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ti 
p;~. ~ E ;·:_: 

. ii f !~j;:;;i;: 
:!1 EVALUATION OF OPT!CA~a::o::~::.: BIOMEDICAL RESEARCH* 'i_ •_1_1::1_:_:::_;f~ 

i~ Th• P•••••li•l ln••,o•oo Compaoy ol Amo,ioa, Nowa,k, N. J, I 

;~) 
lntroduc t ion 

•ft,\~ 

·.-."·_:_,_,_•-.•;,_t,,'.· The original purpose of this paper wtas to survey recent developments 

,_, - in the field of optical instrumentation, with the intention of clarifying 

f//S them for workers in medicine and biology who possess a necessarily 

f;;! limited acquaintance with physics. However, a review of the material 

~ showed that, while there is a plethora of new devices and advances that 

~;1 ::t~~~~~;f hc:v:mne;\!!:s:1:ec:;yal~~:;r:~:~\nyogrr:~;;r ::;h!::~:i:,ies or_ 

~"/, 
-1_·:,1 The following is a simplified exposition of the contemporary methods 

--• of optical design and evaluation. It will be seen that several concepts of 

If~ value in the field of electronics have been successfully transposed to _ 1· , ,;.J.::,.,t:.; 

·:.-.·::,L.,'l\ii:_-_:_'.·-··: __ .:_·:_-,'._-:.",.~-•~-~;_.·,_ 
optics. For an understanding of this discussion, it is desirable that prac- ,. ._ ,i,f ,.,., , -· 

:; Heal conclusions lo, the biomedical ,esea,che, be de,ived w;thout <etain- ··1 .f:i J":?:r 

fl t~a::e a:t~!:~:;\ch:~ cboym;;::~~g ~~=::~~:::~~::de:i~~c:!1::::~;tt:::; -- •· -.~ -... 1\l ttYJ~ 
1W and electronic communication channels and by applying an elementary - .- , ~ .. _ r h,, - -:: 

i:~:~ :r~1:ldy, 
0 :1 ft:q::p

0
:te:n;~:

1
,· S i:

0 
c:~;~;m::ysp::t~~v:h:e;!~::~n:;;,· ;o:~ :: tr_: ~l~-=·/} 

liil contemporary criteria for instrumental design, for performance evaluation, ;': '.l· f; fr . 
··Fi and _for ·a more complete interpretation of the experimental data will be- ,..; ~., J f 'f. -._, _' .. 

,$1 come readily intelligible to the experimenter as a result of this analysis. , H . !,;; ii .:-:;e·; 

'.tl For these purposes a brief interpretation of the most elementary principles ,_ ;11 :~ fr---·.:':~~ 

:Ji of t_'nstrumental optics from the standp-oin1: of the communication theory is -ll h .. ~- ·-':·:~ 

~ 

~ -· 

'_!_:i offered first. I have previously outlined the historical development of . ii,: .. _•1·_:~.,:,· ,f,; __ r,::_·-___ : :- __ .·_. 

];J optics as a science in Sumerian, Babylonian, Chinese, Hindustani, and --~ __ 1;: £;.,~;t/ 

:;: ~ :~~:~~;:Ie~?::i~r~:~E:~~:~:~~d{~:ia;1:I:::~: :t~~~ b1~:1;i~:~: _- : ·.i·:,11' 'J,i_:_J:;·",:,f_::/,:_:_:_:_; ____ : 

Ii and Physiology Branches of the Office of Naval Research, Department of the Navy, ,' 
1 

-

~:p.:.-it Washington. D. c .• under contracts granted -:o the Pate!'son General Hospital. Paterson. 'l' 1 ·~ £~:, . .;· ., ,1 • 

'

:_,_:_r_: .• _.:_!_; :i§Eif i;¥f i1:;~;~~~~i~~1~;;;;;,i~; .. :_1_~_.,·.-_i!l_·._1,_i.~_;_i_!_;_:_._,_-,_.·.· .. ·.•_t 

_ ; of the nature of the quantities measured and the probes used. 4 Consequently, it now be- :i _ -.-: -·· 

··-~ comes possible to transpose the disciplines of the new science. as was done earlier With 

"_:{ those of physics and chemistry, into the "scientific frontier territorles 115,6 or fields of 

lt' ;:~::17~7tions where "fundamental knowledge and basic understanding are still wanting" 

~:.:o"'c;_~~~;"=:'.'.',~: •~~ ~, • •;:,-~"::!JO:>:::rr~;,~,~:9 . ii 
• - • ••• "- ,--, , ''" • -,· •·1 ,, -'-

c:rii:d 
- ~ ' ~ • • • , n~...,~~:f:•~,.~~ .. •d;'"'•--~'.,~ 
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Greek antiquity to: mode;ntimes an~ h. d. . 

h 
· · · ave emonstrated 11 it . 

upon t e philosophical thought_ of all ages a It . s 1nflue1;ce 

t G · • • s ma1or devel · 
a rue reco-Latin miracle without parallel . th . . . opment was 

It ·s . . in o er C1V1hzations + 
1 ; conv~ruent to. consider an .observation as the ulti . 

some kind of interaction** between the ob" t th b" mate result of 

. t . Jee ' e su Ject ar d 
ins ruments, and some kind of discret me with his 

t . . e energy probe, all th 

emporanly 1n perfect coordination. The s b. t' . . re~ working 

~imited to F. W. Bessel's "personal equa~i~:;» ~~~:t~1buhon_ is usually 

m the transfer of a definite amo t· f .. f . . interaction results 

b . un o 1n ormat10n 1n the d" • 

o server. Formally, to effect this tran~fer b t· 1 irection of the 

l • . Y op 1ca means has 

cu ar v~rtue except in exceptional cases, and it could. be done a no parti-

mechamcal, acoustical or electric (elect . ~ s well by 

d 'ff · ' . romc, means In all c · 
same 1 erential equation with suitabl ·t • ases the 

• . ' e uru s, governs each syst 

tncor~orates the same terms (inertial, resistive, restorin f . . e~ ~nd 

funct10n, response function a d g unction, driving 

:'·' :,~.--. 

161 

. ·;:,_ ( ... <•t_ .· :, .- . . . 
. /:,':~easurements, · as done in physics; (2) the existence of speculative rela-

.. ,- · tionshl.ps between the usable most-reliable secondary effects and the 

•/i ph~nomena sought; (3) ve.ty weak signals requiring high amplification (or 

?'-;•magnificatio11), with an inherently noisy channel drowning the useful 

''.- information; (4) the incompatibility of both probes and transducers with an 

undisturbed-·- steady state of the biomatter investigated; and others. 

. Thes~ difficulties cloud the meaning of the results, which may remain 

behind the uncertainties created. The last circumstance, in particular, 

results always in chains of events or disturbances lasting long after the 

· measuring paraphernalia are removed from the object, so that some of the 

· results of the observation or measurement never reach the instrument and 

,· thereby the observer. tt In this field, one never can reach fully predica-

tive conclusions. 

tor. Demler 13 remarks that · t . ampened harmonic oscil!a- Th_~ geometric treatment of optical 1mage formation is a subject for con-

m mos instances the choi • 
the transient and steady-st~te nso;::~:n:o: ;t;), The equation. is that of 1.·. . Geometric Optics 

co~venience, dictated by the applications considered f;e IS a matter of tinuous meditation, for very seldom do the final results exactly meet the 

P_o1nt can be made in· favor of optical methods in bi~m:;ev~r~ a st r_ong expectations. The principal reason for this state uf affairs is on incom­

hons Indeed the t · 1 · f ica mveStiga- plete understahding of. the postulate of_ rectilinear propagation of light in 

• , op ica 1n ormation transfer is effected b . t . 

photons or quanta of t· h. h Y s reams of hom_ogeneous media. This post_ ulate, at best, indicates the direction in 

someth1'ng smaller th ac Ion, w ic are the finest probes available until 
an a t b which the image is found. It defines only the outside envelope of all the 

discrete r . qu~n um ecomes known. Furthermore, such a 

tached t 
P_ 0 be ts e~dowed with periodic properties: it has a wave at- possible trajectories of radiant energycontributing to a given phenomenon. 

o 1l and tins off d f • In this connection, de Broglie 17 remarks that, as long as the refractive 

becomes a 'sea h f ers e tmte advantages. Thus, optical research 
re or e f ff index does not vary suddenly, the geometric treatment remains compatible 

max .. . . m ans o e ecting the information transfer w1·th . . 

tmum eff1c1e th h 
with both: the contemporary undulatory theory and Newton's strangely 

d f ·t 1· ~cy roug instrumental channels designed in view of 

e 101 e app 1cat1o~s. Today optical engineering modem corpuscular conception of light. However, the geometric treatment 

science encompassmg all devices involving the emerges as a complex can never fully ac~ount for the actual structure of the image. 

energy. _ use of electromagnetic • Frain a practical standpoint, the limitatio_ns of geometric optics often 

The remarkable necessit f . d. lead to deliberate abuse of openings, apertures, diaphragms, and the like 

biologic 1 y 
O 

provi tng an energy probe external to the which more often than not, further.deteriorate lhe image. 

terns anda hope~ slystbe_ms leads to a formal distinction between these sys- . . . -

P ys1ca o Jects of investigat· 14 Th. A second difficulty stems. from a.11 unw~rranted assimilation of the real 

such com licat· · ion. IS requirement results in diopter~ of finite thickness ~ith their geometric idealizations, which are 

p . wns as; (1) the impossibility of using primary effects for . . 

+F 
devoid O_ f physic __ al b~dy and _of_ 'real_ •. thickness. Such simplified concepts 

or a brief outline. of the historic al de 
refraction of light the reader la referred to tw:e!~p=erit ofl the concepts of r9efllecllon and result in a 1.i'eglect of the re~l path' lengths, so that unexpected artifacts 

tr1butiona of Thales E 1 L . _ Y prev oua publications. , 0 The con- -

for the Ionian philo~op~e:~~- the~clppua, Democritus •. and Plato are pursuing us today, appear 'in .the images, ·. •·. 

I h . •• m etr optical ,tudlea had air ad f .. ,, --_. 

me ep ~sics. even before ecquirin sufficien • . e Y attained the peake o . .· , . , . . , . , -. . . _ · . 

· · 8 . . t physica, · , •. ,.,. ttn · may be for this reason:. that.·.one .never.'makes anything but variatlon,of-tenslon 

.. The idea of generall;;ed lntera ti ' 
1 

In ,_. · . · · · · ,- measurements In biological systems, which-are thus characterized by a perpetual "state of 

light f c on or g eted a1multaneo I I h f , ,, be 

re ractlon. Protagoroa (5 B C ) t ht , us Y w t the discovery o coming," Reiiardlea" of the philosophical interpretation, the dlHiculty mo:ntloned la prob-

inextricably Interwoven lo, &clen;if;_c "bug correct!y lhat subject and object are alway• , ably the cpuae· of the notorious J11ck of reprQducibiUty of such m..,eaurements in irreversible 

some t l . o servationa Thia orl«inal Id d . 14 

enac oua parcela of tr<1th for It tin • • ea apparently carrie .' sy11tema in steady state. The projection of theae Ideas into the study of open thermo- ' 

decisive tum, It la foWld 'jn th; k j:ofnD ually_ reoccurred each time science took e -'..:. · dynwnic,_aystems in the steady atatelS that do not obey Caruot•a principle 16 (I.hut Is, mo,il, 

Letbn·+ H • wor 8 0 emocritua St A t' D j_•~ ·.... 
• ' 

1 "'• D11Ulton, and Mach Schroed,· . 1 
• • ugue me, escsrtes, Kant, 1 ·. ,: , Yiological ·sy~tema) was the theme of my lntroductory Addreea to the Instrument Society of · 

is J • nger c alma that "in t· 1 .. , ) .. ~-

6 
6 
a woya an lnteractton,"1~ A generaliz:ed inter ti 1ne anal~ela; phyaical action .. · .. .~< f,merica Conference on Biomedical Instrumentation. held at New York, N, Y., on February 

Y terns has been attempted by Stem, 12 . , · °'.' on th ':0 ry ~phcable to bl?Jogic".1 .. ':, ,,. , ;;_.:" '-:3• 1954, 'The subject waa developed in a •'Courae on the Nature_ of aiologlcal lnfonnatlon,''. 

, . . • - . · , .· .• . ·. · . . ·.·. ,. 11,iven at .the Ecole Lil;,n, des Hautea Etude•• Ne"{ Y-ork, N, Y,, m Oeci,!nber 1954,.• · · 

· · -·-·· .- ·;::, .. ::,,~ .. ::;. ~ · .. _.,-·: ·,:::/;;,,J;;;;li;:~~li{:_\:\_:\_.· __ .lt_. __ :,=-_-.. ·_.\•;~:.:~_~.--:_;:. __ ·_~: __ "':_=_ .. ·- ~ • -.-1 ... ~_ - ~,. -- :. ~-

_, .. ~,!<.,.,..,. - • '> • ~ - '• , .. "c •- ~:: ,-,,:,)..~ ;,••••••.;•~:•:•,•'., .=•,,••,•.• 
_,•.~_:•: • 

.:·-.;:..*: . 

~-·• 
?.•'•' 

I· 
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1 
one with the he! ·'· -=.c- ·c· ases when the aspect of the conjugate focus is unimportant or 

a punctua source, that is, a few pieces of cardboard • d . P of 
pierce with diff 

apertures and a viewing screen, in th.e order given Th. 
1 

ert:r.t •~ ·· 

d 
· is e ementary cl· i 

room emonstration illustrates such factors as the 1 • ass. f··.· 

many, · h 

~ d·isturbing, axial opaque operculi are often more advantageous t an 

'~enhr~gms, Examples of such applications will be reported. 

f1he importance of diffraction in the design of specialized instruments 

'was emphasized in a previous publication. 188
' 

18
b For instance, it was 

th d . .. c assic concepts r 
rays, e pro uct10n of shadow and penumbra and Ptole , 

1 
° 

t· H , . . . , . my s aw of reflc 
Jon. owever; it JS seldom pointed out that it s· lt c-

h . . . . 1mu aneously demo • I 
strates t e imposs1b1ltty of physically isolating a parallel f 

1
. n 

me f d. I I ray O 1ght by 
ans o. tap 1ragms a one. Due to diffraction some light i·s 1 f 

· d. · · ' a ways ound • 
Jn trecttons not defined by the apertures Therefore d. h . ' l 

t d . . · • • tap ragms incorpo- f 

ra e tn mstruments cannot be used to determine the sh d d. . ·, 

f h · . ape an trect1on 
o t e rays. Thea real functions are quite different Co 1 . . 

al . • nverse y ,t ,s • 

ways possible to form a bundle of parallel rays by means of '
11

. i 
t 

a co 1111a- , 

or - a punctµal. source at the focus of nondiaphragmed diopter. This last f 

statem~nt con~ams ~ good practical cri~erion of quality for the ra id'·• 
evaluation of simple mstruments. P 

The collimator is a convenient instrument with which to demonstrat~ 

what happens to the fraction of light that is not transmitted line l If ,-

the . 1 · h 11 ar y, 

. emerging_ 1g t i uminates a small aperture, the latter transmits a 

'.11ax1mum of lJ~ht in the direction predicted by geometric optics, but there 

is also a considerable amount of radiant energy at considerable distances 

from the_ cent~r. Th_is last fraction is distributed unequally in the well­

kno~n diffraction fnnges. The intensity distribution is given by the con­

venttonal Fresnel vectorial construction and M A Cornu's s · 1 d. 
. _ . _ • • ptra iagram. 

With care, 1t 1s possible to observe light at 180° of the · · l d. · 
_ _ pnncipa trection 

of prop~gatton, as dtd Gouy originally. However, nothing happens if there 

is n_o dtaph_ragm. Consequently, one concludes that diffraction is due to 

the mteractton bet":'een the_ electromagnetic waves of light and the edges 

0
_f the aperture; optical devices are always diffraction-limited communica­

tion ~hannels. At this point another criterion of quality becomes apparent: 

th
e diffraction ~ringes of order greater than 1 should not be reflected by 

the w~lls of an mst~ument housing. Ttiis can be accomplished by giving 

attention to the design of limiting apertures and lens or mirror mounts and 

~Y the use of blackened coaxial tubes of various lengths and diameters 

instead of t_he usual internal flat shields found in many instruments. 

~he Babmet theorem. The simple experiment described can be used to 

denve a most startling theorem of physical optics, which unfortunately is 

s~ldom a f'P 1 i e d: the so-called Babiriet ·. theorem of complementary 

diaphragms. · 

The experiment is done with two' ~ollJ"ma· to·-.rs- th · · · 

th f . , e viewing screen 1s at 

whee o:us of t~e second~ T~e 1iffrac~io_ij il!Jage is es~entially unchanged, 

. 
th 

r _ the_ diaphragm i~ _ opaq~7 or bears ·l'J. small_ aperture. This is ex­

~!a•:ed again. by the cont~ntjorth?t_ ~ti~ :pheri,?~eno~ ·is due only ~o the 

I g s of
t.h

e aperture, and not 1ts fontent (opaque-or transparent).·,Thus, 

I 
" ' . ' ,• ' . . :'. .': (,. : : C .·, .. ; '.' o:1· . - . ' -_ 

l 
' I 

h wn that the ideal slit* with a Shuster factor (e) mm = 1. f ,\/4 DJ so 

. :e:irable in spectrophotometry, can preferably be made 50 times larger in 

an interferometer, provided that (1) the lens diamete~ D is kept small, 

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

le~gth f is longer than 5 D. 

A direct application of Babinet's theorem is found in the microscope 

interferometer previously described. 1.9 In this instrument it is possible to 

ain enormously in luminosity by opening the diffracting twin slits far 

~ore than is obviously reasonable for, in reality, only the external 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 elemen~s- devoid of 

volume or to limi\ the reasoning to the homofocal conical meridians of the 

reflecting or refracting surfaces. Even with stigmatic surfaces by reflec­

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. . 

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 ofthe 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 c~re; The principle states only 

that the sum of all optical path lengt,h~ followed by the light rays through 

•Such a allt prQ<iuces a retmdati~n b/ween 1t,i t..;o• edge•. reapectlvely and one edge or 

-. the conjugat"d collimator ten• of only ,\ 8, A condensed table of 11pectral purity and slit 

luminosity ver• u • e la contained 1n the p_ublic_atlcm, Uat~d:.,:: . ': ,- . __ 
;,·:- ·: 

tLena diam.,ter. 
·--. ":., .. ~.,' ;; ::~:•.;:~/:.':;'.-.:.": :· r--·~•- .· 

·_.·· ' ,:j:Thi• ''p~hlciple' of' • tat~~ncy un:~.; 1~ uo.~ally ~~re·.;-... d in the form: 8 f nds "= O,· 0 -; ··.· 

8 f da/d ~- :o o, For ", short dio.cu• alon of it•. hl• torlcal role In correcting Rene
8
e Desc~ea .. -: 

. original law of refracUon, the reeder le referred to a prevloua publication. Jt la wo;u, · 

.... noting that a very almllar principle had been formulated in the Third Century B.C •• by H ro , -

· -of Ale.-.dri~ who lmpllciUy. a~tted ~- r~~~e U~ vel,;,dty_. . , . · 

: I 

I: 

I: 
J ! 
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any succession of stigmatic surfaces, is stationary; that is two· h /,;Ttect collimafor, for instance, is a plane. The existence ot a congruence of 
. , . . . . , sue ad- -,- - . 
Jacent rays differ. in optical length only by an infinitesimal qua t·t ;(i n'.o~~ls is due to the fact, now evident, that the direction of propagation 

1 
, - . n 1 y at . - -

east ~£ second _o~der. The principle does not state whether this length is :\ ;/~r, radiant energy is defined by a series of parameters, x, y, and z, which 

a maximum, a minimum, or an inflexional quantity 
I 

but only that it is con- >:·,r d~pend upon at least two independent, variables ( v, u, and others). If only 

stant. In fa<:t, it can have any one of these three characters accord· --ft one independent variable is considered, one has a family of curves. This 
. . 1ng to - - . 

the cncumstances (or whether the actual refracting surface i·s t · _,,:.·.>is the case of geometric representation: if n is constant, all the rays of 
. angent ., - - -

external, internal, or secant to the calculated stigmatic surface re ·J:.; wave .propagation considered in geometric optics form a totality of curves 
. . , spec- . 

hvely, m the order given above). ~·:. orthogonal to a family of wave surfaces. The theorem is useful in calcu-

The im~lications of thi~ pri~ciple perva~e much of physical chemistry. .- Iating the results expected from real systems and for establishing correc-

Almost simultaneously with its formulation, Pierre Maupertuis demon- tions for the various aberrations. In general, it is possible to derive 

strated that, when a material point in action is analyzed, the sum of all formulae that describe the image pattern in terms of the deviations of the 

t~e ~nergies involved is always stationary, and the representative equa- I actual wave front surface S 'from an ideal reference sphere S. This method 

~ton ts o [ y (U + E) ds. t The analogy with the stationary time equation encompasses at once all aberrations of the first order (transverse and 

is now evident. However, it required the genius of Sir William Hamilton to · longitudinal· focal shift or errors of adjustment) and of the third-order 

discover it, by postulating that y (U + E) = n. Thus, the refractive index (spherical aberration, astig~atism and caustics, coma, distortions, and 

n expresses the force function or field existing in matter, which results in field curvature). It is obviously unnecessary to include a complete deriva-

slowing down the velocity of light and determines the trajectory of rays or J tion of the aberrations in this discussion. I shall try to show that intelli-

streams of infom1ation, to use modern terminology. In this sense, n is a gible and simple criteria of instrumental quality and performance can be 

measure of interaction between matter and light, and its determination formulated without going into the mathematical details of the aberrations, 

contributes to a knowledge of the structure of matter. The abstract con- provided the criteria are chosen each time in view of specific applications. 

cept of a field of forces remains only a convenient but arbitrary form of The easiest approach to the problem is through a method of frequency 

language to explain the properties of space and to predict the future analysis common· to process engineering, optical engineering, and data 

be~avior of the material particles, the local sources of the physicists, or · processi~g, as weU as to the unraveling of the information· content of 

points of particular chemical interest contained in space. Thus, field of complete laboratory data. The only initial postulate made to simplify the 

forces, space properties, and the chemical properties of the elements are reasoning is that any optical system can be compared, for the purpose of 

theoretical views of the mind that become real, like the shadow of a tree, frequency analysis, to the black box of the electrical engineer. Here, the 

only when some interaction takes place, One sees that the concept of black box is, 'limited by the positio~ of the two omnipresent entrance and 

generalized interaction is contained in that of field, as was perceived by exit pupils defined by Nijboer. 2 ~ 

Paul Langevin when he wrote in 1903: "It is always matter which con- . Frequency analysis of opticai' systems. The definition of object-image 

tains the charges whose field divergence becomes different from Zero." . ; relationships in _terms of frequencies js not new. It was attempted as soon 

In the absence of matter, indeed, J (U + E) = 1, and it is the nature of _ · as _it was realized that the microscope image was in reality a diffraction 

the sources that determines the properties of the field: if there is no · ':· · iniage !Dor~ readily explainable' in terll)S of the wave theory of light than 

matter, there are no charges, no sources, no force, and no field in space. :.: by. tneans of geometric optics. The prac~ical ~pplication of the concept of 

The application of the principle to optical research is simplified by the -,-> spacial frequency distribution ·in the.' object space, however, dates from 

introduction of the Malus theorem, which states that the rays emerging -- about 1940. Ti> illustrate it, Jn_ simple terms,. one considers an object 

from a stigmatic surface c<;>nstitute a congruence of normals. In ordin_ary ·. exhibiting a sinusoidal intensity variation in a dir~ction. forming_ an angle 

language, this means that all the rays contributing to the image fall per- ·q with the x ·axis, this angle th_us defining another qirection x'. The object 

pendicularly upon a surface :£, each point of which is equally distant is ''seen'' along tl1e z axis: The· angle.() is 'introduced for purposes of 

optically from the conjugate object, such a distance being given by ' _, g~neraHzation'. S~pposing that the _inte~sity peaks are repeated ev~ry p. 

de Fermat's principle, Fro111,. the practical standpoint, such a surface of i:,::,,111,ii.~ -for instance; :.and ce>~sidei:ing the ~ne-dimensional problem fpr the· --· 

conStant optical phase js·th~ wave-front surface. This surface for a per- '~i\:. ~O\Jlent: the int~nsity distribu,tion .on 'tlie extended pbject pl~e O Cj30 b~- . 
- ' . - ..... ', ·-.:·-,-;:.·•,:: .. ,-, , ... , .\;:;(~presentedb'yasimple,equation: , ,,, .,- ' 

tu=poten~~-en~r~~~~:k~~:-~-(~:;~::i~-:~:~··.iit,;~e: ·-· , -.. .. - -- - ., , ,,. 
· ;i' '• : ·.:. .- ··' ;, ··:,; ::,,;_ 't. 'c!J-" !: '· r :: ; ·. ·.- ,· '.; /:_:-.~/~:;f;,i~;};;iJI,(~~:l,::'\::.~\~~~.:--.-,· ·:._ ·• ... - ,. --.- -. •. . 
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. O ( , '\· +1.w 0 x' 
x, y, = c.e 

where one postulate: w
0 

= 211 /P. 
The spacing P appears as the reciprocal of the frequency: 1/11 (the 

object contains II peaks per millimeter spaced P mm. apart) .. Thus, the 

quantity w0 ·and its cartesian coordinates, Wx and Wy, have the dimen­

sions of reciprocal lengths. This spacial frequency has for trigonometric 

coordinates, respectively: 

x.' = x cos 0 + y sin () 

y ' .. x sin () + y cos () 

(2) 

(3) 

Consequently, the intensity distribution in the object space can be 

rearranged according to the following equation: 

0 () 
+w 0 (xcoe0+ysln0) 

x,y = c.e (4) 

where 

and (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 sane spatial frequency distribution, it is 

shifted in space by an amount ¢. It also shows that the amplitudes are 

modulated by a factor lrl. This factor is related to the transfer function of 

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

(6) 

The net effect of the factors ¢ and lrl is a reduction of the contrasts 

in the image space as compared to the object, and it is a measure of this 

reduction. 

The practical aspect of the· ~ethod 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 ~perture (either unidimensionally or 

bidimensionally). Evidently, very important· applications correspond to the 

last case (for example, teletyping' and telephotography, television, and 

several kinds of scanni~g microscopic methods). · One particular case · 

inv9lves the conti.nuoqs scanning of a field .of fringes of interference and 
is discussed elsewhere. lh, l8b . ·(r• .. . 

} 
j 
t 

I 

I 
1 
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.. , · The above general theory does not take into consideration the periodic­

ity of light, at least in this elementary form. However, some kind of rela­

tionship 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 frequency 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 11. This value 

of 1.22 corresponds to a sine-wave resolution w 0 (in rad./length) given by 

EQUATION 7. 

W0 = 2 11/P = 3.83/2r 

from which one finds that 

2r/P = 1.22 

(7) 

(8) 

Marechal 2 1 remarks that the quantity 211/P is in reality the modulus of 

the wave-vector /(• 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 

can be rearranged to give the corresponding angular separation a: 

a = 3.83 >./11 2r =; 1.22 >../2r (8a) 

·. These relations show that the scanninp; aperture must be at least 1.22 

· times larger than P if the periodicity of the object is to be detected in its 

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 scanning slit width 

and fringe spacing is approached. . 

. One may consider next the role of the ·aperture alone. The reasoning is . 

easier with a narrow slit whose two edges, of spacing A, form two inde­

pendent diffraction patterns when illuminated with incoherent light. A lens 

• f... is placed behind the aperture •. To simplify .matters, let us suppose it 

· perfect and infinitely thin. Thus, the edges. are imaged in air of refractive 

inc:lex n. = l,· at the focal distance J. ·Each· image is a Fresnel diffraction· . 

. . · ... spectrum~ By virtue of Babi.net's .th~rem, the pattern is identical with that 

~i{: prc;,duce~t):iY;·.:~.~nique,Ylir~ o(diamefor_.A jn the plan of the slit. In the case 

·,\\,' 9f ~~o. small ~inhol~s, one would obse~e two Airy discs. As th~ width 

;-;,::JJ .• 'tJ;:(:· ., ,: r;::/:.,:::ti~:. , ·'; .\ ··· ; >-. -~ .~:,; i?-',. ·• . :: '-'· .\c, :• ::·> 
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of the slit is reduced.further, the first dark line of each pattern eventually '.:\'/' (tb~tc'is, y.,hen Hie minimal spacing is equal to one-half the ob1ect_patter_n 

b t . Th ·t· f th · · · · ',r_; __ ·.'sp·a·c·i··n· g). Somewhere betwe.e_ n these e_xtremes c_o_mes the effective sl_it ecomes con 1~uous... e pos1 ion o .. , e successive m101ma 1n each spec- ·•·: . 
trum can be calculated by the Airy method (integration by a convergent. ·.,'.< width ,x = 0.886 ,\ .l/ds, which is so important m spectroscopy. In ~his 
series); or by meaQs of Bessel functions.* It can also be determined _, . ·. expression I is the focal length and ds is the distance between two p~mts 
graphically, ~s did Schwerd in the last century, by mechanically resolving , · . ·. - -on opposed sides of the central diffraction fringe where the energy is SO 
a circle of radius A into a large number (several hundreds; if possible) of per cent of the central maximum, _ _ _ _ . 
equal trapezes. 22 One finds that the patterns become contiguous when the l:: It is now possible to find the first resolution hm1t P m the ob1ect-

- product A. sine a is equal to a finite fraction of the wave length ,\, so that . space of a system limited by a slit of spacing A. From E QUA: 10 N 8 it. is 
found that p = A/1.22 when the periodicity vanishes. Replacrng A by its 

A/2 =B. ,\/sin a (9) ·value found in EQUATIO-N 9a when the periodicity also vanishes, one 

! finds that 
the calculation giving for B: 0.61. When this is attained, the angular diam­
eter of each first-order minimum, sine a, is equal to the spacing of the two 
contiguous patterns, arid the edges of the slit are fully resolved.Since the 
angle a is very small, its value can be 'equated to its sine value (a and ,\ 
being then expressed in mm.).** It must be observed that the example 
given is identical with the formation of the diffraction image by the first 
lens of a microscope immersion objective; onlv the ravs are traced in 
reverse direction (that is, a medium of refrac~ive index n larger than unity 
would be interposed between the slit object and the lens). The conclusion 
remains valid, by virtue of lbn-al-Haitham principle of the inverse return 
path of spherical wave- disturbances (7 A.O.). 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 I limited by the entrance slit of half-width A/2. 
This transformed equation, a= 1.22 ,\/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 first-o~der 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 = 0.61 ,\/n, sin a (9a) 

•The fundamental aeaumptloa of geometri!' optic• i• really that the wave length be 
small compared to the ·dimenaion• of any other change In the media transversed by light. 
As the wave length tends toward ~ero• ·o;,_e arrivC,a at· the eikonal equation of e:eometrlc 
optlca: (gradient 11)2 .= p2, which e~reeae'! that the aw-facea of cpnatant " value conald-_ · 
ered in de Fermat•• principle defln·•• '!'Kain; the wave front. 

. . ... ~ :-'t. . . .·. . "i ':. • 
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P = 0.61 ,\/1.22 n. sin a.:: ,\/2 n. sin a (10) 

·.The spatial sine-wave resolution w0 of the system is again given by 

~ = w = 211/P = 211 .2 n. sin a/,\ 
. 0 . . 

(11) 

· and the linear resolution R. (in lines per millimeter) is, as before 

·t {12) 

the quantity 1/ ,\ being the wave number of the spectroscopists. 
.. One may now remark that the quantity 2n. sin a is equal to the dimen­
sionless term 1/ F, F · being the familiar /-number of the lens, so that 

· 1/ F = A/I. Two important practical conclusions follow immediately: first, 
the ultimate resolution of the system forming an image at a -finite distance 
with incoherent light is fixed solely by the wave length and the I-number. 

. Second, it is possible to characterize any linear incoherent optical com-· 
. munication channel behaving as a low-pass frequency filter by its cut-off 
~req~ency R. in lines per millimeter given by 

(13) 

. .. From the above discussion, it is now ·evid~nt that the sine:,_wave resolu-
. ·· ·.· · .tion . · of · such , a system is· better · than Rayleigh's resolution (compare • · 

EQUATION 8~). _ ·. , . . . , ... '..,·· . . 
: · Referring to'EQUATION 9a, onec~ncludes in addition that, if the limit-

.. The e:a;,reaalon _la compprable .t,o that uaed in ~atronomy to obt·aln the eolid anK!e of_ .. 
view a, of a amaU obJaci at the (Wlnite) distance a·aii' a functlon··of the teh:acope diameter.· •·· 
O:a=O/z:I, . ·,_.c" . . -·, .... _:_::- <·:; ... ' :c,.'..,:, .. ,;,;-• .',.,'.,.;:.,-;_1>:-,:' · .. ,_c '·-;.'; ,, :/.-;'::-::.;-,':;7-.\: 

.-;,; ::.'.<(;{:;}~/.J 

) ing angle of rays that can enter thl! apparatus is approximately the same 
'\ '. i~s'. the angle Qf diffraction 'of a light wave from the periodic object, then 
i. :'the ·.spacing in:. the objed spac~ is just ~bout the same _as that ?f two. 
,: ,/·· pojnts that ca~ _t:>e complei.~ly res<?l_ved in the image •. ·.· , '._ . : . . ,_: · · · .. <, < 
'{?.?.i--'fr must be kept in rnind that the term resolution does not imply·a knowl- ,. 
{fr'~S~die:9fthestructure C)f.Jhe ObJeC~, but· merely an inference of its discon-·· 
;\?.}?•)inuities with a quantitative.evaluation of the sinusoidal intensity peaks:-

tJ~:it;~/i'.,=:;~}-::Xt:\,;:::i:i J ., ·:_),;\:fr'!..\'.'}1,_;:,.:, .,:: .,·::~._.· - -,~,: .·. , . 
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cor~espo~dingfo th~se discontinuities. A more :complete restitution of the /{ :~~j:~ci-i~aie ~pa.ces pro~uc~d in tthet real. inSlrument over 

th
e mean square t,\:·: ·\ ·t 

. _:.):''·· d.·1:st· ribution of a perfect rnstrumen • .· . . . . -
object is obtained when the instrument admits · rays corresponding to " J 
greater· diffraction angles (larger N.A.), as is well known. Then, the --------... _______ i' ., 
device performs really a harmonic reconstruction of the object space.23 D = [O (x,y) _ i (x,y)] 2 / 0 2 (x,y) (15) : , 

Detailed developments will be found in the works concerned in particular ~ 

with the generalized theory. of microsc_ ope images and in those. dealin" .· · 1. £.actor Q of Li"nfoot2S,2 6 is given by using the ;: 
" . The correlation qua 1ty 

with phase microscopy. 
2 4 

· same symbols: _______ ____ : j; 
The foregoing considerations hold when the adjacent elements in the (16) Ji 

object space are independently illuminated {that is, when completely Q ~ 0 (x,y) .i (s,y) / 
02 

(x,y) )1,: 

incoherent light is found in the entire system). It is easy to show that the · f S hl t 
f t f O'Neill S is also expressed in terms o tre 

resolution R,. falls off sharply when the above condition is not realized or The sharpness ac or o . , • . 

when coherent light is deliberately used. In this case the resolution limit definition, so that the comparison with an ideal inSt rument 50 gives 

is hardly .larger than ,\ 0.21/N.A., but it may be raised to a little above ~2 2 

0.50 ,\/N.A. if oblique illumination is elI)ployed, 1· s = S/S0 = [gradient i (x,y)J / gradient i 0 (x,y)] 
(17) 

The cases of spurious resolution fall outside the scope of this discus- ·• 

R 
·f · t age 000 1·t is clear that S is related to the frequency 

· sion. They are, however, fully explained by the same frequency-analysis e erring o p , . . 

procedµre. The simplified exposition of this method points to relatively response of the system, and that it may be manipulated to suit th e requne-

easy means of rating optical instruments with fairly accurate results in ments of each particular application. · 
h th f them are related to one 

most instances. In using these factors, one notes t at ree 0 

Quality criteria. It is perhaps evident from the foregoing that several of another as follows: 

the parameters entering into the evaluation of optical images are mutually 

. exclusive, like canonically related variables. Thus, the quality criteria 

required of a given instrument depend upon a proper weighing of these 

parameters, 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 relative structqral content T is a qualitative requirement with 

emphasis on sharpness of detail. One does not require an exact line-up of 

detail in the object and its image. The degree of achievement is measured 

by the mean square fluctuation of intensities in the image i, over that in 

the object 0. Thus, 

,f \ 
T_ = i 2 (x,y)f 0 2 (x,y) (14) 

1 
Q = (T + FF)/2 

The fourth, independent criterion S, is interesting from the standpoint 

of information theory. By properly manipulating it, _it is possible to p~e­

serve or emphasize the edges of details in the image, Overemphas1~, 
· · d th· · ecisely one of the main 

however, can create confusion, an 1s 1s pr . . . 
drawbacks of phase-contrast microscopy; which penalizes exces~1vely the 

low frequencies in the object space, thus requiring a re-educatton 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 conte~t. . _ . 

From an experimental standpoint one can derive ~he t~ree follow1:: 

rules:· (1) at low frequency the aberrations affect the filtration by a fact . 

of seco~d order relatively to frequency; (2) near the cut-off _frequency. the 
. . . . . - . . . ,• ·- . 

The fidelity, FF = (1-D), is a requirement that the peaks and troughs in - . ' · ' · 
1 

f t Instr ... 
1 • 1 e the rogreseive correction of en mper ec 

the image correspond exactly with those in the object. This quantity is tThe alternate procedure 1.nvo v 8 f P rlmental checks of its performance until all 
. ~ t on the basis of successive sets o expe 1 ul U of sine and 

measured by the sum of all the aberrations. This sum is obtained expert- · ;en are eliminated. The calculations involve only arithmetical man P ; 0 t hed-cerd 
· o 1 th On1 recently antomatlon metho s o punc 

mentally by determining the ratio of the intensity error distribution in the .' cosine ratio•. but ,.,-e quite e~l Y• / ( uch aa an IBM 626) have been applied to 

. ._ , . . , , . '. , encoding an~ processing on am ":n:u t~rll ~ algn and verification of optical devices 

.. • • ' : ., ' .. ', , , . - . '' .. this problem. With their help. the c c a on. e th• limit imposed by the nature of the. 

• ' : .-. ;,:~~· --~~~~ .. ·.·~-·:.,,._·,7. . . ~ ··. ·-:· .. -/.:·webroughttoadegree,of-perf~ctionappro~hlng e_ .... , .' .·_ 

..... ••••••"'"• .. •'"-""U ~• ~"'••••• In ."~• o, '"" """' ddlnU>~, whl<h . , · ,

0 

l :~ ,,:· ,,,. ... ,,,. ••"'~~ · . _.. C , , .' · : . :. . . . . . . :. • • 
Involves a &tatlstical compar\son of the actual lm11&e with that produced by• or calculated .. : ·, ; . ,; ,_ ., , ,. \"", . ,_. ,. · ' . ,. . . . . , •. 
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effect is still smaller; and (3) the dfect of aberrations is th 'd 11 . . - 'on e contrary 
very rapi at a rntermediate frequencies.* ' 

There are, of course, other. methods of quality rating Som • 1 d. t 1· • . • e 1nvo ve 
nee app icat10n of information theory and it is not inte d d -t a 

th· b. f d. ' n e O exhaust 
_ is su 1ect o 1scussion, It is expected that the foregoi k • 
th t h h · · · ng ma es it clear 

a t e.c 01ce of a suitable method depends 1·n the f. I l • . . , ma ana ys1s u 
t~e apphcat10ns considered, provided the requirements of such ' 1.pon 
ho s t·t t· I app 1ca­n are quan 1 a 1ve y expressed in the terms of the method f f I · 0 requency 
ana ys1s. The usefulness of this concept is further illust t d b 
sampling theorem. ra e Y the 

The sampling theorem~ The analogies between electrical and optical 
systems began to be considered seriously about 1950 follow· th f Ch h · · • Ing e work 
o eat am and Kohlenberg 2 7 and others. t Such analogies ra1· se a - - b f • . · num er 
0 questions relative to random functions in linear systems the fi"lt · f t · f . , - enng 
~ . rans1ents_ rom noise, and even the definition of noise, Their solution 
1s important in the case of optical systems performing scanning operat· 
such . h 1 . ions 

. as ptn o e s~anmng'. electronic imagery, photography of moving 
objects, photographic restitution, television, and x~ray diffraction b 
photography. Y 

F . 1 . ~r a_ s1mp e treatment.' it is convenient again to describe the object 
an~ its image as successions of repetitive periodic functions (cycles) or 
"lines" of fin~te spacing P. Thus, the object function is defined by a 
set of frequencies such as R. lines/mm. ,., 1/P, as above. The sampling 
theorem states that such a function /(x) containing no frequencies higher 
tha~ the upper ba~d-pass R can be completely determined by giving its 
0rdmat_es at a series of NP points spaced 1/2 R mm. apart, the series 
exte~dtn~ thro~gh~ut the entire space domain. The mathematical demon­
st~ahon ts ~u1te involved and is not relevant here. In practice if the 
ob1ect function f(x) exists over a length L the total b f

1 

• t . . , num er o pom s 
required ts 2 r + 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 th~ sampling theorem are a fascinating subject, but can be 
treated only with_ the help of higher mathematics. One corollary, however, 
~an n~w be readily understood by the experimenter. It concerns the rela­
hons~ips. _ between optical image resolution and the finite size of any 
practical instrument. 

•A l - ' 
drawing "2 ~~:lgraphhlcal evaluation of//he optical filter tran• mia • ion factor Tr consists in 

ea w o • e center• ue A p apart and h adH 
Airy diaka at the reeoluUon llmlt or the •• of abo w o• e r are both equal to that of 
lapping areas of the· 

2 
cu 

1 0
-b• 

1 
\/ve equatlon•• Tr l • meaaurod !,y tho oveP. 

C ··~ V ou~1r. when I\ p = 2a1 Tr= o. 

t-see ~ e ·· · ' "'•. · · ·._ : ··· · ·. · · · ' 
Bvailable ~o: <J~::• infor Juetlfifcatlon of thl• poaltlon. The varloua mathematlcal method• 

v 8 wave_ ronta of dlstur!>ance propag u in I u · 
vacuum were recently summarize~ by Jardetzky.28 .. ,· a_ ~n e •• c. medl" and In. 
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;The re~olution is expressed by EQUATION 13. This can be transforme,;l 

Jnt~ the following: -
I 

(18) 

~r the ratio of the ultimate- detail size over the wave length. The quantity 
Ra thus appears as the ultimate limit of resolution in lines per millimeter, 

and the corresponding sampling interval becomes 

l/2R
8 

=>...Fi}. =>../(n. sin a) (19) 

while the ultimate degrees of freedom remain unchanged, being defined by 
the diameter of the field 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 details 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 rr/P = 0. 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 inform~ 
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 

the electronic methods. 
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 the most general case, only the pulse peaks can be 
determined exactly,wbile the shape is indefinite unless harmonic analysis 

permits its subsequent· iec'onstruction. ·· -- . - -
' C In the case: of isolated transients it 'is usually possible· to determine 

_::{:/.:only "the pea}{~ in the prese11ce of nois~; The maximum efficiency of the. ·:~r. process is attained when the object is ~canned with a pulse of the same .' · ;;Jj:]]t";{''e lat'.e' ;s kno7"; Tt resul'.;_• alou,st ;ntu;Uve, • · •. 

.. : -.. .,~ '· .... •, . 1 · 
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In the case' of a raridom~signal freque~cy spectrum there is extensive 

overlapping with the uncorrelated noise spectrum. The problem thus is of 

a statistical nature, and one can only attempt to perfect the performance, 

This is achieved by minimizing the average statistical error En 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. 21 
a,b 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 0 around a reference sphere be a minimum.* The 

reference sphere is such that the E
0 

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 samplil\g 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. L infoot remarks 25 

that the number N 'of sampling points a~ailable 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
55 

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. 29 - 31 

Del in it ion of optical noise. The practical utilization of the sampling 

theorem requires a knowledge of the physical 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 g1.ven instrument is put, such 

as diffused light, glare, flares, haze, polarization of various kinds atmos­

pheric turbulence, photographic grain, photo detectors, shot and' ther~al 

noises, some characteristics of human vision, and its· own aberrations. 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. n~ise the co~bined effect of all the 

aberrations of the system alone, including. (he spherical and those due to 

chromatism, astigmatism, ~'barrel" aberration, and co!lla, · . · ·. · . 

.,. 
', 

·,.: .. :,·: ·,::·.:.:.: 

I 

·:-·'. ·.,-1. 
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,, ,~ On~: obstacle t~ th~ co~plete assimHation of an optical instrument to 

'. ,- · ··an eiectronic 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 al ways represent 

positive 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. 
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 rec·overed from the noise originat­

ing in the subject-instrument moiety of the system. Beyond suc:h lower 

dimension limits, the scientiflc _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 thenry . . 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 1n a few simplified circumstances, perhaps on account 

of the abstract character of the theories mentioned. The formal theory of 

information, which was originated by Frech et t and developed by Wiener ,60 

by Sharinon and Weaver, 33 by Quastler, 35 by Brillouin, 36 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-

' lion 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 in'forma­

. ·uon. 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 performa~ce of- the instruments used in making 

•1n· 8dditi~ lo these difflC:ulUeS. ·th~re· eltlat~ a regrettable confusion of nomenclature~ 

_Fo~ ~stance. the term uwhi~e nolae" has widely· different connotations in electronics .and 

~: ·• In Optics.· depe~dlng on ·whether one considers spatial or temporal frequencies. This point 

'.,_··).;. "ba~ been c;Uacusaed by Sh!inno ... and Weaver. 33 _. .' .. · . _ · '•. · 

:,: .. ;-<'' .r. h'he ~~nc:~t of "dia:~~o' ,.:.;,~ti.;~:.:~~-~~ 111 akin to that of spatial frequency, was 

·; ;,·/':·': introduc·ed by Frechet in 19061 'a considerable Ume before the communication theory was in , i]Ii1iI}:iI~, ·~ ~·:u:i ... z~-~·· ... ·. . . . .... , , ... , . > . , 

.. ..'~ -~: . , . ~- -~- ., ' ... 
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. dthe _observations. One may eve!l ~ue~tion whet~er this total acq . ·t· . 

esuable at present.* . . . . ·. : _. · uisi ton 1s 

The last factor may· be termed the ~ommun~cable informaU . 

the operating system. or, in brief, the c~pacity of the c:n co~tent_ of 

system. Thus this (actor, like information ·and e t h mmuni_cation 

character, and the study of optic~} communicat~ ropy, as a statistical 

· h ion systems takes 

un.tque c aracter for, to paraphrase Sir J J Th 38 ( on a 

of the problem of the transfer of ener~ t~ ohmson 1925), a solution 

brings a solutio_n of the problem of the natur:o:; li;:t:ce at the same time 

One of the simpler optical instruments has an aperture of S 

ersed by a flux of radiations ·of wave len th . . area trav-

energy E (ergs/sec:./sq. cm.). The theory gind~a;ea:r~~:~ ;h:uanti~y of 

amount of information Q that can be transferred . . maximum 

object detail) through the aperture is from a single source (or 

Q = k. 4 S/A 2 
(20) 

k. Holtzman constant (1 38 _ lo-16 · g/d . 
• er egree) 0 is propo t· 1 t h 

aperture area s d' · d d b • - r 10na o t e 

. . . 1v1 e y one quarter of the square of the w 1 

and is finite for each wave, but is usually k 1 a~e ength 

t·t . nown on Y as a relative quan 

I y or a ratio. Expressing Sin terms of the a rt d' -

w·th pe ure ra ius and comparing 

I EQUATIONS Ba and 9a, it is clear that the c . . . 

tively related to the I number of th . t ~pac1ty Q JS quantita­

N A and the f t h e ins rument and tts numerical aperture 

• re ore, o t e resolution li ·t d t h 
(both in lines · • . mi an ° t e sampling frequency 

. f at· per_mllhmeter). This quantity is the sum of all the kinds of 

in onn ion cont a1ned in the o t t . 1 
tion fed t th . u pu s1gna • It contains the useful informa-

· .. , 
. .. •pendent radiations of different wave lengths can be transmitted, each one 

j· ·>carry·· ing its own message(the situation may be different with astronomical 

. _,• .· ·.·· . observations, according to Duffieux 
29

" 3 
1
). The only problem is that of . 

, ···discriminating the various radiations at the output, both in amplitude and 

phase, if possible: This is the problem of fine resolution spectrophcitom-

1: 

... etry. The simple considerations advanced above point to a possible way 

of "improving ordinary, broad-band colorimetric measurements to the point 

of giving these routine measurements a high degree of precision, an 

absolute significance, and a satisfactory reproducibility, irrespective of 

instrumental divagations and deterioration of the apparatus from one 

j laboratory to the next. It is always desirable to characterize instrumentally 

obtained data in terms that translate the physical interactions involved in 

f the measurements, including a description of the biological or chemical 

I
. systems studied. 

At present, colorimetric performance is routinely evaluated in terms of 

the chemical re.actions only, ancl interlaboratory discrepancies are ad-

l_ justed by modifying the methods rather than by introducing corrective 

f terrrs in the response of the instrument. An evaluation of the "residual 

f cut-off energy" 39 is not sufficient for this purpose. While this quantity 

.I

-.~. incorporates the molecular spectral 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, Ir, defined by the empirical relation 

In A= 100/Cx, A (21) 

o e input and the channel noise Th . . 

the theory to optical h 1 d . • us, it is natural to extend · where Cx is ·a concentration of substance analyzed (in grams, per cent, 

. c anne s esp1te very g e t d'ff 1 . 

out by Cheatham. 38 · ' r a 
1 icu hes, as pointed moles, for example) capable of producing, at each band width of central 

A survey of the contribution of infor ~-- · . · wave lengtl; ,\, an instrumental response. representing an arbitrary level 

developments beyond the scope of th· ma JOn t?eory to optics requires above the bac)<ground (sum of chemical blank value plus total noise). A 

predicts a number of me d is presentation. However, the theory . similar· factor-'is employ·ed in flame photometry to define the minimum line 

a . ans an ways of filtering the noise althou h the 

ctual physical realization encounters difficulties th t ' .b g _ intensity. of the' elemepts. attainable with each apparatus. For this latter 

solved by the methods of electronic e . . a cannot e entirely · application,-· :~here· the background is ~lways very high, x is usually lim-

noting that such pred· ·t· . ngineenng. Furthermore, it is worth 'ited ·to 0.5 per. _cent. ln._colorimetry· x is .preferably a small integer in the 

1c ions can be made mo d"l b . 

the theory than on the basis f ·t ff' . re rea 1 y Y inference from · ba'.c)<ground·, .. The·: next logii;al: step: ·is the evaluation of a "functional 

. . . 
0 1 s a umahve postulates. · ·· 

One stnkmg aspect of the theory is that no Ii ·t . . . · residual cut-off. energy/' :'which ihus fully 'characterizes an instrumental 

of radiation beams that can be ef · -· mi. is set upon the number . analytical- .scheme., This. problem is 0 pr~sently under investigation in the ·. 

the example considered Th · · ficiently .transmitted by the aperture in . writer11t.laboratory with ~ vi~w .t~ developing general methods of biochem-. · '. 

, • · ~s,. ~pparen~ly'. ~n unlimited number of inde- _,; - ; ical analysi13 with complete aut~m:iition:of the equipment,"0 " 42 ,, . 

•Schroedinger 16 a1,.;~dy ~"" ;~,,.;~i.:ci th i ' · ·. . · · · ·. · .• \_·:i:\;~, The-. analogie~ between ,opti~al ··and electrical thernial noises_ are more 

meaningtul observation• to de • c;u,.; ,_- i,; t i lhe_ mere attempt to aecure tbe mlnlmum of .0,·_,_:_:_(_-_;_:_·-~- ;t_h-_an . ., __ · uperf· i~iaL '·A· ·ccord1·n·· g·, to ,:sm' :_.1th·,~ .. ,3.-. th·e· ·noi~e _volta:ge· Vn2 , generated 

formance that it wou14 n,; lotia:or bi, 'wba: It " .. lvlng object 1'\f'Ould • o lsmper with lta pep, . "' 

sense. must e&cepe u• ln l:,iology. ·, : . ~--· ;
0 ""!11

• h":"~" predictllblllty. ln a c\uuaJlaUc )t): }'Witfii~ '~ J~near ;_~l~c~c:Snic amplifier ,Cari be expressed by. illl equivalent ', . , , 

""-~c·,;,•.,.,.ilfd.,.&iiii)~::~i~}~!t;,at ~oi~ t~~_t[ttr: .. ~,;:_._~t.· .. :du~e~ in_ an inpuLr~~istanc~ ~~ ~: :. 
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m series with the input load resistan_ce R, at the same absolute tempera · ~ · ; d~pth ·of a scratch o_n_ a crystal surface to better than ,\/1000, but it is 

ture T. Thus, the total output noise root mean square voltage is: • J .u_'n · possible to. measure simul.taneo~sly the widt~ and _the Cartesian coordi-

nates in the field. Interferometric methods mvolvmg the use of three 

V; = 4 kT (R, + rn) .G2 .di (22) · diffraction slits in coherent light 4 5 raise the_ practical Hmit to about . 

. · · · ·. · · ,\/10,000. In general, it is possible to establish paired quantities that 

~here G is the open-loop voltage gain (provided the output is not rectified I appear to be mutually exclusive or that can be treated like canonically 

10 th
e case of an AC amplifier), and di is the input band width (k is th~ _ related variables regardless of the observation scale. Other examples of. 

Bolt~man. constant). One may replace di by its optical equivalent R such combinations were mentioned in the chapter on performance criteria. 

(spatta_l linear frequency band width) in E QU AT 10 N 13. Introducing thi; These observations lead to a principle of optical indeterminacy t formu-

value 10 
EQUATION 20 shows that the quantity of information () lated by Ingelstam46 which comes into play every time one reaches a 

tained in th e optical noise is the equivalent of narrowing the eff:c:;:~ resolution limit whose existence is due to the finite values of both the 

entr~ncen aperture of the instrument; that is, the optical noise occupies a radiation wave lengths and the instrumental apertwe. 

portion .:>n of the total aperture S, whose perturbing influence measured b A few more examples illustrate the power of the simplified theory to 

th
~ fa~to~ 

4 Sn/A 
2 

depends upon the wave length of the radiations utilizeJ. predict how to resolve weak signals out of a large random channel noise, 

It is difficult_ to conceive the construcfion of an optical filter that would using phase-shift methods resembling those employed in electronics. Such 

perform functions similar to those of the step-up input transformer of a methods include, notably, the various phase-contrast techniques reviewed 

electronic amplifier.* The performance is improved, however, when th: by Francon. 47 For a comprehensive survey it is necessary to adopt at 

f~ctor Sn can be related to a noise of wave length longer than that of the I least one definition of coherence. Self-luminous objects, or objects illumi-

stg_nal,. as evide~t from EQUATION 20. Methods of noise filtration by 4 nated by a large source, although not strictly equivalent, are examples of 

re-ui:iagi~g at a different wave length, discussed by Buerger, 44 are direct i incoherent s~stems. In both cases the intensities add up linearly on the 

apphcatwns ~f this relation. In the field of microscopy, the idea is to 1·. wave front. Such systems act as two-dimensional low-pass spatial-

have 
th

e ~ontnbuti~~ to the background of a wave length A,, different from frequency filters whose output does not include the phase information 

th
at forming th e diftraction image A;, In the second step, one inverts the i present at the input, On the contrary, in coherent systems all the energy 

role of 
th e two radiation beams, If F 0 is the focal length of the objective _. originates from a single, punctual, monochromatic source. According to 

an~ Fe 
th

at of th e eyepiece, the final magnification M is given by the 1· Zemicke definition, 14 coherence is a quantitative term o varying from 

ratio M = (F,,/Fo) • (,\,,/>..,). 
Oto +1. The concept of coherence has been rather slowly accepted, prob-

The th eory does not specify the kind of information that can be trans- ably because it is not evident per se to the naked eye, and almost all 

ferred by a beam ~f r_adiations. Similarly, it does not set any limit upon I · radiation detectcirs are sensitive only to sums of intensities and not to 

th
e number of radiation pencils from independent sources that can be phase differences. The calculation of the entire image distribution is 

trans~tted by an aperture of finite size. The foregoing discussion of the , somewhat more complex ~ith coherent radiation but, again, the complete 

sca~mng problem indicates that at the resolution limit one can get the development is not required for an understanding of the principal conclu-

maxi_m_u~ accuracy on one kind of information (spacing) at the cost of sions, An important property of such svstems is that the coherence factor 

sacrificing all the other kinds (such as width and depth of the details) remains con"stant throughout between the object points of an image or on 

the total remaining h ed I d ed b ' an · entire wave front surface. For instance,· it is constan_ t in an entire 

. unc ang • n e , y properly screening an aperture, 

the ultimate resolution is fru greater than that calculated by the Abbe Yo~ng's fringe pattern, One demonstrates, further, that systems obeying 

form~la, but the energy distribution in the region adjacent to a single - 'this· condition are' necessarily linear ~ith regard to both phase and radia-. 

detail be~omes indefinite and the lodtion of the detail is lost. One can · tipn amplitu~e; but ni>nlinea"r ~ith regard to inte~sities, : ._·. _ ·' 

lhus be rnform~d of. the presence of very small details without being ".It: is dear 'that the filtration· problell}s are_ more easily solved when 

able_ to ~scerta1n theu exact- location in· the field of view. By means of : simple•nieansof amplit~de 11100,ulation ·can b~ ·found to s~parate the high-_ 

mulhple-tnterference techniques~ for "instance, one can determine the .'"· and ~qw~frequency_:components .ofa •signal from the low-(requency •. noise .. · 

•Reterrin11 to EQi:,ATION· 2 ~ l( ~t' ,.• :!- ·· '. · f · ' · · ·. .•· · '· . : , ,: ?.<"t1~ :l~~-11~n~r~i~~~ fo~,:~eiae:be;g;s ~~~ation cont~~s two ~u~h •c..,;o~l~~;Y· relat~d 

is to ch811i1e the Input load e · 1 } · !ii R .'"P-1-lP ~-~orm,:,r.of turn ration i• ued; 1ta effect· ·, c "'c>r~dable-. •8 Many fail to note that the prlnciple applies to pny periodic phenomenon et MY 

~, ..... ""'•=•• ., lli• ,.:~ ,:, -::: .:;::~: ~;•~ ::r.:::~:::::~'• .... ·:~"" ... • c..Jlif i?Ji~~?·:~ '.''.::-'. ·t·' ~t~· '.' d"d'~-~·'.'" '."'"'.; •• ~~- •~• 
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spectrum. For i~stan·c~: o~~ may use ,the si~ple demonstration device 
described above ·(page 162) 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 

. . ., ". . 

j .· :.· :- ·f~~c), · disturb the central parts of the_ i~age. '.11ethods ot counteracting .. 

I ,'' -.' the"se distanf effects are now referred to as apodization. 

· collimator is next used to reime.ge the aperture upon the plane of view 
but a small dark spot or a small absorbing filter is placed at the conjugat; 

I 
\'·., • Such optical techniques or methods of- amplitude contrast are derived 

.... directly from the original attempts t. o effec_t su_ch filtration by Po~ter
5 1

. in. 
. 1906 immediately following the· generalization of the Abbe diffraction 
. '. theory of microscope image formation. A discussion of the phase var_iation 

· focus of the first half 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. 49 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 definitely superior from the point of view of the informa­
tion content of the image. 

Optical .imaging of known periodic objects was considered 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 filter~ 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, 49 although the opportunity to 
investigate this point seriously has been lacking. 

. The reverse problem is that of reducing the disturbance of the principal 
diffraction 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, ~nd is therefore nearly impossible to 
filter out, as observed by Venot. 50;The problem consists iri reducing the. 
effec! of distant aberration (f~r arigles larger than 10°). With such angulai, 
incidence, ,the edges pf tht? enhance ape~11re introduce diffraction, fririges<, . 
some of which, of sufficient· oide~ (soinetim~s even .the thirtieth Js:'~uec.;,\)'\f . . . .. . . ·· , · . . ·_ ... :-\:,Ci:rt~ 

· problems is too involved for consideration here. Still more ~o~phcated 
cases arise in practice, when radiation detectors, their amphf1ers when 
used, and the sources of electric power employed, contribute to the total 
optical noise. The total average combined noise voltage e0 includes the 
the quantity given in EQUATION 22 plus the factor e., = 2 e/R

2 
dl, repre­

senting the amplified noise generated in all other parts of the system by 
a mechanism different from thermal emission. The corresponding power 
supply regulation problems were. previously discussed 5 2 and some solu­
tions of particular problems in the .field of electrophoresis analysi~ were 
offered. 5 3 When extreme accuracy ~nd stability are required, as for auto­
mation application, 4 o- 4 2 a modified approach is necessary, and the com­
bination of the optimized optical system plus the amplifier and recorder 
must be tre<Jted as a damped resonant system whose analysis is, again, 
beyond the scope of this discussion.· 

Conclusions 

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 
limits defined by a generalized interaction principle. The development of 
the theory leads to an evaluation of the performance of optical systems by 
a rather simple method of frequency analysis. This method is easily 
accessible to ex'perimentation and measurement. The theory predicts that 
selective frequency filtratio_n ·methods should improve the performance in 

specific applications: · · , . 
: The sampli~g theorem was considered for its pradical value. The form 

· of this theorem used in optics is similar to that of the communication 
theory; '.N '.;_, '2 RT, where T (sec.}r~pfaces t_he length L. In both cases. 

. only a finit:e·, numbei of parameters is sufficient to fully chara.cterize any 
\ ®Y ·· .. expe~imental curve' ~ade·. uf of_ simple, harmonic constituents,_ even · 

·~·? .': -ith~Ugh ::th~· cµfv~· ma·y ~pp~~:to ·f?t?. ~OtltinuO~s. "T~is_ ob_se~ation,· 1~ _ w.as .• 
>.:{,se~n;greatly __ facilitateii"exp~,r!inept,_atiqn:{, ·.: ... · ... ::: ,: \ ·•· ' .. · .•·· •: ,,,..._ ; .::· , •... ''. 
. ·+\{_;i, t,.n .interpre_t;tiop ·ofioptkal phenom_e~a-from the standpoint of the com-.·, 
1}\;:\'..:mAAii::ati9n·,th~ory yi~ld.fiittei-~sti~g<}esults. 1t· was pointed out that the .·.· 

~Ji·{~~~teJ(1;;~:;o(t~al9pqcill.n9~se, ~~ tQ.'re.duce t~e effective aperture S by a'./ 
,"'!!t:i':·. J,c~o( 4f;;./ A~; ~in'?~ the.~ i::ont~~-~ ·flll ,expfess1on. of the _cut-off frequen~ . : : 

~\~J1;}~\~~J~l}It'~.:!~){~t~_.~: ~. ·>~~-\:·.·.it•J· ·- .. , ;~:) ·:· '-~~/- _ .. ,. . -. . .,·· . - . 
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R of the optical~filter system, it is possible to express the result of 

EQUATION 22) in terms of bits per miUimeter or any othe.r unit related to 

the area S. One thus arrives at a relation similar to the Shannon theorem 

for the maximum rate 111 1 of transmission of a continuous message in a 

noisy channel: M, = R . log 2 (signal information + noise information per 

noise information), except that spatial frequencies are now involved. 

Further development of the theory similarly wou Id conduct to the expres­

sion of 111 1 in terms of calories per line (page 176), thus directly linking 

the quantity of information received by the observer to Schroedinger's 

negentropy 16 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 biological object, so that complete predictability must 

escape us. 54 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, 55 von Helmholtz, 5 6 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, physiologically, and 

chemically. Indeed, Hill 5 7 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, 5 8 Prigogine. 511 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 lmow}ed&e of thln11e referrln11 lo thelt material content, which uppears 

to be the most convincing. lat p1•eclfiely that which lnducea the gravest doubt when it ls 

incorporated into a tentative total aynthe::sis'!' The remaining elements of knowledge are 

incorpoh,ted into the philosophlc"1 concq,t of • hepe or atructuro (Gestalt), which h mo•I 

vividly explained by Schroedinger.16 · ..... ·,; ;· ; ; ·:. ·. · . . 

1
. ~: ; :::;'~his new philosophy predicts that a generalized princ. ip .. le of interacti~n 

>•· .. ·applied to optical observations and measurements should prove more.fruit­

.;' : :· · ful than the simple interpretation of the classic experimental m~thod and 

I 
.• . its rigid Cartesian philosophy. If so, it may be that the greatest c;ontribu-

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

. subject entanglement in order to gain_ a deeper insi~ht as to the probab~e 

nature of the object, and of the sub1ect as well, tn the· case of certain 

I surprising psychological experiments. Thus, when measurements are 

; carried out to the limits of resolution at which statistical indeterminacy 

f enters into play, causality yields to probability, and th~ results are true 

I, intellectual concepts whose scope is no longer limite9 within the confines 

/ of a strict causality. The usefulness of the new concepts is ascertained 

I when they satisfy the last criterion of a scientific theory . instead of a 

i metaphysics; they remain statistically provable, to an approximation 

l. defined by a properly scaled indeterminacy principle, by the procedures of 

(. the causalist experimental methods. 
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