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. ABSTRACT

.'The_optical performance of'three.stereonicroscopes commonly
used for photointerpretation«is describedAin_terms of‘magnification,
'fieid of view, and Square WayeAResponse‘(SqWR); -For a ‘given field size,

'theASquareiWavehResponse can be used to compare,the*amount"of infor-
Amation~in:the'image of7eaCh miCroscope.' The Square -Wave Response

was determined by scanning ‘a square wave test target at four fleld p051—

“tions for each of four field 51zes (correspondlng to magnifications
f.6 12, 25 and SOX) The measured.Square~Wave Response was used to -
evaluate the relatlve ability of each microscope to perform two ‘typical

A phot01nterpretat10n tasks (1) scanning or'searching for-a target

and (2) detailed viewing of~a target For these tasks the W11d M-5

stereomlcroscope was’ found to be somewhat superior to the Bausch and

. Lomb 240 . stereomicroscope and both were found to: be better than the
Olympus Sz III stereomlcroscope i The Square Wave Response curves

- are- 1nc1uded and can be used to compare the stereomicroscopes for their

phot01nterpretat10n tasks



" CHAPTER I
INTRODUCTION

AMany'types of microsCopes-are‘used byfphotointerpreters‘as an
aid’in vieming aeriai‘reconnaissahce»imageryti Ofteniit is necessary to
compare these microscopes and,eualuate“their_usefulness in a particular

‘photoihterpretation situatioh} :in some~cases'the microscopeicharacter—
ilSthS of 1nterest can not be directly measured and related quantlties
:must be measured and properly 1nterpreted in order to obtain. the desired-
information. Foriexample, 0perator fatigue caused hy_looklng through

a microscope is difflcult to measure dlrectly : HoweVer, quantities

_such as. the film-to eyep01nt dlstance, eyepiece 1nc11nat10n and eye

rellef can be measured and may help indicate- the expected operator fatlgue.
‘In a 51m11ar way d1rect ‘measurement of the optlcal properties of a

microscope can be used to express such characteristics as the‘quality'

. " . .of the image ‘and the amount of information transmitted by the microscope.

'The'optical system. of a‘microscope used in photointerpretation
Ais uSually described injterms of its'magnification,‘field'of uiew and
_ resolution. Each of these is.measurable ahd‘iﬁfiuences‘the photointer-
A’-preter's impression ofiimage quaiity and information trahsfer. ‘The res-fl
‘olution gives an idea of‘the finest'detail~(orimaximum information

density):that can be imaged through the microscopei"When the field of



' view is also stated, we have an indication ofrthe maximun amount of
infornation fhat may'be contained in the microscope image. The maénifim .
‘cation. of the microscope determines how well theheye oansreceive>the |
image.x That is, the finest detail resolved by the microscope mnst be
magnified sufficiently to.be’resolved byithe eye.‘
Unfortunately, this descrlptlon of a mlcroscope'ls unnecessarlly

restrlctlve, since it refers only to the ablllty of the mlcroscope '
- to resolve Very fine detail. It does not leGCFly indlcate how.well the -
: microscope can image a generaljobjeor distrihufion; The descrlptlon
‘takes on’ substantlally more meanlng if we characterlze the mlcroscope
by'the'modulatlon transfer:functlon (MTF), or sine wave response-(SWR),
rather than resolving power. Indgoing to the,more complete description,
thejeonvenienoe_of charaoterizing the microscope by a-single numher
ds_lost,-_Hoﬁever, the gain_dn.information is weii worth_the'additional
~complexity.

- In this paper the optlcal propertles of three mlcroscopes
commonly used 1n phot01nterpretatlon are compared The comparison is
based on magnlflcatlon field of view and the square wave response (SqWR),
a relatlve of the sine wave response AIn»Chapter 2 the:meanlng of
: andlrelatlonshlp between SWR and SqWR is disonssed, and:ﬁhevreohnique
used to measure SqWRvis described. A deScription of the'mitroscopes
.is given.infChapter_gﬂ ‘Chanfer,4 isvconcernedYWith the equipment and
techniques used to méasurelthe:SqWR, andlin:Chapter 5 the resulfing
SqWR curves are presented. InfChapter 6 -the curves. are interprefed, andh-

" the microscopes are compared.



. CHAPTER 2

. SINE WAVE AND SQUARE WAVE RESPONSE FUNCTIONS

Sine'Wave’Response

Pourier analysis permits]the.expression of aniarbitraryp.
3irra&iance distributionvas'aviinearvcombination'of Sinusoidal Cem—
ponents of approprlate phase and amplltude If the. irrediance dis—
A,rtrlbutlon of an 1ncoherent1y 111um1nated obJect 1s expressed in thls )
b,fashlon -then each 51nu501dal component is transmltted»through arq
jllnear optlcal system unaltered in frequency, although the phase of -
_eadh component may be' shifted and its. amplltude reduced.

The. optlcal transfer functlon (OTF) of an 1ncoherent optlcal

7 system relates the spatlal frequency spectrum O(s), of the obJect '

o 1rrad1ance dlstrlbutlon to the spatlal frequency spectrum,_I(s), of

,the 1mage 1rrad1ance dlstrlbutlon and is given by (Shack.1956,'

Goodman 1968) -

=2

c‘s)'-' N

OTF (%)

: Oz

5A_In general the OTF 1s complex 51nce it descrlbes ‘how. the optical system
f alters both’ the amplltude and phase of the 51nu501da1 components The
Afmodulus of the OTF 1is Just ‘the sine wave. response of the optlcal system_

;and thus

1 W
I o c



,_The>SWR contalns no;lnformationrabout the phase of the'sinusoldal;
7 components- | | | | |
" The value of II(s)l or IO(s)l at a partlcular spatlal frequency
{,1s equal to the modulatlon of the s1nu501da1 1rrad1ance component of
ithat]frequency. The modulatlon,'M;_lsldeflned in the usual way,as o
B
Where I : and 1 ;;are:themanlmumand mlnimUmiyaluesiof.the;irradfancei3
- of the\s1nu501da1.comnonent.51Thus;rfor a'particularhslnusoidal—component'j
f-vthe SWR is numerlcally equal to the fractlonal reductlonrof modulatlon -
'fwhen that component is transferred from the obJect planevto the 1mage
plmw.:l“ . | '
| | One- method for~ determlnlng the SWR of an’ optlcal systemr1sAA
‘to measure the reduct1on of modulatlon for varlous 51nu501da1 1rrad1ance )
components as they passlthrough the.system Th1s can be done by
-plac1ng 51nuso1dal test targets of. known modulatlon 1n the object planernzl'
rof the optlcal system and then scann1ng the s1nusordal 1mage dlstrlbu-.;‘7
E tlons with . a plnhole to f1nd the max1mum and. minimum values of 1rrad1ance'
:(Department of Defense 1962 P 26 12) - The modulat1on of the 1mage
is then calculated from Equatlon (2), and the reduct1on of modulatlon

is. calculated from Equatlon (1)

Square Wave Response .

Because 1t 1s qulte dlfflcult to fabrlcate hlgh quallty, hlgh—-

_ resolutlon 31nu501da1 test targets (Department of Defense 1962 p 26 l7),f



' square wave test targets whichrare much‘easier:to‘makej:are,often'3
used : The modulatlon of the square wave 1rrad1ance d1str1but1on rlike f_,‘e
: the modulat1on of a 51ne wave. d15tr1but1on,rls deflned by Equatlon (2)
If a square waye 1rrad1ance d1strrbut10n of frequency s and modulatlon"f'
IO (s)] 15 placed in the object plane of an optlcal system,_and 1f

the modulatlon of the 1mage 1rrad1ance d15tr1but1on is denoted by

'[ (s)l thenvthe square wave response of the opt1cal system is def1ned@;
f.to»be | | | ”

SqWR = | Sq(5)|
' IO q(S)I

G |
Although there is a str1k1ng s1m11arrty between Equatlons (1) -
- and.(S) there exist fundamental dlfferences in the mean1ng that can be f;
:g1Ven to each express1on.» Equatlon (l) descrrbes the reductlon of |
: modulatlon of the 51nu501da1 1rrad1ance components that are transferred~}'
. from an obJect plane to an 1mage plane by an opt1ca1 system Equatlon (3)
Vdescr1bes a s1m11ar reductlon of modulatlon when the object is expressed
‘. as a comblnation,of-square wave 1rrad1ance components.- However,hSquared?t
,waves, unlikefsine wayes"are”not‘lnvariant'in'passing through:anlv |
"opt1cal system,.the 1mage of a square wave object is not a square wave,'
1:even though 1t normally has the same fundamental frequency as . the obJect ;
The consequence of the nonlnvarlance of square waves. is that Equat1on
(3) cannot be used to predlct the 1mage dlstrlbutlon for an arbltrary
obJect dlstrlbutlon that is expressed as. a comblnatlon of square waves
'If such a pred1c1t10n 1s requlred we. must ‘use: the sine wave. relatlonsh1p~

2:7‘of Equatlon (l)



Since the SqWR ie eéeier tOfmeasure’thah the SWR but cannot
;be used.te-prediet_imeéefdistributiehs from object distfibﬁtien;; we |
: méy waht-te Convert7e‘meaeﬁfed?SqWR,to the SWR. . Coltman:t1954)nha$
_'shoWntthat‘the’SWR,.Tts)hhefe;athepatiai.ftequency s can:be;expreesed )

in terms of the SqWR;:qu(ejvhere,=by‘

T06) = 1,00 ¢ Tsq(3) - Tsq(53)
' | 2 BORS

+qu(7s) eee ¥

7
hhwhere'the,SWRlénd SqWR-are hdw denetedfbyﬁf(s) an&wT (s), respectlvely.v
_Curves of both the SWR and the SqWR are plotted in Flgure 1 for a

' ,dlffractlon 11m1ted c1rcu1ar aperture

| In the dlffractlon 11m1ted case of Flgure 1, the SqWR is at

:leeast(as great-as the SWR for all spatlal frequen01es, but when

‘_'aberrations'are present_this is not necessarily truei,tUsing:Equatioh:

‘(45 we eeh.calcuiate.the SWRlin differeht:spatiél frequeﬁcy:regiensv

and. compare the SqWR with the SWR (Scott;.Scott>and;Shack'1963).

Regionl 7 B t» B | SWR
A: (S > “max) - - 0 T gy
R - 775
B (Cmax <8< “max) T (s) + & |
R 73 qu(s) * 5 Ts (353
c: (Smé£f<s< Sﬁﬁ#)’ S A ( ) + (3 ) - 55T, q (5%
7 5 4 S 12 sq ; >

- In region A .the SgWR is»aiwaysvgreatef,than the SWR, and in region.B.

© the SqUR is greater if T (35) < 0.82 T, (s). If the SqUR is greater -
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.
.fthan the SWR in. region B, it.must also be greater.In region-C ; Theree
'.,fore, for -an aberrated opt1ca1 system the SqWR is greater ‘than the SWR.I:'
i over 85 percent of the spat1a1 frequency range (reglons A B and C) .
yfor the‘cond;tloneT (35) < 0 82" T dgsjé« Thlspls-the:caseAforioptrcava
_systems with circular'apertures when the aberrations até notttoo severe; -
However, even 1f the above condltlon is: not. met the SqWR. w111 not be
51gn1f1cant1y less than the SWR prov1ded the’ Values of T (Bs)‘and
(Ss) are suff1c1ently small (about 0. 1 or less) In all but”a few.;'
vcases, the SqWR of the mlcroscopes an” thls study satlsfles one of these' :
condltlons,qlnsurlng that. the SqWR - 1s greater than ‘the SWR.
A consequence of ‘this relatlonshlp between the SqWR and SWR

q‘1s that many optlcal systems, 1nc1ud1ng the mlcroscopes in thls study,

vcan be compared equally we11 u51ng e1ther SqWR or SWR That 1s, 1f
vsystem Ais ”better” than system B by comparlson of thelr SqWR then
vplt w111 also be ”better” by comparlson of the1r SWR. —In th1s-case,”
f"better” means hav1nc a hlgher response over a 1arger frequency range. -
| Thus, there are two- ways in- Wthh we can ascr1be meanlng to’ ,:~l
ISqWR curves. F1rst ‘we- can‘convert SqWR to SWR and, thereby, be ablevqir
to predfctiimage distributions'from object dlstrlbutlons. Secondly,r
we can use. SqWR as a basls of comparlng opt1ca1 systems : In the Te- .

malnder ‘of this paper we shall be- concerned w1th u51ng the SqWR as a

Vcomparlson tool\ o

The Measured Square Wave’ Response

~ The SqWR of the m1croscopes was measured for the same condltlons

under whlch they are used In th1s way, a d1rect comparlson of mlcroscope '



_Yperformance can:be madejwithout.having-to transforn'test COnditions
_into-operational conditions Normally.thexmicroscopes'are used on
va 11ght table where aer1a1 1magery is backllghted with dlffuse 111um1n—:>
vatlonf(for example, Figure 2 1n.Chapter 3). A fluorescent source - :
illnminateS'a piastic diffuser which,is positioned l/4~inch ton
inches (depenoiné;on the 1ight.table) behind the film beinghriewed.
'-Three'characterfstfcs:of'thishdiffnse,illumination’affect the SQWR
:meaSUrementsf (1) the broad»spectral hand-fwhite).of‘the_flnorescent

source, (2) the position of the object plane:relatire to'the'&iffuser”

“and (3)7the siie'of the illuminatedfdiffuser 'Bach of these character-vi”

1st1cs and its effect on the SqWR w111 be con31dered in Chapter 4
As dlscussed earller we. w1sh to compare 1nformat10n transfer

'and'lmage quallty 1nd1rectly by performlng a dlrect comparlson of the:
magnlflcatlon, fleld of_Vrew,;and_SqWRJof_the.mrcroscopes. If the
‘magnification: is sufficiently largs, thenn_-:.the.i'nforn'lation transfer.
fis some:functiOn'of.both>SqWR and fieid-of Vienf(butvnotwnagnifiCation)j
'Not know1ng what thls functlon 1s, we can compare 1nformat10n transfer
by comparlng the SqWR at a constant f1e1d of view.. Of course, we
-conldvalso measure the fle;d of view at a constantquWR, hut thisvis
Hafmuch more difficnit:task;'_Therefore; the.bans;of'conparing}thehv
';microscopes willzbe the'SQWR with the microscopesbadjusted to'the same

field of“view,



CHAPTER 3 -
THE MICROSCOPES -

- Three mlcroscopes have emerged as the predomlnantvones for o
.phot01nterpretatlon——the Bausch and Lomb 240 the Olympus SZ III and
the W11d M—S.A They.are,characterlzed by-relatlvelyAlow»magnlflcatlons
d(less than IOOX) “and 1ow numer1ca1 apertures (less than 0. 18) and all
 have two opt1ca1 channels whose optlcal axes.lntersect at- the obJect
bplane. Generlcally they should be called stereomlcroscopes since they
proV1de a stereo presentatlon when V1ew1ng a three dlmen31ona1 object
A However when' Vlew1ng aerlal 1magery the dlsplay is two dlmen51ona1
:and the.etereomlcroscope is functlonally -a mlcroscope Hereafter,..
».the.term~m1croecope w111 be{used tovmean stereomlcroscope;

'."Ali,three microscopesfcan hetconvertedlto stereoscopes:(actoe'
'ally m1crostereosc0pes if we need to dlstlngulsh them from the common -
i"pocket stereoscope") by attachlng rhomb01d arms-to the bottom of the
mlcroscope body or pod - With rhomb01ds, each opt1ca1 channel can be
'feethto vIew a‘different frameﬁof imagery. If thererls coverage over-
zlap between the frames, then a stereo presentatlon can be seen. “This
’:study is concerned only W1th the mlcroscoplc not the stereoscoplc,
_mode of operatlon

‘Figures 2 3 and 4 are photographs of the mlcroscopes, shown

{mounted on a typlcal phot01nterpretatlon 11ght table.. |
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Fig. 2. The Bausch $ Lomb 240 Stereomicroscope






Fig. 4.

The Wild M-5 Stereomicroscope
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EachAﬁicrOSCOPekconsists of eyepieées, éﬁxiliary objectives‘and
" a pod contaiﬁing‘the primary ébjectives.’ In . this study.IOX gyepiéceé
~ were ﬁsed exclusively.'.TheJauxiliary objectives screw into the BottOm
" of thelmicros¢ope:pod and*are-used to halve (0.5X}>or double (2X)
the magnification pxoviaed byAthe pod andrgyepieges; For ideﬁtificatioﬁ
in this study,‘a»migroscope‘at a pértiéulaf mégﬁification will be
'assigned a deéignation‘of thé forﬁ B/iZ/é. Tﬁe}"B” indicétes,the
;vBausch and Lémb microscope ("0" for Olympus; "W'" for Wild), the 12"
.indicates the maghifiéation of the pod/eyepiece combination, aﬁd nan
ihdicates the magnification‘of-thé-auxiliary objéctive. If no auxiliary
;bbjecfive ié.uSed‘fhe last desigﬁation iS»”i” sincefthis,isAéquvaleht‘
to using a zero power (IX)‘auxiliary‘objgctive. The’tbfal magnificafion
- of thebmicfosédpe is the produét of thé‘pOd/eyepiece magnifidatioﬁ and
the.aﬁxiliar&»objective,magﬁificatiqn (24X in tﬁis example). -

- In Taﬁie 15.seleétéd'chérécteristiés of‘fhe three microscopes
_are iisted in order to:idenfify‘the_type¥of”instrumentsfbeing'éompared;
‘4’Tabie I includes only thoseAeyepieces, pods, ahd_auxiliary objectives
_.used in this study énd; as such, does not:repreSQnt‘a'cémpletglspeci%
ficatibn. Most of fhe chéracteriSticé ﬁere‘ektracted'from the.manu-
factﬁrer's‘liferature,iand theifﬂaécﬁrécy was not confirmed or refuted
by this study. | |

- The optiéal‘cbnfiguratiéné‘of~the microggopes'are shown in

Figuie 5. 'The Bausch and'Lomb‘and Olympus micibscopes:appear,very
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Table I. Selected Characteristics of the Microscopes

- Catalog Number
Microscope Pod
-10X - Eyepieces
0.5X Aux. Obj.
2X.-Aux. Obj.

Magnification (with

- 10X Eyepieces)

- Pod Alone §
With '0.5X Aux. Obj.

© With 2X Aux. Obj.

. Zoom Range

" Resolution

(cycles/mm) :

Field of View

(10X Eyepieces)

Interpupillary
Separation (mm)

Working Distance tmm)
Pod Alone

© With .0.5X Aux. Obj.
With 2X Aux. Obj. -

Filmplane to Eyepoint

- Distance (mm) =

.- Pod Alone :
- With 0.5X Aux. Obj.

With 2X Aux. Obj.

B&L
240

53-70-25

' 53:70-96-220

53-70-32
Prototype .

7-30X
3.5-15X

- 14-60X
4:1

1240 at 30X

196mm =

1 60-72

102

- 153

19

309
394
267

,*Riéhards Corporation Cataloeg Number

- 166 .
36

‘ Olympus

Sz III

600033*

600036*

- 600037*

7~-40X
3.5-20X

14-80X -
©5.7:1
200 at 40X -

. © 220 mm 3
~magnification

magnification
46-74

97

283
375

238

Wild -
M-5

1000
1100
1107
1106

6, 12, 25, 50X
3, 6, 12, 25X

12, 25, 50, 100X

None

at least 250

.at 50X

210 mm + 4
magnification

 55-75

96

165

33

305
400

275
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' _simiiar; both_have completelycseparate4optical,channeis>when no -
'aux111ary ob3ect1ve is used. With an auxiliary objective 'both micro-

E scopes are cycloptlc since each of’ thelr opt1ca1 channels looks non-
:symmetrlcally through the auxiliary: obJectlve The Wild mlcroscope

. is distinctly-different’intthat it is cycloptic fot-all magnlflcatlon

Aranges—-both with and‘without itsAaoxiliafy_objectives. Sihce |

;cycioptic systems-usually have ﬁore'lateralichromatic aberration‘than
symmetrlcal systems. we can expect the Wild to have more color than

. elther the Bausch and Lomb or, Olympus mlcroscopes, other factors belng

‘equal,

Field‘of‘View '

‘The field of view of the mlcroscopes to be.compareo is limited
by a stop in the eyeplece.:_The angular fleld in image space was
. measured (for_lOX eyepieceS)gand*foohd‘to be i2$° forgthe:Bausch and
Lomb 240,&25.59 for the Olympus. SZ TIT, and +24° for the Wild M-5.
Ih object space thefangular.field»is'just one tenth;of that inAimaée
‘ space; :The field of tiew'is;the intersection of the angular field
'.withhthe object'plahe and is‘characterized by a diameter which is
‘called the fleld size in thls study As»the~magnification ihcreases,‘
_the field remains constant.l_ B | | |
At a given magnlflcatlon we would expect the Olympus mlcroscope
1»to have a sllghtly larger fleld 'sizé than e1ther the Bausch and Lomb

‘~or'W11d_m1croscopes Conversely, for a constant fleld 51ze,‘such as
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. with -these SqWR measurements, fwe would expect the Olympus mlcroscope

to have a hlgher magnlflcatlon than the other mlcroscopes Slnceé

the numerical aperture generally increases with magnlflcatlon,‘a larger’
~ aperture -in the eyepiece permits better on—arisAperformance.than would

Aotherw1se be posslble at that f1e1d size. However, the larger aperture
yields a 1arger angular f1e1d and the off—ax1s performance may be

degraded Thus, by 1ncrea51ng the aperture size in the eyepiece,. the

on-axis performance (for a constant field size) may - 1mprove but -the
-'average off—ax1s performance will. probably suffer. Slnce the angular
. flelds are’ nearly the. Same for the mlcroscopes, any performance vari-
_atlons caused by the dlfferences in angular f1e1d are probably over-
'shadowed-by the ‘effects of gross varlatlons in the numerical apertures
“and aberrations. |

7 ,‘The_microscopes were compared at-a constant field‘sizeAWhich '

. could be adJusted by varylng the magnlflcatlon Since the Wild M—S is
. the only mlcroscope w1thout contlnuously varlable magnlflcatlon a11 the‘
, m1croscopes had to be tested at the W11d's f1e1d sizes. This favors

the W11d sllghtly because it is’ worklng at supposedly opt1m1zed magnlfl-
‘>cat10ns, whlle the Bausch and’ Lomb and Olympus probably are not
optlmlzed'at those magnlflcatlons. The f;eld sizes at which the SqWR

- ‘was measured are.4.0,-8;1,‘16.8 and 34.§'mm, 4Thesercorrespond~to

magnifications‘of approximately 50, 25, 12'and 6X, respectively.

. Numerical Aperture

- The numerical apertures of the microscopes were measured using

_the principle of the‘CheshireAApertometer (Barnard and Welch 1936). 'This
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“mefhod is illustrated in Figure 6. hA‘meter stick'is~p1gced outside

of the object plane of the mieroscope, and a small apefture‘is pleced
on-axis in the objeef plane.- The.mefersetiCk,ig geometrically pfo_
jected Cas if by a pinhole camera) ihﬁolfhe'entrancelpuhil oflthe_r
A microscope- and theﬁ.imaged into the'exit pupil of the microsCope

If the exit pupll 1s v1ewed with a small magnlfler (10X eyeplece in
our case) then the dlstance BC can be determlned 1mmed1ate1y ‘Thex
'numerleal.aperture is given by | |

. S . BC
N.A. —’elne. where_tane = AC

. ' 0.
In our case 6 < 67, and -

BC

N.A, = —A—C-

‘The measufe& values.bf‘thefnumefical apefture/are-listed‘ih
4:Tab1e iI for eech:microseope/magnificafion eombinatioh.tested. It is»
-1nterest1ng to compare the numerlcal apertures ‘as the magnlflcatlon of
heaCh of the three mlcroecopes is varled from 50X to 1ts max1mum value.

‘ ~The N.A{ of the_Wild‘mleroscope increases by;23‘perceht‘for a magnlfl—
izcatien'ihcrease‘ef.loo percent (SOXh;e.IOOX),hwhile fhéf,ofithe.Bauech‘

and Lomb micrescope incfeaseshy 7‘ percent fof_ arlmagnification increase,‘ :

of 12 pereent'(SOXitb 60X). - Finally, the N;A;»ef thejOlympusAmicrochpez

'A;doee not‘increaée atkall fefra magnification:inchease,Of'62 percent |

(50X fo,SOX}. Thﬁs;_thefOlympus micfoscope suffers from empty;magnifi—r

cation, and no additional detail is resolved-in the top 45 percent of



mPinhole

Eyepiece
Objective

Object
Exit Pupil Plane

Magnifier
9 Meter Stick

BC
N.A. = Sine where tan 6 = AC

Fig. 6. Measurement of the Numerical Aperture of a Microscope
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"Table II. Measured and Calculated Characteristics of the Microécopes

' Field Size . Numerical Cutoff Frequency, Depth of Focus

~(mm) Microscopes Aperture: f (cycles/mm) - dg (mm)
34 B/12/0.5 .021 77 ~7.61
0/13/0.5 .019 71 7.16 .
W/6/1 : .022 83 - 7.97
"W/12/05 -~ .022 _ 80 7.87
17 B/12/1 2042 _ 154.. - 1.83
: B/25/0.5 - .040 - 147 - 1.93
0/13/1 043" 156 1.76
0/27/0.5 .039 144 1.66
W/6/2 1 .044 . 162 1.87
W/12/1 .- .048 175 - 1.83
-W/25/0.5 .033 “120 - 2.10 .
8 B/12/2 .093 - 339 .463
B/26/1 . .081 ' 296 S - 463
0/13/2 .086 313 .454
- 0/27/1 .078 284 .432
w/iz2/2 .090 - 328 ’ 468
W/25/1 - .066 243 N .523
W/50/0.5 .040 147 . .735
4 ; B/25/2 - .158. - 575 . - W122
C 0/27/2 - .159 - 580, .106-
w/25/2 - ,131 : 477 _ .132-
w/50/1  .083 302 _ .179
Minimum T _
3.3 - B/30/2 o .170 , 620 , ~.088
2.9 . . 0/40/2 . 159 - 580 .060

2.2 W/50/2 C 161 . 585 ’ .046

Microscope Designation -

Letter - B = Bausch & LOmb;'OL= Olympus; W = Wild
First Number - Pod/Eyepiece Magnification
- Second Number - Auxiliary Objective Magnification
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‘its zoom range (assuming an aberration free system). In the presence
of aberrations, however, the empty magnification may be masked by an

improvement in.the aberration correction.

,'Diffraction—Limited-Cut-Off,Frequency and Depth of Field

‘The Abbe treatment of microscope imaging predicts that the
diffraction-limited cut-off frequency, f;_is given by (Carpender 1969,
p.. 31)-

] AL+ (NLA)

2

A

where tﬁ.A.)L and.(N.A;)I are the angrical‘apertures of the pbje;tive
and.pondehser respectively, and A is the wavelength of_the,light; .Eor
incoherent.illumination (N.A.)L = (N.AJ)I, and

D O
~The cut-off fréquencieé were.calculatédvfof/the‘measﬁred‘values of

‘ nﬁmerical'aperfure (for;k =‘555‘nm) and are listed in Table I1.

For a miéroscopeAat a parfitular magnification, the cut-off

, fredueﬁcy is ﬁigher when using,auiiiiéry‘objectiVeé of greater magnifi-
"éation,_ For example, if the ﬁagnificatibn of a microscope'is'doubled-
by‘addiné a zxiéuxiliary objedtive,‘the N.A. and cut-off frequency also
 4doub1e.; However3 if the magnification of the:ﬁicroscope is doubled.by
‘changing the pod‘magnification,.the N;A..and cut-off frequenéy inérea;e A

by a factor less than two. Similarly,; the 0.5X auxiliary objective -
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: halves the m1croscope magnification and the’cut off frequency, but
fif the pod magnification is halved, the cut off frequency is reduced’
by a factor less than:one half. Thua, the maximum diffraction—limited
'Lcut-off frequency is Obtainedyat a given magnification by-ueing‘the
: higheet possible auxiliary objectiVeﬂmagnification..

The geometric depth of focus, d, of a microscope is'expreésed.

as (Benford 1965, p. 6)

4= A [n2 - (N.A)2)% )

(N.A.)?2

" where A is theawavelength of light, n is the index of refraction in
object space (n = 1 in this study) , and‘NfA.'is'the_numerical'aperture
of the objective. . For numerical apertures less than 0.2, [1-(N.A.)]2 = 1

' to within 2 percent, and

L If the‘microscope is~being uSed'visually, the effective depth of focus
s greater“than d because of the eye% ability to accommodate Assuming
-the eye can accommodate to 250 mm, the. effective depth of focus dE, of

~~ a microscope. w1th magnlflcation M is given by ‘

X 250 ‘ .
E- N.AH2T TR - ®

where A and d are expressed in millimeters Calculated values for
"~d are glven “in Table 11 for the magnlficatlons and. numerical apertures

used in this study



24

At high numerical apertures and.megnifications, the depth of
focus is-vervamall. “If the numerical apertufehis'increesed further,
‘the outeoff-frequency wiil_increaseflineerly,'but_the'depth of focus
will deorease quedratically. Thus,'when we"increase the N.A. of a
microscope in'o?def to"improve_its perfornance,a we must aecept a large
decrease in its depth of,field This plaees e hurden on the film‘
) flattenlng and ‘hold down technlques used on phot01nterpretat10n equip—
‘ment,. and at hlgh magnlflcatlons the 1nadequac1es in the f11m flattenlng
technlques may 11m1t the usable N. A of the mlcroscope ' However, in
~this’ study the depth of focus will not be a crlterlon of comparlson
since we are concerned w1th the performance of'the mlcroscope when
_ viewing.perfectiy,fiat imagery'iocated‘in_the object plane_of the nioro-

scope.

‘The Effects of Converging Optical Channels

‘The object plane of the mlcroscope shown in Flgure 5 is not

" normal to either opt1ca1 axis, but is tilted approx1mate1y 10, 2.50

- . and 5.50 from the geometrlc plane of best focus for the 0.5X, 1X and 2X

iaux111ary objectlves,,respectlvely. That is, the. angle between the
opticaiuaxes»is ahoutVZO, SQ.and 110, dependlng on the auxiliary objec-
tiue used; »These*angles_vary only,slightly between microscopes. -~ As
a result, thehleft and right sides of the image,vas viewed from the
:normal operatlng p051t10n are out of focus Since the. 2X’auxiiiary
'objectlve produces the largest tilt and the smallest depth of focus

- ::(see Table II), with th;s obJectlve we can expect rapid deterioration
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"-of the image quality as we moveVOff—axis to‘the'left or right. VlWith the"‘

~0.5X aux111ary objective the tilt is 1ess and the depth of focus greater,f

h.fso the off ax1s ‘positions will not be as badly out of focus Thus, at

"avglven magnlflcatlon the 1mage quallty w1th the 0.5X auxiliary: obJec— o
»Etlve should be ‘more nearly constant over. the f1eld than w1th either of
- the other auxiliary- objectlves (for an aberrat1on free system)

: The_1ntroduction.of7f1eld curvature'lnto the-aberratron free
microscope can'produce.interesting results (see Figure-7). On the
left 31de of the f1e1d (p051tlon A) the surface of best focus has
A-curved towards the obJect plane whlle on the rlght side (p051t10n B)
»1t has‘curved‘away from the object'plane. The result is -an improvement.
: in 1mage quallty at A, but a deterloratlon at B Therefore when
v1ewed through the rlght optlcal channel the right 51de of the fleld
o 1s]1nubest focus,-whlle_throughfthe left-channel, the left side is in

.Abest‘focus. 'The manner'in‘whichzthe human Visual system-superinposes
these‘two differenttlmages is of;intereSt,’but'lieS'outside the:sCOpe'
of this study | N

' Fleld curvature 1s not the only aberratlon Wthh can cause
one side of the image to be»1n'better focus than the other slde.
*,Astlgnatism could improve theifocus of image elementslin"a certain,~
orientation for one,side.whlle degrading the focus on the other side
*.of'the field t-Also;'there.are probablyinon—arfally—symmetriC'effectsv
caused by the cycloptlc aux111ary obJectlves
| 'The intention of thlS dlscu551on is not to. prov1de a complete

and detailed ana1y51s of m1croscop1c imaging from a tilted object plane. . -
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7. Possible Effect of Field Curvature on the Tilted Object Plane
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hRather, we want tohilldstrate that peculiar effects may be observed
d1n the 1mages and SqWR of. stereomlcroscopes because of the tilt. fIn:
’ partlcular, off—ax1s performance at certain f1e1d p01nts (1n the
- néighborhood o£‘p051t10n‘A) may be as good as, and_perhaps,better‘than,

on-axis performance.

Scattered Light'

Scattered light (or flare) reduces the . contrast and modulatlon
of a'microscope 1mage.‘ If the 1rrad1ance of the scattered light-is

“denoted byAS,'then_the.modulatron:of the 1mage is reduce to

max "~ ‘min - g o A‘ o ~(7)f

There are three primary sohrces of scatterihg in‘microscopes: (1)
mhltiple:reflectiens,offttheaglass‘surfaces% (2) reflections off the
~A1ens ridges:and°(3):refiections frcm'mechanical parts,'such'as-cell
‘walls. |

With dlffuse 111um1nat10n, such as from a 11ght table, the;
‘scattered 11ght can orlglnate 1nslde or out51de of the- field of view.
By}placlng an aperture in the f11msp1ane that allows only a small
_portlon of the. f1e1d to be transmitted, the modulation’ can be 1ncreased
by 0.1 modulation units over a large range of spatlal frequenc1es | .
, (Anseley and Cykowski . 1968) Howevers 1t.15>not usually‘deslrable to
S o A , '
1reduce the.field'of view, and in practice'it would be difficult to-bloch'
_the 1ight comihé from'outside the field of?view. Thus; scatteredhlight
Kls present 1n‘the images formed by the mlcroscopes, and its effects werelh

1ncluded as, they should be, in the SqWR measurements
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The average density of the imagery in the‘object plane of
“the. m1croscope 1nf1uences the -amount of light enterlng the m1croscope,
and hence,_the amount of light Wthh is scattered Wlthrlmagery of
a low average.denslty,cmore light w111:be'transm1tted'to the micro-
scope and scattered than with‘imagery;ofphigh average density,i The
average‘density depends-on the subject matter of the.imagery, as
well as on. its'contrast . - .

Slmllarly, when measurlng the SqWR the amount of scattered
A11ght in the 1mage of the test target depends on the average dens1ty of .
'the]test target -and its position,androrlentatron in the object plane.
" This is‘unfortunate‘since we Would 1ike~theAamount onSCattered light
to be independent of the test target position and orientation in the
field However, the'variations in scattering‘were notﬂsignificant'at
the field slzes used in thlS study, and they caused a varlatlon of less

than 4 percent in modulatlon for most cases.

. The Influence‘of the Eye

~ The m1croscopes in th1s study are used as. v1sua1 1nstruments

: and therefore, a comparison of the1r opt1ca1 performance should

include how well they»present‘an'lmage to the eye. In partlcular the

:mlcroscopes should magnlfy the- 1mage sufflclently so that the eye. can
ea51ly resolve the highest frequency components that are resolved by

lthe-mlcroscope. Thus magnlflcatlon is one of the three cr1ter1a

mentioned in Chapter 1 that are be1ng used to compare the m1croscopes.

" EBach mlcroscope has suff1c1ent magnlflcatlon to make its . exit

pupil less than 2 mn-in diameter (1.8 mm for the Bausch and Lomb and
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. Olympus; 1.9 mm for the Wfld) This means that the effective apertureA
of the eye when p051t10ned in the ex1t pup11 of the m1croscope, is |
just the size of the ex1t pupil. Since the: eye pupil is never smaller:
than 2 mm, and is nearer 4-5 mm - for microscopic Vlew;ng, the eye'does
notlintroduce significant imagé degrading diffraction effects. 1In
addition, the aberrat1ons of the eye are small compared to. dlffractlon
'effects for pupll d1ameters less than 2 mn, and thus eye aberratlons,
-as well as dlffract1on effects, do not llmlt,the cut-off frequency of
the'eye/microscope combination; It is ‘the m1croscope which determlnes
'fthe cut- off frequency, although the eye 1ens may modlfy the modulat1on
‘of frequency components wh1ch are 1ess than the cut-off frequency

“The retina- is- able to resolve about l 0. cycles/m1nute of arc
near the fovea, and the magn1f1cat10n of the mlcroscope 1s suff1c1ent
to make the max1mum frequency component in the m1croscope 1mage about
O 5. cycles/m1nute of arc._ Thus,'the retlna can resolve the mlcroscope
1mage prov1ded the image modulatlon is suff1c1ent (greater than O 025,
typlcally).: Unfortunately,»the-effect of- the retrna onlthe.lmage |
modulation:fsfmuch'more difffcult'toipredict Since'there are many
’variables uhich can'influence the SWR and SgWR of the eye. .

Neverthelessrall three microscopes present'images‘to the»eyel
whlch can be resolved because the 1mages have been magn1f1ed sufflclently.
Therefore magnlflcatlon is not a dlStngUlShlng character1st1c of the
:1nformat1on transfer, and only SqWR and field of view need to be used

for the comparlson.



'CHAPTER 4
DETERMINING THE SQUARE WAVE RESPONSE

The Apparatus

The square wavehresponse of the m1croscopes was determined by
;~scann1ng a square wave test target in the obJect plane of a mlcroscope
andpmeasurrng the 1rrad1ance varlatlons‘at a~partrcu1ar point in the
4~>image plane. ‘fThe‘configurationaof the . equipment used to make the
'measurements is shown 1n Figure 8, and a- photograph of the equipment
415 shown 1n’F1gure 9. The apparatus con51sts of four functlonally
separate stages (1) an. 1llum1nat10n stage, (2) a target stage, (3)
pa mlcroscope stage and (4) a detectlon stage Each of these w111

- NOW be descrlbed and 1ts 1nf1uence on the square wave response dis-

CoL cussed.

The Iliumlnatlon Stage

The 11ght ‘Source was a 500 watt tungsten progectlon lamp that
was operated at 90 VAC (correspondlng to a color temperature of 3080 K)
_The- lamp fllament was. 1ocated in- the front focal plane of condenser
.element A and at the center of curvature of a spher1ca1 reflector
p051t10ned behind " the lamp (see’ Flgure 8). Lens A‘collected (relatrre"
aperture £/1.5) and colllmated the l1ght,pwhich'then illuminated the

field. stop, S1
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Fig- 8 Configuration of the SgWR Measuring Equipment



Fig- 9. The SgWR Measuring Equipment
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The image of the filament fermedlin.the rear focal.plane of
eondenSer‘lens.B and was 1.36 cm across its diagonal, or aboutrl.lS
'times_larger than the actual-filament; LensiC and the aperture stop,
Sé,'were aleo-lOCatedrin the rear foea1~plane’of lene B and.imagedi

field stop, S, onto the diffuser. The size of the image of:S1 could

be changed'by'ﬁarying the sizefof S, or by_varying the focal length'of"

1
.lens C.. For a focalrlength of 17 mm, and With Sl‘fully opened, ther
image diameter was~l.3 cm. - The brightnese of the image could be
var1ed with the aperture stop, S "hehce a change in;the brighthess
could be. made W1thout changlng the voltage of the lamp and, cqh—,
sequently, its ‘color temperature
The function of the illumination stage was to illuminate the
test target in the same mannervthat'a_lightltable>illuminates aerial
= imagery. In this way, the mieioscopes cohld;be.teSted under the'same'
:conditiens for which‘they are normally used. lypically, a light table
consists efta'large'fluotescentetube_gfid which illumlnates»a plaStie :
3 diffuser‘(a common diffuser Slze'is'lo x-30‘inches)‘ The plastlc
‘dlffuser is p051t10ned from 0 25 to 2 inches (dependlng on the partl—
_eular 11ght table) under a elearvglass plate which supports the aerial
imagery. ~The illumination stage was effectively equivalent to this

type of light table

‘The qualltles of the 111um1nat1on source that are of concern
are its size, coherence and spectral characterlstlcs The 51ze of-the

effective source dlrectly 1nf1uences the amount of scattered light in
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~the image. A 1ight table has a veryflarge:effective eourcehand may
therefore eontribumeSCettered light from both insiderand outside the
- field of tiew; Since we{expectlthat‘most of the scattered light will
" come fromiareas Within the field ef view,'the image Of,sl on the diffuser
should be at least as bigvas.the microseepe’field siie.' For the SqWR
meeeurements, the source size wasvabout twiceras large as the field
| srze. | |
hThe degree.ef coherenceref.the illumination in the object
‘plene will.have'e éreat’influence on the'reéponse cheracteristics of a
» microecope,. It:is important, therefore, that'the'microseope be tested -
© with illuminatienrof'the sameiceherenee as foundvon»iight tables.
Hepkinsr(1957) hae shown ‘that the illumination is effectively in-
ceherent,'orer'all dimehsioﬁs of ihterest, if the numericai eperture
‘,(NrA‘) of the.cohdenser'is at least 2.5 timeS'greater thanlthev |
numerlcal aperture of the mlcroscope objectlve He stresseS'that this
is not a r1g1d requlrement and even if the numerlcal apertures are
‘.‘equal only "poor coherence" w111 -exist between resolved points.

The 1argest N A. of any of. the mlcroscopes in this study is
0;13. Thus, to have 1ncoherent illumination the N.A.-of the ‘condenser
,muét be aﬁbroximetely 0.45, or greater. ‘Since the iliumineted area
on- the 1ight table is so 1arge,gthe N.A. assoeiated_With the light
_ teble is much larger than 0.45, and the‘light'table‘ineoherently |
illﬁminates the object_ﬁiene of:the micrbseope, -The numericel.aperture,

of the condenser in the  SqWR equipment,is found by dividing the diameter
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'of the image on the plastic diffuser'by twice.the'distance_from{the‘ |
~diffuser to the ohjectrplane.V.When the microscope is at itS'highest
: vmagnification, the N.A. of the'condenser is: 0.37. Therefore, the
illumination stage also‘prouddes light -that is effectively incoherent
‘in the'ohject plane.-r | | |

i_The spectrum‘is the final characteristic of the illumdnation
to-he considered."bn a-light,tableithe imager&'is'illumineted;hy a

' fluorescent-source, and‘the'micrOScope forms an image which is detected‘

'.'by the eye. The spectrum of the fluorescent 11ght when welghted by |

‘”,the response of the eye, is the effectlve spectrum of the image. - formlng B

11ght ~This effectlve spectrum is closely matched in the SqWR equlpment
by u51ng an S-1- photocathode to sense ‘a tungsten source at 3080 °k.
Therefore the mlcroscopes are be1ng tested w1th light of the- same -
range of wavelengths as found in an. operatlonal 51tuat10n

The SqWR equipment- employs wh1te 11ght‘111um1nat1on because
the microscopes are used-with wh1te.11ght However, the theory of SWR
ususlly is 'developed for monochromatic”light, and the SWR is measured
;using’nearly_monOChromatic-light.. Even:so,}there;is,no fundamental
reasonAthat disallows a white'light SWR, end in fact Kohler and'Meti-
. macher (1969) ha.veu.sed»the white light SWR to describe the degree of
color—correction of anaoptical system, |
The Target_Stage

The test target was manufactured by Diffraction Limited and

- consists of thirty,high-contrest'(contrast'> 2) square wave patterns
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ohrartwo;inCh—square glass slide;‘,The_oatterns themselres consist of
transpareht bars:on an opaque background and are’arranged,in three
groups; ,lhe first‘two*groups cOntaindelereh patterns and thé third
group contains eight patterns. The spatlal frequenc1es (in l1ne
pa1rs/mm or cycles/mm) of the patterns are given in Table III

Figure 10 shows photomlcrographs of the test target. At a low
magnificatioh‘ofil4;4X'(FigureulOa) all of theipatterns in<groups 2
and 3 can be seen, but most patterns in group 1 are excluded from the
plcture area. At a. h1gh magn1f1cat1on of 119X (Flgure lOb) only the
patterns in group 3 are totally 1nc1uded..

Au important feature.of_the test~target is- that each square
' wave oatterhfhas,fifteen1Cyc1es. Barakat and Lerman (1966) have
calculated that for incoherent 1llum1nat10n a seven cycle square wave
- target effectlvely approx1mates‘a square wave of 1nf1n1te extent. .They
<caut10n however that the modulatlon should be calculated near the -
center, not-at the ends 'of,the target. -Therefore,:the fifteen cycle
square wave: pattern used for measurlng SqWR is effectlvely an 1nf1n1tely
long square wave. Slnce SqWR and SWR are deflned in terms of 1nf1n1te
‘waves, the data obtained w1th the f1fteen cycle patterns can be
converted to SWR us1ng Equat1on 4).. Such a conver51on could not
validly be made w1th.results from a three cycle_target. Another ad-
vantage of the'fifteen cycle‘target_over a'three (orieven'a;seven)
_:cycle'target‘is that'ltrallows_us to aueraée oVer a greater'number of

cycles when calculating the modulation.



Table III.

Spat1a1 Frequencies - (cycles/mm) of the Square '

Wave Test’ Patterns,
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Fig. 10. The Square Wave Test Target
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o The'test target was mounted on'aqx-fazrstage monement. The
<X—y:movement-was oriented in a planegnornal to:thejoptical'anls of
 the condenser. Two-functions,werefperformed hy the x—yAmovement: [EY)]
the. target could be placed at various p051t10ns in the mlcroscopes |
fleld and (2) the test target could be scanned across the f1e1d p051t10n.7
Micrometers with two-inch movements were used to drlve the target in
the XAand y directions. The z-axis was. parallel to the optlcal ‘axis-
a'of_the condenser_and movement along this axis enabled proper-focusing
Aof'the test target in theeobject‘planelof.thelmicroscope.'
o The SqWR measurements were made by manually scannlng the test
;target across a glven fleld p051t1on in the X or y dlrectlons. Slnce
: thefonly concern was with the maximum'andhminimum values of»irradiance
'in:theiimage,,the'scanning notion did not have to be,extremely linear.
‘)_The‘only'advantage‘in having'a linear scan.was that welcoulduthen
perform some averaglng when trying to. determlne a partlcularnlrradlance
"1ével on the strlp chart recordlng For most of the measurements the
“‘mlcrometers couldrbe drlven by hand in a'smooth 1inear scan.

As frequency of the square wave pattern increased, the problems
.assoc1ated with scannlng 1ncreased ‘ At high frequencies the scan rate
had to be decreased since the chart recorder has a fa1r1y long response
time (.25 second, full scale deflectlon) The mlnlmum.scan rate was.
approx1mately one, square wave cycle per second or ZOnm/second for
~the.pattern of.the,hlghest frequency, ln'addition, V1brat1onspfrom‘the ,
operators hand on the micrometer at times produced an,erratic scanning

motion. As a result, the output signals from scanning high frequency-
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patternsrwere-often noisy, and if the signals were low, they at times
eouldfnotrbe'detected or,accurately measured;' Sdrprisingly; hbwever,
if-extremercare was exercised in'scanning,.measurements-could be.made-

at 500 cycles/mm.

The MierOScope Stage

The-micrescopes_were mounted horizOntallyrin a maseive_h
structure to minlmize ribration. The mounting was such that'the left-
channel ereach-micreseepe.(asiviewed from.a normal operating position)
was tested. |

The micr05copes were tested with.the virtual images lbéatedd
at.infinity. ~Often mieroscohes are_designed to be used with'the
vlrtual iﬁage at 25:cm'distance, the near point of distinct vision.
Hewever,rphotointerpreters epend long hours leokiﬁg.into microscopes
"and focus them for the leaStrfatigulng image. Since the telaxed eye
focUses at ihflnity,’the;leaetrfatigding focus ‘will be for the,imager

at infinity.

The”Deteetion~Stage‘

N lhe detection stage sehsed and recorded the image irradiance at
a partlcular f1eld position of the mlcroscope " It consisted of a_lehs
whlch relayed the virtual image of the mlcroscope to a pinhole. The

plnhole in turn sampled a portlon of the 1mage, and the. 1rrad1ance of
that portlon was. sensed by the photomultlpller tube (PMT)  The relay f
lens, p1nhole-and-PMT were mountedAon a glmballed assembly whieh'per—

mitted the selection of the field poéition to be viewed.
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:ZSince the microscope waS'fccnsed‘to form its image at infinity,
the light leavlng the eyepiece waS‘collimated.-"This-collimated beam was .
collected by the:relayilens,»a:nellecerrectedAtelescopefobjectlve_7
(focal length =,l33 mm;‘dlameter =:15”nm) whcselentrance nupil wae_:.
poeitioned in the exit pupillef'the’micrcscope The entrance pupil of
the relay 1ens was much 1arger than the exit pup11 of the m1croscope
1(15 mn vs. 1.8 mm), and thus there was no 1mage degradation. caused by
diffraction at the relay 1ens_.» |
The aberrations'introduced by<thefre1ay-lene were also neéligible.
';Telescope obJect1ves are hlghly corrected for a small field near‘the_
opt1cal axis. The sampllng plnhole was 1ocated on the optical axis and
-llmited the effective field of the’telescope to 1t5‘optimum,ron—aris
position. In addition,honly the center porticn of the telescone obﬁec—
tire'was used due to theusmall slze offthe exlt pup11 of the m1croscope.
ThlS minimized any on-axis aberratlons Wthh may have been present
'Therefore, the telescope obJectlve should not have 51gn1f1cant1y de-'
“graded the virtual 1mage of the*mlcrosc0pe in transferring it to the
| plane of the plnhole | |
The gimballed mount rotated the relay lens, plnhole and PMT
about the exit pupil of the m1cros¢ope. For -any orlentatlon, the center'
of therexit pupil of the micrcsccpe‘and the. entrance pupil of the relay
llens were coincident (See~Figpre 11).Q,Bylrotating this‘assembly,
Aall.portions of the‘microecope'fieldacould.be viewed on:the ontical
“axis of the relay lens. Thus; there is‘negligibletimage degradation

 due to the relay lens for all microscope field positionms. -



Pinhole
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The pinhole, which was located in the -focal plane of ‘the tele- .
Seope»objeetiue;‘sample&'the'image - It was necessary that the' plnhole
be suff1c1ent1y small so that the 1mage detall would not be lost.

U51ng the crlterla (from mlcroden51tometry) that the plnhole should ‘be
‘NO larger than 1/6 the size of the smallest square wave pattern 1maged :
on 1t the maximum size of the plnhole should be 11um A 10um p;nhole
was;used. | |

The PMT (type 1P21) eensed'the‘irradianee trausmitted by the‘
pinhole:andfproduoed a proportionalxsignal which uas;sent to a Keithley
.Mode1;414—Micro—microammeter “The amplified 51gna1 from the ammeter
waé‘displa&ed on a‘Moeely~680M Str1p~Chart Recorder. A typlcal output
of-the”etrip chaft‘ieeorder>fotian entiie SqWR measurement is shown. in .
Figure 12. | | | | |

. The photomultlplaer and ampllfler were calibrated by measurlng
" the ampllfler output as a functlon of" 111um1nat10n on the PMT. The -
‘hcomblnatlon was’ 11near over six decades of PMT 1nputs, 1nc1ud1ng the
reglon where the SqWR measurements were made. |

.AWhlle'a PMT has a partlcularAspectral,re5ponse,'it oan not dis~
tinguish hétueen colors as can the'eye' The PMT does not sense color,
but. only the 1rrad1ance of the light as. welghted by the spectral response
of the PMT Thus, if a mlcroscope suffers from chromatlc aberratlon,
the PMT would not ‘sense the color, but only the welghed irradiance of
theuimage.;:On the,other hand,-the eye:WOula see a coioredoiuage, poseibiy

"a series of red and blue bars if a square wave target were viewed. We
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mléht then say that the eye can - resolve “the square wave pattern better
'than the PMT. This is true- 1f the obJect is 51mple, such as a square
- wave pattern However, if a complex 1mage is syntheslzed from many
A sets of square waves, then the value of the color 1nformatlon is lost°
‘the colors are:”Jumbled" together. Thus, the SqWR obtalned here is
uchfthat it may be used 1n evaluatlng a mlcroscopes response to the
complex obJects*commonly,found«1n.aerlal»lmagery.
The detectlon stage had a reflex v1ew1ng system which per-
- mitted the 1mage of the test target to be focused accurately ‘on the‘
plnhole.‘_The ;mage*was 1nifocus-only11f colllmated’llght entered the
relay lens. In order.tO'f0cus (see Figure 8),'a reflex.mirror was
placed behlnd the relay lens such that the 11ght was - d1rected upwards
to a ‘reticle located in the: focal plane of the relay 1ens,f‘When'
‘colllmated light entered the relayAlens,_thevlmage of the-test target
was superimposed on thepretlcle, and both:test'target and reticle |
appeared in focus:when viewediwithlan eYepiece E Once the?position off»
‘the test target was. adJusted to brlng both the reticle’ and the test
target. 1nto focus, the reflex mirror was. w1thdrawn and a properly

focused 1mage appeared in the plane of the plnhole.

The Measurements

The SqWR was . measured at- the fleld sizes and correspondlng
vmagnlflcatlons, given in Table 1T (Chapter 3). There were four‘fleld“

.sizes common to all three microscopes, and‘these:formed the basis for
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EOmparison; Twenty—ene mierescope/lens'cembinatiOns produce these
;field‘sizes,'and all were tested f In addltlon the SqWR at the maxi-
‘mum magnlflcatlon of each mlcroscope was measured

. For each fleld 51ze, ‘seven or elght SqWR curves were made. AThe
curves 1nc1uded one on-axis p051t10n and three off- ax1s p051t10ns for
bothvradlal and:tangentlal orrentatlons.of the test target. ‘In-some‘
.cases two on-axis SqWR eurvesAwereAmade because the on-axis SqWR seemed
_to*denend ontthe test,target orientationrv |

_ The'field positions:for'which SqWR curves'werenmadeiare shown
in Figure.13 ThlS flgure shows. the f1eld when v1ew1ng through the
'}left eyepiece with the mlcroscope in 1ts normal operatlng p031t10n.
If the two opt1cal channels are symmetrlc then the view through the
.rlght eyeplece would have p051t10ns 3 and- 4 1nterchanged " Notice that
wwhen v1ew1ng through the 1eft eyeplece pe51t10n 3 corresponds to -

', p051t10n B and p051t10n 4- corresponds to p051t10n A in Flgure 7 . Ne

"'would expect these p051t10ns to have dlfferent SqWR curves.. ‘However,

: due to synmetrys pos;t;on 2 and the dlametrlcally_opp051ng position
:shouidihave“nearly»thensame'SqWR.h‘ThiS'was experimenta11y~verified'
Cin several cases, and thus only the: SqWR at p051t10n 2 was measured
: for the comparlson 1n thlS study | | |
The lines drawn threugh the fieldnpositions in,Figure'IS show
the test target;bar_orientation fer-a nartieular SdWR curve.‘ The |
fietter after the‘field position designator numher indieates a radial

‘f(R) or tangential (T) target orientation. For -example, a SqWR curve



Fig. 12. Microscope Field Positions at which the SqWR was Measured
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-‘designated by 4T was made at position'4 with a tangential target
orfentation. This de51gnatlon will be used in the next chapter to
dentlfy the SqWR curves plotted for-each fleld size,

For each set of .SqWR. curves, the mlcroscope under test ‘Was
focused for maximum on- ax1s resolutlon (for orientation 1, - not 1a)
.When the SqWR for,offfax1s p051t10ns‘waspmeasured_the mrcroscope was
not.refocused; This procedure is somewhat arbitrary in two Trespects.
-First, the focal position for maximum on—aXisbresolutionvdoes not
necessariiy correspond to.that:forhthe best.OverallquWR. At differentf
"focal positions the aberrations may offset one another'such that_thef
response-is very high out to ahfrequency that is less than the:maxinum
on—axis frequency. However,-any criterion other than=maximan resolution
wopld require many_additional SqWR neasurements, which was outside the
'.'scope-of‘thiS'program. |
| ‘Secondly, hy not refocusing the_microscope for offjaxis'positions
we,are‘neglecting the ability:of thefeye to aCCommodate., That is, off--
- axis performance may appear better v1sua11y than the SqWR curves indicate
»because the eye can accommodate to a. certaln extent and perhaps brlng
_,the off-axis image into focus - Unfortunately, the amount of p0551b1e
accommodatlon varies con51derably between 1nd1v1duals,-and 1t is not
'known if even the "average! accommodation is sufficient tovbring a
_partlcular off-axis p051t10n into focus Therefore,:sinCe the SqWR
fcurves were made without refocu51ng off axis- p051t10ns, these curves
represent a "worst- case" condltlon for visual observation. vThey are

:breallstlc however for photomlcrographs taken through the mlcroscopes.
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The Calculations

The strip chart recording shown in Figure 12 constitutes the
raw data for one,SqWR'curve. Patterns of at least ten different
‘spatial frequenc1es were . scanned for each curve. Thls data was.- con-

verted to SgWR by applylng Equation (2) which can be written as

Imax f’Imin
M= —
I T
max “min
Where I , I .. are now averages of the maximum and minimum irradi—'

ax min

- ance values, respectlvely, assoc1ated with each square wave pattern
- Since the'scale‘on-the.strip chart was arbitrary, I and I . were'
: : LT 2 “max-- min :
.expreSSed distances above the base 1ine:(I-= 0). The modulation for

-each spat1a1 frequency was. found by measurlng the- dlstance (I —— Imin)n

- w1th a ruler and then: d1v1d1ng it by the 'sum- of the dlstance

'Befere:theseadistanees were measured, the average,minimum and
average‘maximum”intensities_hadjto be found for a‘numberrof eYCles.
‘.Heeding’the'warnrng of Barakat'and Lerman (}966)dagainstvnsing the

sduare-wares at the end of the pattern, the averages were found for
the ones.in'the middle;' The-averages'were'not obtained;mathematically,
-but rather by v1sua1 1nspect10n of the traces. K |

| The ‘eTToT assoc1ated with determlnlng'I éx and'imin-from tne

strip. chart reeqrd-and.then:calculat1ng»thetmodulation’is;small. The

- percentage uncertainty in modulation can_be'expressed_as"



cycles/mm

Fig. 13. Typical Strip Chart Record of a SqWR Measurement
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AL + AT

. , : max nin.
) . 1+ i - :
o M max min 1
Mo AL % AL . g
1+ —max - “min

max min .

where AI . and AI . are uncertainties in determining I __ and I .
“max min - . T “max min
on the strip chart record. Substituting realistic values for the un-

‘certainties into the'expression.fof AM/M yields theffollowing typical

uncertainties.

High Modulation: AM = + 0.004
e ‘ - MM =+0.5 %
. T - _

' Medium.Modulations: AM = % 0.010

AM =+ 3.5 %
- M

Low Modulations: MM = + 0,012

MM =+ 85 %
Y ,
£

"In the worst case the UnCértainty-iS<about ,Olgiwhich-isfslightly'

larger than the resolution of the SqWR curves.



. CHAPTER 5
- THE MEASURED SQUARE WAVE RESPONSE OF THE MICROSCOPES

The'SqWR curves of'the‘microscopes are;shéwn in Figurés 14-38,
‘and are arrénged by the micrpségpe fieldisize;:‘Figpregli4—17‘fbr,the
34 mn field, Figures 18-24 for the 17 mm field, Figures 25-31 for the
‘8 mm field, Figurés,Séjss forhthe~4‘mm-fie1d and]Figuréé,36438 fdr
. thé:minimum5field ;izes. Each;Figure iﬁclﬁdes;the'sevén or éighf SqWR
‘éuryes associated with a,paitiéulgr miérqscopé/lens configurafioﬁ.
Each SqWR éﬁrve is identifiedAby‘fiéld>po§iti§n;énd'test:target'ofiep;
tation'asAin Figufe”ls'(Chaptef»4)'ahd.each migrdscdpé-of a bafticulafﬁ

1ené configuration is designatédrby the notation of Table IT (Chépter 3).

51~



Square Wave Response

Fig.

14.

Spatial Frequency, cycles/mm

Square Wave Response of the Bausch $ Lomb Microscope (B/12/0.5; 34 mm field)
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Square Wave Response

Fig.

15.

Spatial Frequency, cycles/mm

Square Wave Response of the Olympus Microscope (0/13/0.5; 34 mm field)



Square Wave Response

1.0

Fig-

16.

Spatial Frequency, cycles/mm

Square Wave Response of the Wild Microscope (W/6/1;

34 mm Field)
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Square Wave Response

Fig.

17.

Spatial Frequency, cycles/mm

Square Wave Response of the Wild Microscope (W/12/0.5; 34 mm Tfield)
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Square Wave Response

Fig-

18.

100
Spatial Frequency, cycles/mm

Square Wave Response of the Bausch S Lomb Microscope (B/12/1; 17 mm field)



Square Wave Response

Fig.

19.

Spatial Frequency, cycles/mm

Square Wave Response of the Bausch $ Lomb Microscope (B/25/0.5; 17 mm field)
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Square Wave Response

Fig-

20.

Spatial Frequency, cycles/mm

Square Wave Response of the Olympus Microscope (0/13/1;

17 mm field)



Square Wave Response

Fig. 21.

100
Spatial Frequency, cycles/mm

Square Wave Response of the Olympus Microscope (0/27/0.5;

17 mm field)



Square Wave Response

Fig-

100
Spatial Frequency, cycles/mm

22 Square Wave Response of the Wild Microscope (W/6/2;

17 mm Field)
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Square Wave Response

Fig.

23.

100
Spatial Frequency, cycles/mm

Square Wave Response of the Wild Microscope (W/12/1;

17 mm Field)



Square Wave Response

1.0

Fig. 24.

Spatial Frequency, cycles/mm

Square Wave Response of the Wild Microscope (W/25/0.5; 17 mm TFfield)



Fig.

25.

Spatial Frequency, cycles/mm

Square Wave Response of the Bausch $ Lomb Microscope (B/12/2;

8 mm Ffield)



Square Wave Response

Fig. 26.

Spatial Frequency, cycles/mm

Square Wave Response of the Bausch G Lomb Microscope (B/26/1; 8 mm field)



Square Wave Response
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Fig. 27.

Spatial Frequency, cycles/mm

Square Wave Response of the Olympus Microscope (0/13/2; 8 mm field)



Square Wave Response

Fig. 28.

Spatial Frequency, cycles/mm

Square Wave Response of the Olympus Microscope (0/27/1;

8 mm field)



Square Wave Response

Fig. 29.

Spatial Frequency, cycles/mm

Square Wave Response of the Wild Microscope (W/12/2; 8 mm Field)



Square Wave Response

1.0

Fig. 30.

Square Wave Response of the Wild Microscope (W/25/1; 8 mm Field)



Square Wave Response

1.0

Fig. 31.

Spatial Frequency, cycles/mm

Square Wave Response of the Wild Microscope (W/50/0.5; 8 mm Field)

52



Spatial Frequency, cycles/mm

Fig. 32. Square Wave Response of the Bausch G Lomb Microscope (B/25/2; 4 nn field)



Square Wave Response

Fig. 33.

100
Spatial Frequency, cycles/mm

Square Wave Response of the Olympus Microscope (0/27/2; 4 mm Ffield)



Square Wave Response

Fig. 34.

Spatial Frequency, cycles/mm

Square Response Wave of the Wild Microscope (W/25/2; 4 mm Tfield)
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Spatial Frequency, cycles/mm

Fig. 35. Square Response Wave of the Wild Microscope (W/50/1; 4 mm Field)
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Spatial Frequency, cycles/mm

Square Wave Response of the Bausch 8§ Lomb Microscope (B/30/2; 3.3 mm field)



Square Wave Response
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Fig. 37.

Spatial Frequency, cycles/mm

Square Response Wave of the Olympus Microscope (0/40/2;

2.9 mm field)
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Fig. 38.

Spatial Frequency, cycles/mm

Square Wave Response of the Wild Microscope (W/50/2; 2.2 mm field)
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" CHAPTER 6
v ‘ - INTERPRETATIONS
" There are many ways to interpret and use‘SWR and SqWR information.
For this study; the curves will bé‘applied dirécfiy to'twoA"typicéi"
. tasks eﬁboﬁntered in;photOinferpretatibn. Howe?er, before the curves
are ¢ompared;-$ome of.theix general characteriStics will be discussed &

;: briefly{

‘ Some Featﬁres of the SqWR CurVes

At‘iéasf'fen-diffefenttéquare7Wave patterné weréAused for
ea6H SqWR‘pufve. Tﬂe freQuency of tﬁefpbarseét‘pgtterﬁAWas.1}25-cyéles/mm,
and fhé quﬁlation>at thigffréquenéy.Qés'generéliy abéut 0.9. The scale -
of>tﬁe.curves.is'su¢h that 1.25 cycles/mm‘is efféctively'O'cycles/mm.
Siﬁég“théfmodu1ation'§houid'be;1tat Ol)mm;‘fﬁé7101perCenf decreqée“in
f'quuiétion'éf i.25 cycles/mm ié.gaused.by scattered'light and is pre- -
»dinédAbyféqﬁgtion (7) (Chapﬁér 3) to BéAgiven‘b&

M= Iﬁax <Imin _:‘ .

I + 1 . + 28
. “max min -

Subsfitutiﬁg iﬁin= 0 and M = 0.9 at 1.25_cycles/mm,Awe find that
S =0.05 Iﬁak; That is, the irradiance of the scattered light in the

image is about 5 percent of the maximum:irradiance‘in the objeét;plane.';
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The SqWR data p01nts are connected by stralght 11nes, w1th no.
"attempt at smoothlng the data or curve flttlng As a result, the'stralght
line segments do not'necessarily reflect,the'value of the SqWR betweenwﬁli
' data'points,,particuiarly when the.SqWR isderratic;( a5'wheniit.cusps).i'
‘The-separation (invfrequency) betWeen data‘points'causes the nlotted |
SqWRdcurves to,end before.they'reach Zero response. The last data _
point plotted~corresponds to the:highest,frequency'pattern which

~has a modulation greater than the-modulation detection ‘threshold of

*,the equlpment (about 0.03 over most of the spat1al frequency range)

Some of the SqWR curves do not decrease continuously, but 1n—
,crease by smallgamounts_(up to 0.15 in modulatlon)»near‘the hlgh
Afreouency_end. _in‘somehof.these~cases the_slope,of.the'curve changes
abruptly, rather than smoothly,nat an inverted cusp-like structure“(for .
example, see 4R of B/12/0 5). |

The tip of the cusp is usually plotted'at a non-zero modulatlon'
because of the'llmlted number .of data'p01nts; however, it actually is
locateddat'zeroAmodulationAand~indicates the frequency,where;the'phase‘
portion of the OTF changes 51gn Some authors con51der the phase
‘ reversal as a_tran51t1on'to negatlve modulus. However, we have.defined‘
the:modulation as a positive‘quantity,landAthus the SqWR must remain
-~ positive. Hemnce we getsa'cusp. The foiioming SqWR curvesghave'cu5ps,.
or:at,least have an increasing SqWR,fover part.of their spatial frequency
range:"ZR,'ZT and 3T of W/12.5/1;A4R‘of B/12/1, B/25/Q,5,3B/26/1 and

B/12/0.5; 3R of W/12/0;5; and all off-axis curves of~W/12/2.
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The repeatibility of the SqWR data appears to be quite good.
Two“measurements of fhe maximum ana minimum irradiances of a tést'
'patferh will yield modulations. that differrby no more thaﬁ approxi-
matelj 0.03. }This assumes that théltest tafget isvnbt-moved relative
to the miciéscope betwéén measﬁreménts; .The major pdrtibn of fhe
difference arises from galculating the modulation (séé Chapter 4).
~ The suitabilityﬁqf uﬁing thevmeaéured:SqWR curves -as bases for
comparing the microscopes de?ends on whether or not these partiqﬁlaf
‘curves are'representafi§e=of the micrbscopés. There are four main
factors,-whoée-effécts are unfortunately not fully known,'whiéh>could
influenge,the worth of the measurédiquR curves. First, onlyrone
mic?oscope from each maﬁufactUrer was tesfed, and'Wé”do‘not know if if
isvtypical of all microscopes of that type. Secondivonly three off-
-axis field Positiqns and:twovtest,target_ofiéntétions were included in
the-méasufements. Variations in*SqWR-acrégé the field could be such
that theathree,poinfs.Whefe meaSuréments were méderdo not even élosely ,
represent an Uaverage”:pff~a2is field positon. Third, the SqWR was
measured af only one foc?i position, that'giving maximum on-axis ‘re-
ﬁoiution, and the‘SqWR is'not néﬁessarily‘optimum af this,positibn.
Fourth, the off-axis SqWR'Was méasuréd in' the same focal plane as
the on-axis SqWR. HoWeVer, the eYe, unlike the detection stage, can
a;cOmmodatg‘and,effectivély improve the off—axisvreéponsevif the
degradatibn is due to focus efiors. Therefore, the;measuredioff-
axié curves represent’é "worst caée”; such as would be seen with an

. eye haVing little or no.accommodation.
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Comparing the M1croscopes for Two Phot01nterpretat10n Tasks

The SqWR curves w1ll now be compared to determlne which micro-
SCope and wh1ch lens comblnatlons are most suitable for performing
1 "typlcal" photomterpretatlon tasks. ‘The tmo:tasks we will “co'n‘sider |
are: (l) scannlng imagery' .as 1f searchlng for a target and (2) exam-
1n1ng the target in deta11 Of course these are not the»only'tasks ‘
for which the mlcroscopes can be evaluated cxher tasks, ‘with. dlfferent ;AA
requlrements, can be treated in a 51mrlar manner. . However, the' tasks
we will use are fundamental to phot01uterpretatlon,gand are representa—
tive of how mlcroscopes are used by phot01nterpreters

When a target is examlned in- detall usually it is p051t10ned
: in‘the~center of:the m1crosc0pe f1e1d«51nce on-axis performance is
, assumed to be. better than off axis performance, and since the. photo—
interpreter . can better relate the target to its surroundlngs in this
”‘posltlon.‘ For some of: the measured SqWR curves, the on- ax1s SqWR is- -

inferior to the off—ax1s SqWR~for a partlcular-orlentatlon of the

. test target however, the SqWR for the other or1entat10n is inferior
to the on- ax1s SqWR (for example, W/25/O 5 and B/25/0 5) Only for
: E/27/l ‘and E/27/O 5 do both ‘orientations of an off-axis p051t10n (2)
have a better SqWR than on-axis.’ Nevertheless, for the detalled exam-
A1nat10n task we assume that the target-is on-axis, and that only the
: on—ax1s SgWR is. 1mportant'.the.off—ax1s.SqWR 15‘of llttle oT no concern;
| The on-axis SqWR curves are shown in Flgures 39- 43 for the

'f 34 mm, 17 mm, 8 mm, 4 mm- and minimum fleld sizes, respectlvely For
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the 4 mm and 8 mm fields the 1 and la Sth curves were averaged, but
only the Single'orientation was used for the other. curves. In Table |
IV the SQWR:curves are:ranked, one against the other; If one SqWR
wasrnot'obviously,better4than'another,pthen both were judged tO'be
equal and were gfven.the aame ranking. One SqWR was Judged to be
better than a second 1f the value of the SqWR of the f1rst was greater.r
than that of the second over'nearly the entire frequency ranger |

There are tWo,generalizations—which canvbe madegfrom the in-
7formation invFigureet39-43 and Table IV, First rthe Bausch and Lomb
and Wild mlcroscopes are superlor to the Olympus for on axis Vlew1ng
The Bausch -and “Lomb and W11d each ranked first for 3 out of the 4
field sizes (not 1nc1ud1ng the minimum f1e1d 51ze), while the Olympus
enever ranked first. Second,‘for_a grven‘freld size a microscope has
a better SgWR if a_high; rather than}a low, power auxiliary objective
,fsrusedt ‘The two'exceptions:t0sthiefrn1e'are that W/12/1~is better:
than W/6/2 and approx1mate1y equals W/12/0. 5. | |

~The m1croscope performance requlred for the first phot01nter—.
Apretatron ‘task is dlstlnctly d;fferent from that~requ1red for-the second
task. 'When the photointerpreter is ecanning or searching imagery with
. the mlcroscope he needs good performance across the entlre fleld not
just on-axis. It is not expected that the best off-axis performance~
w111 be obtalned w1th the mlcroscope conflguratlon giving the best on-
axis performance Therefore we must compare the off-ax1s SqWR.

Wlth the on-axis. SqWR the curves were directly’ compared and

'the-best SqWR was ea51ly found. However, there are seven SqWR curves



Table IV. Ranking of the Microscopes for. Task 1

fFieid_Size_(mm) Microscope = Ranking

34 - B/12/0.5 -
W/6/1 1
W/12/0.5 o
0/13/0.5 2 -
17 - “W/12/1 1
| . B/12/1 L,
W/6/1 '
B/25/0.5
. 0/13/1 3
‘W/25/O;57
0/27/0.5 4
8 W/12/2 ’zi“
. B/12/2
'B/26/1 )
0/13/2
W/25/1
. 0/27/1
W/50/0.5 5.
i . B/25/2 1
‘ W/25/2 2
- 0/27/2 3
“W.50/1 4
Minimum - "W/50/2 1
- B/30/2 ’

0/40/2 2
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. which descrlbe ‘the off-ax1s v1ew1ng for .each mlcroscope, and thlS is
too. many toAbexcompared dlreetly.- An alternatlve to- the direct comparl—
son method iS‘to'characterize each curve by a~mean1ngfu1 number (or
numberslzand,theh average these humbersfinfSOme.way, Such . a pre—
'.‘cedﬁre-ie*fraught with danger (Brock 1967) ahd'can”produce erreneeus
cenclusions because a-SQWchurVe'eahnOt}be‘entireiy descrihed*byva
51ng1e number HoWeVer -the reduction ef:SqWﬁ information in this.way
‘.permlts convenlent comparison of numerous ‘SqWR curves | |
In order-to increase the p0531b111ty'of a meaningful comparison,
iwe willA@eScrihe each'SqWR curve*by‘two*nﬁ@bers,neach describing a.r
 different eharaeteristrc of~the SqWR curye: ‘We will thehicomparezand
correlate these-numberé, and therehy more validiyicompare‘the SqWR~- |
curves. The flrst number will be the value of the SqWR at a partlcularr-’
"_spatlal frequency, whlch may be the cut- off frequency of the reconnais- -
‘sance system that produCed the ;magery belng‘v1ewed. One mlcrosope
s "better! thahaahother;if’it has a higher.respense at thie‘freqaehcy.
- The frequeneies use&'are'lOO cycles/mm for the 4'ﬁm and minihum size
- field, 80 cycles/mm for the 8 'mm f1e1d 50 cycles/mm for the 17 mm
{fleld and 25 cycles/mm for the 34 m f1e1d For each mlcroscope
conflguratlon there will be seven or’ eight of these SqWR values which-
are then arlthmetlcally averaged to form a general descrlptor The
,descrlptor characterizes the ayerage_SqWR.across,the field of a parti-
;rcular mieroscope configuration,-hut has hotreai.physicalheignificance
'-~itself; it is ole'a figure offmerit.;‘This descriptor will be called

the ‘modulation -descriptor.
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The second characteristie’nﬁmber'ofda SqWR eurveﬂwill be the -
o spatialhfreqUenCY'that corresponds to a SdWRfvalue'of O:é,' ?hysrcally;

- this iS'approximately-the_cut—off;frequency'that is obserred'visuallyr
“if a low contrast test target: (den51ty dlfference of 0. 20) is v1ewed

through the microscope. Agaln the seven or elght numbers are 51mply’
averaged to fOrm the,frequency.descrlptor a figure of mer1t with no
real phy51ca1 51gn1f1cance except as a tool for comparlsons

In TableV' the mlcroscopes are ranked for each field size
according.to the values of theirrmodulatlon and~frequency descriptors.
“Two concidsions cahdhe-made:‘ firet;‘the Wild-microscope'is:ranked _
firstvfor all fieiddsizes and, therefore,iis'the best'for‘tesk 2 type
'hphotointerpretation; and eeoond; forte partioﬁlar'fieldvsize, the
hest performanoe across the fielddis obtained‘by using«the 1owest
power'auxilidry objeetive with“thedO;ympusvanddWild (except at the
34 hm.field)-microscooes,'es predicted in‘Chapter-S‘ HoﬁeVer, with
‘;the Bauech‘ahd_Lomb’microSCOPe‘the{best performénce is_achieved'with
the highest power"auxiliary objective.

'dMany photointerpreters'wili,have a single ﬁicrostope with
whichhto oerform both the-Scanniﬁg (task i) andfdetdiled~viewing (taskr.
2) fuhotiohs. ‘In such a»caéerwe'wouid Qant to know~whiCthicroscoPe
best performs both functions. hy comparing Tables IV and-V we find*
that. the Wild 1s by far the best (the Bausch and Lomb is second and
t the Olympus is third). With the W11d scannlng 'is performed u51ng the
1owest:power aux111ary'obJectlve‘(except at the 34 mm field) and detailed

Viewing is performed using the highest power auXiliary<objective.



4Tab1e V. ‘Ranking of the Microscopes for Task. 2

~ Field R ' Modulation - Frequency
Size ~(mm).  Microscope .RankingAlDescriptor_ Descriptor

0 owen 16 21

- 0/13/0. 15 21.
B/12/0. .12 18
W.12 0.5 .05 12

v oUW
©»

17 w5005 1 . .20 50
. B/12/1 2 .17 40
0/27/0.s .10 . . 35
0/13/1 3 .12 . 36
. B/25/0.5 L l4e s 32
We/2 4 .04 24
W/12/1 5 . ..03 19
R A '
.21 - 80
a6 0 77
.15 - 64
L1358
100 -.45
03 23

8 W/50/0.5

| W/2s/1 . -
B/12/2
0/27/1 .

0/13/2. -,

. B/26/1
CLwW/12/2

N U s W N e

.37 187
220 118
18 90
13 - 88

4 . wW/s0/1
- 0727/2
“B/25/2 - ..
- W/25/2

R N R

Minimum W/50/2 ... .40 165
.. 0/40/2 . .36 . 171
- B/30/2 . 2 .20 - - ios
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‘ If the phot01nterpreter does not want to or is not able to

: change between varlous aux111ary objectlves, then we may. ask what
L microscope/lens,c0mbination best performs both tasks. - Using Table -V
and Figures 38'-42 we find that'fo’r the 34 mm field, W/6/1 is best, but
B/12/0.5"is nearly as good; for the 17 mm fleld B/12/l is best; for
- the 8 mm field, B/12/2 is best and for the 4 mm fleld B/25/2 and
0/27/2 are aboutiequal. Therefore, in this case,the Bausch and Lomb
lshbest. | -

"wé have used thetmeasured'SqWR curves:toicompare’how the"micro—>
‘;scopes.would perform two typicalfphotointerpretatlon'tasks. There
‘are; of course, other tasks for wh1ch the m1croscopes can be compared
_and other cr1ter1a that can be used to descr1be the tasks which we
V_considered For example,-a modulatlon‘of 0.3 rather than 0.2 m1ght

. _have been used to obtain the frequency descrlptor for task 2;. or ihé'i

_ equlvalent bandw1dth (Shack 1956) m1ght have been used to characterlze'“”

B .the SqWR. - When the task or cr1ter1a 1s changed we should not expect

a partlcular m1croscope necessarlly to- rema1n the "best“

However, regardless of the manner in whlch the SqWR curves
are evaluated we should remember that opt1ca1 performance, as reflected
-by the SqWR does not completely descr1be how well a microscope can
perform a partlcular‘taskf Other con51derat10ns such as rellab111ty,
- size and welght zoOm range, avallablllty, cost, ~eye re11ef 'etc must ‘

'also be we1ghed and evaluated in terms of -the task to be accompllshed

The value of the SqWR is s1gn1f1cant but not supreme
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