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Magnification and Depth of Detail

in Photomacrography
H. Lou Gibson, FPSA

Medical Dicision, Eastman Kodak Company

In the field of photomacrography, where prints of small
subjects are made at over-all magnifications varying from
L to about 30, a compromise constantly has to be mude
between magnification, definition and depth of field. These
factors have been discussed and their effects illustrated in
previous parts of this investigation.'2 Such compromises
can be made judiciously after considerable experience. Yet
one is never sure that the best adjustments have been made
i camera aperture, negative magnification and enlarae-
ment for the numerous combinations possible with varied
subjects. Therefore, formulus or curves that incicate prac-
tical values to employ would be quite useful for arriving
at the best compromise.

The image-producing capabilities of camera lens, negia-
tive, enlarger lens and paper limit the resultant detail
separation—the distinguishability, in the print, of small
elements from the subject. Hence, there is a final print
scale  beyond which further magnification becomes
“empty.” Also, there is a certain aspect of depth-of-field
considerations that is affected by these capabilities in
photomacrography, although it is of no practical im-
portance in ordinary photography,

For two-dimensional subjects it would be useful to have
curves that show how to select relative apertures and nega-

tive magnifications attainable with the camera lenses at

hand to sccure optimum print magnification, This is par-
ticularly true when photographing flat surfaces for which
depth of field is a problem only so far as the facility for
accurate alignment and focusing is concerned, The de-
gradation introduced by the enlarger ought to be known
too, when the photography of such flat subjects is to entail
enlargement. It would then be possible to judge whether
4 setup involving only contact printing should be worth
considering. Or, the proportion of camera to enlarger mag-
nification is a worthwhile ratio. An approximation of the
corresponding resolution of, or degree of separation be-
tween, detail elements in the focused subject plane would
also be a valuable fizure in all cases.

For three-dimensional subjects an expression that would
indicate depth of field on the basis of the required defini-
tion at the near and far limits would be extremely useful.
It would provide more realistic depth figures than existing
formulas offer photomacrographers. It would also ensure
that the desired detail separation be present throughout
the field when such a goal can be achieved, and indicate
when it cannot.

In all these considerations it is the size of the smallest
details that are to be separated which should Le kept
uppermost in the mind. For example. in Figure 1, the
spots on the flower are relatively large in comparison with
the dots on the wing of the moth—both have been photo-
graphed to the same scale. In both subjects, the desired
detail has been recorded, However, there are smaller de-

Figure |—Cecropia moth and foxglove photographed and repro-
duced to the same scale. The size limit of the desired detail is repre-
sented by the dark spots on the flower and the peppery dots on
the wing. Detail as small as the latter has not been recorded on the
flower, even though it exists. Yet both photographs appear to have
satisfactory definition. It is thus apparent that acceptable quality
depends on the nature of the specimen. This paper deals with the
establishment of optimum technical conditions for depicting various

photomacrographic subjects.

tail elements on the Hower, such as fine huirs and pores,
that could have been depicted had the definition, or degree
of “sharpness™ as it is often rather loosely called, been the
same as that achieved for the moth, What is the reason
for having to sacrifice such detail in the fower?

The toxglove presents a depth problem that does not
pertain to the moth. And it is physically impossible to ob-
tain both great depth and definition. Therefore, technical
conditions were selected for photographing the flower that
would separate the spots and also provide acceptable over-
all or “general” definition throughout the depth in the
field—there was no need to separate the finer elements.
The major concern of the photomacrographer is lhe selec-
tion of such optimum technical conditions.

The approach to the above problem will be toward
evaluating the effects of unavoidable physical imperfec-
tions in the image on the print. These involve limitations
in optical and photographic components and tend to biur
the photograph. They are aberration and diffraction pat-
terns, which combine to prevent the lens from imaging a
point as a point, and graininess and turbidity in the emul-
sion, which prevent the film from recording a point as
point. These blurs can be calculated or measured separate-
lyv. A method tor approximating their effect in combinution
will be worked out in the analytical section of this paper.

Table 1 lists the blurs involved. Since no single one of
them is very large, it is their sum with which we are con-
cerned. Nevertheless, every effort to keep cach blur small
is worthwhile. This, of course, is well known for the
avoidable manipulative imperfections also indicated on
Table 1.
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TABLE 1| (5A)
Factors that degrade the crisp rendition of photomacrographic detail

Location of Blurs

Camera Enlarger
Subject _Lens Negaiive Lens Print
PHYSCIAL Camera s :
ELURS: lens,
diffraction
pattern Enlarger lens,
[Airy disc) Adry disc
Camera Enlarger lens,
lens, aberrations
geometric Emulsion
aberrations factors
Emulsicn Depth circle
facters of confusion

MANIPULATIVE Sukject lllumi- Poorfocus Dust Poor focus

BLURS: metion nation and
flare Camera dirt Enlarger
iHuse motion vibratien
illumi-  Dirt
nation Safelight
fog
Curtailed
éevelopmeni

The physical blurs—called circles of definition herein—
cannot be climinated but their sizes can he juggled for
best results, This paper develops considerations for doing
this.

The manipulative blurs can be controlled by means of
careful parallax focusing; clean equipment; firm and anti-
vibration supports; fast electronic-flash exposures for living
specimens; time exposures made with the light switch
rather than the camera shutter; “raw,” collimated, or point-
source, lighting: and correct positioning of the subject.
Handling these measures effectivelv depends on the tech-
nical skill of the photographer. Suggestions have been
given elsewhere, 234 »

The first application of analyzing the consequences
arising out of the physical blurs in p]mfumauom.xph} is
that of obtaining working curves for two-dimensional sub-
jects. These are shown in Figure 2 and enable the photo-
macrographer to select technical conditions for obtaining
optimum detail. To give the cuves further meaning,
Fignre 3 relates the data to actual examyples and includes
a demonstration of the effects of lighting, These illustra-
tions will be disenssed in the following text. Then, as the
second application. Figures 4 and 5 will be presented i
a subsequent section. They indicate how to additionally

take depth factors into account when photographing three-
d!memmn.tl objects.

Reading Useful Magnification Curves

Belfore going on to the significance of these curves, the
materials and Lqmpmt'nt emploved in their production
must be specified, The data are based on the use of & low-
graininess film like Kodak Panatomice-N; a high-definition
lens, like the 1/4.5, 2-inch Kodak Enlarging Fktar Lens:
and enlarging ot an effective® aperture of 10/30 {(when-
ever possible) with the same lens in the Koduk Precision
Enlarger. The photomacrographer will he able to work
out similar data from the discussion in he analvtic see-

“Effective aperturg ic E 1 times velitive e
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Figure 2—Useful megnification and enlargement curves. Key: "'s"
is detail separation in elements/millimeter. "M" is over-all magnifi-
cation; "m" is camera magnificetion. "E" is degree of enlargement
from the negative. "N" is marked camera aperture. The small letiers
mark specific technical conditions that weie adopted for making
the negatives for Figure 3, The broken line indicates the results
from geod contact printing.

The method of utilizing the curves for finding optimum magnifica-
tion is outlined in the fext.

tion to suit conditions that vary appreciably from these.
The prints were made on a glossy paper and the condi-
tions apply to a viewing distance of 12 inches. The de-
sired print-detail separation has been set at 6 elements
(lines) /millimeter,

Figure 2 gives the desired detail separation, s, as the
guantity known by the photographer, and the fnumber
of the camera, N, as the independent technical variable.
1t then shows how to record the desired detail by selecting
a suifable final print scale, M, and the camera magnifica-
tions, m, that must he adopted at the available relative
apertures;, N.

While s is given rather specificallv in elements/milli-
meter, it should be realized that the actual resolution is
dependent upon the nature of the surface texture of the
subject. Ordinary resolving-power values are based on bar
charts and the like. but photomacrographic detail does not
always resemble such patterns Hence the comeept of de-
tail separation, even thouzh of practical use, approximates
rather than corresponds to the coneept of resolution. The
separation valies are rated in the same way as resolution
figures would be when the latter are based on a column
and a space constituting one “line”™ in a bar ehart, To give
a numerical example: an entity 0.1 millimeter wide plns
an adjacent egnal space constitutes an element 0.2 milli-
meter wide, representing a detail separation of 5 elements/
millimeter, Detail separation is discussed forther in 1he
analvtic section.




[he positions of the small letters on Figure 2 indicate
the technical conditions emploved to muke the test ex-
posures for Figure 3. The inset curve gives inforiation on
useful enluragement, E. Tt was plotted from the enlarge-
ments called for at the intersections of the m curves with
the N=5.6 co-ordinate in order to attain the permissible
values of M indicated by these intersections. The way to
utilize this curve is contained in the suggestions of the
next section,

The significance of the curves in Figure 2 can be
cained by studving one of them—say the m=>35 line. This
shows the conditions arising out of utilizing a camera
magnification of 2 5. When the photograph is made at
t/-4. a detail separation of about 220 elements/millimeter
is obtainable—provided a final print scale of 37 is adopted.
This would necessitate a > 7.4 enlargement (M/m E)
to be made in order to attain M=37. It will be scen that
by picking off other points from the m—=35 curve, new
conditions arise which are governed by the camera aper-
ture that might have to be employed. Examples are:

m N 5 A E
51 5.6 198 33 6.6
3 16 90 15 3

The logical guestion that now arises concerns the sig-
nificance of points outside the curves. If we take an
m=3 - N=23.6 negative and enlarge it to M=40, will we
have s=240? The answer is no. The effect of emptv mag-
nification has crept in. That is to say, a detailed separation
of about 200 (198) has merely been enlarged to a greater
extent, But no new detail has been opened up.

As stated before, and explained in the analvtic section,
the curves are based on a detail separation of 6 elements
(or lines) /millimeter in the final print. Thus, an >33
over-all magnification of s=19S results in a print separa-
tion of 6. The m=3 - N=5.6 negative records only a
detail separation of about 200 and, of course, this appears
as 40 on the negative and is enlarged to 6 elements/milli-
meter through the agency of E=6.6.

When this negative is enlarged further to M=40
(E=8) this same detail now appears at 5 elements/milli-
meter on the print—but s=240 detail has not been con-
comitantly enlarged to 6 elements/millimeter. Such detail
has not been separated at the negative in the first place,
because that would have required the impossible resolving
ability of lens and film of 48 elements/millimeter.

The curves show that to record s=240 at N=3.6, m
must be about 10 and M should be 40. This calls for a
resolving capability at the negative of 24 in contrast to 40
required at m=3, This is not a contradiction because it
is the camera lens as well as the emulsion that goverris the
detail separation at the negative—the effective aperture of
the lens governs the size of the Airy disc blur component.
The equations for deriving the curves take this into ac-
count.

To examine the significance of selecting factors below
a given curve, we can first consider the empty magnifica-
tion discussed above. That is, trving to achieve the s=240
of the m=10 curve with an m=3 negative instead of
m=—=10 was unsuccessful. The other circumstance would
be that of making a negative at say, N=25.6 - m=10, but
vnly enlarging it to M==33. The lens-film system would
record 24 elements/millimeter as before; an enlargement
of 3.3 would result in a print that bore the separable de-
tail at about 7.3 elements/millimeter. This could be oh-
served but the print would be more difficult to study and
would not attain the capabilities of the system, Further-
more, should M be reduced still more—e.g., to 10 by con-
tact printing; vielding a print separation of 24—the detail

J m=6 {16

£/5.6

Figure 3—Test photographs made under conditions indicated by
Figure 2, except that, to offset losses from reproduction, they appear
here at 2/; additional magnification over the magnification that
would be useful for prints from negatives "h" or '"'v." Wing scales,
low-contrast subject; reading from left to right, subject was photo-
graphed at conditions "h," "|'" and k' on Figure 2—h: curve calls
for a separation of 210 elements/millimeter; finest teeth on actual
black scales measure an average of 200 elements/millimeter under
the microscope; they are adequately separated here, indicating a
recorded s of just over 200—j: made outside tha useful limit indi-
cated by the curves; definition is entirely inadequate—k: curve
limits separation to 180 elements/millimeter; teeth on actual white
scales measure 93 elements/millimeter; these are well separated but
the finer black teeth begin to merge; the photograph was not made
at a high enough negative magnification to meet the criterion repre-
sented by "h"; yet the print is enlarged more than is necessary to
record the white teeth. The wing scales for "'g" were lit at a contrasty
ratio with a spotlight for comparison with "h", which was illuminated
with a floodlight to reduce contrast for checking the curves.
Resolution pattern; micrometer slide ruled with 100 lines/milli-
meter; photographed at conditions "v," "w," "x'" "y'.—w: the
lines are just defined.—w and x: made a little outside the conditions
for s = 100; lines are not defined. (Note it was not possible for

(T "
.

the author to enlarge print "x" up to quite the same scale as 'v
"w", "y'"" for reproduction; but smaller prints for conclusive checking
at 12 inches were made to equal final scales.)—y: since curves repre-
sent threshold conditions, it may be necessary to employ a safety
factor when a given detail is to be boldly shown; to do this, here,
technical conditions for 1/3 higher separation than that yielded by
the "v"' conditions were selected.

of interest would have to be observed with a loupe. In
extreme “under magnification” the resolving capabilities
of the paper may not be sufficient to record the desired
detail.

When considering lower print scales on Figure 2, several
sets of conditions are apparent. Thus for M =10, combina-
tion from m=1 and £/8 to m=3 and /22, are indicated.
However, smaller values of N will lead to greater defini-
tion thun that on which the curves were based, For exam-
ple, s is 30 at: M==3, /22, m=1 and E=5, and this is
the best that can be obtained at £/22; yet s would equal
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G5 al /36 with the other factors remaining the same.

(Note: This fgure can be obtained by utilizing these
factors and finding for the diameter of the final print blur,
1. a valie of 0.153 millimeter in Equation (21 of the
analvtic section. It should be observed that this expedient
conld not be cmployed for determining suitable ligher
ngnifications. When 1=0.153. M max {or m—e » is
onlv 178 at 1/5.6: the separation is then 230, with 13
clements millimeter on the print, The separation of 63 at
V=3 at 1/5.6 given above would also be printed at 13
clements/millimeter under the conditions above, This is
more stringent than necessary and the finest detail could
not be seen with the unaided eve.)

The broken curve represents conditions for contact
printing: here m=2M. It lies above the corresponding
points for enlarging. The dot marks the 10 scale, for
example, and is above rather than at the intersection of
the m =10 curve at the M=10 ordinate, The reason for
the better definition, of course, is that enlarging losses for
E=1 are not involved and that those from an excellent
contact printer are not as great. Nevertheless, when E he-
comes fractional the negative blurs are recorded as a re-
duction and this could more than offset enlarger losses.

i
=

Hence, with a zood enlarger, reduction could lead to bet-
ter definition than contact printing. This is why the con-
tact-printing curve lies below the upper limit of the solid
curves, which represent a system that inelndes an en-
larger. Since the differences are so slight und since it is
practically very difticult to focus an enlarger sharply for
a reduction, or even at 1:1, the gains from reducing over
contact printing are chiefly of academic interest.

Juxe 1960

Figure 3 was prepared to show how to find the uscful

magnification in practice and to indicate how well the
experimental and predicted results agree. Wing scales of
a morpho butterfly were photographed under conditions
“h* 7 and K7 from Figure 2. The prints were all en-
larged to the magnification indicated by “h"—M=35—{or
visual study, (For the illustration here other prints were
made at M =35 < 3%, and this is explained in the section
dealing with prints for journal reproduction.) At M=35
the enlargement from a negative made at a camera mag-
nification of m=6 should separate 210 eclements/milli-
meter. From a measurement under a microscope the finest
teeth on the black scales averaged 200/millimeter. These
are separated under conditions “h.” However, an m=6
negative made at N =16, instead of N=3.6, does not pro-
vide a print that separates these teeth, hecause the size of
the Airy dise of the camera lens is too great. Similarly, an
m=4 - N==5.6 negative when over-enlarged to M=35
does not separate the black teeth adequately, becauvse the
lens-film combination has not resolved them. This is to he
expected beeause condition “k” should only vield 1S0
elements/millimeter, It can be seen that the “k” print does
separate the white teeth to a wide degree. These measure
93/millimeter and are over-enlarged for “k7 conditions;
vet these factors produce empty magnification, for the
black tecth have not heen separated as thev have heen
on the “h” print.

The micrometer slide was photograpbed under condi-
Hons “v,” "w,” R It carried 100 lines/millimeter.

LN and My
The curves predict that they should be just separated on
an m=1%, N=3.6, =17 print: they are. Conditions
“w”and “X” arc analogous to positions 7 and “k.” Similar
results obtain,

Inasmuch as the curves represent a threshold separation
(becanse they plot the lower boundaries of useful mag-
nification), the “v print has only just resolved 100 lines/
millimeter, Whenever a photograph is intended for boldly
recording desired detail elements rather than to present
acceptable general definition, conditions should be selected
that incorporate a safety factor. This can be done by
adopting teclmical conditions that would just separate ele-
ments finer than the desired detail. For example, condi-
tions “y” would just record 130 lines/millimeter; but they
delineate 100 lines with good emphasis. This represents
an increase in s of about 1/3. 2

A check was made with a slide having 200 lines/milli-
meter around the m=3 - N=25.6 point; the results were
similar, The slides were back- and erosslit to simulate
crisp ]3]1ntomacrngmphic detail, but not the high contrast
of the usual resolntion chart, The results show how well
the curves agree with practice, Tt should be noted that for
the “v” conditions the theoretical resolution of the camera
lens alone is 330 and of the film about 80; the negative
image represented 66 lines/millimeter and these are just
defined, as the curve predicts.

To demonstrate that the selection of the optimum cam-
era and enlaorger conditions alone do not guarantee best
sesults, print “g” was made to the same final scale. Part
of the impravement in sharpness over that of the "h7 print
is due to a higher camera magnification (used here he-
cause this particular comparison was unforeseen at the
time of making the negatives). but most of it can be
credited to the increase in lighting contrast, Print “h™ was
made with a floodlight for critically checking the curves
with a low-contrast subject, whereas print “g” was made
with a spotlight. The reproductions sliow how important
it is to provide suitable illumination for a crisp rendition
of photomacrographic subjects.

o]
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Utilizing Useful Magpnification Curves

It will first be noticed that at the higher camera mag-
nifications m, the final print magnification, M and the de-
tail separation, s, start to drop appreciably at aboul
relative camera aperture N of [/3.6. As the opening is
made larger there is some gain, of course, and certainly
£/ is a valuable aperture for use with good photomacro-
graphic lenses. However, most lenses are subject to losses
from aberration when thev are opened up bevond f/5.6.
Such losses would depress the curves. Errors in focusing
are more likely when the lens is only stopped down to
t/+ rather than [/5.6. Hence the first suggestion: ;

(1) Utilize t/3.6 unless it is known that the lens and
photographer perform well when a wider opening
is adopted.

Each curve shows the camera technique conditions that
will just separate the desired detail, The second suggestion
is:

(2) Select the detail separation required and final print
scale needed; then find a relative aperture for the
camera lens and a negative scale that will vield
the results.

It should not be overlooked that the curves represent
threshold conditions, because the definition indicated by
any point on one of them will be just apparent. The reason
for this is that the curves represent the lower boundary of
the resolving abilitv of the system producing the photo-
graphs. A safetv factor, based on individual experience,
can be applied for the bold delineation of specific detail
rather than for a given degree of general sharpness if de-
sired. The effects of using such a safety factor are shown
in Figure 3.

(3) A suggested safety factor for obtaining an empha-
sized detail separation is the selection of a value
for s that is 1/3 greater than the actual separation
of the desired detail elements, see Figure 3. The
techinical conditions for this increased value should
be utilized instead of the ones that would ordinar-
ily be adopted.

The topmost curve is the academic limit of the capas
bilities of the system. It shows what could be obtained
with an infinitely high camera magnification.

(4) Should the required separation be greater than
that for the topmost curve, a photomicrographic
technic will have to be adopted. In practice there
is little to be gained bevond a photemacrographic
camera magnification of 30.

As m is increased, s increases, with other factors re-
maining constant. The m—> = curve shows the' limit of
useful magnification with an enlarger; the contact-printing
curve is almost coincident with it

(3) For any two-dimensional subject m should be made
as large as possible. From a practical standpoint,
good contact printing is sharper than enlarging
when m can equal J.

So far we have been dealing with relatively high print
magnifications, Upon examining the lower range of the
curves, it will be noticed that the choice of lens aperture
is not so critical.

(6) For print scales of about X 3 or under, and for
1:1 negative scale, the camera lens can be stopped
down to about /22 to minimize aberrations when
the lens is not.as good as the one employed for
these experiments and to offset focusing errors.
However, it should not be overloeked that better
definition will result when wider apertures and
good lenses are adopted.

£

The insct curve on Fignre 2 shows the usetul enlarge-
ment, B, as a function of negative scale and for a camera
aperture of [/5.6. 1t is thereby indicated that an enlarge-
ment of 12 murks a point where losses in definition
caused by the cenlurger become quite imfuential. The
curves are bused on an effective enlarging apertore of
fe/30 and the Airy dise at this opening, The usefulness of
enlrging at about E=8 and beyond is less than the
crves indicate, The reason is that effective apertures
areater than te/30 will result at the higher enlargement
with the /3.6 enlarger lens. Also, the corve indicates that
the ellicieney of enlarging starts to fall off rapidly bevond
£=10:

(7) Enlargements of S Hmes or less should he planned

for a photomacrograph to be viewed at 12 inches,

It should be understood clearly that Figure 2 represents
average conditions and that photographs made below the
curve limits may often be acceptable. The important de-
termining Lactor is the order of the detail that is required.
This has been discussed in connection with Figure 1 and
more extensively elsewhere.? The author has seen 14 x 17-
inch exhibition prints upon which the finest distinguishable
elements were separated hy almost a millimeter, vet they
were adequate for their purpose, When an individual ap-
plication indicates that fine detail is not needed, a set of
curves can be calewlated with a larger value for the print
definition circle than used for Figure 2.

Prints for Journal Reproduction
It is generally accepted that for a very good photo-
mechanical reproduction (120:line sereen or finer) in a
journal, the reproduced image size should be 2k times
that of the corresponding glossy print intended for visual
study at 12 inches, if about the same detail is to appear.
The engraver can also produce sharper plates when at
least a slight reduction of the copy is permissible.
Suppose a subject is to be reproduced that has detail of
interest requiving a separation of 90 clements/millimeter.
Figure 2 shows that [ should be 15. This can he achieved
through any means discussed previously, Then the area
of interest should be cropped to the minimum and a re-
produced size of 2% times the visual print planned. Also,
it is best to submit a print to the engraver that is at least
1 times as large as the reproduction. Both extra enlarging
factors, of course, produce empty magnification in the sub-
mitted copy but ensure that most of the required detail
appears in the journal. The procedures also gnard against
wastetully making the illustration too large. Another sam-
ple set of fuctors would be:

s = 150

M = 23

m = 3 (at [/5.6)
E = 81/3

E extra = 3% (24 X 1%)
E total = 26

The prints to be submitted should be viewed at 3% feet
and the detail observable should persist in the illustration
when reproduced at 623 times (2! > M =235) the subject
scale, These procedures were followed exactly for Figure 3.
(8) Copy sent to a printer should be 3% times as large
as the corresponding prints for visual study at 12
inches. The submitted illustration should be linearly
reduced in the journal to 4/35 of its size.

Depth of Detail

A distinetion is made in this paper between depth of
field and depth of detail in three-dimensional subjects.
The former can connote a wide range having poor but
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MARKED CAMERA APERTURE N

Figure 4—A photegraphic demonstration of depth of detfail made
atm = 4, M = 12. The upper curved line marks ene of the limits;
the lewer, a limit from ordinary depth-of-field formulas. The straight
lines mark the other depth-of-detail limits for §/14.25 and f/5.6,
respectively. The single wing scale that is turned broadside-on in
the plane of sharpest focus, "'x,"" [instead of at 45° like the others)

homogeneous definition. The latter, on the other hand, is
intended to define a region whose limits still render the
useful detail separation desired. As will be seen from an
actual example in Figure 4 and from the derivation of
Figure 5 later, depth of detail does not increase indefinite-
v as the camera lens is stopped down.? It increases until it
reachies a maximum and then. one stop further, it becomes
zero; then not even the plane of sharpest focus exhibits
the desired definition. It is thus important to know the
optimum aperture for a given set of conditions, In this
way the photomacrographer can ascertain the maximum
depths available for various subjects and also find the
factors that will vield them.

Avother iuteresting point that is not often realized
about depth phenomena is that, for a given final print
magnification, the greater the proportion of this contri-
buted by the camera magnification, the greater the depth
of detail, The reason for this will be made apparent in the
analvtic section. Briefly, the over-all print magnification
dominates the umount of depth and the depth does de-
crease as this goes up. Yet the photomacrographer should
know that the total depth of detail will be greater as the
camera magnification approaches the finul magnification.
Therefore. he should wtilize the highest negative scale
e can set with his equipment.

The total depth is of more interest in photomacroaraphiv
than the near and far limits themsclves, Subjects e so
small that it would be difficult to measure to the plane
of sharpest focus. For practical purposes the total depth
can be approximately divided i hall by the plme of
I5hil.'11:":‘! tocus. One of the reasons is that the near detail
s-enlarged to a slightly greater extent than the far parts:
also, Iongitudina! aberrations tend to add to the ordinarily

e 1960

has 'teeth" that reproduce at & elements/millimeter on a print
intended for viewing st 12 inches. At f/22 these are not separated
<and this is the conditicn for no depth of detail nor useful magnifica-
tion edopted in this investigetion. Here, f/14.25 yields the optimum
depth—0.57 millimeter.

shallow near depth., However, the author usually focuses
about % of the way from the front limit of fairly large
subjects, beeause when depth is scanty it is psychologically
more satisfving to have the farthest detail a trifle more
bhurred than the nearest. Depth can be studied with the
lens stopped down and the plane of sharpest focus
adjusted accordingly. Such a procedure is also necessary
with a Jens that changes focus as it is stopped down,
Photographic tests can be made to chieck the allocation of
the depth.

The concept of total depth of detail can be gained from
Figure 4, upper curve, and the way in which it diverges
from the depth of field, lower curve. of ordinary pho-
tography seen. For the counterpart of this illustration,
made for visnal study, the camera mdgnification was X 4
and the enlargement X 3, yielding a final scale of X 12
Had the negative been made at X 12, more depth would
have resulted, of conrse, and the cffects of such variations
are dealt with in the discussion of the depth-of-detail
curves, Figure 3,

The lower curve in Figure 4 shows a limit of the classical
depth of field when a circle of confusion equal fo the
eriterion for tolerable definition of this paper is emplaved,

« This is 6 elements/millimeter and o specific example of

exactly this deatil separation is exhibited by the single
wing scale that is turned perpendienlarly to the camera
asis instead of at 4537 like the rest. Teeth on this scale
measure G to the millimeter on the visual print. As to be
expected, there s not wmuch difference in the two curves
at the wider apertures. However, at the optimum aperture
of 1/14.25 the divergence is obvious, This shows how
well the curves agree with practice.

The straight line marks the other limit at 1/14.25, Com-
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paring detail near this line at the other apertures will re-
veal the changes in definition involved. The short stroke
indicates depth of detail at [/5.6.

[t is also interesting to note that white spots near the
region of sharpest focus increase in size us the lens is
stopped down, due to diffraction and other blur eftects,
On the other hand, in the plane near the hottom, where
the cirele of contusion duminate the results, there is a
bright white spot whose image diminishes in size with
stopping down. These two opposing factors produce an
optimum  balance point where the maximum tolerable,
depth of detail can be obtained—here, £/14.25, for a depth
ot 0.57 millimeter,

Depth-of-Detail Curves

The curves in Figure 5 plot the most practical data
obtainable from the expressions-worked out in the analytic
section. There are four sets of data involved: The basic
(heavy) curve; the parametric depth curves for m=1, 2,
and 5: the optimal aperture curves for £/8 to £/32; and
the “defining power” curve (inset). These will be de-
scribed in turn and their uses given.

1t should be recalled that the depth data are based on
a detail separation of 6 elements/millimeter in the final
print. At the subject. then, detail separation is 61,

Basic Curve

The basic, heavy curve is the one that will most often
be used. It is divided into two parts, The lower part to
the right is made up from optimized depth-of-detail
figures tor prints from negatives made at high camera
magnification (m—> = ). The upper part is the practical
depth of detail at a fixed camera aperture of £/22 and was
calculated for prints made at the same scale as the nega-
tives (m=0>M). Since the author’s lens does not stop down
beyond £/22, the upper part is “optimum” in a practical
sense, The full import of this selection of data is academic
and can be gained from the analytic section. Here, it need
only be understood that the most common conditions, and,
particluarly contact printing, are met thereby.

It will be apparent that an extension of the heavy por-
tion of the m—> % curve would demand f-numbers be-
yond the [/22 of the lens used—the dotted extension of this
curve (and of the other parametric curves) was inclnded
up to the f/32 point for the benefit of those who may have
a suitable lens bearing this aperture.

For most applications the photographer will know the
final print scale, M; he can then read the depth of detail
in millimeters, T, from the heavy curve. Sample figures are:

M: 2.9 5 8 10 15

T 8.5 3.2 1.6 1.1 0.5mm
The selection of M in relationship to the desired detail
separation, s, has been explained already in connection
with the useful magnification curves,

The depth of detail given by the basic curve is intended

mainly for moderate enlargements and for a camera

aperture of £/22. It will be less when: (1), the negative
magnification is much less than the final print scale and
when; (2), £/22 is employed for negatives to be printed
to final scales of over M=10. The first of these two con-
siderations is now taken up.

Parametric Curves

In the region where the proportions of camera and
enlarger magnification are critical, curves have been
plotted essentially parallel to the lower portion of the basic
curve, They indicate factors for m=1, m=2, and m=5
—and the lower portion itself represents those for m — <0,

I=105atM=2

200

o

DEFINING

Ln

DEPTH OF DETAIL, mm
=

(&)

0 } m=2 m=5!
0 2.5 5 8 0 m I3 15 20

0 15 30 48 60 s 75 Q0 120
Figure 5—Working curves for determining optimum depth of detail.
The inset curve, 5a, indicates the defining power, "'sT," of the system.
The method of using these curves is outlined in the text.

Key: "M" is over-all magnification; "m"' is camara magnification:

s" is detail separation in elements/millimeter; “T" is partly optimum

.and partly practical [see text) depth of dstail in millimeters. The

letters A, "B, "C.," "D, on 5a refer to conditions discussed in.
the text.

When a >10 print is to be made from an m=10 nega-
tive, the depth will be practicallv that shown by the basic
curve (T= 1.1 millimeters), because a parametric m=10
curve would be very close to the m—3 = curve. This
depth would not be obtained however, with sayv, an m=2
negative, The way that depth varies with camera magni-
fication in this region can be noted from the following
figures obtained from the parametric curves at the M=10
and M =8 absissae:

m: 1 2 5 -
M= 10

T: 2 .6 9 1.1

m: 1 2 5 20
M =8 :

il b 6 1 1.4 1.6

Obviously, the camera magnification should be made as
great as possible.

In finding these figures, the photomacrographer has by
now encountered the optimal aperture curves (dashed
lines). These are explained next.

Optimal Aperture Curves

It should be remembered that the parametric curves
just described are calculated from the aperture for opti-
mum depth (see Figure 4); theyv show this optimum
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depth, but not the aperture at which it is obtained. To
indicate optimal apertures the dashed curves have heen
drawn across the parametric curves at values for the
marked {-stops on the camera lens, To obtain the depth
shown by a peint on a parmmetric curve, the camera f-
mumber, N, must be set in accordance with the stops indi-

cated. For example, when m == 1 and M = 3 there is a
depth of detail. T, of 2 millimeters—provided N = 20,
This can be seen by noting that the point for m = 1,
M - 3.7 =— 2. lies about 4/6 of the distance along the
m = 1 curve between [/16 and /22, In practice, setting

the aperture pointer at a given stop or halfway between
stops, is close enough.

For practice, the optimum point for Figure 4 can be
found by interpolating between m = 2 and m = 3, First
though, the tollowing sets of factors could well be located
for a good understanding of the optimal aperture curves,

s 36 36 45 48 54 g0 120
M G G S S 9 15 20
m: 2 3 1 5 3 ) 20
T 1.9 2.6 0.5 1.4 {1 § 0.4 025
Wi 22 22.32 11 22 1622 11 11

Iin an actual photomacrographic problem, as the above
table suggests, detail separation needs probably would
first establish M, Then the depth requirements would lead
to the selection of an appropriate camera magnification.
Aud finally, the camera aperture would be found. Should
one or more of the values for these factors demanded on
Figure 5 not be attainable. compromises would have to
be made. In general, detail separation is usually sacrificed
for depth by making prints at smaller final magnifications,
but within the other conditions of Figure 5. Thereby more
of the subject is included and photographed at a gooed
general sharpness. In contrast, it may alternatively be
necessary to work outside these conditions: optimal aper-
tures, and hence the sharpness criterion of this paper, are
then foregone. *

Sometimes it is possible to arrange or cut the subject
in such a wayv as to reduce depth requirements. This is a
desirable approach. In any event, Figure 5 will he of great
help in jugaling factors. It will also be of value in deter-
mining the practicality of a proposed photomacrographic
project and thus aid in planning the program.

Defining Power

There is size-limitation effect encountered in photo-
macrography that is bound up with depth of detail. It
can best be described through an example: A final print
size of, sav, ten inches can be readily achieved when the
subject is a Galapagos tortoise. Yet a ten-inch print of a
ladybug, which has abont the same shape, would be very
disappointing irom a sharpness standpoint, Satisfactory
detail could be nbtained in a shallow depth zone, but not
throughout the beetle form, as would he the ease with the
tortoise form. The beetle depth zone could be “increased”
by stopping down the camera lens for homogeneous
definition over the entire body, but the detail separation
would be unacceptable.

This efflect arices hecause, as subjects become very
small, detail elements approach the size of various physical
limits in the recording svstem. A commen experience will
help to clarify this.

Juxe 1960

A mountain viewed through the wrong end of a tele-
scope could appear to have the same final size as a mole-
Lill on its slope that is observed through the right end.
Large boulders could provide the limiting detail elements
in the former case and small balls of earth in the latter,

Yet the mountain and the boulders would look sharper
than the molehill. The introduction of magnification for
imaging the lumps of earth has reduced what is going to
be called “defining power™ in this paper. This is not re-
solving power: the telescope actually resolves smaller ele-
ments when used the right way around.

Defining power is associated with the final image; how-
ever, figures both for specifving it and for applving the
concept to practice, can be obtained from the subject.

Defining power is to be the ratio of the optimal or
practical total depth of detail, T, over the width of the
detail elements at the depth limits. This width is the
reciprocal of the detail separation 5. Again, s has been
defined as G, Therefore:

sT = BMT

In order to find the defining power for the camera
lens wsed in this investigation (and for similar lenses),
Figure 3a has been plotted from the basic curve in Figure
3. Other defining-power curves can be plotted from any
depth-of-detail or depth-of-ficld data to suit individual
needs.

The defining power, in Figure 5a, is plotted against the
detail separation and overall magnification. The photo-
macrographer usually knows s and the depth of his sub-
ject. He can muoltiply these together and find out whether
the defining power curve permits his value at a given s
absissa. Should his value fall on or below the curve, his
subject can be photographed satisfactorily and he can
refer to Figure 3 for technical factors, Should his value lie
above the curve, the subject will have to be changed,
rearranged or discarded.

The concept of defining power can be further illustrated
by considering a common subject from ordinary photog-
raphy and then photomacrographic subjects will be com-
pared in connection with Figure 3a.

First consider a medium-sized pet cat, A hall-scale
“portrait” is to be made. The depth of the subject is about
65 millimeters. The guard hairs in the fur are the desired
finest detail to he separated; they measure 0.16 millimeter
in diameter. Accordingly, the subject calls for a detail
separation of 1/(2 % 0.16), or 3, (see p. 42 and Ap-
pendix). To determine whether the proposed photograph
is feasible, note that Af is going to 2 and that GM = 3;
therefore the scale is suitable for reducing the subject de-
tail to the limit of six elements/millimeter at the print.
The defining power needed by the subject is 3 X 65,
which equals 193, at M = %. A classical depth-of-field
curve would be almost the same as the basic curve of

. Figure 3 in the M = 1 region; hence a similar defining-

“power curve would be obtained. And from 3a it can be
noted that a defining-power of 195 is possible at § — 3;
this point is below (ie, to the left of) the curve,
Checking ordinary depth-of-field figures shows that at
1/32 a depth of 64 millimeters can be obtained for the
cirele of confusion adopted in this paper—0.33 millimeters.
Therefore, from subject calenlations, from 5a and from
depth-of-ficld-caleulation standpoints, the depth and the
defining power needed are shown to be provided, That is,




the defining power called tor by the subject is closely met
by the proposed photographic factors, and this is predicted
by the point falling below the curve,

Apart from vielding some easy practice in the type of
arithmatic the photomacrographer needs to do, the above
example merely demonstrates what is already well-known
—a satistactory portrait of a cat can be made. But what if
a full-length photographic record of a fruit Hy with eve

setae (hairs) sharp is to be made—can it be done? Average

dimensious of Drosophila melanogaster in millimeters are:

G744 CANORN e e oot S 1 RS =1 2.5
Width: of $ace e vonaanunse gie dies 0.74
Width across wings . ... 1.2
Depth of eve ....... swamesiniew s LS

Median diameter of eye setae ........ 0.005
Approximate diameter of eve facets . .0.009

By arranging the fly so that a line along the near eve
and the edge of the near wing is perpendicular to the lens
axis, the depth requirement could be confined to the width
across the wings, 1.2. The detail separation has to be
1/(2 % 0.003) or 100, if we are to record the eve setae
as tapered hairs rather than blobs, The defining power is
thus 100 X 1.2, or 120, at the s = 100 ordinate. This is
point “A” on Figure 5a—obviously the picture cannot be
made.

However, the requirements for a profile “portrait,” with
the eves and setae sharp, are not so stringent. (T would be
about % the wicth of the face, suy 0.4 millimeters.) Here
the defining power is 100 < 0.4, resulting in a practical
proximity to the curve at point “B.”

Other factors tor picture “B” can now be obtained from
Figure 5. Note that s = 100, \[ 166, T = 0.4 and
the optimum aperture is N = 12. The defining power—
sT = 40—trom the data is seen to agree with that calcu-

lated from the subject. (To correspond with these figures,

the camera magnification should be as close to 16.6 as
possible.) )

To find out what tvpe of record can be made of the
entire fv body, find by trial a value for 5 on Figure 5 that
will make s > 1.2 (for the width across the wings T =
1.2) fall on or below the curve of Figure 5a. Such a point
s “C” and the technical factors are: s = 54, M =
T = 1.3, N = 22, It should be noted that the defining
power calculated from the subject is 54 > 1.2 equals 65;
since the factors vield slightly more than enough depth,

3, “C” falls below the curve and the potential defining
power of the system is 54 > 1.3, or 70, which is .ulequate.

Working the expression for s in reverse vields, when x

represents the width of the detail separated upon utilizing
the above factors:

s Tadic

x = 0.009
Then x corresponds closely to an eve Facet on the fruit fly.
Ot course, the setae will not be more than blobs in this
photograph,

To summarize conditions “A,” “B,” and “C": The entire
body of the fruit flv can be photographed at >9 with
reasonable sharpness and the eve facets should be resolved.
The profile head of the fly can be photographed at about
> 17 and most setae should be resolved into tapered hairs.
This corresponds very closelv with practice.

There is another well-kuown fact that can be explained
throngh Figure 3a. The photograph of an accurate scale
model of an insect is technically (if not scientifically) more
sutistactory than the image of the actual insect. both to
the same firal scale. We can apply this to the fruit v,
Point “A7 leads to an unsuceesstul result when M = 16.6;
but \\'ltl'l an 8.3 scale model, M need nnl}- h(‘ 2 for
images of the same size. The following reuirements then

appear:
s M OT N sT
At model: 12 2 10 i 120 (point “D”)
From curves: 12 2 105 22 126

Point “D7 is just below the curve, indicating a feasible
record can be made. The model wounld be about the size
of a bee, und it is well known that the latter can be
photographed much more easily than a Fruit fy, In prac-
tice, the model would probably be large enough for or-
dinary photography in the size-vange of a small cat. This

would make its recording even more simple.

This paper has explained why it is not possible to
photograph very small objects at high magnifications with
good overall sharpness. It has shown how to minimize,
and sometimes eliminate, the imperfections arising out of
low defining powers, Withall, it should not be overlooked
that many useful technical photographs can be and are
made which have to show unsherp limits.

Those who use and view photographs should realize
that the shortcomings are not the fault of the photogra-
phers. The latter also should appreciate the limitations of
the process, so that they will not expect too much nor fail
or get the most qguality possible from a given situation. By
knowing the Factors involved, both groups will be able to
approach problems and results with discernment,

At first glance many photomacrographs may appear
dissapointing. It should be remembered that they are
made for impariing information, not for looks. Therefore,
the better the lens and the finer the resolution of the film,
the more useful the result. These factors will produce a
photograph that mayv not look as good as one made with
other less exact lenses and films. The reason is that the
optimum’ factors will produce a more obvious difference
between the sharpness of the plane of sharpest focus and
the limits of depth of detail. Nevertheless, they will con-
comitantly extend the useful range of these limits. This
does not mean that the esthetic aspect should be neglected,
because the avoidance of distracting elements in the
photographs, through suitable selection and arrangement
of the subjects, also enhances clarity.

ANALYTIC SECTION

Several surprising ond valuable findings arise out of the analyses that
support and provide the practical working information in Figures 2 and 5
The |nhntm{mpller will gain a hetter understanding and appreciation Of
photomacrographic ;\rol lems if he merely reads through the following ma-
terial. OF course, 1ld he wish ta plot curves for special applications, he
can study the discussion more thoroughly.

The |\h\<:c:t'|. Blur circles listed in Tahble T are here called “circles of

i ¢ they affect the imageproducing capabilities—ealled
in this paper —nt the camera-enlarger svstem in o man-
ner similar to the circles of confusion of depth-of-field cansiderntions, The
capacity of the system for separating and recording fine subject detail will
ltqlclnl upon the of the cumulative blur in the print, just as the circle
of confusion pases himits of tolerable definition, In photomacrography this
ulative hlur should be taken into account; the usual depth formulas,
satisfactory for ordinary photogeaphy, do not do this.

A Modified Circle of Confusion

Depth-of-Beld values, classically, are calculated from purely zeometric
assumptions concerning the niurct space. The formulas are based on a
tolerable blur circle—the circle of canfusivn—which can be referred to the
image in the fina! print. To obtain realistic depth figures for photomacrog-
raphy, a blur circle made up of the aggregated circles of ('[i.‘ﬁnmnm in the
photographic system must be eonvoluted with the genmetric confusion blur.
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Summetion of Physical Blurs

The 1

xt factor to be examined is d, the effective diameter of the physi-
cal Th in the photographic system. By means of the previously estab-
Hshed thod of c-u.n\r,hml" circles, the summation of the various com-
pement dizmeters can he made by the formula:

d=y BT AT ooy

1t ~hm|1d h- neted thut the factor /4 cuncels out, and that di — dn are
individial hlurs,
SIECIFICATION OF PHYSICAL BLURS

Tt is necessary 1o speeily certain conditions under \\lnch the sizes of
the blurs are e fered =0 that they 1 b summated for deriving work-
111L: cquntions. They are first all re i h'ick 13 the subject to form a
subject cirele. Hepee, with one exception (% belaw), their actual di-
rcters have to be divided by either the cam 4 masnification m, or the
over-all magnifieation M, r"‘.peud" g on whether they are reg arded at the

tive or the print. <ee Figure Since the symbols 1o hc adorted will

junute the actual dimueters squared, the referred diameters sguared,
below, mvelve the appropriate magnifications .\'-iuure-d.

CAMERA LENS ENLARGER LENS
[-NUMBER f-NUMBER,

i F

| | M

B - CAMERA MAGHIFICATION: m ——==———— ENLARGEMENT, ==

| _ EdmP
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'I- ———————— OVER-ALL MAGNIFICATION. M = ——— ==
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Figure 7—Diagram chowing where the circles of definition will be
evaluated and the symbols adopted for their diameters squared.
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This blur resules negative

tie=s nnd turbidity of the

the ur

Ironm
emulsion,
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For aberrations of enlarger 1€ns ........viviiiesiserionrnnnnones waesenan v
m*
The nuthor uses the same lens f camera and enlarger. Hence. the

aberration cirele here is treated lik iz considered at the negative.

n

For Airy disc of enlarger JERS ......oo.ueniviiiievneeinneeerioissoreries st
M=

The size of this cirele will vary with the enlarzement E Afm) and
with N, Heowever, the compu uch simpler when -'/w is not
to produce such wvori desirable, and practical, to

= cfivctive enlarging +—1), constant

t the enlarger
dise ar this

n
For paper bl einclls: oo S e

. This civele is similar to the one at the
is considered, the factor can include an al
the printer.
Obviously, the areas of the above blurs will depend on the lenses and
materials U~=:~1 Thn. author utilizes for photomacrographic work the
f4.5 Enlarging Ebtur Lens, Kodak Panatomie-X Filmi and
I\ocmk \1c'1.1!r:-t Paper.
e methods of this paper ean be applied to other equipment, and they
also allow the insertion of refinements like acutance and spread functions
and factors like uravoidable manipulative blurring or a television raster.

Utilizing the Modified Circle

It is now possible to determine the expression for ¢, starting from the
set value [ and the rclations:
1

ing
hy

= d2

i 12 -
it = — and i? = ¢

e=\V—I[I2 — (n + p))] — — [2(m = 1)
M2 m?

Since ¢ is a modified but genm-:tru circle of confusion at the subject, the
8ual formula for depth of field can be applied for depth of detail, pr ldcd
this circle is adopted. Again, because ¢ is determined from a fixed circle in
the print, M is the magnification involved in the formula. The total depth
can he expressed in the usual way:

ve ue
i e
D—e¢
even in the photomacragraphy, relatively small compared with
mlce the following comumon transi ation can be made;
9 WM =1

T=—————, ¢

aNHL

(e =~ R)] —r

D=c¢

Now
b2 H

and this is the formula that will be utilized

LBefaore the formula can be usefully appl
a reasonable value for M to employ with a siven subject havin: il ele-
ments of a specific separation. This can be sbtained by first examining the
concept of nseful magnification as applied to two-dimensional subjects.

Useful Magnification

ar computing depth of dewmil
it will be nece Lty

The purpose of finding an expression for |
indicating all the enlargement capabilitizs of the system and to deterr
when empty magnification will begin. A en system has the eapaci
separating 2/i elements/millimeter in the subject. The over-all magnifica
tion expands this separation and when the degree is M, s has been c(panrk,d
ta 5. which is & elements/millimeter. Now the capabilities 5 and ¢ are in-
herent in the system. Hence:

'! s
M= =

is to provide a means tn:n

— and

Meor 6M =5

A print h & gre'\!er aver-all u:l;\—-a-nent than M :xhl‘mt‘ empty
magnmmm. , hecause s is merely E\p:mt_Af_ be\nnd S: no new detail is
disclosed, for the system is not capable of r~e1:u:|ratma,' finer detail.

On_tiie other hand, an over-all maznification of less than A records
M-s finer than §=6. The desired detail could he observed with a loupe,
provided the cap'ﬂnlmes of film, crl.‘lrger 3nr! paper have not heen exceeded.
Yet the print is_“sharper™ than it need b

This concept has great pr:lctlcnl value. Tt has been discussed more fully
from that standpoint in the section on reading useful magnification curves,
The same considerations hald for considerinz the separation at the limits of
the depth of detail. A value s can be read o Figure 2 and the correspond-
ing value A can be compared with magnifcations attainable from Figure 5

The expression for useful magnification can be obtained by noting that
for two-dimensional subjects T equals zero, as does c. Formulas for plotting
curves for both useful maznification and optimized depth of detail will now
le worked out.

Formulas

First. the equations that were utilized for plotting Figure 2 ean ba de.
rived by setting ¢ equal to zero.

LIMITS OF USEFUL MAGNIFICATION

1 ) 1 1
12 = M2 J'r‘-}--—Ir(m-i-ll:.'”*'r- e+ R+ —(n=+p)| (1)
m? ] m2 ]

Tt is now possible to solve for M as functions of m and N.

)
=(n+p)+)[’l|r+ {z (m + 1)2N2 + fe-f-R)};

nective aperture

1)2N2 (o= R, 14
1

12 tm -}
! oom® |
] that tor contact printing » ¢

it aml 2

nut invelved, Equation (1) can then be transtormed to:

e
Ol TR = R — e
Jorie e o 5 13}
_ (r -k 2N2)
An feature of Figure 2 is n—:u it shows contact printing .
not necessarily produce the Lest definition in the print. It will be seen

when m is made very large and the newsative is reduced instead of
enlarged, M can sometimes be rrc-:lf,r than tl:r scule for lel\lut pri

The ditterence ;(umc
difnculty in focusing a reduction *
i
M= —
m F=> cn ¥V (r -+ ?\,.
IHere the blurs in the negative disappear (e and ), because the znlarge-

ment approaches zero. Further, practical use can be made of Equation (
in determining r, as deseribed subsequently.

There may be occasions when a variable such as (£ 4- 120 in the basic
specification of blurs cannot be reduced to a simple term like a. With the
resulting expression it is useful to utilize E as a parameter, E uatien (2)
then expands into the following, which has been arranged for ease in compu-
tation:

K — E2rzN2
— (3)
(r -i— o H
where
K=[(12 =~0—-pyp—2EQ —E2(Q + ¢+ Ri] and = zN"#

DEPTH AS A FUNCTION OF CAMERA APERTURE

Utilizing the expression for ¢, the formula for the total depth of rderail
becomes:

2(M + 1) /1= I 1
=— —— = == g (m -+ 1)EN? 4 (e 4+ RO
M AU} £ m?2
= (n -+ p) L5)
M=

This ean be simplified to:

—
T =aNyv b — N2

(6ah
. 2203 (M4+1) (m+ 1,
where e DO i o . R S
Mm
m? - 12 — (n 4 n) (e 4+ R) 1
and b o= o —— . —
2{m 4 1)2 | M2 m?2 ]
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MARKED CAMERA APERTURE N

Figure 8—Curves comparing the depth of field of geometric optics
with the depth of detail of photomacrography. Key: "T4" is depth
of detail, "T." is depth of field (both in millimeters) and "N" is
camera lens aperture. Upper curves—dotted line indicates the
geometric depth of field specified for a print at X 12 magnification;
solid line shows depth of detail when a X 4 negative is enlarged to
a X 12 print. Lower curves—dotted line indicates the geometric
depth of field for I:| photography; solid line shows the depth of
detail in a print from a I:] negative.

Equation (6) gives us a means for calculating T as a function of N
when M is known and m is made a parameter. Figure 8 compares the depth
of detail calculated from this equation with the depth of field of geometric
optics.

From the derivative of Equation (6a)} with respect to & we can find the
aperture that yields the maximum depth for a desired M at any negative
magnification:

=/

v b — N2
By semng T' equal to zero and testing the result over the rangze in which
we are interested, we get:
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Fai]
Nitmeg = / — (7)
v o2
alize in Eauation (G0 we fiusd that the n

Twax = - (2)

I ie eme stap

lix, 'Iu-.a mes

erved that T is zern

.zjlr:!un '11
7 01 negative and print scale.
wter. However, ﬂ'h_' ¢
s can le done by ]
sm Eguation (8), Combining d.:m 1rn'.|
elds the working curves of I~|,,.|rc 5.

= FaD
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OVER-ALL MAGNIFICATION M

Figure 9—The f-numbers "NTu.w" for achieving optimum depth of
detail, at verious overall magnifications, "M," for a range of camera

magnifications, "m.
Equsat (S\ gives us the value for Twax, the optimum depth of detai
3 amel A but it does not 121l us at what f-nundier the v
€ er figure can he obtained from (7), but this is ulso a function
ef m and M. Jt is, therefore, going to be necessary to attempl to find an
efiicient value for m, and this pruhlcm is now examined, From wation (61
in can be seen that when en, T approaches a maximum, How.
ever, (6) shows that a very grea nega‘ ve scale, coupled with reduction in
the enlarger to arrive at the desired M. is handly worthwhile for the slight
benefits altained. From the :xpre“mn fur b it will be seen that the factor:
— (¢ 4 Y /m2, reduces to zers and that only this lowest value fer it
is subtracted from 1he other fig gures for the image degradation.

On the other hand, when m is fractional, a relatively larze gquantity has
ta be dedncted from the value of the surd, which "edl‘ es the value of T
greatly. Henee must enter into caleulatious of depth of detail. 'N"c
practical implienticn of this is that m should he made as lurge as possil ic

vith the equipment zt hand., with peood contact printing as the desirn
The surprice at this realization will he allayed when it is noted ths 'I:
M p! vs the deminant role in the depth change.

For the convenience of those who w ish 1o compute curves for their own
-apphcﬂlwn the uepth af-detail equ.;lms:x arte analyzed further,
The line form ef Equation (7) is:

i m —n + e+ R
NTimaz = / — f— A ) B | (7al
\ (m 4 1)2 | M" m? i
Ta find 1he limiting curve for Figure 2, let m = . This yiclds:
/ (n 4 M 3
Nrnax = / —— = i @
v Mz |
>on !
1 (8} can be cxpressed:
. €M - 1im n -+ e — R 1
Imo: = ——— e - — el CEnd
. 2 )\I i \] om# |
To fined the Timit r'r\u for Figure 10 we cai a et i1 = ot
(M 4+ 1) I' -
T . = i = . (i
When 13
(11)

Juxe 1960

10 15 20 25 30
OVER ALL MAGNIFICATION M

Figure 10—The relationships between cver-all magnification, "M",
camera magnification, "'m"”, and optimum depth of detail, "Tmax."

_The curves have been terminated at N =35 cn the left.

Values for Computation

The curves plotted from the equaticns depend cn the values entered for
the various hlurs. These were de :r. Also, certuin quzlifications
were placed on the aberration and final fmage circles. The justification for
restricting ¥ ig b up with finding a for it. The reason for
setting the value for [ where it is also warranis further discussion,

It should Ye recalled that the equations deal with the diameters squayed
of the various Dlurs,

Anether important paint is that the factor 10-4 eancels out through all
the equations excepr in the expression for a in the depth formulas. Ac-
tardmgl\ this factor is wot given helow in the values lisied, but it should
Le remembered when a is computed.

G

For r; Camera lens geometric aberration circle:

The value for » must be gute accurate hecause the effect is multiplied
by AMin the print. It is, of course, impossible 10 actually separate the geo-
metric alnrrﬂﬂnﬁ irom the Airy disc Hot\e\er in the subject, when
M =) .0 in the empression for 32 uat:cl-- (i):

i=\r+ (1,
Then § Lecomes the effective dizmeter of the “star image at !hc :hnrl conju-
wate of the lens (The ne e blur drops out because it is relatively
small, and does not have to be referred 1o the =uh_]r('t ) When r is zero, we
have the expression Ior the theoretical resolving power of a lens with no
aberrations, This resclution is plotted in terms of 5 to provide the upper
curve in Figure 11.

Negatives at 30 and 30 ma,’:l‘:ﬁc.itio:w were made with a Z.dnch, 7/4.3
Kodak Enlarg 4 Ektar Lens. The subjects were micrameter slides and
natural oh;ects in photomacrographic setups. The slides were illuminated
from hoth the side and the rear to reduce contrast to a photomacrographic
range. The crosses in Fizure 11 represent values uf S/m, (5), obtamed
from sctual measurements or l‘:"llm&(‘?d on the negat ‘es and '1\'eraged over
several examples. (For Ihc conditions of Equ-uﬁn (12), S is considered
at the negative and m=1[.)

The values were inserted in Equation (4), neting that 3 equals s7/2,
Lecause:

Al

were nat i'l
-aohm,; for

ther than 9 and p

nhﬂns (1]

prints,

* tical estimates of & T

\ the locus of the crasse
43 value was extrapolated 1

with the §/5.4 va

mental accuracy., The ©

the lawer curve.
The basis for relecating » t

image appears on the sl

the other ¢ njngat

area associaled witi

!4qu at the b 'I”i‘dﬂ]

.;’4 ln.‘l'J

n the =y

ject Jies in Equation (13). The star

preiected
the point source

.1.11 11 the usual pho
he suliject, whiel is .|]u‘>\- in ﬂu- !

ive. Thut 1t can be constdered :
conjuzate plane.

T the derivations fram Fiz
from mensrrements in the long

r o owas actunlly nunde
i then referred liack 1o
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Figure |1—Curves for establishing va[ues for detail separation, "s,"
and the size of the abarration circle, """ for various camera aper-
tures, "N."

the short-conjugate plane for separation at the subject via Equation (4).
I'his emph: th-- subj Based ical results, of hoth
g and r. wedure 1s 1+ convenient, llec’lme the aber
ration (‘lrurc not I.['.’:I:lnft" to con anuﬂ\ vary with w and N like the
Airy

Ta l.un}u ate work with other lenses, the star image of the lens 1 ¢
investigation nred ! bench., It was fnlmr &

|J|1
1

[ A
obtainable. The
tinct, hut the 1
could be appraised and r fou

Not permitting r to vary
that the geomet rical aberral

ol as the smallest Hmr}'- disc
and the first light one were sharp a:
sured. In this way othe
theut going througsh the above stens.
1t rulrn_r.:-n in the equations, assumes
v not diminish enough to be z‘er:mHe
relative to the Airy dise as the lens is stopperd down he yond £/3.6. This

a safe practical assumption, as evidenced by the contiguity of the q_uu‘t:~
in Figure 11, Another hinothes that the aberrations do not increase
unduly, laterally nor lang itdinally, at the smaller eamera magnifications;
this is reasonable for photomacrovraphic and good enlarging lenses, hecause
they are corrected for ﬁn|t= conjuzates, Practice supports this assumption.
e = 254

AL /36 ... A e
Juaredy fo- - ens diffraction circle:
2 X 360 X 10-7)2 (... z = 0.0119
For e; Negative emulsion circle:

A fine- grain emulsion, like that on Kodak Panatomic-X Film, has a
resolution of ut 100 lines/millimeter, when developed in Kodak Micro-
dol De\'c!uptr with a hizh subject contrast. Raw photomaerographic il-
lumination produces the efect of about 2 4:1 lighting ratio on larger sub-
jects. There are tone differences invoived alse, so that 8:1 was takm a5 an
averaze subject contrast. When a negative density of 0.6 is considered a-
useful for shadow detail, the resolution can be placed at about 20 lines/
millimeter.?

For z; Facror (

(28012

For R; Enlarger lens aberration cEr‘lt

It is assumed that the enlarzing lens is as good as the
author uses the lens mentioned '--r photography.

= 0160
For n; Constant enlarger lens difraction circle:
The use of this -implifeation | employing fe/30 has heen disc
For p; P:

002 5L 00509 RIS L. W= 30.0
The resolution of a gl

or emulsion cirel
meter, Ilm ever, h‘u’lltfn t--m

v & = 25

camera lens, The

reing paper iz ahout 130 lines
relationship between resolutio
s used to allow f
more
ations, E
printer are

h -.,nnhgl: i lum

;\.,-aih!_‘- he increas n:d further when the effects

enouzh to toke mm accon
(2/130)1

¥ 3 .p=120

For 12; Tinal ;m'!,'.'c circle:
Jlut!: for twe-dimensional su 3

nz comdition for the prints must be selected. Photomac
themselves are usually obeerved throush a loupe, thereiore

center nf perspect i h'!t indefinahle. i a comiortalle

Accordingly,
fixed viewing dis ssumerd here, 12 inches.

- e e

Gl definition with
L TH TN L gl
anded. The din the circle m
re negatives s 0,051 millimer 7
reement, say 3 7, this hecomes 7. ..-l‘h--
of enl ment. The resulting & ln‘ruh print renders al 5
ment illimeter at the depth Climits, Henee [ will be based wn 6
ments millimeter for gui |
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Photomacrographic Conditions in the Focal Region
Llur

[n adding aml confu

itowas nee

tiuns is now (-x:mme(] and ziﬂlmnsrr.llu

Herzherger” has shown that the distribution pattern of 1
puint saurce in the focal region is extremely complex. He has repes
this at .m:h agni win how it varies thronzgh the
It 35 also we i that l]n.rc wist regions of greatest re i

] imum cont in the vicinity of the foeal § T
ed by photegraphing the nerial i image of foo
nification, or their effects can be noted in specialized ficlds.

For ordinary  three-dimens photographic and phe wacrographic
subjects, the efects do r to an appreciable extent. These sub-
jects are not point sources and their contiguous component imaves do not
come to a given 1rt"l1 condition in the same :u ence, a theoretical
point in one part of the subject would e =|l||hut|-m o the focal
effects masked by the spread of the adjncent puints and ditfused by the
emulsion grains anl turbidity, This is demonstrated in Fisure 12, where
Tery tim I: it finite, holes otographed at an anglé,
heof-fieli] effects are We bm re are no appreciahle
size irregularities near the foeal region.

It is apparent that the energy in the overlapping
centrated into a small and effectively
focus of the camera lenz is on emulsion fustead of at the
i optical magnifying system, is too small to be resolved
a pattern by the emulsion. Therefore, it is safe to assume here thar

Herzherser patterns
homogeneaus area. When the

Zz ZE Sk N

91

(&

v 95 8

Figure 12—Holes in an accurate, fine screen photographed at an
angle. Depih of field effects are evident but na perturbations in
image size appear near the focal plane.

'?"'Ld image circle exists thrnu;.-hrmt the Ir:c(l coion .‘m"l that only
out-of-focus circles of confusion tend to inerense the size of tiis
circle on either of the focal point from any practical clement
in the subject. Another factor that helps this concept for photomacregrapfiy
is tha relatively narrow angle of view—the sprened of the Hers! o
patterns increases with the ¢ hetween the ler and the imay

Appendix

Thase wishing to Jdraw wor e curves tor de il in their own
field may want_to know the details of combining F s 9 amd 10 ta
obtain Figures 3 and 3a. The lower part of the basic curve is from the
m == o parametric curve (Figure 10) plotted to £/22. This puint (£/22)
was round on the Noumae ordinate of Figure 9 and it will be sven that the
corvesponding value for M is 9.5, At the M = 9 wissn on Pigure 10,
the value for T i= L2, and this value marks the £/22 point on the
m > sn curve, All the other f-stop levels were found in the same way in
order to vield the optimal aperture curves.

s lower portion of the basic curve provides » wood peneral denth
curve, hecause in this reg the depth ohtainable with any reasonably
high camera magnification is practicaliy the same as the theoretical opti-
mum depth indicated by T.hc 18 ~n curve.

Since the authar's lens cin only be stopped down to £/22, it was neces
sary to use a madification in the m=—> -» curve for M less than 7.3

llh-nll;,h a_dotted extension to £/352 has heen included for the umvenlﬂl(‘t
r-r others). Hence equation (6a) was computed with M = m : el
This vields the upper part of the hasie eurve. It indicates a fair average
depth, for most conditions, with the lens stopped all the way down. [t is
also close to the optimum depth locii and to the resules obtainable with a
practical proportion hetween camera and print scales. The curve
across the 1~.1r;1melr1n' curves, from m s> on to wm = 1, at
Iy atrainalle in practice and avoids reductions during enlarging,

The defining power is derived from the ratio of the depth of detail
for it can be obtained from depth of field in many applications) to thie
wirdth of the lest element satisfactorily rendered at the r!rn.h limits,
Detail separation, s, is given in I.]f.‘ﬂ'lr!"ll‘fl'h]”lﬂl'fl.f where an “ele m-nt
i= an entity (s ch s oA hair) plus a wee, just as a bar plus a
constituies a ne' on a resolution ch The width of an elem
Ligs hence, def . When a definite entity is inw
R ther than an « tulllui ar Lnlmn figure for s, it should be noted

Lio is twice the width of the entity.
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