structural content T is a qualitative requirement with
empi'.nasns on sharpne_ss of detail. One does not require an exact line-up of
geta;l in the object and its image. The degree of achievement is measured
ti:/eto:j;t:ag. s;l::: fluctuation of intensities in the image i, over that in

T =i/ 0% (o) a4

n Tl?e fidelity, FF = (1-D), is a requir?ment that the peaks and troughs in
e image correspond eXacﬂy with those in the object. This quantity is
~ measured by.the_sum'of» all the aberrations. This sum is obtained expeti-
mentally by determinipg the . !

- l"l‘he corresponding gg!ers_n:ucé'n_- ar'a_. e'v:a'lx:_at'etdl ln termlof the‘ étret;i dAeﬂnitlot: _which
volves a statistical comparison of ‘the actual Image with that produced b Al“ul ted
for, a perfect instrument, . - . & ST LT s e e

-

ratio of the intensity error distribution in the
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'Obieé&;iméée'épaCéS btodubed in the real instrument over the méa‘,‘ 'sq';xére.v
distribution of a perfect instrument.T 7 - . ,

- Thus,

D=0y i /07y (15)

“The correlation quality factor O of Linfoot?®+28 is given by using the

- s.ame symbols: .

020y ity /0% xy) (16)

The sharpness factor of O'Neill, S, is also expressed in terms of Strehl

- definition, so that the comparison with an ideal instrument S, gives

. an

. . 32 T Py
s=8/S, = [gradient i (x,y) / gradient i, (x,)]

Referring to page 000, it is clear that S is related to the frequency
response of the system, and that it may be manipulated to suit the require-
ments of each particular applicatior{. _

In using these factors, one notes that t
‘another as follows: o

hree of them are related to one

0 = (T + FF)/2

The fourth, independent criterion S, is interesting from the standpoint
of information theory. By properly manipulating it, it is possible to pre-
] serve or emphasize the edges of details in the image. Overemphasis,
however, can create confusion,. and this is precisely one of the main
drawbacks of phase-contrast microscopy, which penalizes excessively the
low frequencies in the object space, thus requiring a re-education of the

~ observer. Indeed, the importance of edge details is supported by strong
- psychological evidence, and the theory indicates that edges are the
regions of maximum information content. - - ' S - : :

From an experimental standpoint ‘one can derive the' three following

. Tfl‘he alternate procedure involves the progres
* ‘ment on’ the basis of successive
' E, eore eliminated, The calculations
‘cosine ratios, ;but are quite lengthy, Only rec
_encoding end processing on small computers (suc
“this problem. With their help, the calculation,
are brought to a degree of perfe;t@pq_np;iroac
radiation utilized, : - s s ey

involve :only a_rlthmetlcal manlpulations of sine and

rules:” (1) at low frequency the aberrations affect the filtration by a factor -
" of second order relatively to fréequency; (2) near the cut-off frequency the -

sive correction of an imperfect instru-’ -
sets of experlmental checks of jte performance until all .
ently sutomation methods of punched-card *
b as an [BM 626) have been eppliedto -~ :
design, and verification of optical devices -
hing the limit imposed by the nature of the™ _ .
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effect is still smaller; and (3) the effect of aberrations is onbth
very rapid at all intermediate frequencies."; ’ = conttary,
.There are, of course, other methods of quality rating. Some i
dxfect application of information theory, and it is not intended _tO“VOI"e :
this subject of djscussion. It is expected that the foregoing makes‘?xhauSt
that the.choice of a suitable method depends; in the final analys; o Slear
t?e applications considered, provided the requirements of suc{n l:' ;{POT\
:::ls a_re q’llx‘z;ntitatively expressed in the terms of the method of freﬁit:::;
sis. i i
samg“ng theo(ie::efulness Qf this concept is further illustrated by the
The sampling thearem. The analogies between electrical and optical
systems began to be considered seriously about 1950, followin thep or
of Cheatham and Kohlenb_erg"’7 and others.T Such an'alt;gies raisg a 7n’u:l(:rk
of questions relativg to random functions in linear systems, the filte 'er
?f .transients from noise, and even the definition of noise. ’I,‘hreir solu:ng
is important in the case of optical systems performing scanning operatiolon
s:ch as pinhole scanning, electronic imagery, photography of movirr:z
:hﬁgt;,ap::’xf)tographxc restitution, television, and X-ray diffraction by
l:‘c?r a. simple treatment, it is convenieat again to describe the object
:a‘nf: 1ls"1mage‘ a-s successions of repetitive periodic functions (cycleé) or
lines’ of finite spacing P. Thus, the object function is defined b, a
set of frequencies such as R, lines/mm. = 1/P, as above. The sampli,ng
theorem states that such a function f(x) containing no frequencies higher
,tha.n the upper band-pass R can be completely determined by giving its
~ ordinates at a series of N, points spaced 1/2R mm. apart, the series
extex}ding throughout the entire space domain. The mathemat'ical demon-
str.atlon is quite involved and is not relevant here. In practice, if the
ob;ef:t fu?ction' f(x) exists over a length L, the total number ot: points
fc‘aquued is 2r + 1 = 2 RL, the quantity on the right side defining the
d?grees of freedom” of the system. From this point on, the fine ramifi-
cations of the sampling theorem are a fascinating sub'j'ect but can be
treated only with the help of higher mathematics. One corolla'\ry however
::ian r;o.w bet;readily understood by the experimenter. It concem; the rela:
onships i i i
practicgl ihsf::’:::t.optxcal image resolution and the finite s;ze of any
!

‘A, - T .
drawing azlmc;ﬁ:lgraphicd evaluation of the optical fiiter transmission factor Tr conslsts in
e 2 th_e- whose centers are A P apart and whose radii are both equal to that of
Airy e resolution Jimit, or the as of above equations. Tr is measured by the over

tapping areas of the 2 circles. Obviously, when AP =2a, Tr =0,

TSee page 174, tor Justification of this position., The varlous mathematical methods

available for deriving wave. fronts of dieturbance propagation in elastic: mediq and in . .

vacuum were recently summarized by jardetzky.,zs :

uit_l.t;) the following: -

v or t

- the electronic methods. " .

The :e"'s'olut'vion is expressed by gouaTioN 13. This can be transformed

FoUR)/A=PA oy

he ratio of the ultimate detail size over the wave length. The quantity .
R, thus appears as the ultimate limit of resolution in lines per millimeter,

g and the comesponding sampling interval becomes

1/2R, =A.F2=X/(a. sina) 19

'whjle the ultimate degrees of freedom remain unchanged, being defined by

the diameter of the ficld of view L, which is limited by the physical size
of the instrument. These relations hold well when observing either peri-
odic objects or isolated defails illuminated with incoherent radiations.
The analysis is a little more complicated if one attempts to extend these
ideas to include random distribution of details in the object. For the pur-
pose of this discussion, however, it is sufficient to observe that the
sampling theorem is based entirely on the low-pass cut-off of the optical
system, for which maximum response occurs when w = 2#/P = O. In the
case of random distribution there are an infinite number of functions that
agree at the sampling points. Consequently it is more reasonable to dis-
cuss the performance in terms of sets of distributions all having the same
statistical character. However, in so doing, one loses the phase informa-
tion. Nevertheless, the ultimate result of the analysis is that, despite this
loss, the input-to-output relations in terms of spatial frequencies remain
- unchanged, whether one deals with isolated, periodic, or randomly dis-

" tributed details. This simple conclusion opens the way to the introduction

of methods of noise filtration in optics of a rationalism parallel to that of

In the case of a periodic object, a suitable sampling frequency based

on that of the object; if known, results in filtering out all but a small"

- percentage of the random- optical noise, whatever its origin. Furthermore,
the ‘same considerations indicate that the filtering process must be initi-
ated in the domain where the spatial frequencies are undistorted. If the
object separation is known; the input pulse shape may be preserved ex-

- actly. However, in, thé most general case, only the pulse peaks can be
determined exactly, while the shape is indefinite unless harmonic analysis -

permits its subsequent reconstruction.” -

proces

if the latter is known, This result is almost intuitive. -~ .=
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In the case; of 'isolaitféd;tif_ansiéh‘té' it is usually possible to determine -
only-the peaks in the presence of noise: The maximum efficiency of the " ! .
s is attained when the ‘object. is scanned with a pulse of the same a
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In the case’ of a random-signal frequéhcy spectrum there is extensive
overlapping with the uncoryelated noise spectrum. The problem thus is of
a statistical nature, and one can only attemptvto petfect the performance,
This is achieved by minimizing‘ the average statistical error E, to an

arbitrary level, which must be stated. A convenient level to choose is the

least mean’ square error criterion. Since the optical noise includes the
effect of all types of aberrations, the method is akin to that of
Marechal. 2! 2*? In this method one considers the wave front as a whole, in

- preference to analyzing its constituents separately, and one demands that

the mean square error E, around a reference sphere be a minimum.* The
reference sphere is such that the E, is 0. :
Evidently, one could discuss the sampling theorem in the more general
case of a totally unknown object that the observer tries to understand
from the aspect of its image. The sampling frequency, that is, the number’
N of coefficients A(m,n) of the Fourier transform, in the image domain is
still determined by the physical size of the instrument. Linfoot remarks 25
that the number N “of sampling points available for a reconstruction of the
unknown object is necessarily very much smaller in proportion to the
magnification other than N in the object space, and only N’ is a measure
of the quantity of information received by the observer. Distance, in
astronomical observations, plays a role similar to instrumental limitations.
For instance, a distant galaxy with a diameter of 40,000 light-years con-
tains N = 10%° sampling points. If it is seen as one single Airy spot, its
image contains only N”= 1 sampling point. Thus, the obstacles raised by

unknown Nature between man and his objects of curiosity can now be also

evaluated to some extent.2°"31 = :

. Definition of optical noise. The practical utilization of the sampling
theorem requires a knowledge of the ph‘y‘sical nature of the noise. The
definition is difficult. The noise includes a number of unrelated factors,
some of which depend on the use to which a given instrument is put, such
as diffused light, glare, flares, haze, polarization of various kinds, atmos-
pheric turbulence, photographic grain, photodetectors, shot and thenﬁal
noises, some characteristics of human visionv, and its - own aber.rations.T
Many of these factors, if fully accounted for, would introduce marked non-
linearity in the system. From the standpoint of the experimenter it is
convenient to group under the name of noise the combined effect of all the
aberrations of the system alone, including the spherical and those due to
chromatism, astigmatism, ,‘;‘bér;el’f aberration, and coma. ‘

sThere exists a simple téléu"
tion mentioned above. .0 - 5.l

TPor a short, complj_e_l_xén:l.l'\ré “treatin
instrumental observations, see Laplcque 32, .

: Jé-rinéid: OpfiééliMethdds in Research .~ -

_Oné?'obstacle »tb thevcompléte_ assini_il.ation of an opticévl instrument to
an electronic channel is that the optical noise suffers from several neces- -

_sary restrictions in incoherent illumination. Even if the instrument pos-
. sesses axial symmetry, the input and.output functions always represent
. ‘p'ésitive ‘intensities in the entire domain. Furthermore, the signal and
.. noise levels are not additive as in electronics but are, rather, mutually
" exclusive within the filter when it is physically possible to build such a
“device. o : - ' L _ .
Incomplete as they are, the above considerations on the nature of opti- -

cal noise serve to set the physical dimensions of instrumental components

. so that the signals sought, resulting from the object-subject-probe inter-
" action, can be distinguished or at least recovered from the noise originat-

ing in the subject-instrument moiety of the system. Beyond such lower
dimension limits, the scientific object of observation may vanish without
the observer being aware of it,* for the instrument continues to transmit

some information.

Optical filtration, distortions, and communication theory. The concept

of optical instruments as linear communication channels leads to the
investigation, of the means of effecting this transfer of information with
optimum efficiency. Thus, the general theory of information, together with
the communication theory, should be applicable in this field. Such studies
are not easy except in a few simplified circumstances, perhaps on account
of the abstract character of the theories mentioned. The formal theory of
information, which was originated by Frechet! and developed by Wiener 2°
by Sharnon and Weaver,?3 by Quastler,*® by Brillouin, 3% and others, can
be used in the treatment of problems involving signals of a periodic
nature, provided some restriction is placed on the term information. Origi-
nally, the “‘information content” H was a mathematical quantity defining

. the constraints of a system and related to the entropy S, to the configura-
"‘tion state, and to the Boltzman constant in a now well-known manner,
' While it is very desirable to arrive at a knowledge of the entire informa-.
-tion. content -of the objects of: scientific investigation, 'such a task pre-
"~ sents insuperable difficulties, not the least of which is the evaluation of
-+ the information-carrying performaance’ of the instruments used in making

g Y addition to these diffléullle's,'thereA exists a regrettable confusion of nomenclature,
For instance, the term sswhite noise’ has wl‘dely. different connotations in electronics .and
s in o'ptlc.',' depending on whether one considers spatial or .temporal frequencies, This point

as been discussed by Shannon and Weaver, > e " . o '

TThe cc:mc;pit of *distance (unct'lon.,"'wl;lch ‘fa akin to that of spatial frequency, wes
! introduced by Frechet in 1906, 'a considerable time before the communication th
. the.embryonic a}age.’ For detallu,-ieq Zhdeh.:?f T r e ey vs oy fal oAl
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“the observations. ion Whether thi a ion i
e o p:; Se,(,):: méy even .?uesllt,‘on whether this total acquisition js
the’:rh:pzz:::irfla?to; may 'be (g;med.me communicable information content f
g._system or, in brief, the capacity of the communij '0

system. Thus this factor, like information ‘and entropy, has a “.m'CGFlOn
ch_aracter, and the study of optical communication é):stehs ts;(atlStlcal
unique character for, to paraphrase Sir J. J. Thomson3® (1925) :1 :Sl 0[? :

. tc:f the pxoblerf: of the transfer of energy through épace at the, sa ¥ Ut.mn
ings a solution of the problem of the nature of light. me time

| er::: ;;f t:eﬂs;mplfex o;')tic-:al ilrxstruments has an aperture of area § trav-
-y 2 o us/sc; radiations ‘of wave length A, carrying a quantity‘of
enerey B infimatic(:;n/sg.thc;:.l. T:e theory indicates that the maximum
oinet dotaity oo © épe,tua,: ise transferred from a single source.(or

Q=k 4S/3% - 0)

k - '- ‘ .
ap}:::lllt‘zem::e:o;sdt?n.td (3.1:)8 - 10°'® erg/degree). Q is proportional to the
ivided by one quarter of the square of th
and is finite for each wave, but is u o6 3 rolutiee ot
, but is usually known only as lati
tity or.a ratio. Expressin i ‘ ; e o e
. g S in terms of the aperture radi i
. with EQuATIONS 8a and 9a, it i o 0 G omparne
. it is clear that the capacit i i
tively related to the f number, i D o an Juanite
of the instrument and its i
NA and, therefore, to the r i imi o e fraper e
, . esolution limit and to th i
(both in lines per millimet i i e ueney
er). This quantity is the sum of i
( _ . : all the kinds of
information contained in the output signal.lt contains the useful informa-

the theory to optical cha i
i nnels iffi i i
o by Chocthor e , despxte very great difficulties, as pointed
A | ibuti informat
“ elsurveyt ofb the contribution of information theory to optics requires
velopments beyond the scope of this i
: presentation. However, the th
predicts a number of means and wa i though the
! ys of filtering the noi 1
actual physical realization en iffi ot b entinely
counters difficulties that c ’ i
solved by the methods of ele i i e
ctronic engineering. Furth it i
noting that such predictions c de E cadily by ieforence. fom
an be made more readil i
_ . ‘ y by inference f
th%theory' ttllan on the bas;s of its affirmative postulates. i
o '::i:ttflku;g aspec‘: of ﬁ)he theory is that no limit is set upon"th.e number
ion beams that can be efficiently .t i
o . : 1 be eff y -transmitted by the aperture in
xample con‘sxdere?. T.t.xus, a_p;')arently{ an unlimited number of inde-
‘Schroedinxer’& al.r;;t:iy hasre' ar;d ~. ‘ .o ' - o
‘ _ » re th cur
meaningful obsesvationa to dencrlbglén' ‘;.gmi*{x;-;e;;::!:zﬁ;o-:e:;;e?:,;r:‘nl;:mm o
v 8 per

formance that it would no fonger be wha
sense, must escape us in blology;' :

tion fed to the input and the channel noise. Thus, it is natural to extend -

t ‘_‘{.-' nought, Aherx_t\:gpted?ctabil“y, in-a causalistic .

AL

* observations, according to Duffieux
”f'di_scriminating the various radiations at the out

. ‘phase, if possible. T
: etry. The simple considerations advanced above point to a

" of improving ordinary, broad-ba

-instrumental divagations and deterioration o

', the measurements, including a description of the biological o

AR, & W st b~ 5%

' cut-off energy
. incorporates the molecular spectr

wave len_gtl{ A, an instrumental response. representing an arbitrary level
" above the background (sum of chemical blank value plus total noise). A

» intensity. of the elem_er_xts.attainable with each apparatus. For this latter
- application;’ where the background is always very high, x is usually lim-

© - residual cut-off energy,
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dent?radiafidtjs of different wave lengths can be tran smitted, each one
' on may be different with astronomical
29-31) The only problem is that of.
put, both in amplitude and
his is the problem of fine resolution spectrophotom-
' possible way

pen
carrying its own message (the situati

nd colorimetric measurements to the point
of giving these routine measurements a high degree of precision, an
reproducibility, irrespective of

absolute significance, and a satisfactory
f the apparatus from one

faboratory to the next.It is always desirable to characterize instrumentally

obtained data in terms that translate the physical interactions involved in
r chemical

‘systems studied.

At present, colorimetric per
the chemical reactions only, and interlaboratory discrepancies are ad-

justed by modifying the methods rather than by introducing corrective
terms in the response of the instrament. An evaluation of the ‘‘residual
139 i5 not sufficient for this purpose. While this quantity
al absorbance of the substances being
analyzed, it does not consider the behavior of the instrument under the
actual conditions of each analysis. A more useful corrective term might be
the relative absorption band intensity, I, defined by the empirical relation

formance is routinely evaluated in terms of

I, A=100/Cy, A Q@n -

_where C, is a concentration of substance analyzed (in grams, per cent,
moles, for example) capable of producing, at each band width of central

similar factor is employed in flame photometry to define the minimum line

“ited to 0.5 per-cent. In colorimetry x is preferably a small integer in the
: _bafckgrpund’.f The' next’ l'ogical}step': is the evaluation of ‘a ““functional
”"f‘whicf\ thus fqll'y ‘characterizes an instrumental
- analytical- scheme., This p:oblemAisfpreseht,ly; under investigation in the =
‘writer’s" laboratory with a visw tg developing general methods of biochem- . : .
ical analysis with. complete automation ‘of the equipmenty*074% T o

. The-analogies between optical ‘and electrical thermal noises are ‘more -
than supetficial. ‘According”to-Smith,*3 the noise voltage V2 generated
jith j‘li__ne"a".r‘._glgq.tggSnic'-ajnblifig?;,ca_xtbeQ expressed by ah"e’qqivalen't“"_
nermal noise that: would be produced in an input.resistance Tor 0
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in series with the input load resistance R; at the same absoluté tempe
ture T. Thus, the total output noise root mean square voltage is: pere

V,f =4 kT (R, +1,) .G? .df (22)
\.Nhere G is the open-loop voltage gain (pro(zided.the output is not rectifi
"in the case of an AC amplifier), and df is the input band width (k ilsltehd’
Boltz.man constant). One may replace df by its optical equivalent Re
(spatla.l linear frequency band width) in eQuaTION 13. Introducinn th‘s
vax‘lue 1{1 EQuATIOoN 20 shows that the gquantity of information Ogcols
tained in the optical noise is the equivalent of narrowing the eEf:ect’ .
entrf’mce aperture of the instrument; that is, the optical noise occu ieIve

~ portion 3, of the total aperture S, whose perturbing influence measufedsba
the. factor 4 S,, /A2 depends upon the wave length of the radiations utili ({
It is difficult to conceive the construction of an optical filter that v\:zelc;
perform functions similar to those of the step-up input transformer o(f)ua
electronic amplifier.* The performance is improved, however, whe thn
fz.actor S,, can be related to a noise of wave length lo'nger than 'that :f ths
sxg.nal, 'as evident from eEqQuaTion 20. Methods of noise filtration b
re-imaging at a different wave length, discussed by Buerger,** are dire{
applications of this relation. In the field of microscopy t;.e idéa is ::
have the contribution to the background of a wave length /{,, different fror:
that forming the diffraction image A;. In the second step, one inverts the

‘role of the two radiation beams. If F, is the focal length 'of the objective

and F, that of the eyepiece, the final magnification M is given by the '

ratio M = (F,/F,) * (\,,/A;). :

3 Thde tt)heory does not s'pe.cify the kind of information that can be trans-
erred by a beam of radiations. Similarly, it does not set any limit upon
the nu‘mber of radiation pencils from independent sources that canpbe
transn.utted by an aperture of finite size. The foregoing discussion of the
scaqnmg problem indicates that at the resolution limit one can get the
maxn'm.urfn accuracy on one kind of information (spacing) at the cost of
shacnﬁcmg all the other kinds (such as width and depth of the details)
the tolta’l remaining u.nchzfmged. Indeed,‘ by properly screening an aperture:
e ultimate resolution is far greater than that calculated by the Abbe
fOl'ml.lla, but the energy distribution in the region adjacent to a single
detail bg(fomes indefinite and the location of the detail is lost. One c;gan
thus be xnformed of the presence of: very small details without bein
able. to ascertain their exact -location in the field of view. By means o%
multxple—interferenc_e techniques, f : "‘ithance,‘ one " can ..detle,:rminé the

t‘Refenin t ST T AR P 3y A Lo
g to EQUATION 22, #f & atep-up vpu_\‘-loqmqr.bf turn ratlo n i._uaed.:its effect -
thus reduding the "

s t ? T
::la;)i:::a;?f thi input load resistance R; to ‘the much higher value R; .n2, th
uence of the factorr,s the signal to nolse ratio is l.ncrea‘l;d. B

RS

;Jpﬁqa;d: Optic'al Méthodé' i_n Research.

ﬁé'pth'-.of a séfétch o_n;.‘,a crfys'tal surface'tb better thén A/ 1000, but it .is

nates in the field. Interferometric methods involving the use of three
“diffraction slits in coherent light® raise the practical limit to about -
-2/10,000. In general, it is possible to establish paired -quantities that
“‘appear to be mutually exclusive or that can be treated like canonically

such combinations were mentioned in the chapter on performance criteria.
These observations lead to a principle of optical indeterminacyT formu-
" lated by Ingelstél'm"6 which comes into play every time one reaches a
resolution limit whose existence is due to the finite values of both the
radiation wave lengths and the instrumental aperture.
A few more examples illustrate the power of the simplified theory to
1 predict how to resolve weak signals out of a large random channel noise,
using phase-shift methods resembling those employed in electronics. Such
methods include, notably, the various phase-contrast techniques reviewed
by Francon.*?’ For a comprehensive survey it is necessary to adopt at
least one definition of coherence. Self-luminous objects, or objects illumi- .
nated by a la'\rge source, although not strictly equivalent, are examples of
incoherent systems. In both cases the intensities add up linearly on the
wave front. Such systems act as two-dimensional low-pass spatial-
frequency filters whose output does not include the phase information
present at the input. On the contrary, in coherent systems all the energy
originates from a single, punctual, monochromatic source. According to
" Zemicke definition,'* coherence is a quantitative term § varying from
0 to +1. The concept of coherence has been rather slowly accepted, prob-
ably because it is not evident per se to the naked eye, and almost all
radiation detectors are sensitive only to sums of intensities and not to
phase differences. The ¢alculatién of the entire image distribution is
.+ - somewhat more complex with coherent radiation but, again, the complete
- development is not required for an understanding of the principal conclu-
sions. An importani; ptoperiv of such svstems is that the coherence factor
- remains constant throughout between ‘the 6bj¢ct. points of an image or on

. tion amplitu‘d.e,-"blit'xibnlirx_ea'r with regard to intensities, -

S_i_qiplé? m_éét_fs" of -amplitude »nfodulati‘c')*

wariab
2.. Thus, biological system studie

u{)ppséible to measure simultaneously the width and the Cartesian coordi- .

" related variables regardless of the observation scale. Other examples of

- an entire wave front surface. For instance, it is constant in an entire
'Young"s fringe -pattern. One demonstratesf,'further, that systems obeying.
.. this  condition are necessarily. linear with regard to both phase and radia-. ‘

It-is clear that the filtration problems are more easily solved when

n ¢an.be found to separate the high-_

and low t_evqu_e_ncy'j(compo_nentsﬁ’-,»of, “a 'signal from the low-frequency.noise :: T
In its :g"ene}agkzéd foﬁq;'viﬂel‘l‘gnt;arg's equation’ éonié{n@! two éﬁchic'énonlcq!l;' i’glate'cl |

19‘_4‘3_ Many fail to-note that the principle _applies to eny periodic phenomenon at any

d by, me ens of electromagnetic radiation probes fall " -

s S o by Kb
Al e G R AL
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'spectrum. For mstance one may use the sxmple demonstratron devlce

described’ above (pege_l62) to effect.such a' separation The’ collimator
should be adjusted to produce a parallel beam of light (which will be
coherent on ‘account of the small size of the entrance aperture. A second
‘collimator " is next used . to reimage the aperture upon the plane of view,
_ but a small dark spot or a small absorbing filter is placed at the conjugate
focus of the first haif of the apparatus (the alignment is quite critical and
must be made by Foucault’s method). The result is an attenuation of the
low frequencies transmitted by the central portion of the conjugate plane
and a remarkable sharpening of the edges of an object imaged by the
second collimator. An interesting method of sharpening photographs is
based upon the above experiment: that of reimaging with variable filtration
developed by Croce.*? In this method the negative is illuminated with
coherent light in order to reduce the noise reaching the positive plate, In
the above experiment the use of a small absorbing annulus instead of a
disk would allow a preferential transmission of the low frequencies of the
object, with resulting increased contrasts but hazy edges. The first

circumstance is deflmtely supenor from the pomt of view of the informa-

tron content of the image.

Optical imaging of known periodic objects was consrdered in the fore-

going. The general case is that of a random distribution of the periods
with simultaneous variations of amplitude, as with-a photographic nega-
tive. Here again, some degree of optimization can be achieved by using
the negative itself, properly located in the restitution apparatus, as the
frequency filter of band width exactly identical to that of the objects in
the entire field, Contemporary technology is able to calculate coating
functions that can improve or deviate the performance of instruments in
any prescribed manner, Such coating functions amount, physically, to the
designing of filmlike filters with distributed absorbances following a pre-
* determined pattern. The introduction of such a filter in the region where it
~attenuates, for instance, the high-frequency response of the system, as
seen above, is quite comparable to the introduction of a moment of inertia
in the channel. The comparable circumstance -in electronics would be,
probably a method of inductive damping,, although the opportumty to
‘mvestrgate this point seriously has been lacking.
The reverse problem is that of reducing the disturbance of the prmcrpal

difiraction pattern produced by the aperture edges of an instrument. If this

is allowed to take place in coherent illumination, the noise produced is

" also coherent with the main signal, and is therefore nearly impossible to"

filter out, as observed by Venot.5° The problem consists in reducing the g

* effect of distant. aberration (for angles larger than. 10°) With such angular—'- L
lnCIdence, the edges of the entrance aperture mtroduce drffractron frmgeS‘.

some of which, of suffrc1ent order (sometxmes even the thutieth JS effec

‘ ]onnard Optrcal Methods in Researc

e), drsturb the central parts of the rmage. \'lethods ot counteractmg
these drstant effects are now referred to as apodrzatron.

. Such optrcal techniques ‘or methods of amplitude contrast are derrved N
directly from the original attempts to effect such filtration by Porter>! in
1906 - xmmedlately followmg the: generalrzatron of the Abbe diffraction
theory of microscope image formation. A drscussron of the phase’ varratron
‘problems is too involved for consideration here. Still more complicated
.. cases arise in practrce, when radiation detectors, their amplifiers when

- used, and the sources of electric power employed, contribute to the total
optical noise. The total average combined noise voltage &, includes the
the quantity given in EqQuaTION 22 plus the factor &, =2 eIR2 df, repre-
senting the amplified noise generated in all otler parts of the system by
. a mechanism different from thermal emission. The corresponding power
- supply regulation problems were _previously discussed®? and some solu-
tions of particular problems in the field of electrophoresis analysis were
offered.53 When extreme accuracy and stability are required, as for auto-
- mation application,*®"*? a modified approach is necessary, and the com-
bination of the optimized optical system plus the amplifier and recorder
" must be treated as a damped resonant system whose analysrs is, agam,
": beyond the scope of this drscussron. '

C onclusrons

Optical observation of biological phenomena. ~ A brief survey of the
~ basic tenets of optics revealed the analogies between electronic and opti-
cal devices. The latter are diffraction-limited, noisy, linear-communication
. ‘channels whose spatial-frequency response is inherently contained within .
_ _hmrts defined by a generalrzed interaction principle. The development of
.7 the'theory leads to an evaluation of the performance of optical systems by -
" - a rather 51mple method of frequency analysis. This method is easily
- accessible to expenmentatron ‘and” measurement. The theory predrcts that
selective frequency filtration methods should 1mprove the performance in
specrfrc apphcatrons.
_ “ The sampling theorem was consrdered for its practical value The form
-‘ of this theorem used in OpthS is similar to that of the communication
: theory. N ,-2 RT, ‘where T (sec ). replaces the length L. In both cases '
o only a fmrte number of parameters is sufficient to fully characterrze any
'any expenmental curve maae up-of srmple harmonic constxtuents, even .
"though the curve may appear ‘to be contmuous. Thrs observatlon, 1t was
seen; greatly facrlrtates experrmentatxon : B TR TR
n mterpretatron of‘optrcal phenomena tom" the.vstandpomt of the com—
'"urucatl ;‘theory yrelds mterestxng “results.” it’ was pomted out that the '
et effect: _f total optrcal norse is to reduce the effective ~aperture S, by a:
) i expressron of the cut-ott frequency
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R of the optrcal fllter system, it is possxble to express the result of
EQUATION 22) in terms of bits per millimeter or any other unit related to
the area S. One thus arrives at a relation similar to the Shannon theorem
for the maximum rate M, of transmission of a continuous message in a
noisy channel: M, = R . log, (signal information + noise information per
noise information), except that spatial frequencies are now involved.
Further development of the theory similarly would conduct to the expres-
sion of M, in terms of calories per line (page 176), thus directly linking
the quantity of information received by the observer to Schroedinger’s
negentropy '® extracted {rom the object under observation.

Furthermore, it was seen that there exist canonically related variable
pairs that legitimate the expression of a generalized principle of optical
indeterminacy. This new principle enters into play in the study of phe-
nomena involving periodic disturbances every time some dimension limit
is reached. The results then take on statistical significance. This instru-
mentally conditioned indeterminacy raises important questions relative to
the interpretation of the images of biological objects.

Despite the tenuity of the radiation probes employed, an interaction is
produced within the bjological object, so that complete predictability must
escape us.* Some comfort may be obtained if one considers that a total
knowledge is perhaps not essential for an understanding of open systems
in the steady state. Many of our illustrious predecessors, including
Clausius, Guye, Kelvin,® von Helmholtz,5% in particular, have advanced
the suggestion that biological systems do not obey Carnot’s principle and
the laws of equilibrium. Today it is accepted that entropy cannot but
increase in living organisms which, like species, evolve in the unique
direction of increasing complexity, structurally, physiolozically, and
chemically. Indeed, Hill37 was fully justified in exclaiming, ‘“. .. but if

there is no equilibrium in living matter, how dare we apply rules and °

formulae derived from the idea of equilibrium?’’ It is apparently fruitful to
characterize living systems by their continuous state of becoming (von
Bertalanffy,>® Prigogine.®® However, only a dynamic abstract description
is congruent, and the materialistic hypothesis of identity based upon the
stability of material content, the causa materialis (substance) of Aristotle,
disappears. In its place one rediscovers the apora of Democritus;* only

‘the causa formalis (the accidents — shape, structure, and organization) is

permanent. Strangely, a similar position is revealed in contemporary

physics, a field in which immortality is reserved for energy alone.

*The part of our knowledge of things referring to thelr material content, which appears
to be the most convincing, is precisely that which Induces the gravest doubt when it is
incorporated into a tentative total synthesis, The remaining elements of knowledge are
incorporated into the philosophicul concept of lhapa or structure (Geetalt), which is most
vividly explained by Schroedlngcr. 16 : .

-.,'1'6. SCHROED!NGER. E. 1951, Scrence and Humamsm.
.t , Cambridge, England. ': N [T N . R
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Thrs new phrlosophy predrcts that a generahzed prmcxple of mteractron

-"applied to optical observations and measurements should prove more. fruit-
**"ful than the simple interpretation of the classic experlmental method and
" its rrgrd Cartesian philosophy. If so, it may be that the greatest contribu-

tion of the Twentieth Century is the quantitative use of the object-

" subject entanglement in order to gain a deeper insight as to the probable

nature of the object, and of the subject as well, in the’case of certain
surprising psychological experiments. Thus, when measurements are
carried out to the limits of resolution at which statistical indeterminacy
enters into play, causality yields to probability, and the results are true
intellectual concepts whose scope is no longer limited within the confines
of a strict causality. The usefulness of the new concepts is ascertained
when they satisfy the last criterion of a scientific theory instead of a
metaphysics; they remain statistically provable to an approxrmatron
defined by a propetly scaled indeterminacy- prmcnple by the procedures of
the causalist experimental methods. ‘
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